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Advancement of long-gauge carbon
fiber line sensors for strain
measurements in structures

Mohamed A Saifeldeen', Nariman Fouad', Huang Huang? and Zhishen
wu'

Abstract

This article proposes a new technique that advances long-gauge carbon fiber line sensor technology, with and without
post-tensioning of the sensor, to measure changes in strain levels in structural areas. Carbon fiber line sensors were fab-
ricated to produce a slim high-strength sensor with a diameter of less than 1.4 mm using a carbon fiber tow with a width
of 6 mm. A theoretical analysis of these sensors as well as several series of experiments was conducted to investigate
the effect of fiber arrangement on the error compensation of the carbon fiber line sensors. The results revealed that
using two sets of carbon fiber line sensors, one as an active sensor and the other to compensate the errors of the first,
is an effective method when both sensors have a convergent fiber arrangement and change in resistance. A post-
tensioning method was implemented to enhance the overall behavior of the sensor. The results showed that the post-
tensioning method yields significant improvement in the linearity and cyclic ability up to 6000 microstrains and reduces
the fluctuation errors in the change in resistance from *£0.031% to *0.007%. Finally, the possibility of repairing damaged

carbon fiber line sensors is also discussed.

Keywords

Carbon fibers, sensors, resistivity, post-tension, strain measurements

Introduction

In recent decades, carbon fiber—reinforced plastics
(CFRP) have been widely investigated and applied in
the aerospace, civil engineering, and auto industries
because of their superior strength, stiffness-to-weight
ratios, low density, long-term durability, and high resis-
tance to chemical corrosion. In addition to these
advantageous properties, another important character-
istic of CFRPs is their favorable electrical conductivity
and piezoresistivity (Schueler et al., 2001; Wu and
Yang, 2006; Yang et al., 2006). In general, the resistiv-
ity of CFRPs increases linearly with applied tension
and decreases linearly under compression, demonstrat-
ing piezoresistive effects. These electrical properties
produce resistance variations in CFRPs undergoing
changes in their mechanical, chemical, and thermal
environments and thus render CFRPs potentially appli-
cable as sensors of strain, stress, bio-feedback, damage,
chemical exposure, and temperature (Ogi and Takao,
2005; Park et al., 2005; Shui and Chung, 1996; Wang
and Chung, 2006; Wu et al., 2005, 2007).

Sensors can be separated into two types based on
their gauge length: point sensors and long-gauge

Downloaded from jim.sagepub.com by guest on

sensors. Point sensors are typically mounted near key
parameters, as they have high sensitivity and precision.
However, these sensors are expensive and are not suit-
able for detecting parameters in a large area or global
sensing. In contrast, long-gauge sensors can be used for
global sensing, which is useful for providing a compre-
hensive evaluation of the integrity of a structure
(Huang and Wu, 2010).

Huang et al. (2010, 2012) studied the electrical sen-
sing properties of CFRP strips to produce a CFRP
strip long-gauge sensor for measuring low strain levels.
It was found that the effective sensing behavior of a
CFRP strip is related to its effective gauge length, and
the transverse connection in a CFRP strip affects the

'Department of Urban and Civil Engineering, Ibaraki University, Hitachi,
Japan

2Key Laboratory of Concrete and Prestressed Concrete Structure of the
Ministry of Education, Southeast University, Nanjing, China

Corresponding author:

Zhishen Wu, Department of Urban and Civil Engineering, Ibaraki
University, Hitachi 316-851 1, Japan.

Email: zhishen.wu.prof@vc.ibaraki.ac.jp

1, 2016




Journal of Intelligent Material Systems and Structures

linear strain response, especially when sensing is in a
low strain range. The strain response properties of
CFRP strips became more linear when the width-to-
length ratio decreased. Moreover, when the gauge
length of a CFRP strip was 500 mm or longer, its strain
response exhibited a good linear relationship with the
applied strain even at the low strain level of 200 micro-
strains. The strain response of a 500-mm-long CFRP
strip maintained stable linearity throughout exposure
to long-term cyclic tensile strain.

The change in resistance AR/R of a carbon fiber
(CF) sensor is inversely proportional to the change in
temperature because of the negative temperature
resistivity of micro-CF. The measured signal from
the CF sensors is related to the change in strain on
the structural object but is also impacted by unde-
sired effects from conditions such as temperature and
humidity. CFs used continuously as the strain sensing
elements in CF sensors clearly exhibit thermoelectric
effects, reducing the reliability of the results calcu-
lated from these measurement signals (Huang et al.,
2011; Huang and Wu, 2010). For carbon fiber line
(CFL) sensors, the relationship between the change
in resistance (AR/R), the applied strain ¢, and the
external errors (e) can be expressed as follows, where
Gy is the gauge factor

A—R:Gfx(g—i-e) (1)
R

This problem of dual sensitivity to strain and other
effects has plagued CFL sensors, and compensation for
this error is necessary to advance a CFL sensor that
yields effective and reliable strain measurements.
Selecting and applying an appropriate compensating
CF sensor is crucial to achieve improvement in the
accuracy of results. The compensation sensor must be
fabricated from the same material and have the same
physical properties and gauge length as the active sen-
sor and must only be subjected to interference effects
and never to any quantity of applied strain (g).

Huang and Wu (2012) also developed a signal pro-
cessing method used to treat the structural strain
responses of long-gauge CF sensors for static and
dynamic strain measurements. This static denoising
method is based on measuring the error range of CF
sensors, as determined over long-term continuous load-
ing and unloading experiments. For the experiment
involving one-measure-time each second, the influence
of noise on CF sensors followed a normal distribution,
with a standard deviation of =50 microstrains. For the
experiment involving 25-measure-time each second, the
signals were concentrated in a smaller range, and the
probability density showed a clear increase. For signal
selection based on multiple measuring times, the mea-
sured error range of CF sensors was consolidated from
+50 to =10 microstrains.

This article presents a new approach for obtaining a
long-gauge CFL sensor. The theoretical and experimen-
tal investigations discussed here clarified the effect of
fiber arrangement on the error compensation of CFL
sensors. Furthermore, a post-tensioning method was
implemented to enhance the sensing behavior and cyclic
ability of the CFL sensor under conditions of low and
high strain. Finally, the possibility of repairing dam-
aged CFL sensors is also discussed.

Theoretical background on the measuring
circuit

The principle behind the operation of CFL sensors is
based on establishing a relationship between the change
in resistance AR/R and the strain €. The resistance of a
CFL sensor can be expressed as

L
R=pX|[-— 2
o (5) @
where p is the resistivity, L is the effective gauge length
of the sensor, and A is the cross-sectional area of the
sensor. AR/R can be expressed as
AR Ap AL AA
B2 —p(=e, 2222 3)
R p L A
According to the piezoresistive effect of semiconduc-
tor materials, the change in resistivity has a much
greater effect than simple changes in geometry on
AR/R (Huang and Wu, 2010). The AR/R of the sensor
can therefore be expressed as

AR Ap

R )

Equation (4) represents the ideal condition, in which
all the micro-CFs are ideally aligned and separated by
epoxy resin, and the transverse electrical contact’s con-
tribution to the sensor’s conductivity can be neglected.
Then, the electrical resistance can be obtained by the
parallel circuit approach from (Yang and Wu, 2003)

Ry

Ry n (5)
where Ry is the initial resistance of the CFL sensor, Ry
is the resistance of one microfiber, and n¢is the number
of fibers in the sensor. In fact, owing to manufacturing
defects inherent in CFL production, the arrangement
of the microfibers in each sensor is different. To reflect
practical conditions, AR/R can be written as

AR _ Ae

R~ (©)

where m is a coefficient that reflects the transverse
electrical contact’s contribution to the sensor’s
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Table I. Properties of carbon fiber tow and epoxy resin.

Material Thickness Tensile Tensile Tensile Volume resistivity
(mm) strength modulus (GPa) elongation (%) (Q cm)

Carbon fiber T700SC 0.136 4.9 GPa 230 2.1 1.6 x 1073

Epoxy resin FR-E3P 51.9 MPa 3.43 1.513 1010-1020

conductivity. Thus, for any given strain level, AR/R Electrode Conductive Electrode

differs from one sensor to another, as does the gauge resin

factor.

By applying the Wheatstone bridge circuit to measure CFL Sensor
the total output signal of the active and compensation
sensors, the change in resistance can be expressed as BFRP End BFRP End

AR
5 = Gy X (Sw + ew) — Greee (7)

where Gyy, &y, and ey are the gauge factor, applied
strain, and external effects errors of the active sensor,
respectively; and Gg and e, are the gauge factor and
external effect errors of the compensation sensor,
respectively. Under ideal conditions, when (1) the com-
pensation sensor is subjected to only external effects,
(2) both sensors have the same gauge factor Gy, and (3)
both sensors undergo the same external effects, the
errors due to external effects will be effectively elimi-
nated, and the output signal will be related to the
applied strain only.

As described in this section, the two sensors will not be
identical because of differences in their fiber arrange-
ments, resulting in differences in their AR/R and gauge
factors. Thus, errors caused by external effects will not be
entirely removed; however, these errors can be reduced
by choosing a compensation sensor with a gauge factor
that converges on the gauge factor of the active sensor.

Experimental procedure and materials

The CF’s transverse connection, or tow, consists of
numerous continuous microcarbon fibers. Each fiber
can be considered as a sensing cell, such that the CF
sensor’s output signal is the integrated response from
all of the sensing cells. Under ideal conditions, a CF
tow can be considered a parallel circuit that is com-
posed of large numbers of micro-CFs. Under actual
conditions, the microfibers are not completely straigh-
tened or arranged in parallel due to manufacturing
defects, such as misalignment and breakage of fibers.
Because the fiber distribution in this transverse connec-
tion introduces variability, the CFs of the samples in
this study were pre-tensioned for 24 h under 500 micro-
strains to make the fibers as straight as possible.
Subsequently, to produce a CFL sensor with a gauge
length of 500 mm, both ends were fully filled with con-
ductive resins to improve the electrical contacts to each
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Figure |. Schematic of the CFL sensor in its processing fixture.

of the CFs in the cross section and to avoid the errors
from contact resistance between CFs and the electrodes
(Park et al., 2005), and then, the electrodes were con-
nected to the conductive resin at both ends of the CFs
with tin solder and copper cables. The CFs were then
impregnated with epoxy resins and collected together
manually to form a CFL sensor with a diameter of
approximately 1.4 mm. Furthermore, the ends of the
fixture used to hold the CFs in place were made of
basalt fiber-reinforced polymer (BFRP) sheets and
were bigger than the ends of the measurement sensor,
thus providing enough bonding force to form the CFL
sensor. The impregnated CFL sensor was cured at a
temperature of approximately 45°C for 3 days, main-
taining the sensor under tension until it was completely
hardened. Finally, the tensile stress was released and
the CFL sensor was ready to be installed at its mea-
surement location, as shown in Figure 1. For all of the
experiments in this study, the CFL sensors were
installed on homogenous elastic glass fiber plates.

The CF tow used in this study was T700SC, pro-
duced by Toray Industries, Inc. The epoxy resin used
was FR-E3P, produced by Nippon Steel Composite
Co., Ltd, a bonding material approved by the Japan
Society of Civil Engineers. The properties of these
materials are shown in Table 1.

To measure and monitor electrical strain, a CFL sen-
sor must be connected to an electrical circuit that is capa-
ble of measuring changes in resistance corresponding to
strain. A data measurement system was constructed with
a Wheatstone measuring bridge connecting the active
and compensation sensors, as shown in Figure 2.

Discussions

The effect of gauge factor on the compensation
method

To study the effect of the change in the gauge factor on
the compensation method, three sensors CFL;, CFL,,

1, 2016




Journal of Intelligent Material Systems and Structures

“ompensation

sensor L sensor

Output

Resistor Resistor

Input

Figure 2. Connection of the active and compensation sensors
with a Wheatstone bridge.

and CFL; were tensioned individually under 750 micro-
strains, and their measured AR/R signals were com-
pared with the strain gauge as a reference strain.
Figure 3 shows the behavior of the three sensors tested,
and it is clear from the results that CFL; and CFL, had
convergent AR/R, whereas AR/R for both of these sen-
sors diverged from that of CFL;.

In these experiments, the same CFL; was tested
three times under a cyclic loading—unloading tension
test from 0 to 750 pe with a loading rate of 1 kN/min
(strain rate of 185 we/min) under a stable laboratory
conditions (18°C-20°C and 25%-30% relative humid-
ity). The first test (group S;) did not include a compen-
sation sensor. For the second and third tests (groups S,
and S;), the same sensor used in group S; was con-
nected with CFL, and CFL; as compensation sensors,
respectively.

From Figure 4(a) to (d), the cyclic behavior of CFL,
exhibited some error, which can be considered to be
due to the external effects discussed in section
“Introduction.” To reduce these errors, a compensation
sensor was connected with the active sensor in groups
S, and S;. Strain signal measurements of group S,
showed good stability, and the AR/R error was reduced
from 0.022% to 0.007%, a reduction percentage of
68.2%. On the other hand, for group S;, the AR/R
error was reduced by a small value: from 0.022% to
0.015%, a reduction percentage of 31.8%. From the
comparison of the three groups Si, S,, and S3 shown in
Figure 4(d), it can be concluded that use of a compen-
sation sensor with a gauge factor closer to that of the
active sensor can reduce the AR/R error significantly.
These results are consistent with the theoretical
approach in section “Theoretical background on the
measuring circuit.”
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] 200 400 GO0 800

Reference strain (pue)

Figure 3. AR/R of CFL,, CFL,, and CFL; relative to the
reference strain.

Performance of CFL sensors under different strain
levels

The behavior of group S, was studied under different
strains to define the sensor’s error in the full range of
strain levels. Thus, a cyclic tension test was applied in
seven strain ranges to determine the cyclic behavior of
the sensor. The tension loading—unloading cycle was
repeated 30 times under each strain level: 300, 500, 750,
1000, 2000, 3000, and 4000 microstrains. All ranges
were tested under approximately the same environmen-
tal conditions and load rating.

Figure 5(a) shows the relationship between the aver-
age AR/R; over 30 loading cycles for each of the strain
levels, relative to the reference strain. It is clear from
Figure 5 that under higher applied strain, the measured
signal exhibits poor linearity, showing instead a curva-
ture that increases as the strain reaches maximum lev-
els. Furthermore, the slope of the curvature increases
with the increase in the strain value, and then, it gradu-
ally stabilizes in strain levels higher than 3000 micro-
strains, and it seems to be constant which has
approximately average value of about 0.00049. To
examine the relationship between signal fluctuation
and maximum strain level from low to high strain lev-
els, Figure 5(b) shows the distribution of the measured
signal’s fluctuation through the 30 loading—unloading
cycles for each of the seven experimental strain ranges.
The errors of the signals under the different strain lev-
els follow a normal distribution curve; this normal dis-
tribution lies entirely within the range of random
extended signal fluctuation. Figure 5 shows that there
is no significant change in signal fluctuation for the
first three strain levels (300, 500, and 750 microstrains);
the errors then increase with increasing strain until an
upper limit of 3000 microstrains, after which the error
appears to stay approximately constant. Table 2 illus-
trates the fitted equations and errors at each of the
strain ranges; the errors were calculated to represent a
95% of the normal distribution, as calculated by stan-
dard deviations.
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sensor under different strain levels.

During the fabrication of the CFL sensors, the CFs
were pre-tensioned so that all of the microfibers were as
straight as possible; in fact, however, not all of the micro-
fibers could be completely straightened and would there-
fore not be pre-tensioned. As a result, at the beginning of
the tests, the tension force F was not evenly distributed
to all of the microfibers. Each fiber received a different
magnitude of the force (Fy, F, ..., F,), and some fibers
did not receive any force (F = 0) because of the winding
of the fibers upon themselves. As the force of applied
tension increased, some of the wound fibers also began
to receive force, becoming active microfibers. Thus, the
gauge factor of the active sensor differed from the com-
pensation sensor, causing additional errors in the

measured signal. These errors increased with increased
applied strain, until reaching a limit at which the most of
microfibers were active fibers. The incremental increase
in error therefore has an upper limit above which it will
not increase.

Regarding the curvature trend that appeared in the
measured AR/R of the signals under high levels of
applied strain, this phenomenon is considered to be
caused by creep deformation from the resin, relaxation
of the polymer matrix resin which is a viscoelastic mate-
rial, and a slight elongation of the microfibers them-
selves. Inasmuch as the sensor was fixed from both
ends on the glass fiber test plate, the slight elongation
that occurred prevented full tensioning of the sensor on
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Table 2. The results of tests of the CFL sensor under different strain levels.

Maximum strain () Maximum AR/R (%)

Fitted equations Errors AR/R (%)

300 0.091 AR/R =0.0003 X ¢ — 0.0065 +0.0057
500 0.152 AR/R =0.0003 X ¢ — 0.0076 +0.0063
750 0.224 AR/R =0.0003 X ¢ — 0.0124 +0.0072
1000 0.33 AR/R = 0.0004 X ¢ — 0.0007 +0.011
2000 0.75 AR/R = 0.0004 X ¢ — 0.0782 +0.0214
3000 1.195 AR/R =0.0004 X ¢ — 0.126 +0.0289
4000 1.61 AR/R =0.0004 X ¢ — 0.1693 +0.031
CFL: carbon fiber line.
the plate, resulting in poor sensor sensitivity to low
strains. I —
S i [ - :
. . . windin: Elongation | Final
Post-tensioning method to enhance the behavior of i : s o
CFL sensor Res
\Jraig.hll:ncd
The tensioned fibers of fiber-reinforced plastic (FRP) e
composites did not exhibit creep, whereas significant
creep occurred in the resin; therefore, the creep strain ERE | : Bk W
in the entire FRP material can be very limited if the - et — I|.> . - m —
- . . . clore urmg After
fibers in the FRP are sufficiently straight (Everett, post-tention 1 post-tention post-tention

1996). However, limitations of the production technol-
ogy result in unevenness from fiber movements, such as
local bending and skewedness, which are unavoidable.
The elimination of creep deformation in the resin
would allow stress to be uniformly transferred through
the resin (Soudki, 1998). Therefore, it was considered
that the unevenness of the fibers could be adjusted by
post-tensioning along the axial direction of the longitu-
dinal fibers. The resin in the CFL sensor continues to
undergo creep deformation when it is subjected to a
sustained load, allowing the possibility that the fibers
could interact in the resin. During this post-tensioning
process, the fibers tend to straighten because of resin
creep, and their previously occurring unevenness can
be adjusted, as shown in Figure 6.

To achieve this purpose, the CFL active and com-
pensation sensors were post-tensioned after hardening
using a tensile testing machine under a stress level of
0.60 f, for 3 h. Subsequently, the sensors were installed
on a glass fiber test plate, as before. The results of the
post-tensioning test are shown in Figure 7, in which it
can be seen that the creep in the CFL sensor increased
with increased loading time until 2 h, after which the
creep remained constant. Therefore, 2 h of loading
eliminated errors from resin creep.

Tests of the sensor under the same seven strain levels
were repeated to verify the enhancement percentage of
the post-tensioning method. Figure 8§ shows the perfor-
mance of the sensors under the different strain levels,
and the high degree of linearity of the post-tensioned
CFL sensor is evident from Figure 8 for all strain levels
from low to high. In addition to the enhanced linearity,
the errors in AR/R were decreased, becoming constant

Downloaded from jim.sagepub.com by guest on

Figure 6. Mechanism of the post-tensioning process.
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Figure 7. Results of post-tensioning tests of the CFL sensor.

at all strain levels, as apparent from Figure 8§ and
Table 3.

As a result of the post-tensioning of the CFL sensor,
most of the microfibers were sufficiently straightened
because of resin creep, and the previous unevenness of
fibers was adjusted, resulting in a more uniform load
carrying capacity. Moreover, the gauge factor of the
active and compensation sensors will be constant and
stable at any strain level; consequently, the errors in the
measured signal can be limited and stabilized. From
the fitted equations in Table 3, the gauge factor at any
strain level has a constant value of 5, and 95% of the
errors are within approximately =0.007% (approxi-
mately =14 microstrains). Finally, Figure 9 shows a
comparison between the errors of the measured signal
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Table 3. Results of tests of the post-tensioned CFL sensor under different strain levels.

Maximum strain () Maximum AR/R (%)

Fitted equations Errors AR/R (%)

300 0.152 AR/R =0.0005 X ¢ — 0.0092 +0.0069
500 0.248 AR/R =0.0005 X ¢ — 0.0098 +0.007
750 0.36 AR/R =0.0005 X ¢ — 0.0167 +0.0071
1000 0.484 AR/R =0.0005 X ¢ — 0.0271 +0.0068
2000 1.006 AR/R =0.0005 X & — 0.0364 +0.0068
3000 1.51 AR/R =0.0005 X ¢ — 0.0432 +0.007
4000 2.02 AR/R =0.0005 X ¢ — 0.0575 +0.0072
CFL: carbon fiber line.
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Figure 8. (a) The post-tensioned CFL sensor’s average AR/R over 30 loading cycles from 300 to 4000 e and (b) fluctuation errors
in AR/R of the post-tensioned CFL sensor under different strain levels.

of the standard and post-tensioned CFL sensors under
each strain level.

The measuring error of a CFL sensor generally
includes a systematic error and a random error. The
systematic error is a basic measure of sensor perfor-
mance; on the other hand, the random error is gener-
ally caused by unstable external conditions, and it is
difficult to forecast but can easily be reduced using the
multi-measuring method in Huang and Wu (2012). By
increasing the number of measurements taken in 1 s
from 1 to 25, the total error can be reduced to *5
microstrains, as shown in Figure 10.

Efficiency of the post-tensioned CFL sensor under
high strains

Two specimens of post-tensioned CFL sensors were
utilized to clarify the efficiency of the post-tensioning
method in measuring high strain levels and elucidate
the effects of post-tensioning on the gauge factor. The
first specimen was tested under cyclic loading—
unloading tensile strain, after having already been
tested up to 4000 microstrains in the investigation dis-
cussed in section “Post-tensioning method to enhance
the behavior of CFL sensor.” The rate of loading
increased gradually by increments of 1000 microstrains
to evaluate the limits of the sensor’s cyclic ability and
the linearity of its signals. As is evident from
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Figure 9. Comparison of the errors in the measured signal of
the standard and post-tensioned CFL sensors under each strain
level.
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Figure I1. The post-tensioned CFL sensor’s average AR/R over 30 loading—unloading cycles under high strains of (a) 5000 p.e, (b)

6000 iz, (c) 7000 e, and (d) 8000 pc.

Figures 11(a) to (d) and 12, the post-tensioned CFL
sensor functioned well until 6000 microstrains, above
which the sensor signal exhibited poor linearity relative
to the reference strain, and the error clearly increased
at the higher levels. It is evident from Figures 11 and
12 that the loading trend converged with the unloading
trend until 6000 microstrains, above which the unload-
ing trend neutralized and began to change its slope.
This phenomenon can be considered a result of the
initiation of microfracture to some of the microfibers.
By means of loading—unloading tension cycles, the
damage increases gradually resulting in stiffness reduc-
tion and some residual increase in the electrical resis-
tance, which caused a small amount of random
variation in the resistivity of the sensor during loading
and unloading.

The second post-tensioned specimen was tensioned
directly to an adequate strain of approximately
10,000 microstrains to investigate the overall behavior
and changes in the gauge factor values relative to the
reference strain gauge. The result clarified that the value
of the gauge factor deviated substantially between 6000
and 7000 microstrains, as is apparent from Figure 13.
The results from this second specimen’s limits of linear-
ity and gauge factor are compatible with the first speci-
men, at 6000 microstrains and 5, respectively.

For the second specimen, some cracks and separa-
tion between the microfibers occurred when the speci-
men was loaded with 10,000 microstrains, as shown in
Figure 14. This specimen was tested again under 30
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Figure 12. Signal fluctuation errors of the post-tensioned CFL
sensor under higher strain levels.
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Figure 13. Performance of the post-tensioned CFL sensor up
to 10,000 microstrains.

cycles of loading under approximately 5000 micro-
strains, 50% of the maximum strain. Because of the
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(a)
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Figure 14. Optical photographs of the CFL sensor (a) after
damage under 10,000 microstrains and (b) after repair.

separation between the fibers, the stress transferred into
the fibers irregularly, affecting the stability of the mea-
sured signal. Therefore, a method of repairing the sen-
sor is needed to control the regularity of stress
transferring into the fibers. For this purpose, the sensor
was repaired by re-impregnating the collected microfi-
bers with epoxy resin. The cyclic behavior of the
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repaired sensor was then determined. Figure 15 shows
that the signal from the repaired sensor exhibited good
linearity until 3000 microstrains, after which the sensor
lost stability and linearity and fluctuation errors
increased.

Figure 16 shows a comparison of the post-tensioned
CFL sensor before and after the repair, demonstrating
that the sensor exhibited excellent linearity before any
damage but showed poor linearity after damage, rela-
tive to the reference strain, with fluctuation errors in
AR/R increased to a high value of 0.0255%. Figure 16
also shows that the repaired sensor had the same gauge
factor as the normal mode of the post-tensioned sensor
until 3000 microstrains. Moreover, the errors were
reduced to 0.0105%. In general, it can be said that it is
possible to repair the CFL sensor if its fibers are micro-
damaged by stress or external effects.

Conclusion

This article presents a new technique for measuring
strain levels with a CFL sensor. The CFL sensor was
fabricated manually to produce a long-gauge line sensor
with a small diameter of less than 1.4 mm. The sensing
errors of the CFL sensors were studied theoretically
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Figure 15. (a) The repaired CFL sensor’s average AR/R over 30 loading cycles from 500 to 5000 e and (b) error comparison of
the post-tensioned CFL sensor before and after the repair under different strain levels.
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Figure 16. Comparison of the post-tensioned, damaged, and repaired cases of the CFL sensor: (a) average AR/R over 30 cyclic
loading tests up to 5000 e and (b) signal fluctuation errors in AR/R.

Downloaded from jim.sagepub.com by guest on September 1, 2016

13



10

Journal of Intelligent Material Systems and Structures

and experimentally. Some important conclusions can
be drawn as follows:

1. The output signal of CF sensors needs to be
compensated with an associated compensation
sensor to reduce the undesired effects from
external conditions. It has been demonstrated
that a compensation sensor with a fiber arrange-
ment and gauge factor that converges on those
of the active sensor effectively reduces error.

2. The CFL sensor signal demonstrates good line-
arity with the applied strain under low strain
levels; however, some curvature appeared and
increased under higher strain levels. The signal
fluctuation errors increased with increased
applied strain levels up to 3000 microstrains,
and then, the signal fluctuation error appears to
remain constant.

3. A method of post-tensioning to control the ini-
tial creep of the CFL sensor was applied by ten-
sioning the CFL sensor for 3 h under sustained
stress of 0.60 f,. The results showed that the
post-tensioning method can  significantly
enhance the linearity of the measured signals
and can eliminate or reduce errors.

4. The post-tensioned CFL sensor exhibits a good
cyclic ability and stable gauge factor up to
6000 microstrains and can reduce the fluctua-
tion errors in the AR/R from =*0.031% to
+0.007%. Beyond 6000 microstrains, the sensor
exhibits poor linearity relative to the reference
strain.

5. Further results showed that the sensor can be
repaired if some damage to the microfibers has
occurred; the repaired CFL sensor can be reused
for strain measurements up to 3000 microstrains
with acceptable errors.
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Abstract: We present an information system designed for a university on the basis of its
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(1) The web site for public relations and the e-mail systems for communications that
will work continuously even in the case of commercial power failure. (2) The personal
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1 Introduction

The 2011 east Japan earthquake hit the north east part
of Japan on March 11th including the three campuses of
Ibaraki University! in Fig. 1. The buildings in Hitachi
campus were severely damaged, in some cases, deep into
their structural frameworks. Those in Mito and Ami
campuses were also strongly shaken but less damaged for
they were located relatively away from the epicenters.
The main server computers were placed in Hitachi
campus where the college of engineering is hosted. The
server racks were so firmly fixed to the basement that
they did not fall. But they were shaken so badly that we
thought the hard disk drives must have been destroyed.
After the main electricity got back in several days, we
were relieved and even surprised to know that the disks
were not damaged at all. Probably the arms in the drives
were already retracted in response to the preceding
smaller vibrations while the huge main shakes were
traveling from the distant epicenters. Even a smaller

Hitachi campus e

30km

Mito campus

D

Ami campus

Figure 1 Three major campuses of Ibaraki University

This map shows the geographic outline of the islands and

does not indicate the territory of any specific country.

earthquake can destroy data on the disk drives if it takes
place just beneath the server room. Local fire hazards or
floods can cause the same result. Data loss can give much
more serious damages to the business of universities than
the physical damages to the buildings.

It is the difficult time in disasters when we
really need the means of public relation and personal
communications. But the information systems of the
university were completely out of operation for days
due to the power failure. The main electricity were not
available for three days in Hitachi and two days in Mito
and Ami.

We really needed to announce what to do with the
entrance examination scheduled on the next day of the
earthquake. It was obvious that we could not do it as
scheduled. But we had to announce how many days it
would be put off or if it should be cancelled. We set up
an emergency web site (Matsumoto, 2011) on a cloud
service? to post announcements to the students and the
employees. The temporary IP address was registered to
the DNS server so that the accesses to the old regular
site be directed to the emergency site. This emergency
site helped people get informed of the announcements
from the university for a few days until the regular
web site came back to operation. Then we suffered from
another problem that the wrongly cached DNS records
in different internet service providers kept pointing the
emergency site. The heroic emergency site became a
ghost web site that confused people by showing outdated
information persistently.

On the basis of those bitter experiences, we have
redesigned and implemented the information system of
our university. This system has two levels of security: (1)
The web site for public relations and the e-mail systems
for communications that will work continuously even in
the case of power failure. (2) The personal computer
systems that will be down during power failure but will
restart working without any loss of data as soon as the
power supply is back.

The rest of this paper is organized as follows: In
Sections 2 and 3, we review the information systems
and networks of this particular university, and the
lessons learnt from the mega disaster caused by the 2011
earthquake, respectively. In Sections 4 and 5, we describe
two kinds of solutions for the business continuity plan of
the university: Uninterrupted web and mail servers; and
distributed file backup system, respectively. In Section 6,
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Internet (via SINET)

Ami campus

Figure 2 Network connections among the campuses.

we evaluate the file backup system through its operation
in practice. Section 7 mentions several related works and
Section 8 gives a concluding remark.

2 Information systems and networks of
Ibaraki University before the disaster

This university has three major remote campuses as
shown in Fig. 1. The center for information technology
is located in Hitachi campus where the computers have
been historically used much more actively than the other
two campuses. That is the reason why the connection
to the Internet is going through the firewall system in
Hitachi as shown in Fig. 2. The campuses are connected
in the star-shaped topology via the wide-area ethernet
at the speed of 1Gbps with the interfaces of L3 switches.

Each campus has a file server that stores the home
directory of all the users in the campus. The home
directory is mounted on the PC when the user logs on
and also stores mails to be referred to by the mail server
for the students there. The file server also stores the
systems and the data for the virtual servers on the real
server computers managed by VMware.

The campuses have been often struck by power failure
for a short time due to local thunder storms. Each
campus has one of the IdP server systems so that the
campus can be indifferent to power failure of other
campuses. From time to time, we had power failure at
Hitachi campus where the mail server for the staff and
the main web servers are hosted. But the black out did
not last more than half an hour.

That was strong enough against small disasters. But
the story was different in the case of mega disaster.

17

3 Lessons from mega disaster and new
policy

The 2011 earthquake severely damaged Hitachi campus
but fortunately claimed no casualties. We lost water
supply for more than 10 days, which greatly affected our
life. However, in the aspect of communications, the most
difficult situation was caused by the power failure for
three days. The main web server and the mail server for
the staff were completely down when we really needed to
post announcements and discuss recovery plans to cope
with the severe disaster.

The emergency web site (Matsumoto, 2011) set up on
a cloud service? was barely fulfilling the public relations.
But it took some time for this new web site to start
operating while people needed information as soon as
possible to know what was going on. Besides, after the
regular web site came back into operation, the emergency
site had suddenly become a ghost web site that confused
people by showing outdated information persistently due
to the wrongly cached DNS records in different internet
service providers. It is a “public secret” that most of
the commercial internet service providers do not observe
the standard of the TTL (time-to-live) parameter of any
DNS records. It is true that some cached DNS records
were different from a base station to another of the same
cellular carrier in the same region at the time of the last
disaster.

It is the only and best policy to keep the regular web
server working throughout the disaster. The same is true
of the mail servers. We have never heard of temporary
mail services that can substitute existing mail services of
the regular use. They are useless because we do not have
a means to identify the new mail addresses of students
and colleagues.

The other information systems such as PCs and file
servers in the universities do not have to keep operating
throughout the disaster since the school can be closed
after sending students safely toward home. Operations
of the PCs and file servers can be resumed when people
come back to the school as long as we have the data
preserved.

Loss of data is better than loss of lives, but it is
worse than damaged buildings and destroyed computers.
It can take an enormous amount of time or may be even
impossible to reproduce the lost data.

We learnt that an information system really strong
against mega disasters needs to have the following two
features:

(1) The web site for public relations and the e-mail
systems for personal communications that will
work continuously without interruption even in the
case of power failure.

The personal computer systems that will be down
during power failure but will restart working
without any loss of data as soon as the power
supply is back.



The former can be implemented simply by employing
the recent private or public cloud systems.

The latter requires an idea. If we employ the cloud
service to keep the data safe in preparation for possible
mega disasters, the data exchange between the local
PC and the remote cloud causes longer latency and
heavier traffic than necessary in the normal time. The
users should suffer from slow response of the PC due to
the latency in data retrieval from the remote storage.
Frequent data exchanges between the PC and the
remote storage should require wide bandwidth that will
eventually increase the communications cost or slow
down the data transfers.

In order to store the data in a safe place while
keeping the data readily accessible at the on-premise
file server, we can exploit the three remotely distributed
campuses connected by the 1Gbps wide-area ethernet in
the particular case of Ibaraki University. The local file
server stores the data for the local users in each campus
as it has been practiced normally. Let its duplicate copy
be stored in a fellow file server in another campus.
Then, at least one copy of the data will survive strong
earthquakes just beneath the file server even if it would
not give time to retract the disk arms. That will survive
also local fire and flood.

4 Uninterrupted Web and Mail

server

server

The web and mail services can be interrupted for a short
time in the normal time for people usually accept regular
server maintenance. On the contrary, those services
should not be interrupted in the very time of disaster
since the latest information is crucial for the people
to make decisions in emergency. Probably for the same
reason, the cellular carriers have some key base stations
supported by local electricity generators to be robust
against commercial power failures.

The web site can work continuously without
interruption only if the server stays physically healthy
and the power is uninterrupted even in the case of
commercial power failure. There are roughly two kinds of
solutions by means of private and public cloud systems
operated at some data centers.

The main web server of Ibaraki university has
been moved into a private cloud system set up in a
containerized data center built in one of the campuses.
It is designed to survive the strongest earthquakes in the
history of Japan and supplied with main electricity by
the dedicated generator. The DNS servers are extended
to include the secondary DNS service hosted in a public
cloud service. We are planning to move the web server
further to a public cloud service.

The mail system has emigrated to the cloud service
Microsoft Office 3653. The IdP servers are extended to
include a slave server also in a public cloud service. That
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is the simplest and affordable solution by virtue of the
academic discount offered by Microsoft.

5 Distributed file backup system

Each campus has a file server Model VNX5300
from EMC (EMC, 2011) that stores the data to be
preserved. They include the work space of students,
electronic contents for the classes, and documents for
class management. They are crucial for continuation
of teaching activities through small or middle scale
disasters or their quick recovery after mega disasters.

If we send the frequently updated large data to
a remote backup server outside the university in
anticipation of possible mega disasters, the data transfer
from the local server to the remote server causes heavy
traffic in the network in the normal time. However, the
fear of losing important data has been driving several
Japanese universities to start a coalition to keep the data
of one another (Kumagai et al., 2012) despite the extra
cost for communications and storage.

In the case of Ibaraki university where we have
been suffering from the overhead cost for managing
remote campuses, we have a good set of three campuses

Hitachi campus
—

e
duplicate copy
v)

original copy
generational
~archive
remote copy

Mito campus

e
original copy

®

duplicate copy
~ 4

generational
—archive 1
remote copy

Ami campus

Me—
original copy

duplicate copy

v
generational D

archive -
remote copy

Figure 3 Structure of the copies.
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geographically apart from one another. We have only
to synchronize the original copy of the data with
its duplicate copy in another campus. We can keep
them in the plain format without any encryption
that is mandatory for the coalition of several different
universities.

The backup data is a simple duplicate copy of the
original one. A system image of the virtual machine
and its data partition in the backup can migrate onto a
different real server to start working even in the case of
physical damage on the original server.

Figure 3 shows a schematic diagram of the three
file servers. Each disk system is partitioned into the
four regions: original copy, local duplicate copy, remote
duplicate copy, and local generational archive.

The local duplicate copy is just for increasing the
robustness against malfunction of the disk systems. The
file server VNX5300 offers the capability of updating the
local duplicate copy immediately when the original copy
is modified.

The remote duplicate copy in another campus is also
updated by the same mechanism except that the updates
take place not immediately but every 10 minutes. This
time interval of 10 minutes is a parameter that can be
tuned in accordance with the real situation. A too short
interval may increase the base load traffic. A too long
interval may cause a burst traffic to transfer piled up
updates at a time.

The local generational archive stores an ordinary
incremental backup data from which users can reverse
their file operations.

No data are encrypted since everything is under
the control of the same institute. Nor are they even
compressed. Backup data in the same plain format as the
original are advantageous to save computational load for
encryption and compression, and troubles for decryption
and extraction in case the backup copy is needed in
emergency.

6 Experiments

The traffic observed at the inter-campus L3 switches
before and after the deployment of new backup system
in March 2012 is plotted in Fig. 4. It includes that for
ordinary activities of accessing data, such as web pages
across the campuses, other than the synchronization of
data storage. Here we see how much the new system
increased the whole traffic. The traffic was measured
during the two semesters in the school year of 2011 and
those in that of 2012. In the period of the measurement,
the time interval of synchronization was set to the
constant value of 10 minutes.

The measured traffic was averaged for the same day
of the week in the semester periods. Variations from day
to day of the week depend mainly on the change in the
timetable of the classes.
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Figure 4 Averaged peak traffic of the day without (2011)
and with (2012) the remote backup system.

The traffic has increased by roughly 1.5 times in total.
But it stays less than 1M Bytes per second. For the wide-
area ethernet connecting the campuses at the maximum
speed of 1G bits per second, the new traffic rate is a
moderate good figure not too low nor high.

The time interval of synchronization is a parameter
that can be varied in accordance with the situation. In
the fall semester of 2015, traffic trends in the typical busy
days of the week, Tuesday and Thursday, were measured
for various synchronisation intervals during the day time.
Figures 5 to 9 show traffic trends during the day time
in one day of either Tuesday or Thursday when the
synchronisation interval was set as 2, 5, 10, 20 or 40
minutes. hose intervals were chosen to form a roughly
doubling sequence starting at 2 minutes. We did not dare
to attempt the 1 minute interval that we thought too
frequent.

The case of 10 minutes in Fig. 7 can be regarded as
an exceptionally busy day when the students happened
to be extraordinarily active in computer usage because
the peak, average and even lowest traffic rates are
exceptionally high. In this case, the traffic is persistently
high around the average 21.4MBps throughout the day
time and makes two peaks reaching higher than 30MBps.
It drops only once at 16:30 in the evening with a notch
down only to 12MBps when we had a ten-minute break
between the classes.

In the other cases, the traffic goes sharply up and
down making peaks as high as 30MBps and deep notches
as low as 5MBps probably in response to the teachers’
instructions for file operations in the classrooms. The
high traffic tends to appear at the end of classes and the
low traffic does during the breaks between classes.

Except for the case of Fig. 7, the lowest traffic appears
as notches in Figs. 5, 6, 8 and 9 at roughly the same level
of 5MBps. The frequent synchronization by the interval
of 2 minutes caused the highest average traffic rate of
21.3MBps in Fig. 5. The average traffic rate follows the
tendency of going down to 20.9MBps for the 5 minutes
interval in Fig. 6 and to 18.5MBps for the 20 minutes
interval in Fig. 8 as the synchronization interval gets
longer.
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On the contrary, the highest peak of 31.8MBps was
observed for the synchronization interval of 40 minutes
in Fig. 9 and the second highest peak of 31.7MBps was
for 20 minutes in Fig. 8. Those high peaks must have
been caused by burst traffic of large updated data of
which synchronization was suspended for a longer time.

On the basis of those example data, we may say the
optimal choice of the synchronization interval is around 5
minutes in this fall semester. But, of course, the optimal
choice depends on the user activities in the day or even
in the hour. We need some intelligent methods in order
to estimate the optimal value of the synchronization
interval adaptively. At the same time, we can also say
that the choice of the synchronization interval does not
so wildly push the peak and average up to an intolerable
level.
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7 Related works

There have been different solutions for file backup
systems designed against mega disasters.

The simplest solution is schematized in Fig. 10 and
employs a commercial cloud storage (Iwano et al., 2013)
hosted at a remote place. The duplicate copy on a
remote cloud storage can be synchronized to the data
on the local storage from time to time through a
secure channel like SSL. We do not have to encrypt the
backup data in the case that the contract secures their
privacy. If the privacy level does not meet the standard
of the university, we have to encrypt the files before
sending them to the remote side and we can downgrade
the channel security. Frequent synchronization increases
the computational and communications cost. It is
recommended for the universities to send data at night
when the computational and communications resources
are more available.

In order to lower the communications cost, a pair
of universities have been practicing the mutual backup
storage service in Fig. 11. We have to encrypt the
files before sending them to the other side. The
two universities should trust each other in regard of
the maintenance of the storage devices. In order not
to bother the network traffic of each other, it is
recommended for the universities to send data only at
night.

There is an advanced scheme (Kumagai et al.,
2012) for mutual data backup among not so trusting
universities by means of (n,t)-threshold secret sharing
scheme that can be applied to a coalition of n universities
as shown in Fig. 12. A university, owner of a file, makes
n shares of the file and sends them to the other n — 1
universities. The file can be recovered from its ¢ shares
even if n — ¢ shares are lost accidentally or due to mega
disasters. The file is kept secret unless ¢ universities
betray the owner at the same time. There is even a
more advanced version for the use on cloud storage
service (Ohigashi et al. , 2014). These are the most
widely applicable schemes at the cost of calculating the
shares and communicating more data for the sake of
redundancy.

In the particular case of Ibaraki university, we
happened to have remotely distributed campuses in the
same organization as depicted in Fig. 13. The system
simply keeps a duplicate copy of the file at another
campus. By virtue of this simplicity, the synchronization
of data can be made as frequently as almost in real
time. The experience reported in this paper will be
of reference to other universities having two or more
campuses moderately apart from each other.

8 Conclusions

Through the bitter experiences during the disaster in
March 2011, we have redesigned the information system
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for Ibaraki university. The web site and e-mail systems
were moved to the private and public cloud services so
that they will never be interrupted again. The file servers
are made secure by keeping a duplicate copy in another
campus which is located more than 30 km away.

Taking advantage of the remote campuses, we
designed and implemented a file storage system that
keeps the original copy on-premise in a campus and
its backup copy in one of the other two campuses. Its
operations have shown that the communication traffic
among the campuses increased only by half in order to
keep the data safe against natural disasters.

Additional experiments for various values of the
synchronization interval have indicated the tendency
that the shorter intervals cause the higher average traffic
and a very long interval causes a high peak traffic to
exchange data updates suspended for the long interval.
At the same time, it has also been confirmed that the
choice of the synchronization interval does not so wildly
push the peak and average up to an intolerable level for
current practice with this particular university.

There must be the optimal choice of the
synchronization interval that depends on the user
activities in the day or even in the hour. We need some
intelligent methods in order to estimate the optimal
value of the synchronization interval adaptively, which
is left for further research in the future.
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