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ABSTRACT

Concrete is subject to temperature gradients and shrinkage-induced strain during
curing. Strain variations in concrete can lead to residual stresses and cracks, in
particular when the deformation of concrete is restrained. This in turn can affect the
mechanica performance and durability of the structure. In this study, a fully-
distributed fiber optic sensor is used to monitor the early-age temperature and strain
distributionsin a 12.8 m long steel-concrete composite beam based on pulse pre-pump
Brillouin optical time domain analysis. Telecommunication-grade, single-mode
optical fibers were embedded in the concrete of the specimen that consisted of
lightweight aggregate concrete on trapezoidal metal deck acting compositely with a
steel I-beam via headed shear studs. Emphases were placed on characterizing the
temperature and strain distributions in concrete and understanding the effects of
composite action on the evolution of strains in the concrete. Non-uniform strain
distributions were successfully measured from the distributed fiber optic sensorsin the
first two days of curing. The spatia distribution of temperatures along the beam was
relatively uniform but varied in amplitude due to the hydration reactions. The strain
distributions were non-uniform, which is likely due to concrete cracking as the result
of restrained shrinkage of the concrete.
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INTRODUCTION

Concrete is one of the most widely used construction materialsin the world [1-3]. With
appropriate proportioning of cement, sand, coarse aggregates, and water, a series of
hydration reactions take place and concrete may be produced which possesses excellent
durability and mechanical properties [4-6]; in particular, under compressive loads.
Concrete is noncombustible and corrosion resistant [7-9]. After curing, concrete tends to
maintain constant structure temperatures due to its low therma conductivity and large
thermal mass, thus saving energy. Although concrete is weak in tension relative to
compression, steel elements such as reinforcing bars can be used as tension reinforcement
[10, 11]. Both chemica and mechanical bonds form at the interface between concrete and
ribbed steel reinforcing bars to ensure effective force transfer [12, 13]. The comparable
coefficients of thermal expansion of concrete and steel are also beneficial to the integrity of
steel reinforced concrete structures.

However, the early-age behaviors of concrete [14-17] potentially affect the long-term
performance of concrete. During the exothermic hydration reactions in concrete, the
temperature of the concrete rises while heat energy is released. If there is a substantial
increase of temperature in concrete, the rates of hydration reactions and the mechanical
properties of the concrete might be significantly affected. Furthermore, the relatively low
thermal conductivity of concrete causes a temperature gradient which eventualy induces
non-uniform stress distribution within restrained concrete. In additional to the thermal
effects, concrete is subjected to autogenous and drying shrinkages [16, 17]. If shrinkage of
concrete is restrained, cracks may be caused and significantly reduce the mechanical
properties, durability, and fire resistance of the concrete. For unrestrained concrete, cracks
may still appear [14] due to the heterogeneous nature of concrete. A concrete member may
have different amounts of shrinkage at various locations, producing a stress and strain
gradient [14]. Also, concrete is self-restrained by adjacent concrete. The shrinkage may
quickly occur at the early age which its mechanical strength is not fully developed yet [15].
Therefore, some researchers [18, 19] emphasized that it is important to investigate the
early-age behaviors of concrete and steel-concrete composite structures.

Various methods have been developed and implemented to investigate the temperature
changes and shrinkage strainsin early-age concrete. Corrugated tube specimen [16, 17] and
prism specimen are recommended in the ASTM specifications for measurements of
autogenous shrinkage and total shrinkage, respectively. However, since the shrinkage is
determined by dividing the total length change by the specimen’s gauge length, the
measured shrinkage represents the average shrinkage of the specimen. To evaluate the
localized shrinkage, a single-mode optical fiber [20-23] was embedded to measure the
temperature and strain distributions in ultra-high-performance concrete specimens, based
on a pre-pump pulse Brillouin optical time domain analysis (PPP-BOTDA) technology [24,
25]. Shrinkage-induced cracking was identified from the measured strain distributions as
sharp peaks [26, 27]. However, thus far, there is alack of research on early-age behaviors
of concrete in composite structures in which the presence of steel may potentially influence
the development of shrinkage deformation. Strain and temperature variation in concrete
could result in residual stresses and cracks, especialy when the deformation of concrete is
restrained, and thus could significantly affect the mechanical performance and durability of
steel-concrete composite structures.

This paper presents the collaborative study with the National Institute of Standards and
Technology (NIST) to characterize the early-age behaviors of concrete, including
temperature and strain distributions, using distributed fiber optic sensing approach
developed by the authors [14, 15]. As future work, the developed approach will be also
used to measure the temperature-dependent composite action between concrete slab and
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steel beam and temperature distributions of long-span composite floor beams constructed
as part of NIST’s research project on composite floor systems [28].

SENSING PRINCIPLE

In an optica fiber, Brillouin scattering results from the interaction of an incipient light
wave with an acoustic wave that represents the effect of a characteristic density variation
aong the fiber [29]. In a PPP-BOTDA system, a forward-propagating (incipient) pulse pre-
pump light wave is introduced from one end of optical fiber, and a back-propagating
continuous probe wave is beamed into the same fiber from the other end. When the
frequency difference between the pump pulse and the probe continuous wave matches the
Stokes Brillouin frequency of the optical fiber, Brillouin gain will occur. PPP-BOTDA
measures the Brillouin scattering spectra along the length of the optical fiber subjected to
the combined effect of strains and temperatures [30]. The Brillouin frequency shift of an
optical fiber can be related to the combined effect of the applied strain and temperature
with respect to the reference strain and temperature. The Brillouin frequency shift is on the
order of 9 GHz to 13 GHz for light waves of 1.3 um to 1.6 um wavelengths in a single-
mode optical fiber.

The Brillouin frequency is dependent on strain and temperature changes. For relatively
small changes of strain and temperature, alinear relation can be used as givenin Eq. (1).

AVH :CgAg‘i'CTAT (1)

where C, and Ct denote the strain and temperature coefficients, respectively; Ac and AT
denote the strain and temperature changes, respectively. The strain and temperature
coefficients were calibrated in the laboratory in controlled strain and temperature
conditions.

EXPERIMENTAL PROGRAM
Specimen

This experimental study used the 12.8 m long composite floor beam specimens
constructed in the Nationa Fire Research Laboratory (NFRL) [31] at NIST for its research
project on composite floor systems subject to fire. The lightweight concrete slab measuring
12.8 m x 1.83 m in plan was cast on top of al fluted galvanized metal decking and
supported by the W18x35 steel girder, as depicted in Figures 1(a) and 1(b). Due to the
profile of the steel deck, the depth of the concrete deck varied from 84 mm to 160 mm, as
illustrated in Figure 1(b). The concrete topping was reinforced using a welded wire mesh
(6x6 W1.4/W1.4). The concrete deck and steel beams were connected by 19 mm diameter
headed shear studs. The spacing between two adjacent shear studs was 305 mm.

First, the steel deck was placed on top of the steel beams, followed by welding the
headed shear studs, as shown in Figure 2(a). The studs were welded all the way through the
metal deck to the sted beams. A welded wire mesh was supported by small steel chairs,
and it was about 20 mm above the top of the metal deck. After the instalation of optical
fibers, concrete was placed in the formwork.
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Figure 1. The stedl-concrete composite specimen (unit: mm): (a) three-dimensional illustration; (b)
profile of the steel deck.

Figure 2. Photograph of the specimen: (&) before concrete placement; (b) during concrete placement.

Materials Properties

The concrete topping was fabricated using a plastic-fiber reinforced lightweight
concrete. The water-to-binder ratio was 0.46. The binder was composed of 25 % Class C
fly ash and 75 % Type | Portland cement, by total volume of binder. The Blaine fineness
values of the fly ash and cement are 465 m?/kg and 560 m?/kg, respectively. Missouri River
sand (0 mm to 4.75 mm) with a specific surface area of 2.64 was used at a binder-to-sand
ratio of 0.42, by volume. A rotary kiln expanded date lightweight aggregate (LWA) was
used at a sand-to-LWA ratio of 0.88, by volume. Both sand and LWA were pre-treated to
ensure the saturated-surface-dry (SSD) condition. A polycarboxylate-based high-range
water reducer was used to improve the flowability of the concrete. The dosage of high-
range water reducer was adjusted to achieve a slump of 220 mm + 25 mm. Polypropylene
microfibers with a specific gravity of 0.91 were used at a content of 2.37 kg/m® of the
concrete. The fibers are 40 um in diameter and 25 mm in length. The tensile strength and
Young’s modulus of the fibers are 0.35 GPaand 3.45 GPa, respectively.

The concrete was mixed at a commercia batching plant and transported to NIST for
placement in ready mix truck. Concrete was placed through the concrete discharging chute
of the mixer truck, as depicted in Figure 2(d). After concrete placement, a vibrator was
used to consolidate concrete along the formwork carefully to avoid breakage of the optical
fibers. The specimen was covered with wet burlap and plastic immediately after specimen
casting. The formwork was removed from the specimens after 3 days. The specimen was
then cured under wet burlap and plastic sheet at room temperature (22 °C + 3 °C) until 7
days after casting. Water was sprayed on the burlap to maintain the moisture during the
first week of curing. The concrete’s density was 2,070 kg/m® at 28 days. The compressive
strength was 38 MPa at 28 days and 41 MPa at 56 days in accordance with ASTM
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C39/C39M. A sensor was used to measure the internal relative humidity of concrete at a
depth of 90 mm. In the first 2 days after setting, the internd relatively humidity of the
concrete mixture was measured to be 99%-100%. Mechanical properties of the types of
steel were provided by the manufacturers. Hot rolled ASTM A992 steel, which is a low
carbon structural steel aloy, was used for the steel beams [32]. Its tensile yield strength is
345 MPag; its Young’s modulus of elasticity is 200 GPa. Cold drawn steel in compliance
with ASTM A108 was used for shear studs. Its tensile yield strength is 414 MPa; its
Young’s modulus of elasticity is 205 GPa. Grade 65 welded wire steel in compliance with
ASTM A185 was used for smooth welded wire fabrics. Itstensile yield strength is 448 MPg;
its Young’s modulus of elasticity is 200 GPa. Cold rolled ASTM A611 Grade D steel was
used for the steel decks. Its tensile yield strength is 276 MPa; its Young’s modulus of
elasticity is 203 GPa. The density of all the three types of steel is about 7850 kg/m”.

I nstrumentation

A Neubrescope data acquisition system (model: NBX-7020) was used to perform PPP-
BOTDA measurements for the distributed fiber optic sensors. A 2 cm spatial resolution was
obtainable, with use of a pulse bandwidth of 0.2 ns. The sampling and spatial resolutionsin
this study were respectively set at 1 cm and 2 cm, meaning that data points were sampled at
every 1 cm and the Brillouin frequency shifts of two points spaced at no less than 2 cm
could be distinguished. A single-mode optical fiber with polymer coatings was used as a
distributed fiber optic sensor for the temperature and strain distributions measurement. The
single-mode fiber had an 8.2 um glass core, a 125 um glass cladding, a soft inner polymer
coating (outer diameter: 190 pm), and a stiff outer polymer coating (outer diameter: 242
um). The soft and stiff layers provide mechanical protection, and prevent abrasion and
environmental exposure for the glass. The distributed fiber optic sensors measure Brillouin
frequency shifts due to temperature and/or strain changes. Once calibrated, the sensors can
be used to evaluate the temperature and strain changes from the measured Brillouin
frequency shifts.

The distributed sensor was embedded in the concrete topping and along the length of
the steel girder, as shown in Figures 3(a) and 3(b). The distributed sensor was continuously
passed through the points B and A in the concrete topping back and forth to form a loop.
The 1% and 2™ paths were at the same location. The distributed sensor in the 1% path was
packaged and could dlide in a polymer hose with negligible friction, and thus the
measurement results are used for temperature compensation for the distributed sensor in the
2" path. None of the optical fibers was damaged during concrete placement.

The distributed sensor

@

=<—— 15t and 2% paths of the
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(b)
Figure 3. Layout of fiber optic sensors (unit: mm): (&) top view; (b) side view.

SOLID CONVERTER PDF > et ucias



RESULTSAND DISCUSSIONS

Figures 4(a)-4(d) show the measurement results from the distributed fiber optic sensors
embedded in the concrete topping. Figure 4(a) plots the measurement results of the
Brillouin frequency distributions along the length of the distributed sensors before and after
concrete placement. The Brillouin frequency increased in al the three paths. Taking the
Brillouin frequency at the time of concrete placement as baseline, the Brillouin frequency
shift can be determined, as plotted in Figure 4(b). The Brillouin frequency shift of the 1¥
path was caused only by temperature changes in the concrete topping, because the
distributed sensor of the 1% path was isolated from strain change via the outer sheath. Using
the calibrated temperature sensitivity coefficients, the Brillouin frequency distributions are
converted into temperature distributions along the slab, which are nearly uniform as shown
in Figure 4(c). The positive values of Brillouin frequency shift represent temperature
increase, due to exothermic hydration reactions at early age. The Brillouin frequency shifts
of the 2™ path were the combination results of both temperature increases and strain
changes. After temperature compensation using the Brillouin frequency shift of the 1% path,
the strain distributions along the specimen are achieved, as shown in Figure 4(d). Overall,
the strain distributions along the 2™ path follow similar trends. In comparison with the
temperature distributions, the strain distributions are significantly non-uniform. The strain
decreases over time.
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Figure 4. Measurement results from distributed sensors along the concrete; (&) Brillouin frequency
distributions; (b) Brillouin frequency shifts; (c) temperature distribution; (d) strain distribution.
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CONCLUSIONS

In this study, a single-mode optical fiber is used as distributed fiber optic sensor with
PPP-BOTDA technology. The early-age behavior of concrete is evaluated using a long-
span steel-concrete composite beam constructed in NFRL. Based on the measurement
results, the following conclusions can be drawn:

(1) A practicad method developed in a previous study to fabricate stedl-concrete composite
beam instrumented with distributed fiber optic sensors is implemented and proven to be
successful. None of the installed fiber optic sensors was damaged during the placement of
concrete.

(2) Temperature and strain distributions in the concrete topping are measured in the first 2
days of curing. Temperature increases due to hydration of cement, and is relatively
uniform aong the specimen. Non-uniform strain distributions are measured, which is
possibly due to cracks in concrete. Further studies are needed to understand the effects of
composite action between the shear studs and the concrete on the early-age behaviors.
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