
Proceedings of the
Annual Stability Conference

Structural Stability Research Council
San Antonio, Texas, March 20-22, 2024

Buckling detection of profiled steel deck using strain measurement
techniques in a new vacuum box apparatus

Hyeyoung Koh 1, Nate Opperman 2, Gowshikan Arulananthan 3, Thomas Sputo4, Jesse C.
Hampton 5, Hannah B. Blum6

Abstract
The structural behavior of thin-walled steel structures is complex due to their susceptibility to local
buckling, which poses significant challenges in accurately measuring and analyzing their deforma-
tion shapes. Traditional strain measurement techniques such as electrical strain gauges have been
utilized to evaluate structural deformations, but limitations in gauge length and quantity of gauges
inhibit the ability to capture complex deformation behavior of structures. This paper proposes a
novel approach that employs distributed fiber optic sensing (DFOS) to detect and analyze the de-
formation behavior in steel members, with a specific focus on roof deck members consisting of
profiled thin-walled steel sheets. By utilizing Rayleigh Optical Frequency Domain Reflectometry
(OFDR), distributed strain sensing at fine scales (e.g., mm scale gauge lengths) can be used to
facilitate precise assessment of local buckling deformations.

The main objective of this study is to determine if distributed fiber optic strain sensing can be
used to characterize deformation and buckling behavior of steel deck. DFOS is conducted during
the experimental testing of a profiled steel deck loaded to failure inside a vacuum box chamber,
which provides uniform pressure across the entire roof plane. Conventional strain gauges and an
optical tracking system are also used to measure strain and deformations. The outcomes of this
study contribute to an enhanced understanding of advanced measurement techniques for structural
testing and introduce an innovative solution for accurate deformation detection in steel members.

1. Introduction
Steel decks are thin-walled corrugated metal sheets that can be used to support roof or flooring
structures, and they are typically supported by steel beams or joists. Steel decks can be used as
diaphragms to distribute wind and seismic lateral forces across a building into structural elements
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that transmit them into the foundation. The thin-walled portion of decks can make them suscep-
tible to local buckling. In conventional testing of a deck to assess its capacity, a spreader beam is
used to apply load on concentrated points. A point load on thin-walled steel members could result
in a localized failure. However, in a realistic setting, the deck is subjected to uniformly distributed
pressure loads. Testing and analysis for steel decks under point loading has been conducted (Ger-
mund 1986, Wu et al. 1996; 1997, Bahr 2006, Vsorf and Jandera 2017, Raebel and Gwodzdz 2018;
2020), while those under distributed pressure loading are not available in the literature, which hin-
ders the fullest understanding of steel roof deck response under load.

This project explores and validates a new test apparatus and instrumentation setup. This experi-
mental setup can later be used to test steel deck systems to better understand their behavior and
improve the reliability of steel roofing and flooring decks that are common in metal buildings. A
vacuum box chamber, which produces uniform pressure loading by creating a negative pressure
inside the box by removing air out of the box, was fabricated to simulate distributed gravity load.
When air is pulled out from the box, uniform pressure is applied across the deck surface. Two
nested 3-foot (0.9 m) × 16-foot (4.9 m) steel decks were tested. To detect local deformation of
the deck specimens, novel sensing techniques including fiber optic sensing and an optical tracking
system were employed. The outcome of this study will (1) validate the new experimental setup, (2)
demonstrate the capabilities of novel sensing techniques in structural testing, and (3) enable future
testing towards the Holistic Steel Systems effort https://ssirl.cee.wisc.edu/holistic-steel-systems/.

2. Experimental study
2.1 Vacuum box
To test how steel deck roofing systems perform under realistic loading conditions, an 8-foot (2.4
m) by 16-foot (4.9 m) box, standing about 3 feet (0.9 m) tall, was constructed using wood panels
(Figure 1). The box was bolted to the floor to maintain structural integrity during tests. Designed
with modular 4-foot (1.2 m) sections, it can be adjusted in size as needed for future tests. A steel
deck can be placed across the top, and during tests, vacuums are used to siphon air out of the inside
of the box to create pressure loads. Three valves including the Gate valve, the Motorized valve, and
the Red valve, as shown in Figure 2, control pressure throughout the box during tests. A pressure
transducer measures pressure inside the box. Several flanges are installed on the side of the box to
bring cables from instrumentation inside the box to the exterior. A plastic tarp covers the top of the
box and is sealed with double-sided tape along the top edges to seal the chamber. Derived from the
operation of valves and vacuums used to pull out air out of the box, this experimental apparatus
was named the SEAhorse (Suction Experimental Apparatus).

Two 3-foot (0.9 m) by 16-foot (4.9 m) decks were nested along the longitudinal edge, therefore a
plane profile of the specimen is 6-foot (1.8 m) wide and 16-foot (4.9 m) long. Figure 3 shows the
deck cross-section profile, which has a depth of 1.5-inch (38 mm), a flat region on top flange of
3.2-inch (81 mm), a flat region on the bottom flange of 1.3-inch (33 mm), and a corner radius of
0.2-inch (5 mm). A 22 gauge wide rib roof deck, 0.03-inch (0.76 mm) thick, was tested (1.5WR22).
The decks are simply supported at the center and 8 inches (203 mm) in from the deck edges. Screws
were used to attach the bottom flanges of the deck profile to the supports. Figure 2 provides a photo
of the deck installed on the vacuum box. A 2-foot wide strip of plywood was placed next to the
6-foot wide deck to fill the remaining space to the box edge.
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Figure 1: 3-dimensional model of the vacuum box without a deck specimen

Figure 2: The vacuum box, SEAhorse

Figure 3: 1.5WR22 deck profile
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The deck specimens had a nominal yield strength of 80 ksi (550 MPa) and an nominal elastic
modulus of 29,500 ksi (203 GPa). Due to lab renovations, the equipment for tensile coupon tests
was not available prior to submission of this paper.

2.2 Test procedure
Three valves and two vacuums were employed to apply pressure load to the decks. Figure 2 shows
the locations of the valves and the vacuums on the box. Step-by-step instructions for removing air
inside the box are provided below. To ensure a consistently increasing pressure load, the number
and degree of valve turns were determined based on preliminary testing results that measured the
pressure load versus the degree of valve turns.

1. Start with all the three valves open.

2. Turn on the two vacuums.

3. Close the Gate valve at the vacuum, initiating the pressure load to approximately 10 psf (479
Pa).

4. Begin closing the Red valve while monitoring pressure changes.

(a) For the first four complete turns, the pressure rise should be minimal, up to about 20
psf (958 Pa). Turn the valve a half (1

2
) turn when the pressure stabilizes.

(b) After the fourth turn through the sixth turn, a half turn should take about 30 seconds.

(c) After the sixth turn through valve being completely closed, a half turn of the valve
should take about 60 seconds.

5. Begin closing the Motorized valve. The Motorized valve closes slowly—Close the valve by
10 percent no more frequently than every 30 seconds.

6. Complete the test: Once the desired pressure is achieved and the test is completed, open
the Gate valve to release the pressure, and turn off the vacuums. In this study, a maximum
desired pressure of 100 psf (4.8 kPa) was considered.

3. Instrumentation
To measure the local deformation of the decks under uniform pressure load, this study employed
fiber optic sensing and conventional electric strain gauges for strain and an optical tracking camera
system for displacement.

3.1 Fiber optic sensing
Within the last decade, DFOS has increasingly become prevalent in structural health monitoring
(SHM) applications to obtain strain and temperature measurements from civil engineering struc-
tures of interest. DFOS systems enable spatially continuous measurements of strain and tempera-
ture to be made along a length of fiber. This provides an advantage over traditional strain gauges
and Fiber Bragg Grating (FBG) sensors which only provide discrete measurements. DFOS systems
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exploit inhomogeneities inside the fiber optic cables to measure subtle changes along the length of
the fiber from both mechanical- and temperature-induced strains (Lu et al. 2019). Changes in the
external environment will affect the position of the inhomogeneities along the cable. The change
in position is then converted to a strain value. An interrogator sends laser light through the fiber,
which interacts with the defects inside the fiber. Some of this light is reflected to the interrogator
unit as backscattered light at specific frequencies.

Three different scattering mechanisms are utilized to gather strain and temperature information,
e.g., Raman, Rayleigh, and Brillouin scattering. The fiber optic sensing method used to analyze
strain in the steel deck is Rayleigh OFDR. Rayleigh OFDR uses a swept-frequency laser pulse to
generate an interference pattern from the backscattered light which is analyzed to return location
and strain information along a fiber optic cable (Liang et al. 2021). Rayleigh OFDR has been
deployed to monitor strains in concrete and steel structures with high accuracy. Sensors installed
in reinforced concrete buildings have been demonstrated to locate cracks in concrete (Brault et al.
2019) and monitor deformation and damage in model steel bridges (Van Der Kooi and Hoult 2018).

The ODiSI 6100 Rayleigh OFDR system by LUNA Innovations was used in this experimental
study to capture longitudinal strain along the steel deck. The gauge length used in this experiment
was 2.6mm with a sampling rate of 6.25 Hz. The gauge length of a DFOS system is the shortest
distance over which a strain or temperature measurement could be obtained.

Fiber optic cables were attached to measure longitudinal strains on the top surface of the deck.
Figure 4(a) illustrates the layout of the fiber optic cables. Four flange locations, including two
bottom flanges (FLB1 and FLB2) and two top flanges (FLT1 and FLT2), were selected. The
instrumentation naming convention is provided in Figure 5. To prepare the deck surface for fiber
cable installation, the deck surface was cleaned using acetone. The fiber cables were then glued
using M-Bond 200, manufactured by Vishay Measurements, across the deck span.

Strain gauges were installed as close as possible to the fiber optic cables at specific locations to
cross-check the strain values obtained from fiber optic cables. Strain gauges, FLA-5-11-3LJCT,
manufactured by Tokyo Measuring Instruments Laboratory, were employed. Thirteen longitudinal
strain gauge locations (SLB1 through SLB5 and SLT1 through SLT8) were determined based on
the significant locations of the deck span behaviors. For instance, SLB1, SLT1, and SLB4 are
positioned at the middle support; SLB2, SLT3, SLB5, SLT5, and SLT8 are located at the midpoint
between the center support and the end support; SLB3, SLT4, and SLT6 are at the end support;
SLT2 and SLT7 are positioned 14 inches (35.6 cm) away from the center support, which can
show strain variations between the center support and the middle span. Additionally, strain gauges
measured strains in the transverse direction (STT1, STT2, and STT3) at the third point of the
middle span between the end supports. Figure 6 shows the installed strain gauges alongside the
fiber optic cables in the longitudinal direction.

3.2 Optical Tracking System
Optical tracking is a method of determining in the real-time position of an object by tracking
the positions of markers attached to it. The position of the reflective point is determined using a
camera system. In this study, to capture the motion of the deformed deck subjected to increasing
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Figure 4: Diagrams of the fiber cable and strain gauge locations (left) and marker positions (right). Unit: inch.

Figure 5: Instrumentation tags
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Figure 6: Fiber optic cables and strain gauges at SLB1 and SLT1

Figure 7: Optical tracking cameras and markers installed on the underside of the deck

pressure load, the Optitrack motion capture system was employed with an overall accuracy of 0.1
mm (0.004 in.). Markers were installed on the underside of the deck specimen to avoid conflicts
with fiber optic cables and strain gauges on the upper surface. As the steel deck surface is shiny
and reflective, it was necessary to paint the deck underside matte black to reduce light reflections.
The cameras use infrared to track the positions of the markers, and reflections from the shiny
deck created interference. The deck painting created an extra step in specimen preparation but
was necessary to ensure the accuracy of the optical tracking system. Figure 4(b) illustrates the
marker positions. Seventy-nine markers were attached to the underside of four top flanges and
three bottom flanges. The markers were positioned along the deck spans between the end and
middle supports. Due to the presence of supports underneath the deck specimen, markers were not
able to be placed in those support positions. As shown in Figure 7, the markers were affixed to the
bottom surface of the deck specimen, with optical tracking cameras positioned on the floor inside
the box. Eight cameras were used to capture deformations, with four cameras directed towards
each half of the deck.

4. Results
Pressure loading was applied following the test procedure introduced in Section 2.2. As shown in
Figure 9(a), closing the Gate valve at the beginning increased the pressure rate up to 13 psf (0.6
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Figure 8: Deformed deck during test showing local buckling in top flange

kPa). Subsequently, the pressure rate increased to approximately 70 psf by closing the Red valve.
The valve rotation was then paused for about 800 seconds to assess local buckling on the top flange
of the deck. The test was completed once the pressure neared the target pressure of 100 psf. A
photo of the deformed deck during testing is shown in Figure 8. The gates were then opened and
vacuums turned off, at which time the deck returned to the initial position. No evidence of plastic
deformation was visible.

4.1 Strain
Figure 9(b) provides the strain results measured at SLT5 and SLT6 on the top flange. SLT5 is
positioned at the midpoint between the center support and the end support. The strain at SLT5
initially shows increasing compressive strain until the pressure reaches 40 psf (1.9 kPa), after
which it decreases. This may be due to the position of the strain gauge relative to the local buckling
waves. At approximately 60 psf (2.9 kPa), SLT5 shows tensile strain. SLT6 is positioned at the
end support, where it shows a minimal strain compared to other locations along the deck span. As
SLT6 is positioned at the top flange, the strain value at maximum pressure shows a positive strain.

Figure 9(c) shows the strain results at SLB1, SLB2, and SLB3 on the bottom flange. SLB1 at
the center support exhibits compressive strain throughout the pressure range. SLB2, positioned
at the midpoint between the center support and the end support, shows tensile strain. The strain
magnitude at SLB1 is shown to be greater that at SLB2. Similar to SLT6 shown in Figure 9(b),
SLB3 at the end support shows minimal strain, which is compressive, contrasting with the strain
at SLT6. This difference arises because SLB3 is positioned at the bottom flange.

Strain transverse to the deck span was measured using strain gauges. Measurements were taken at
three positions on the top flange: STT1, STT2, and STT3, with the third point located between the
end supports. Figure 10 shows the strain values versus pressure loads. As expected, these strain
values were minimal compared to the longitudinal strain results shown in Figures 9(b) and (c),
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Figure 9: (a) Pressure rate (b) Longitudinal strain results at SLT5 and SLT6 (c) Longitudinal strain results at SLB1
through SLB3

Figure 10: Transverse strain results

measuring only 1.00e-3 under the maximum pressure.

Initial interpretations of the test results show that the Rayleigh OFDR system could identify multi-
scale strains, including the global deformation of the deck as well as local buckling of the deck top
flanges. Figure 11 provides the strain distributions, obtained from the Rayleigh OFDR system, of
the four flanges (FLT1, FLT2, FLB1, and FLB2) illustrated in Figure 4. The position along fiber
(x-axis) represents the deck flange span. The strain distributions were captured at two pressure
rates: 21 psf (1.0 kPa) and 97 psf (4.6 kPa), respectively. The distributions of the bottom flanges
(FLB1 and FLB2) show global buckling, represented by a significant wave along the fiber length.
However, the top flanges (FLT1 and FLT2) present smaller wave shapes within the larger wave
across the fiber length. The small wavelength indicates local buckling occurred on the top flanges.
As expected, the magnitudes of local buckling waves are larger at the middle span between the
end and center supports. Unlike discrete strain measurement obtained from strain gauges, the
fiber optic sensing approach demonstrated its capability for distributed sensing which enables the
capture of local and global behaviors of steel members.

Figure 12 shows the time-varying strain distributions of FLT1. At 1650 seconds, the pressure
rate reached 97 psf (4.6 kPa), which is the maximum considered in this study. The color bar on the
right represents strain magnitudes, with red indicating tension and blue indicating compression. As
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Figure 11: Strain distributions obtained from the Rayleigh OFDR system. Top plot shows measured strain along each
fiber at 21 psf where initiation of local buckling (high frequency variations) can be observed. Bottom plot shows
strains at 97 psf on top and bottom flanges.
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Figure 12: Strain distributions of FLT1 varying over time. Refer to Figure 4 for the location of FLT1 on the steel deck.

expected, the strain magnitudes increase with time since the pressure is increased with time. The
position along fiber (x-axis) represents the deck flange (FLT1) span. Tension strain occurred near
the center support, and waves of tension and compression are observed between the end support
and center support, representing local buckling on FLT1. This demonstrates that the fiber optic
sensing approach can detect local buckling deformations and measure the magnitude change over
time.

4.2 Deformation
Figure 8 provides the 3-dimensional deformation of the deck as captured by the optical tracking
camera system. The black lines represent the reference line of the marker borders, while a blue
line denotes the reference line of one of the top flanges, FLT2. In Figure 13(b), the deformation
of FLT2 is shown from an approximate elevation view, presenting a different angle of viewport
compared to the illustration of the entire markers in Figure 13(a). The optical tracking results
indicate that the FLT2 deformation, defined as the distance between the undeformed and deformed
marker positions, is larger for the markers located at the mid-span between the center support
and end support in comparison to those closer to the supports. This demonstrates that the optical
tracking camera system can be utilized to assess the spatial deformation of structures.

5. Discussion
When the pressure loading reached approximately 60 psf (2.9 kPa), local buckling occurred on
the top flanges, as shown in Figure 8. This phenomenon was observed between the center support
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Figure 13: Deformation measured by the optical tracking camera system

Figure 14: Local buckling wavelength

and the end support, with a local buckling wavelength of approximately 4.75 inches (121 mm) as
shown in Figure 14. This observation indicates that the developed vacuum box can effectively load
the deck in uniform pressure and the test setup does not suffer from issues of localized buckling
due to conventional spreader beams.

In addition to demonstrating the capabilities of SEAhorse, this test investigated the potential of
using fiber optic sensing to detect local buckling modes and overall deck deformation. It was also
determined how to use the optical tracking system inside the vacuum box on a reflective metal
surface. Overall, the three types of instrumentation worked well together and validated the overall
testing method.

5.1 Future Work
This test validates the operation and control of the vacuum box to produce pressure loading for
steel deck testing. It also demonstrates the capabilities of fiber optic sensing to detect global and
local buckling of the steel deck. The next step is to calibrate the fiber optic cables via instrumented
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tensile coupon tests, where multiscale strains can be captured by DFOS, foil strain gauges, and
digital image correlation.

Additional deck tests will be conducted with different span sizes or/and deck type to force addi-
tional buckling modes. The decks will also be tested to induce plastic deformations and to overall
destruction. This will enable further comparisons between the output from the fiber optic cables
and conventional strain measurements when plastic buckling deformations are involved.

6. Conclusions
This study constructed a vacuum box chamber, named the SEAhorse (Suction Experimental Ap-
paratus), to evaluate the behavior of corrugated steel decks under uniform pressure loads. The
loading simulation is accomplished by extracting air from the chamber, which suctions the deck
downward and simulates a uniform pressure load across its entire surface. This testing approach
provides more realistic data regarding how a steel deck might perform in real-world circumstances,
thereby enhancing the reliability of deck and deck systems testing. To measure distributed strain
over the deck span, a distributed fiber optic sensing technique was employed along with electric
strain gauges at several locations. Distributed fiber optic strain captured both the overall global
deformations of the deck in addition to local buckling deformations along the top flanges. Three-
dimensional deformations were captured by the optical tracking camera system located inside the
box. This pilot study shows how modern instrumentation can be combined to create a comprehen-
sive experimental system to measure detailed strain, buckling, and deformations.
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