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High spatial resolution sensing by using stepped pump light
and its experimental validation
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The spatial resolution of conventional distributed fiber optic sensors is 1 m at best, which is inadequate
to locate the damage precisely. We adopt an improved sensing technique based on the Brillouin optical
time-domain analysis (BOTDA). The stepped pump light is input to stimulate the phonon so that the
spatial resolution can be increased to centimeter order and the strain accuracy of 25 micro-strains is
obtained. The feasibility of this sensing technique is demonstrated through strain measurement of three
concrete box-girders in bending. Experimental results show that the improved BOTDA measurement can
provide a comprehensive description on the strain distribution of steel rebar or concrete. Compared with
the conventional strain gauges, the improved BOTDA measurement is more stable. By virtue of higher
spatial resolution and better measurement accuracy, it has become possible to perform crack detection and

localization for concrete structures.
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Distributed optical fiber sensors based on Brillouin scat-
tering have attracted much attention in the past years
due to their notable advantages™:2/. They are free from
electromagnetic interference and corrosion; meanwhile,
they can provide continuous strain and temperature mea-
surements. Some primary applications have been made
in monitoring large structures such as dams, tunnels,
pipelines, oil wells, bridges, landslide, etc. The Brillouin-
based sensing techniques can generally be classified into
two types, namely the spontaneous-scattering-based type
and the stimulated-scattering-based type. Brillouin opti-
cal time-domain reflectometry (BOTDR)B4! belongs to
the former, and Brillouin optical time-domain analysis
(BOTDA)P~8] is included in the latter. A BOTDR sys-
tem enables us to perform measurements by accessing
only one end of the sensing fiber. This is an advantage
of the BOTDR system over the BOTDA system because
we have to access both ends of the sensing fiber when
using the BOTDA system. However, the spatial resolu-
tion of the conventional BOTDR system is 1 m at best,
although some progress has been made toward further
enhancement of the BOTDA system. In order to meet
the need of damage diagnosis, especially for crack mon-
itoring of civil structures, sensors with centimeter order
resolution are needed. Because the spatial resolution is
proportional to the pump light width, theoretically we
can decrease the pump light width to get higher resolu-
tion. Unfortunately, as it takes approximately up to 28
ns to stimulate the phonon waves in the fiber, the conse-
quence of small width of the pump light is a decrease and
distortion in the stimulated Brillouin scattering (SBS)
gainl?,

In this letter, the existing BOTDA system is improved
by using a stepped pump light. The improved system,
developed by the Neubrex Co., Ltd., can stimulate the
phonon to move prior to the arrival of probe light, so that
the spatial resolution can be increased up to centimeter
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order and a strain resolution of +0.0025% is obtained.
The schematic diagram of this improved BOTDA oper-
ation is shown in Fig. 1. The stepped pump light, as
shown in Fig. 1, can be described by
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where A, and C}, stand for the amplitudes of the pre-
pump light and the pump light, ¢ stands for time, Tp
denotes the pump light duration, 7},;. stands for the pre-
pump duration.

According to the perturbation theory, the intensity of
the probe light is[!

Ecw (05 t) = AACVV[1 =+ ﬂH(t7 Q)]7 (2)

where Acw is the amplitude of the probe light, 3
stands for the perturbation parameter, 2 is the fre-
quency of phonon, that is, the difference between
frequencies of pump light and probe light. H(¢,)
stands for the SBS, the double integration of the
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Fig. 1. Schematic diagram of the improved BOTDA opera-
tion.
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pump profile, and can be described by

H(t,Q) = /OLA<t—Z> /Oooh(zvs)

><A<t —5— 2Z)dsdz, (3)

Vg

where A is the amplitude of pump light consisitng of A,
and Cp, v, is the light speed, and h(z,s) expresses the
phonon behavior:

h(z,s) = e M+i(Qa(2)-Q)]s @

In Eq. (3), L is the length of fiber, and Qp(z) in
Eq. (4) is the Brillouin center frequency. Furthermore,
I' = I'g/2, and T'g is the full-width at half-maximum
(FWHM) of Brillouin spectrum. The power of Brillouin
gain spectrum (BGS)!% can be expressed as

V(t,Q) = %BA%WH(t, Q) + .. (5)

When the input pump light is a stepped one, as shown
in Eq. (1), H(t, Q) can be split into four terms[’!, namely,
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The term H; represents the pump light, which is the
conventional term in the BOTDA, and it has high spa-
tial resolution and wide spectrum span. The term Hs
stands for the interaction of pump with pre-pump, and
it has high spatial resolution and narrow spectrum span.
According to the research of Bao et al.l'')] the spectrum
of Hy can have the same FWHM as continuous wave
(CW). Hs stands for the interaction of pre-pump and
pump, and it contains vibration noise and complicated
contents. The term H,, representing the pre-pump light,
has a direct link with the total length of fiber and has low
spatial resolution and narrow spectrum span, therefore,
it is not suitable for strain measurement.

Input the pre-pump light and ensure that T}, is of fi-
nite duration (e.g., 10—28 ns). In such case, Hz will have

the same value as H;p, while Hy is limited to the length
of pump light. As long as the optical fiber is longer than
tp - vg, BGS does not decrease. The contribution of Hj
makes a narrow peak to appear on the BGS, as shown
in Fig. 2, which enables higher spatial resolution and
better strain measurement precision.

In order to investigate the feasibility of this improved
BOTDA system, the strain measurement of three rein-
forced concrete (RC) box-girders in bending was con-
ducted, as shown in Fig. 3. These girders are the scaled
models of those used widely in highway bridges. Figure
4 shows the layout of sensors on the box-girders. The
fibers were mainly fixed longitudinally on the girders.
Several conventional strain gauges were also installed in
the mid-span section to compare with the performance
of the fiber optical sensors.

The optical fibers used in this test were the tight
buffered single-mode ones with a diameter of 900 pm.
The tight buffer was made of nylon that can bear a
maximum tensile load of 4.5 N (corresponding to the
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Fig. 2. Comparison of the SBS spectra.

Fig. 3. Strain measurement of the RC box-girder in bending.
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Fig. 4. Layout of sensors in the mid-span section of the gird-
ers. C: strain gauge for concrete; S: strain gauge for rebar; B:
BOTDA optical fiber sensor. The gauges in girders 2 and 3
are identified by putting “J” and “G” in front of their serial
numbers.
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0.3% fiber strain), and the minimum bending radius of
the fiber was 30 mm. The optical fibers were fixed onto
the concrete surface or steel rebars separately by epoxy
resin adhesive, and the separately fixed optical fibers were
finally connected into a loop, after procedures including
end peeling, dedusting, end cutting, alignment, and melt-
ing, etc. Finally the optical fiber loop was connected to
the analyzer (NBX-6000) through the FC/APC connec-
tors.

Because the Brillouin frequency shift is proportional to
the strain or temperaturel”, the strain g(x) of each point
along the optical fiber can be calculated by

where Qp(x) denotes the center frequency, which can be
fitted based on the BGS, as shown in Fig. 5; Qp(0) stands
for the zero frequency shift, and here it takes 10.826 GHz;
the value of constant C' is determined by the kind of op-
tical fiber, and for the tight buffered single-mode fiber
in this study, it takes 0.04970 MHz/ue. Therefore, a fre-
quency shift of about 50 MHz represents the strain value
of 1000 pe.

For the single-mode optical fiber, the Brillouin fre-
quency is usually shifted from 10.8 to 10.9 GHz. In this
test, the frequency scanning range was set from 10.7
to 11.1 GHz. In order to measure the expected high
strain values, high spatial resolution is usually required.
However, this will sometimes result in the decrease of
the signal-to-noise ratio (SNR) and thus the available
distance range becomes shorter. In the test, the fiber
loop was no more than 100 m, and the spatial sampling
intervals were set to 5 cm. For the frequency scanning,
we used 81 counts (number of steps) with a step length
of 5 MHz. The probe power and the pump power were
+0 and +25 dBm, respectively (if the SNR is low, the
value of probe power needs to be set to a value greater
than 0 dBm). The duration of the pump light was 28 ns.

Figure 6 shows the strain distributions of the two lon-
gitudinal rebars in the bottom plate of the girder 1. As
can be seen, the strains are generally trapezoidally dis-
tributed, which is consistent with theoretical analysis.
When the applied load was up to 340 kN, several peaks
appeared on the strain curve, and this was because of the
widely propagated cracks that made the rebar yielding.
However, at that time the rebar strains measured by the
conventional strain gauges had not reached the yield-
ing value. An explanation to this phenomenon is that
the strains obtained by the strain gauges are only lo-
cal strains, which are inadequate to cover the maximum
strain of the rebar. This phenomenon also demonstrates
the superiority of the distributed strain measurement.

Figure 7 gives the tensile strain distributions on the
bottom plate of the girder 2, and the observed cracks
are given above these strain curves. We can see that
the peaks on the strain curves are consistent with the
position of the observed cracks. Therefore, the increase
in spatial resolution by virtue of the improved BOTDA
has made it possible to perform crack monitoring and
detection for concrete structures.

When measuring the tensile strains of the concrete
girders, the optical fiber sensors also show the supe-
riority over the conventional strain gauges, as shown in
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Fig. 5. Fit of the center frequency from the BGS to achieve
the strain value.
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Fig. 6. Rebar strain distributions under various loads.
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Fig. 7. Longitudinal strain distribution on the surface of bot-
tom plate (the strain data of the sensor GB6). 1 — 8 are the
serial numbers of cracks, the data under the cracks stand for
crack widths in millimeters.
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Fig. 8. Comparison of optical fiber sensor and strain gauges
in the tensile strain measurement.
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Fig. 8. Because cracks initiated under relatively small
load levels, which affected the stability of the strain
gauges, most strain gauges in the tensile region over-
flowed under the small loads. For example, signal of the
conventional gauge C13 overflowed under the load of 160
kN, C14 and C16 overflowed under the load of 320 and
380 kN, respectively, while the strain measurement using
the optical fibers was rather stable before the tensile fail-
ure under the load of 360 kN.

In summary, higher spatial resolution and better ac-
curacy are achieved by using the elaborately designed
stepped pump light scheme. This ongoing research, re-
quiring further improvements in both measuring and
solution techniques, demonstrates the capabilities of
the proposed methodology and clearly shows that it is
promising in damage diagnosis and crack monitoring for
large concrete structures.
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