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Embedded optical fiber sensors have recently been employed for strain and crack
monitoring in concrete structures. The performance of the sensor is strongly affected by
the fiber/matrix interface. For strain monitoring, effective stress transfer between fiber and
matrix is required. A high interfacial bond is therefore desirable. On the other hand, crack
sensing may rely on fiber debonding and bending, which is only possible with a weak
interfacial bond. In the cementitious environment, the interfacial properties are known to
vary with time, and this may affect the long-term performance of embedded optical
sensors. The objective of the present investigation is to study the interfacial changes when
specimens containing embedded optical fibers (with different coatings) are subject to
different environmental conditions including wet curing, wetting/drying and
freezing/thawing. Fibers removed from the matrix are examined under the SEM. Also,
fiber pull-out specimens are prepared and tested. The results show that the fiber pull-out
test can reveal significant changes in interfacial behaviour that cannot be detected from
SEM examination. The pull-out test is therefore demonstrated to be a useful technique for
the characterization of time dependent interfacial behavior for embedded optical fiber
sensors. © 2000 Kluwer Academic Publishers

1. Introduction The long-term durability of optical fiber sensors in
Concrete is the most widely used structural material irthe concrete environment is an issue of major con-
construction. Its long-term degradation is a major prob-cern. Durability problems can arise from two different
lem with the infrastructure of many developed coun-sources. First, when cement is mixed with water, the
tries. Damage in a concrete structure may start verpydration reactions produce calcium silicate hydrate,
early in its life span. For example, in large structuresa gel-like microstructure giving strength to concrete,
such as dams, the high thermal gradients that exist duend calcium hydroxide, which gives rise to an alka-
ing the initial curing process may lead to cracking. SucHine environment in concrete. In all commercial op-
thermal cracking can be avoided through feedback cortical fibers, a polymeric coating is applied to protect
trol, provided small strain changes of below/@can the fiber from surface scratches and environmental at-
be measured[1]. Inthe long run, loading/environmentatack. Once the coating deteriorates, hydroxide ions can
effects can also result in severe degradation. Highwagiffuse to the glass surface and induce corrosion. The
bridges under heavy traffic and freezing/thawing are fasecond cause of durability problems, which is not as
miliar examples. To properly maintain concrete struc-obvious as the first, is related to the changes at the
tures in order to extend their service life, it is highly fiber/matrix interface. The performance of optical sen-
desirable to develop sensors that can monitor structuralor is affected by the interfacial bonding between the
condition throughout its life span. fiber and the matrix. When sensors are used for the
Optical fiber sensors have recently been embeddecheasurement of tensile strain, the interfacial stresses
in various concrete structures such as buildings [1, 2]are responsible for strain transfer between the concrete
dams [3] and bridges [4, 5] to monitor strain in the struc-and the fiber. Deterioration of interfacial bond may lead
ture. Their high resolution (below e with interfero-  to ineffective transfer that affects the calibration of the
metric techniques) makes them ideal sensors for contraptical sensor. On the other hand, Lew@l. [6] have
applications. Also, since light signal rather than electricrecently developed a crack sensor based on the moni-
current is carried, optical fiber sensors have very littletoring of fiber bending loss as cracks open in a concrete
losses and are immune to electromagnetic interferencgtructure (Note: see section 3.2 for more details). For
and lightening damages. For large structures in opethe fiber to bend, it has to first debond from the con-
areas (e.g. dams and bridges), or those carrying powerete and slide. If the interfacial bond is too high, crack
lines (such as bridges with power lines underneath)ppening may lead to fiber breakage instead. For the
optical fiber sensors appear to be ideal. crack sensor, an increase in interfacial bonding with
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time is therefore not desirable. In the cementitious enis fabricated at the Lightwave Technology Laboratory
vironment, the properties at the fiber/matrix interfaceof Brown University, while the other two fibers are
have been found to vary with time [7]. Such variationsprovided by Polymicro Technologies. For the poly-
may affect the performance of the optical fiber sensorimide/hytrel fiber, the coating is of the composite type,
This investigation will focus on the second cause ofwith a thin layer of polyimide surrounded by a much
durability problems related to the change in interfa-thicker layer of hytrel. For the other two fibers, the coat-
cial properties. In the literature, two related pieces ofing is made of a single material.
work can be found. In Habel and Polster [8], fibers Specimens for both the SEM investigation and
of various coatings (polyimide, acrylate and fluorinefiber pull-out test are prepared with sand, water and
thermoplastic) are embedded in mortar blocks and retype 1l portland cement. The sand is sifted to pass
moved after a given period of time for SEM (Scanningthrough a number 25 sieve (6Qm), while the ce-
Electron Microscope) examination. Any degradation ofment passes through a number 200 sievey(it§. A
the coating can hence be visually observed. In theiwater: cement: sand ratio of).1: 2 isemployed. To
work, besides visible damages, other plausible changgzrepare specimens, the mortaris mixed in a Kitchen Aid
in interfacial bonding condition cannot be determined.K5SS mixer. The cement and sand are first blended for
Also, all the specimens are subject to wet curing. InreaB minutes. One third of the water is then added, fol-
structures, the embedded fiber may be under severe elowed by two minutes of further mixing. The process
vironmental conditions such as freezing/thawing ands repeated until all the water is put in.
wetting/drying. Such effects have not been considered After mixing, the mortar is placed into molds to
in [8]. In Escoberet al. [9], optical fiber sensors with make specimens. For both SEM investigation and
a teftzel silicone coating are embedded in concrete fofiber pull-out test, a mold of internal dimension
five years and tested. The obtained results are the san26.4 mmx 25.4 mmx 9.5 mm thick is employed. For
as those in a short-term test. This work establishes th8EM specimens, two holes are drilled at opposite sides
fact that the silicone coating is effective in protecting of the mold for an optical fiber to pass through at mid-
the glass fiber and the interface allows effective stresteight. The length of embedded fiber in the specimen is
transfer after five years. However, itis not clear if the in-hence 25.4 mm. To facilitate specimen removal, releas-
terfacial bond may become excessively strong for crackng oil is sprayed on the internal surfaces of the mold.
sensing applications. Also, the effect of exposure conAfter the fiber is placed and mortar is added, a razor
ditions such as freezing/thawing and wetting/drying haslade (covered with releasing oil) is embedded in close
not been studied. proximity to the fiber, but with extreme care to avoid
In the present investigation, fibers of three differ- contact. The specimens are kept moist by covering with
ent coatings (acrylate, polyimide/hytrel and teftzel-plastic wrap. After 24 hours, they are removed from the
silicone) are embedded in mortar specimens and subjeatold and the razor blades are carefully extracted. The
to various environmental conditions. SEM studies arespecimens are then put into a water bath for further
carried out to observe the surface deterioration. Also, @uring. The groove left behind by the razor blade will
fiber pull-out testing procedure is developed to measuréacilitate the breaking of specimen to extract the em-
the interfacial bonding/slipping behavior and to studybedded fiber for SEM study. Note that this approach is
the effect of aging (under different environments) onsimilar to that adopted by Habel and Polster [8].
such behavior. Test results up to about three months are The preparation of pull-out specimens is illustrated
reported. Our result indicates that the fiber pull-out tesin Fig. 1. A length of optical fiber is first inserted into a
can reveal information not obtainable from SEM exam-small hole in a PMMA block. A free length of 10 mm
ination. The present investigation therefore establishews left outside the block. To secure the fiber, a small
the fiber pull-out test as an effective means to assess irmount of clay is added to the hole. Blocks with the
terfacial changes (and hence, the long-term behaviotfjber are then placed into matching molds (see Fig. 1).
of embedded optical fiber sensors. Releasing oil is applied to all internal surfaces, with
special care taken to avoid contaminating the fiber.

. Mortar is then cast to make a pull-out specimen of size
2. Experimental program

2.1. Material and specimen preparation for

the testing
Optical fibers with three different coatings are studied
in this work. These include:

Mortar to be
Cast in each

(1) Acrylate-coated fibers (glass diameter
125 um, total diameter= 250+ 20 um)

(2) Polyimide/Hytrel coated fibers (glass diameter
100 um, polyimide diameter =139 um, total
diametee= 4004 30 um)

(3) Teftzel-silicone-coated fibers (glass diameter
104 um, total diameter= 120+ 7 um)

Plexiglas Block with
Hole Drilled Normat
to Surface

It should be noted that the total diameter includes Brass Mold

the glass fiber and its coating. The acrylate coated fibefigure 1 Mold for making fiber pull-out specimens.
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254 mmx 127 mmx 9.5 mm. After casting, the mold is glued to a L-shape holder, with the fiber secured by
is covered with plastic wrap for 24 hours. The speci-a specially designed grip (to be described later). The
mens are then removed and placed in the water bath.grip is held by a hardened steel rod that passes through

To study the effects of environmental exposure, thea ball-bearing block. On the other side of the rod is the

specimens are subject to the following conditions bedoad cell. The purpose of the ball-bearing block is to

fore SEM investigation and pull-out testing. ensure linear movement of the rod during pull-out test-
ing. The resistance offered by the bearing block can be

(i) Specimens with embedded fibers are left inmeasured by pulling the rod itself without the pull-out
a water bath for different periods of time (1 week, sSpecimen. This resistance turns out to be very small and
2 weeks, 3 weeks, 1 month and 3 months) before tesits value is subtracted from all measured loads during
ing. The purpose of this series of test is to investigatdhe pull-out test. On the other side of the load cell is a
the effect of cementitious environment on the fiber. ~ keyed rod that passes through a block with a key-way
(i) After curing for 14 days in the water bath, the machined in close tolerance to the size of the key. The
specimens are subject to 30 or 60 cycles of freezend of the keyed rod is screwed into a nut resting on
ing/thawing. Each freeze/thaw cycle involves 12 hours? reaction block. Once the motor is started to turn the
of freezing in the freezer and 12 hours of thawing undefnut, linear motion of the rods (rather than rotation) will
room temperature. After 30 and 60 freeze/thaw cyclesbe introduced.
the specimen ages are 44 and 74 days respectively. Due to the extreme brittleness and small size of the
(i) After curing for 14 days in the water bath, opticalfibers,aspecial procedure needsto be developed
the specimens are subject to 20 or 40 cycles of wetfor fiber gripping and alignment. The procedure we
ting/drying. In each wetting/drying cycle, the specimenadopted is described below:
is kept in the water bath for 12 hours and then removed
from water. After the surface is wiped dry, the speci- (i) The two sides of the pull-out specimen, which
mens are kept in air for 12 hours before putting it backwill be in contact with the L-shape holder, are first
into the water bath. After 20 and 40 wetting/drying cy- sanded to ensure proper attachment to the holder.
cles, the specimen ages are 34 and 54 days respectively. (i) The acrylate and teftzel-silicone coated fibers
have much lower coating thickness than the poly-
Since the specimen size is quite small, we believdmide/hytrel coated fiber. As a result, they break very
12 hours is sufficient for the whole specimen to experi-€asily if directly gripped. By wrapping two layers of
ence significant changes in its temperature or moisturfin tape around the fiber, a buffer is provided and the
conditions. fibers become much less susceptible to breakage.
Besides fibers embedded in mortar, durability studies (iii) The fiber grip is shown in Fig. 3. It is a two-
are also carried out with bare fibers. Optical fibers aréPart grip with a small groove machined right between
stored in (i) water, and (i) calcium hydroxide solution the upper and lower parts, at an angle perpendicular to
with pH=13. SEM examinations are carried out after
1 week, 2 weeks, 3 weeks, 1 month and 3 months. Sur-

face conditions are compared with those for embedde BASE PLATE
fibers. If similar results are obtained, future durability T cLiomG HOLDER
tests can be carried outin water or alkaline solution. Th¢ | [ [ Kevway

trouble of embedding fibers into mortar specimens an FIBER GRIP A
subsequent removal for inspection can then be avoide QL QO QL fioan —-\;s;
oo OO T

SPECIMEN BALL BEARING BLOCK REACTION BLOCK

2.2. Testing procedure for scanning
electron microscopy SIDE BLOCK

To carry out SEM examination of embedded fibers, the L-snapep specimen voLoer

specimens are gripped tightly and bent to induce tension _ ,

on the side with the groove (left by the razor blade). In" /9" 2 Equipment for the fiber pull-out test.

most cases, the crack will propagate towards the fiber,

exposing it while the specimen splits into two halves. Sorew to Hold Fiber Tidht G:il;gO""gc;fd;‘O
. H Ccrew 10 HO 1oer 1ig Qading s>yste

The exposed fiber is then carefully removed from the through Screws at

specimen. With several specimens subject to each en 7 Ve the Back (Not shown)

vironmental condition, we are successful in exposing : \z>

the fiber in at least one specimen per case. For SEV : i:

examination, the fibers are glued to metallic mounts LT TR T e

and coated with a thin layer of gold. Careful attention - 2\ N

is taken in handling the fiber to avoid the introduction — ToraadeB?;t?m Ptarts of
Hp heid together

of surface damages. by Screws (Not shown)

\

Small Grove of 0.5 mm diameter

2.3. Testing procedure for fiber pull-out test Right between the Two Parts of the Grip

The fiber pull-out test is carried out in a set-up devel-
oped in our laboratory (Fig. 2). The pull-out specimenFigure 3 Split grip for the fiber pull-out test.
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Scotch Tape ens, no further adjustment is required. When loading
gg,';fff:;ﬁ‘,:;‘; is applied, the present set-up will theoretically produce
Connlected to bending and rotation of the specimen holder (since it is
> g Fixture . .y

~ Through Screws  only supported on one side by the sliding steel angle).
Specimen / However, since the pull-out load is very small and the

with Fiber / steel angle is quite stiff, this effect is negligible.

| Grip (vi) After the epoxy hardens, a LVDT holder is at-

/% tached to the back of the specimen holder, and a target
—Y block is attached to the grip. A small LVDT is then em-
\ ployedto measure displacement during the pull-out test.
(vii) After everything is set up, the nut is engaged to
the motor. Gear ratios are chosen in such a way that the
displacement rate is 6.61bm/s. During testing, the
output from both the load cell and LVDT are recorded

the grip surface. After the fiber is placed into the groove Py & computer through a data logger.

the two parts are screwed together and a third screw,

which is right on top of the groove, can be tightened to3. Results and discussions

secure the fiber. To prevent fiber bending at this stage3.1. Scanning electron microscopy (SEM)

the pull-out specimen is pushed against the surface of  investigation of fiber surface

the grip and taped to it (Fig. 4). This way, the specimenThe result of the SEM investigation is summarized in

and grip behave as a ‘single block’ during the alignmentTable |. For the polyimide/hytrel and tefzel-silicone

procedure and no pre-mature fiber pulling or bendingcoatings, regardless of the type of environmental ex-

can occur. posure, no noticeable surface damage can be observed
(iv) To align the fiber in the loading system, the grip at about 3008 magnification. For the acrylate coat-

is first screwed to a plate at the end of the hardened steglg, surface cracking can be observed in a number of

rod. The L-shaped specimen holder is then attached toases, shown in Figs 5-10. Note that the micrographs

a movable steel angle (the sliding holder in Fig. 2).for different cases may be shown at different degrees

5-minute epoxy is mixed and applied to surfaces of theof magnification to clearly reveal the damages. When

pull-out specimen as well as the specimen holder.  placed in water or calcium hydroxide solution, the acry-
(v) By moving both the hardened steel rod (with late coating shows no significant deterioration. Only

the grip) and the steel angle, the pull-out specimen andfter 3-month storage in water will thin hairline cracks

specimen holder are moved towards one another untbe observable. However, if the fiber is embedded in-

the surfaces touch. The steel angle is then fixed in placside the mortar specimen, minor surface cracking starts

(by tightening the screws on the sliding holder) and theto occur after 2 weeks, and becomes much more se-

system is left in this position for 30 minutes until the vere after one month. A plausible explanation is that

epoxy is sufficiently cured. With this alignment proce- minor surface damages can be introduced during the

dure, the fiber is already aligned in the grip before thecasting process no matter how much care has been

specimen is glued to the holder. After the epoxy hardtaken. Such damages may couple with chemical effects,

Glued to Specimen Holder of Loading Fixture

Figure 4 Fiber grip with the pull-out specimen.

TABLE | Summary of the SEM study

Period Acrylate Polyimide/Hytrel Teftzel-Silicone
Stored inside the Water Tank 1 week Good Good Good

2 weeks Good Good Good

3 weeks Good Good Good

1 month Good Good Good

3 months Hairline Cracks Good Good
Stored in Calcium Period Acrylate Polyimide/Hytrel Teftzel-Silicone

Hydroxide Solution (pH=13.0) 1 week N/A Good Good

2 weeks N/A Good Good

3 weeks Good Good Good

1 month Good Good Good

3 months Good Good Good
Embedded inside Mortar Specimen Period Acrylate Polyimide/Hytrel Teftzel-Silicone

2 weeks Hairline Cracks Good Good

1 month Significant Cracking Good Good

3 months Severe Cracking Good Good
Wet-Dry Cycles Cycles Acrylate Polyimide/Hytrel Teftzel-Silicone

20 cycles Significant Cracking Good Good

40 cycles Severe Cracking Good Good
Freeze-Thaw Cycles Cycles Acrylate Polyimide/Hytrel Teftzel-Silicone

30 cycles Good Good Good

60 cycles Severe Cracking Good Good
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Figure 5 Acrylate-coated fiber in cement mortar for (a) two weeks (2}t%b) two weeks (2718).

leading to more severe deterioration. The results indiwithout going through the moisture cycling (Fig. 6). Re-
cate that it is important to carry out durability tests with peated wetting/drying can therefore accelerate the de-
optical fibers embedded in mortar specimens. Simplyterioration of acrylate coating. However, after 30 cycles
putting the fibers into water or alkaline solution is not of freezing/thawing (44 days of age), no damage can be
appropriate. observed on the fiber surface, whereas cracking can be
Some interesting trends can be observed by comelearly seen after one month if there is no freeze/thaw
paring the micrographs for fibers embedded in mor-cycling. It should be noted that in the freezing/thawing
tar alone and those subject to freeze/thaw and wetexperiments, the specimenis leftin air during the thaw-
ting/drying cycles as well. After 20 wet/dry cycles ing stage. When the specimen is thawed, partial drying
(which is 14+ 20=34 days of age), the degree of may occur due to evaporation of water. The specimen
cracking (shown in Fig. 8) is clearly much more signif- is then returned to the freezer for the freezing stage.
icant than that in a specimen of similar age (one month)he freeze/thaw cycles are therefore carried out with
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Figure 6 Acrylate-coated fiber in cement mortar for (a) one month 268b) one month (277R).
the moisture content gradually reduced. This may ex¥abry-Perot sensor [10]. The sensing part is a short

plain the deceleration of damage observed in our test$ength of fiber spliced to the end of a long fiber. When
In future experiments, it will be of interest to carry out light is sent into the fiber, reflection occurs at both

thawing in water to clarify this issue. ends of the sensing part. By monitoring the interfer-
ence between the two reflected signals, the elongation
3.2. Fiber pull-out test and strain in the sensing part can be obtained. Fig. 11b

Before discussing how the pull-out test results are inshows the Bragg grating sensor [5, 11]. A Bragg grat-
terpreted, it is important to review the principle of a few ing is a periodic variation of refractive index introduced
strain and crack sensors, and discuss how their perfoelong the optical fiber. When a broad-band light (i.e.,
mance may be affected by interfacial shear transfer. light containing awide spectrum of wavelengths) is sent
The principles of two common strain sensors are il-through the fiber, the wavelength corresponding to the
lustrated in Fig. 11a and b. Fig. 11a shows the intrinsigrating period will be preferentially reflected, resulting
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Figure 7 Acrylate-coated fiber in cement mortar for (a) three months £31®) three months (60%).

in a peak wavelength in the reflected signal. When theoncrete strain is doubled, the shear stress and axial
grating is under strain, its length and hence its periodtrain at any point along the fiber is also doubled. The
will change. By monitoring the shift in the peak wave- fiber axial strain starts from zero at the fiber end, and
length, the strain at the grating can be deduced. reaches a steady state value (equal to the concrete strain)
When tensile loading is applied to concrete, stresst a distancé; into the fiber. After debonding, the inter-
is transferred to the fiber through interfacial shearfacial shear stress distribution is no longer self-similar.
Fig. 12a and b show the distributions of axial strainAlso, since debonding oftenleadsto areductionin shear
and interfacial shear stress along the fiber both beforgansfer capability, the distantghas to increase.
and after the occurrence of interfacial debonding. Be- Based on the change in strain distribution along the
fore debonding, elastic behaviour governs and the fibefiber, the consequence of debonding on strain sensing
strain and interfacial shear stresses increases with thean be studied. For the Fabry-Perot sensor, whatis mea-
concrete strain in a self-similar manner. That is, if thesured is the average strain over the sensing part. This
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Figure 8 Acrylate-coated fiber after 20 wetting/drying cycles (a) (8%0b) (2880x).

average strain value is below the steady state strain and Besides strain sensing, embedded optical fibers
their ratio is the calibration factor of the sensor. As longcan be employed for crack detection and monitoring
as debonding has not started, this calibration factor i¢Ansari et al. [12], Leunget al. [6]). An example of
constant. Once debonding starts, the change in axiauch a sensor [6] is shown in Fig. 13. An inclined op-
strain distibution (see Fig. 12a and b) will result in atical fiber is embedded in the concrete. As the crack
change in average strain and shift in calibration factoropens, if the fiber is not bonded strongly to the con-
For the Bragg grating sensor, as long as it is at a diserete, it will slide and bend to stay continuous (see
tance > |5 from the fiber tip, the steady state strain (or Fig. 13). Fiber bending will cause light to refract out of
strain in the concrete) will be measured. However, ifthe fiber, and hence introducing a signal loss [11]. By
excessive debonding leads to a significant increase imonitoring the backscattered signal with Optical Time
ls, the calibration of the Bragg grating sensor will also Domain Reflectometry (OTDR), the crack location and
be affected once debonding gets close to the locationpening can be obtained from the time and magnitude
of the grating. of the drop. If several cracks are existing, the signal
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Figure 10 Acrylate-coated fiber after 60 freezing/thawing cycles (341

will exhibit a few drops. With this sensor, no a-priori is not possible to detect more than one crack with the
knowledge of crack location is required. Also, it is pos- fiber.

sible to detect and monitor a number of cracks with one The interfacial shear transfer capability can be re-
single fiber. For such a sensor to work, the fiber needsulted from chemical bond, mechanical interlock or
to be able to slide freely at the crack. A low interfacial friction. To fully characterize this capability, several
shear transfer capability is desirable. If environmen-parameters are often required. In the literature, various
tal exposure leads to a significant increase in interfaciahpproaches [7, 12—-16] have been proposed for the de-
shear capacity, the fiber may break at the crack at a vergermination of interfacial parameters from the pull-out
small opening. In such a case, the sensor can still telecord, and this is by no means trivial. Also, even if the
the crack location (because significant backscatteringnterfacial parameters are known, the complete quan-
can be observed at the broken end), but cannot serudication of sensor behaviour (e.g., determining the re-
the purpose of monitoring the crack opening. Also, itlation between concrete strain ahgl or, finding the
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(a) Intrinsic Fabry-Perot Sensor

Sensing Part of Fiber
< <
=

Elongation of sensing part obtained from
interference of two reflected signals

(b) Bragg Grating Sensor

Incident Broad-Band Light

4—
_hb

\
Reflected Light of Single Wavelength
Corresponding to the Index Variation

Figure 11 Two common types of optical fiber strain sensor.

(a) Strain Transfer before Debonding

Axial strain

Distribution Onset of steady state

(fiber strain equals matrix
strain beyond this point)

+—>
ls

/< Interfacial shear stress distribution

(b) Effect of Interfacial Debonding on Strain Transfer

Axial Strain
Distribution

With debonding, it takes a longer
distance to reach steady state

Debonded
part of the <
interface

1, increases

Interfacial shear stress distribution

Figure 12 Effect of interfacial debonding on strain transfer to the optical

fiber.
(a)
| Cracks \ Fiber
/Ga/\ Sensor
Signal in
and out “ \ V
\ |
Local Bending (see 1¢ Below) Concrete
(b) Member
Crack opening calculated :
- from this signal drop S::ghr;arl‘:;ois ;:il'::rto
e g’ direction
£8 BEFORE
i CRACKING
I
L e k
QD
aa Crack location
deduced from AFTER
/ these valueS\ CRACKING
Arrival Time

(c)

Fiber bend to
stay continuous
as crack opens

High stress may lead
to matrix failure

Figure 13 A novel crack sensing concept proposed by Leenhal. [6].
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crack opening when breakage of optical fiber occurs)
requires significant computation. In this work, as a first
attempt to study the effect of environmental exposure
on interfacial behaviour, our objective is not to quan-
tify the sensor behaviour. Instead, we try to provide
answers to the following questions. First, does the in-
terfacial behaviour change significantly under a given
environmental condition? Second, if the interface in-
deed changes, isiteasier or more difficult for debonding
to occur? By studying these two issues, we can deter-
mine whether a given environmental exposure is likely
to affect strain sensing or crack sensing. For our pur-
pose, we believe the simplest approach is to look at the
change in peak load of the pull-out curve. It is obvious
that the peak load itself is not sufficient to describe the
complete pull-out behaviour. However, for a fixed fiber
type and embedded length, the change in peak pull-out
load under different environmental conditions does re-
flect how the interfacial shear capacity changes. In the
following, we will therefore report the peak pull-out
load for each test as the result of our study.

The results from the pull-out tests are given in
Figs 14-16. In each figure, we show the maximum
pull-out load after each kind of environmental expo-
sure. Each figure consists of two plots. The upper one,
denoted by (a), shows the results for all successful tests.
To better observe the experimental trend, the average
for each case is also plotted in (b). The results show that
the different coatings behave very differently under the
various environments. Embedment in moist mortar for
three months does not affect the average peak pull-out
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Figure 14 Peak pull-out load of acrylate coated fiber. (a) Results from
all successful tests, (b) Average for each case.
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Figure 15 Peak pull-out load of polyimide/hytrel coated fiber. (a) Re-
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load for acrylate coated fibers, although the variabil-
ity does increase. For the polyimide coated fiber, how-
ever, three month embedment causes the peak pull-out
load to double. For teftzel-silicone coated fiber, there
is some increase in peak pull-out load after wet cur-
ing for 3 months. After 40 wet-dry cycles, the peak
pull-out load for the acrylate coated fiber is doubled
compared with specimens cured in mortar for a month.
On the other hand, wetting and drying has little effect
on the teftzel-silicone coating and decreases the peak
pull-out load for polyimide coated fiber. Opposite ef-
fects of freeze/thaw cycles can also be observed for
the various fibers. Freeze/thaw is found to decrease the
peak pull-out load for the acrylate coated fiber, while
significantly increasing the interfacial resistance for the
teftzel-silicone fiber. For the polyimide fiber, the peak
pull-out load increases a lot after 30 freeze/thaw cycles
but decreases from 30to 60 cycles. Actually, a slight de-
crease in peak pull-out load from 30 to 60 freeze/thaw
cycle can also be observed for the teftzel-silicone coated
fiber. The exact reason is not understood at this point.

In summary, different precautions should be taken
for different applications and different fiber coatings.
For strain sensing, we should be careful about freez-
ing/thawing for acrylate fibers, and wetting/drying for
polyimide fibers. Teftzel-silicone fibers appear to have
no problem. This is consistent with the findings in [9],
where optical fiber strain sensors with teftzel-silicone
coatings are found to perform well after 5-year em-
bedment in concrete. For crack sensing, if polyimide
is used, the structure should be kept dry as exposure
to water results in the highest increase in peak pull-
out load. For acrylate, wetting/drying is to be avoided,
and for teftzel-silicone, freezing/thawing should be
prevented.

It is interesting to note that the fiber pull-out test is
much more sensitive to changes than the SEM exami-
nation described above. In many cases where the SEM
study cannot reveal any changes, the maximum pull-out
load shows significant differences. The present investi-
gation therefore demonstrates that time dependent in-
terfacial behavior of embedded optical fiber sensors can
be properly assessed with the fiber pull-out test. SEM
examination, however, serves a complementary role.
For example, when significant changes in the pull-out
behaviour has been obtained, it is important to carry out
SEM examination as well. If the interfacial changes are
found to be due to the cracking or deterioration of the
protective coating, alkaline ions may start to penetrate
the coating and attack the glass fiber. In this case, even
if the stress transfer condition is still satisfactory after
interfacial changes occur, the possibility of chemical
attack on the glass fiber should not be overlooked.

4. Conclusion

In this investigation, changes at the optical fiber/
concrete interface under various environmental condi-
tions have been studied with both scanning electron
microscopy and the fiber pull-out test. In particular, a
fiber pull-out testing procedure has been developed for

Figure 16 Peak pull-out load of teftzel-silicone coated fiber. (a) Results the study of interfacial changes in optical fibers. Exper-

from all successful tests, (b) Average for each case.

iments are carried out with three types of fiber coating
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(acrylate, polyimide/hytrel, teftzel-silicone) under var- 4.
ious environmental conditions (curing in water, wet-
ting/drying, freezing/thawing). The results show that c
the fiber pull-out test can reveal significant changes™
in interfacial behaviour that cannot be detected from g
SEM examination. The pull-outtestis therefore demon-
strated to be a useful technique for the characteriza--
tion of time dependent interfacial behavior for embed-
ded optical fiber sensors. It should be performed as a
first test to study interfacial changes. If the pull-out test g
reveals significant changes, SEM investigation should
then be carried out to see if there is excessive coating
degradation that may lead to chemical attack on thelo
glass fiber.

11.

12.
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