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Abstract. More than 50 cable-supported bridges have been built in Korea since 1980. While
maintaining those infrastructures for last 30 years, we have experienced unexpected problems from
operational field monitoring of long-span bridges. This paper discusses on what we have observed,
learned and how we responded to those events. As an example, a vortex-induced vibration was
observed in 2011 in parallel-disposed twin cable-stayed bridges. Operational monitoring and wind
tunnel tests successfully identified that the close distance between two bridges was one of the main
cause of the vibration. However, an operational modal analysis revealed that unexpected low damping
ratio of the bridge was also contributed to the realization of this serviceability problem in an operating
bridge. Another observation of vibration in a long-span suspension bridge also attracted our attention
on the potential low damping ratio, which may invoke serviceability issues in assessment of bridges.
This paper introduces the details of the cause investigations, assessment and mitigation of the
serviceability problems, validation through field tests and operational monitoring, and concluding
suggestions to bridge owners and engineers.

Keywords: OMA, damping, serviceability, St-Id, structural health monitoring, cable-stayed bridge,
suspension bridge, VIV

1 Introduction

The Namhae Suspension Bridge, built in 1973, was the starting point of cable-supported bridge history in
Korea. Now we are operating 49 cable-supported bridges (43 cable-stayed bridges and 6 suspension bridges) and
23 more bridges (19 cable-stayed bridges and 4 suspension bridges) are in construction as of Sep., 2015. Fig. 1
shows the bridge data in terms of the length of main span and the year of opening to traffic, and Fig. 2 shows the
distribution of the bridges over the Korean peninsula.
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Fig. 1. Data of cable-supported bridges in Korea (Courtesy of TM-ENC) Fig. 2. Locations of cable-supported
bridges (Courtesy of TM-ENC)

Most of the long-span bridges adopt built-in sensors for structural health monitoring (SHM) during
operation. The data collected from the SHM system are accumulating in database of the bridge owners, as shown

2.3-1



OPERATIONAL MONITORING AND SERVICEABILITY ASSESSMENT OF LONG-SPAN BRIDES

in Fig. 3. The SHM data of the bridges operated by the Ministry of Land, Infrastructure and Transport, are
particularly collected through the Integrated Long-Span Bridge Management Center.

Fiber Optic (FnEr ﬁpm;) (Fiber Optic ) (Fiber Optic ) Fiber Optic

Y R R i N i < e A I S S |
: . i a @ 1 | DL/ST Dat, N
’ wca R I g = oo €
Namhae Br.
Management
ice

:
H H H Y HE H |
‘- Jindo Br. e’

Management Office

Bridges®nMationalHighways BridgesBnExpressway
Samcheonpo Br. v " v b}
Jindo Br. 27 Jindo Br. Namhae Br. Choyang Br. Shingeoje Br. P Seohae Br.
HMS HMS HMS Neukdo Br. HMS HMS Management Office | |

&

I ' ) ) Fiber Optic ! Optical
'y sm\n;:;zrann ] Optical transmitter _- transmitter

Management

Office
Bridges®peratedby®PrivateBector

'
OB Sancheonpo Br.
Management

Abhae Br. HMS

New Airport | | | R K Ulsan Harbour
‘. . Hiway Bridge
. ' - i i -
| | Optical
H g H Yungiong Br. sensor Optical i [Ulsan Br. sensor| | wostlea
h & v U Baekyah Br. Dolsan Br. Sorok Br. I |
' — i i
R inside the Abhae Br. TP s e b | | ! T
(FTber Optic) (Fiber OBIG
DL/ST Data DL/ST Data
! ¥ K H Lacwqer i LOﬁger |
. Ve H ' L —— i
i (3 ' Fiber Optic| | Optical Fiber Optic
H " " ' L= (DAQserver]  transmitter —— T (DAa server)
H ie " '
Inside the Q' Doisan Br. X Sorok Br.
Baekyah Br. Management Management Bridges®peratedbyfdocalGovernments
Office Office
Field sensor Vo Manga#_ecr:enl Gwangan Br
I b
““““ el | Optical I Contract management to
IR LongBpanBridgeManagementiTenter ottt transmitter Busan Infrastructure Co.
: -~ A | S I
' H I
H H Database Samcheonpo Br.
H } management {: o DLIST Data I> Contract management to
' 3 server 8 Logger
: H § S ' Long Span Bridge
H —Cluslering H Opti N
H Y ptical P Management Center
' NEpameses ‘: itransmitter M { 2

Fig. 3. Data accumulation from SHM system (Courtesy of TM-ENC)

Even though careful consideration has been applied for the best deployment of manageable number of
sensors, it does not mean all the time that the best data accumulation and utilization are guaranteed from the
viewpoint of more comfortable and safe operation of structures. The SHM has focused on the automatic damage
detection techniques for a long time (Brownjohn and Carden, 2007; Magalhaes et al., 2012; Peeters and De
Roeck, 2001). Even though several successful achievements have been demonstrated, the damage detection also
showed intrinsic limitation for large-scale infrastructures. Another value of SHM application should be a
structural identification (St-1d) of flexible structures mainly targeting identification of dynamic properties. The
natural frequencies and corresponding mode shapes are fundamental properties to be well estimated for the
assessment of bridge performance not only in dynamic but even in static point of view. The identification of
those two parameters are relatively straightforward from operational modal analysis (OMA) by utilizing data
obtained from built-in monitoring sensors and/or densely applied temporal sensors for special purposes. Another
dynamic parameter is modal damping ratio that is practically important in assessment of vibrational
serviceability performance of flexible structures including long-span bridges. The modal damping ratios can be
theoretically estimated by applying sweeping test with exciters for harmonic motion. Specially developed
exciters were utilized for excitation of actual bridges (Brownjohn et al., 2003; Chen et al., 2016). A sudden
release test of heavy weight was also utilized for the excitation of free-decaying motion of bridge structure
(Magalhies et al., 2010). However, as the span length increases in recent long-span and super-long span bridges,
the use of heavy exciters or sudden release tests are no more applicable from the point of view not only in
structural safety but also in securing continuous traffic flows. Accordingly, OMA is becoming the only choice
for St-1d nowadays.

This paper presents two events of vortex-induced vibration (VI1V) observed in cable-supported bridges. The
cause investigations of those unpredicted events reveal the importance of bridge aerodynamics for huge but also
flexible structures. However, a more in-depth consideration of the cause of VIV shed light on St-1d of inherent
modal damping ratios for more valuable utilization of SHM for the prognosis of potential vulnerability in
serviceability performance of flexible structures. This paper demonstrates the role of damping ratios in observed
VIV, the uncertainties in identified damping ratios, suggestions in data processing for more reliable St-1d, and
finally concluding suggestions to bridge owners and operating engineers.

2.3-2



N

TU1406

DECISION THEORY

VALUE OF
STRUCTURAL &
'y HEALTH f

%, moNITORING
% S8

% &

5“92

The Value of Structural Health Monitoring for the
reliable Bridge Management

2

2.1

COST ACTION

Case Study of VIV in Parallel Cable-Stayed Bridges
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The Jindo Bridge is composed of two parallel cable-stayed bridges. The first bridge (Bridge 1) was built in 1984
and the second bridge (Bridge 2) was opened to traffic to accommodate the increased volume of traffic in 2005.
Two decks are in tandem with a net distance of 9.9m, as shown in Fig. 4. A noticeable VIV was observed for the
deck of Bridge 2, located upstream. The mean wind velocity was maintained as 9.8-11.5 m/s for two hours.
Since the amplitude of the observed acceleration exceeded the allowable level, as shown in Fig. 5, a series of
wind tunnel tests were carried out to identify the main causes of vibration.
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Fig. 5. Vertical acceleration of the deck in Bridge 2 at the center of main span

2.2 Cause Investigation in a Wind Tunnel

The purpose of wind tunnel tests was 1) to confirm the VIV in upstream deck being originated from parallel
disposition of two decks, 2) to examine any potential aerodynamic measure including modification of external
shape in upstream deck, 3) to identify the flow change in between two decks by applying a particle image
velocimetry, and eventually 4) to identify the relationship between amplitude of VIV and damping ratio.
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Fig. 6. Amplitude of VIVs in both a single deck and parallel decks
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Fig. 6 compares the amplitudes of lock-in VIV for single deck (only Bridge 2) and parallel decks (Bridge 2 in
upstream and Bridge 1 in downstream). It is found that the VIV in the upstream deck was amplified due to the
presence of another deck in downstream. Every tries in modification of aerodynamic shape of upstream deck
were not effective in mitigating the VIV (Seo et al, 2013).

Fig. 7 shows phase-averaged flow streams between two decks at the lock-in wind velocity of parallel-deck
case. The Karman-type vortex trails behind the upstream deck were developed to motion-induced vortices,
which resulted in interference VIV in upstream deck (Seo et al, 2013).

(a) (b)
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Fig. 7. Phase-averaged flow streams at the phase of (a) /2, (b) 31t/2

Fig. 8 shows the relationship between the amplitude of VIV in upstream deck to the damping ratio in wind
tunnel setup (Seo et al, 2013). Fig. 8 demonstrates the high sensitivity of VIV amplitude to damping ratio. Based
on Fig. 8, the field monitored amplitude of VIV of 0.19m approximately corresponds to a potential damping
ratio of 0.21%, which is much less than the design damping ratio of 0.4% recommended in the design guidelines
(KSCE, 2006).
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Fig. 8. Amplitude of VIV for set-up damping ratio in wind tunnel

2.3 OMA-Based Damping Identification

Based on thorough wind tunnel tests, two main causes were indicated. The first cause was the amplification of
VIV in upstream deck owing to the close parallel disposition between two decks, and the second one was
unexpected low damping ratio of Bridge 2. The NEXT-ERA technique was applied as an OMA to three-day
acceleration data measured at the center of mid-span in both bridges (Kim et al., 2013). Fig. 9(a) shows the
identified damping ratios for each segmented 20-min data. A large scattering was observable but the mean value
of the damping ratio was 0.28%, which showed a somehow agreement with the predicted one in wind tunnel
tests. However, the damping ratios for Bridge 1 was identified much higher than those for Bridge 2 by showing
around 0.69%, as shown in Fig. 9(b). In fact, the damping ratio is an inherent property of bridge and, even two
similar bridges in terms of materials and overall shapes show a quite different levels of damping ratio.
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Fig. 9. Estimated damping ratio of (a) Bridge 2 and (b) Bridge 1
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3  Case Study of Higher-Mode VIV in a Suspension Bridge

3.1 Observed VIV

The Yi Sun-shin Bridge is a long-span suspension bridge with a main span length of 1,545m, adopting a
streamlined twin-deck section. A VIV was observed in October, 2014 for a duration of two hours. At that time,
one side of deck was closed for the replacement of epoxy-coated wearing surface. Being completely unaware of
aerodynamic severance, the workers applied temporal covers on bridge railings for shielding the curing surface
from chilly side winds, as shown in Fig. 10 (b). The time history of measured displacement is shown in Fig. 11.
The maximum amplitude reached 0.52m in double amplitude and the motional frequency was identified to be
0.3176Hz, which corresponded to the 4th symmetric vertical mode of the bridge. The wind velocity was
estimated to be 5.3~7.0m/s at the deck level.

Displacement(m)
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Fig. 10. Guardrails on decks (a): As-built, Fig. 11. Time history of VIV
(b): Covered by temporal screens

3.2 Examination of Temporal Screen Effect in Wind Tunnel

A series of comparative wind tunnel tests were performed for two section models that simulating as-built and
covered guardrails in Fig. 10. Since the amplitude of VIV was critically influenced by the level of modal
damping ratio, the set-up damping ratios of the section models were variated for the evaluation of the
dependency of VIV to damping ratios. Fig. 12 demonstrates a quite difference in aerodynamic performance for
two guardrail conditions. The amplitude of VIV for the as-built guardrails is below the allowance even for the
low damping ratio, which shows a stable performance in VIV. However, the guardrails covered by temporal
screens leads a magnified VIV at the wind velocity of 4.4~8.3m/s, which confirms to the measured wind velocity
range of 5.3~7.0m/s. Even in the design damping level, the amplitude remains in 0.55m in a prototype scale,
which correspondent to the measured one with 0.52m.
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Fig. 12. Amplitude of VIV with (a) As-built guardrails, (b) covered guardrails temporarily

3.3 Damping Estimation from Field-Monitoring Data

To reveal a reason for higher mode VIV, modal damping ratios were identified by OMA. 1-hour ambient
vibration data was utilized for damping identification. The Frequency Domain Decomposition (Brinker, 2000)
and NEXT-ERA were implemented for St-Id. The modal damping ratio of 4™ vertical mode was identified to be
0.42%, which was equivalent to a design level, while the modal damping ratios for 1%, 2" and 3 mode were
evaluated as 1.26%, 2.42% and 0.44%, respectively. This demonstrates that the hapﬁening event of VIV for the
4" mode may be potentially related to a relatively low modal damping ratio for the 4" mode.
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4 Signal Stationarization in Damping Estimation

Since the modal damping ratios were critical factors in assessment of vibrational serviceability in two
demonstrated cases, the authors continued the investigation on the system identification approaches. The modal
damping ratios can only be estimated when a bridge construction is being completed. Even though exciters have
been utilized as a source of bridge motion for sweeping tests, it is not popular nowadays due to increased size of
bridge structures. When the bridge is opened to traffic, the use of exciter is also not feasible when the traffic
should be secured all the time. Accordingly, OMA is practically the sole approach we can choose, in which
ambient vibration data are collected and modal damping ratios are identified by several St-1d techniques in
operating condition. However, in contrast with the identification of natural frequency or mode shape, OMA.-
based damping estimation is still challenging due to several issues involved (Brewick and Smyth, 2014; Berwick
and Smyth, 2014b; Chen et al., 2016; Guo et al, 2012; Kareem and Gurley, 1996; Seo et al., 2013; Kim et al.,
2013; Kim et al, 2016; Rainieri and Fabbrocino, 2014; Tamura, 2012).

As was demonstrated in Fig. 9, the estimated damping ratios show a large scattering for each try, even though
the most probable value may be represented as the average concept. One of the source of the scattering may be
the nonstationarity in ambient vibration signals excited by moving vehicles. When the number of traffic lane
over the bridge is only one or two and the traffic volume is not high, the ambient vibration signal at the sensor
position show an envelope as a vehicle is approaching and fading away. Since OMA assumes that the signal to
be analyzed is a stationary white-noise process, the envelop-like signal obtained from running vehicles can also
contribute to scattering in St-1d. Fig. 13(a) shows a sample of traffic-induced vibration obtained from a bridge.
The envelop-like responses show a certain level of nonstationary, as shown in Fig. 13(b).
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Fig. 13. (a) Measured displacement and acceleration at the center of mid span and (b) moving average, standard deviation
and kurtosis of (a)

Lin and Chiang (2012) proposed a practical method to extract the approximate stationary process from
nonstationary measurements containing envelope-like function. If the nonstationary loading can be represented
by the product of amplitude-modulating function and stationary white noise process, then the envelope function
can be evaluated by temporal root-mean-square function of responses. Consequently, the approximated
stationary process can be extracted by dividing the measurements with calculated envelope function. Fig. 14
showed that this process reduced nonstationarity in traffic-induced response significantly
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Fig. 14. (a) Measured acceleration and (b) approximated stationary acceleration
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The signal stationarization process is applied to the same ambient vibration data utilized for the damping
estimation in Fig. 9. The results are shown in Fig. 15. It is found that some highly scattered points were
eliminated by the signal stationarization. The coefficient of variation (COV) of estimated damping ratios is
reduced from 44.6% to 33.7%, indicating the signal stationarization process is worth in reducing scattering in
identified damping ratios from OMA.
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Fig. 15. Estimated damping ratio

5 Concluding Remarks and Suggestions

This paper investigated field-observed VIVs in two cable-supported bridges. One case study was for an
interactive VIV in a twin cable-stayed bridge, the first observation in an actual bridge. The observable vibration
in the upstream deck was induced by the magnified motion-induced vortex trails generated behind the deck due
to the blockage effect by the downstream deck. Accordingly, the interactive VIV was identified to be sensitive to
the open gap width between two decks. Meanwhile the close disposition between two decks was an indisputable
cause of the observed interactive VIV, another issue of low damping ratio also attracted keen interest of
engineers. The damping ratios for both bridges were identified from OMA for the field-monitored data. Even
though both bridges were designed as a concept of twin bridges, the estimated damping ratios showed a wide
difference. The damping ratio for the upstream bridge, subjected to interactive VIV, was estimated to be 0.28%,
while that of the downstream bridge was more than 0.6%. Since the design damping ratio of the steel cable-
supported bridge was set to 0.4% in Korean design guideline, the estimated damping ratio was much lower than
expected. Another report of VIV in a super-long span suspension bridge was induced by an unexpected
happening during the re-pavement work. However, it demonstrated that higher modes could be excited for this
sort of very flexible structures and it might be correlated to the lower damping ratio among potential modes.

Two case studies demonstrate the importance of damping ratios in serviceability assessment and securing
potential prognosis for enhancement of vibrational resilience for dominant modes. However, a large scattering in
identified damping ratio remains to be a challenging issue to bridge engineers. The scattering can be induced
from several factors such as nonstationary in monitoring data, but sophisticate and unpredictable relationship of
damping ratio to many environmental factors such as amplitude of vibration, temperature change, source of
vibration can make the identification of damping ratio to be more challenging by operational monitoring and
modal analysis. This paper shows couple of efforts to approach this impending issues by introducing database for
probabilistic assessment and data processing to eliminate large scattering in identified damping ratios. At the
same time, the authors recommend to bridge owners to secure initial damping ratios for dominant modes and to
confirm the validity of wind-resistance design in terms of design damping ratios. If necessary, the level of design
damping ratio can be lowered to accommodate a potential possibility of low damping ratios of flexible structures,
which adopt higher-strength materials and simpler connections.
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