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experimental characterization concerning the tensile stress and temperature dependence of the ]'cial_l_'ﬁ: P*:Im':‘;
Jity is generalized, and is applied to the stress monitoring of the multi-strand cable used in Qiangpiang Mo. I
m ﬁ‘m revealed that although mainly determined by the primary pulsed current, the’ma gnetic field H.Llnf'tﬁ
%.smd cable is heavily affected by the location and the ferromagnetic surroundings of the EM stress
':m. For this reason, the working point (reflecting the primary current value where the p—EI‘l’IE'u?abllht}f 1S an.:ﬂ-
sured) is regulated according to the magnetic field shift, therefore guarantees that the permeability 1s me asured
ot the same field, regardless of the rearrangement of the ferromagnetic surroundings.

1 INTRODUCTION

The will-to-be constructed Qianjiang No. 4 Bridge in
Hanzhou, China, is a double-layered bridge. The upper
layer is designed for highway and the lower one is rail-
way and pedestrian sidewalk. It is a concrete — steel
wbes constituted hanger arc bridge. Each hanger is a
HDPE covered structure, composed of dozens of single
or twisted piano steel rods. The static stress analysis of
the hangers plays a significant role in the health evalu-
ation of the bridge. The elastomagnetic stress sensors
presented below provides a reliable way of stress mon-
itoring. Only the representative hangers most likely to
be overstressed are considered, as indicated in Figure 1.
Long since it has been discovered and extensively
discussed that for most ferromagnetic materials the
stress can change the magnetic properties (Joule 1842,
Bozorth 1951, Cullity 1972, Mix 1987, Schneider et al.
1992, Stablik & Jiles 1993). This discovery began with
the concept of magnetostriction, which indicates the
Magnetization of a magnetic material could reform its
shape, as described below (Bozorth 1951):
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Where /is length of
_ the sample, H and B are respectively
Magnetic field and induction, o is stress. It indicates

that tension leads to the increase of induction, provided

the material concerned being of positive magnetostric-

tion. This phenomenon, as called magnetoelasticity,

could also been inferred from the interaction of stress

and magnetic domain orientations. Lots of researchers

and engineers have explored its utilities in industry,
especially in no-destructive examination (Mix 1987,
Wang 1998, Wang 2001, Schaer 2002, 2003). As a
promising application of magnetoelasticity in stress
monitoring for cable-stayed or suspension bridges,
etc., the elastomagnetic (EM) stress sensor discussed
below is aimed to characterize the stress dependence
of the magnetic properties, represented by the relative
permeability.

The EM stress sensor is principally composed of
primary coil and secondary coil (sensing coil), which
work cooperatively to formalize the magnetoelastic
characterization of the material. With pulsed current
passing through the primary coil, the ferromagnetic
material is being magnetized. As indicated in F igure 2,
the pulse current in primary coil introduces as well
a pulse magnetic field along the steel rod. The partial
hysterisis curve (B-H curve) introduced is shown on
the right. Initially a gentle upward trend is shown, then
as H field reaches the maximal value and decreases.
B field follows a gentle return too. The apparent rela-
tive permeability

w=pupAB/AH o)



s measured in the descending section of the hysteri-
sis curve. where AB and AH respectively signifies the
watiation in induction and magnetic field, and p is the
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variation through the space gap between the steel

flux condary coil. |
rod ﬂﬂd,g:uiemﬂ rod in the secondary coil, but with

If w1 i ulsed current provided, within another I:upu
the 5:55 At? during which the induced AH remains

:;]‘:ES ame as in Equation 3, there is
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pivided (3) by (4), and with p = pyAB/AH, we have
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According to Farady’s Law, there is V' = —A®d/At,
So AD, = IMl Vdt, and -I':'l.d}: - Iﬂ;z Vtﬂ

The time boundaries of the integration are deter-
mined by the working points — certain current values
along the primary pulsed current (usually in ‘the
descending section), which determine the H field
within the primary coil (Griffths 1999). It should be
soted that the relative magnetic field should be high
enough to technically saturate the steel rod.

Therefore the relative permeability of the steel rod
could be rewritten into

A ¥ _lo.T)
= 1420 [ Zom K|
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where . means permeability, o is tensile stress, T is
temperature, V,,, indicates the integrated voltage
with the rod in the solenoid while V is the integrated
voltage without the rod in the solenoid.

Through calibration, the temperature and stress
dependence of the relative permeability is revealed.
Such characterization is therefore used in stress mon-
itoring of the steel rod. With temperature and relative

permeability measured, the tensile stress could be
calculated.

2 EXPERIMENTS

Primary and secondary coils are carefully wound on
the plastic bobbin with a diameter slightly larger than
that of the steel rod. The auxiliary parts, such as the
g:zcu:ﬂ temperature sensor and the hall sensors are
o st::]l stably on the bobbin. The coils are sealed in
S T't-lhE. with polyurethane resin filled up the
Smg: abilize and protect the components. The
i Eﬁansur manufactured in the Infrastructures
tchnology Laboratory of the University of

Mino; .
thﬂ“;[r:l[‘isi- Atl Chicago (UIC) is shown in Figure 3, and
cative sketch is given in Figure 4.

The Power Stress Measurement System (PSM
System), composed of the hardware and software, 18
innovated in the Infrastructures Sensor Ten_hnfllﬂgy
Laboratory UIC. The PSM System can principally
undertake the following tasks. (I) It provides a lﬂl‘Eﬁ
pulsed current to magnetize the steel rod or cable. [ga}
picks up the signals from the primary coil, secon Ed
coil, hall sensors as well as temperature sensor a
demonstrates them visually on the computer SETEE['.:
(I11) Together with the updated design of EM sens?r&:
guarantees the magnetic field cc:rrespnm"!ence of the
permeability measured. (IV) Through delicately c-:::um;
piled software, it automatically integrates the curren
from the secondary coil and computes the relative per-
meability. (V) Through multiplexers and logic switches,
each system unit can sequentially manipulate dozens
of EM stress sensors. With all the above capabilities
condensed into a portable volume, The F‘SM S}fstem_ 1S
easy to handle, maintain and duplicate, which mgnflf ies
its practical and magnificent prospect 1n Civil,
Mechanical, as well as Materials Engineering.

Tests were first run on the 7 mm rod, as a _rﬂsult the
magnetoelastic characterization with the 1pﬂ}1ence
factor of temperature 1s obtained. Then its utilities on
the stress monitoring of multi-strand cable were n:hs—
cussed. The undesired effect of the EM sensor location
uncertainties is excluded by proper calibration strat-
egy. The PSM working chart are shown in Figure 5.

3 RESULTS AND ANALYSIS

3.1 Tests on China 7mm rod

In order to reveal the tensile stress and temperature
dependence of the relative permeability of the material,
tests were run on China 7 mm rod with the Power Stress
Measurement (PSM) System. The pulse current
provided by the equipment must be high enough to tech-
nically saturate the rod for the consideration of accu-
racy and repeatability. Through calibration, a stable
magnetoelasticity function of the steel rod should be

Figure 3. Picture of the EM sensor for @97 mm cable used
in (hanylang No. 4 bridge
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Laboratory of UIC.

revealed, together with the influence factor of the tem-
perature. Here the relative permeability is derived via
Equation 5, Figure 6 shows the magnetoelastic character-
ization of China 7 mm piano rod at room temperature.
From Figure 6, it could be observed that the lower
the working point (indicating the primary current).
the more parallel the calibration curves become
which indicates at lower working point, small fluctu-
ation in original permeability only leads to
shift of the calibration cuwet‘yﬂuw};ver, with Eﬂi
the working point, the relative permeability is calculated

at the magnetic field far below technical saturation,
which causes large error and low repeatability. By
thorough comparison, the calibration expression
tested under the working point of 0.73-0.53V a
26.4°C is selected from Figure 6:

0 = 4.6804(u(o, T=26.4°C))" + 214.34(u(o,
T=26.4°C)) - 1259.1 (7)

where o is stress in Mpa, and p(o, T = 26.4°C) means
the relative permeability at stress o and temperature
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Figure 7. Stress vs. differential permeability when temperature is 26.4°C, working point is 0.73-0.53 V.

of 26.4°C. Equation (7) can be modified into the fol-
lowing form:

4.6804(u(o, 26.4°C)-w(0, 26.4°C))* +
255.86(u(0, 26.4°C)-w(0, 26.4°C)) (8)

g =

where (0, 26.4°C) is the relative permeability of the
stress free steel rod measured at 26.4°C, which is 5.47.
Here (p(cr, 26.4°C)-p(0, 26.4°C)) is defined as differ-
ential relative permeability at temperature 26.4°C, its
correlation with stress is shown in Figure 7.
~ However, with temperature fluctuation, the calibra-
tion curve shifts obviously in a parallel manor, as illus-
trated in Figure 8. This experimental observation is
consistent with previous research in UIC (Chen 2000).
Therefore, with the role of the temperature in per-
meability measurement of the stress free steel rod
revealed, the relative eability corre-
lation at any stress could be inferred. Tests were run in
:ﬂﬂr!ufnﬂmuhuwihe permeability of stress free rod
affected by temperature, with outcome demonstrated

in Figure 9. In natural environment, the differential
thermal error should be taken into the consideration.
Therefore the temperature measured at severe thermal
fluctuation should be avoided (Lloyd et al. 2002).
Given the working point of 0.73—0.53 V. the func-

tion of permeability vs. temperature for the stress-
free steel rod can be expressed as

w(0, T)= -5E-05T" - 0.0231T + 6.118, (9)

which is given in Figure 9. (0, T) means the relative
permeability of stress free steel rod at temperature T,
T is the value of the temperature with the unit of °C.
Another key step in stress monitoring is to express the
tensile stress as a function of temperature and (o, T),
with fixed working point (indicating the primary
current corresponding to which the relative perme-
ability is being measured).

The results shown in Figure 8 and from the previ-
ous research 1n UIC indicate that the differential rela-

tive permeability (p(o, T)-p(0, T)) is experimentally
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Figure 9. Temperature dependence of the relative permeability for stress free China 7 mm rod.

constant, provided the working point fixed. Therefore
we have the stress calibration expression rewritten

from Equation 7:

0 = 4.6804(u(o, T)-u(0, T))* + 255.86(u(a, T)-u(0, T))
(10)

and

w(0, T)= -SE-05T” - 0.0231T + 6.118, (9)

Through the above calibration functions, and given
T and permeability p(o, T), the tensile stress can be
calculated. It should be noted that the relative perme-
gbiiity‘p,({}, T) must be measured at the proper work-
Ing point as long as Equation 8 holds. That working
point remains unchanged during the EM magnetoelastic
calibration of the China 7 mm steel rod, provided the

EM sensor not relocated. In the following paragraphs,
the application of Equation 8-9 in stress monitoring
of multi-strand cable will be described. As given in
the introduction part, the relative permeability is cal-
culated from the integration of the sensing voltage,
with the time boundaries defined by the working
point (primary voltage value, in lieu of primary cur-
rent). Does the fixed working point the relative per-
meability derived from always corresponds the same
magnetic field along the steel rod? Figure 10(a) and
10(b) indicates that the correlation of magnetic field
and primary current is not sensitive to temperature
and stress variation. However, the EM sensor location
plays a significant role, as shown in Figure 10(c).
because relocation of the EM sensor rearranges the
ferromagnetic surroundings, thus changes the mag-
netic field distribution. Therefore in calibration, the
ferromagnetic surroundings should be kept undis-
turbed. However, the drawback of location effect 1s to
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Figure 10. Magnetic field vs. primary current (= primary
V/0.642) at (a) different temperature of 7mm rod, (b) differ-
ent stress of 7mm rod, and (c) different location of the EM
sensor along the 37_7 mm multi-strand cable.

be excluded by proper EM sensor calibration, as
discussed below.

3.2 Calibration procedures on multi-strand cable

For the multi-strand cable consisting of dozens of single
steel rods, the elastomagnetic properties are similar to

that of the single rod. Tests in UlC showed that the
measured stress of each single rod by average is equal
to that of the multi-strand cable as a whole (Chen
2000). Theretore the calibration functions — Equation ¥
and Equation 8 can be used n multi-strand cable
stress monitoring,

Due 1o its dramatic effect on the magnetic field dis-
tribution, the uncertainty of the EM sensor location
does not guarantee the fixed correspondence of the
working point and the magnetic field. Therefore it 1s
very likely that the calibrated permeability p(0. T) and
the in-situ measured permeability p(o, T) are derived
from different magnetic field, thus not comparable.

In this project, the EM sensor design was modified,
aimed to solve the above problem that puzzled the
engineers devoted to precise stress sensing. In the
updated design of the EM sensor, magnetic field is to
be inspected, and the working point was determined
accordingly. The magnetic field distribution in the EM
sensor was systematically studied n UIC (Hovorka
2002).

The key point in this calibration strategy 15 to ascer-
tain the magnetic field where the relative permeability
should be measured. With a stress free multi-strand
cable provided, we first roughly find the working point
corresponding to the magnetic field around 25 KA/m,
which is an experimental value for the specific mate-
rial concerned in this project, then finely regulate the
working point till the measured permeability 1s equal
to that derived from Equation 4. The relative magnetic
field Hqq 18 fixed during the stress monitoring.

When the EM sensor is mounted onto the erected
cable, the working point should be recalibrated in
accordance with Hg.g. Then with the measured per-
meability, the tensile stress could be calculated through
Fquation 5. If the ferromagnetic surroundings of the
EM sensor are rearranged, the working point must be
calibrated again. Otherwise with the magnetic field

distribution undisturbed, the working point remains
constant.

4 CONCLUSIONS

The calibration method for the stress monitoring of
the multi-strand cable was discussed in this paper. The
magnetoelastic characterization of the steel with the
effect of the temperature was obtained through tests
conducted on the 7mm single steel rod. In order to
apply the calibration functions to the stress monitoring
of the multi-strand cable, a technically satisfied corre-
spondence of permeability and magnetic field must be
guaranteed. Several influencing factors of the mag-
netic field were studied. Tests showed that the mag-
netic field is hardly dependent on temperature and
stress, in respect to the engineering application of the
EM stress sensor. However it can be obviously shifted
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' I
ith the EM stress sensor relocated along the stee
;hie. The working point must be regulated according

to the magnetic field.
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