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Vibration-Based Monitoring of Prestress-Loss in PSC Girder Bridges
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Abstract

A vibration-based monitoring system is newly proposed to predict the loss of prestress forces in prestressed concrete (PSC)
girder bridges. Firstly, a global damage alarming algorithm is newly proposed to monitor the occurrence of prestress-loss by using
the change in frequency responses. Secondly, a prestress~loss prediction algorithm is selected to estimate the extent of
prestress—loss by using the change in natural frequencies. Finally, the feasibility of the proposed system is experimentally evaluated
on a scaled PSC girder model for which acceleration responses were measured for several damage scenarios of prestress—loss.
Keywords ' vibration-based monitoring, prestress-loss, damage detection, psc girder, natural frequency,
acceleration response

1. Introduction

girder due to elastic shortening and bending of con~

crete, creep and shrinkage of concrete, steel relaxa-

Recently, the interest on structural health mon-
itoring(SHM) of prestressed concrete(PSC) girder
bridges has been increased. For a PSC girder

prestress strands.

bridge, the prestress force in tendon is an im-

tion and frictional loss, and damage or severing of

Unless the PSC girder bridges are instrumented
at the time of construction, the occurrence of dam-

portant parameter that should be secured for its
serviceability and safety against external loadings
and environmental conditions(Lin, 1963: Nawy,
1996). The loss of the tendon's prestress force
(hereafter, prestress—loss) occurs along the entire

age cannot be directly monitored and other alter-
native methods should be sought. Since as early as
1970s, many researchers have focused on the possi-
bility of using vibration characteristics of a struc-

ture as an indication of its structural damage
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(Adams et al., 1978; Stubbs and Osegueda, 1990:
Kim and Stubbs, 1995, Doebling et al., 1998; Kim
et al.; 2003a). Recently, research efforts have been
made to monitor the change in modal properties in
related to the change in prestress forces(Saiidi et
al., 1994; Saiidi et al., 1996), to investigate the
dynamic behaviors of prestressed composite girder
bridges(Miyamoto et al., 2000), and to identify the
change in prestress forces by measuring dynamic re-
sponses of prestressed beams(Kim et al., 2003b:
Law and Lu, 2005).

In this paper, a vibration-based monitoring sys-
tem is newly proposed to predict the loss of pre-
stress forces in prestressed concrete(PSC) girder
bridges. To achieve the objective, the following ap-
proaches are implemented. Firstly, a global damage
alarming algorithm is newly proposed to monitor the
occurrence of prestress-loss by using the change in
frequency responses. Secondly, a prestress-loss pre-
diction algorithm is selected to estimate the extent
of prestress-loss by using the change in natural
frequencies. Finally, the feasibility of the proposed
method is experimentally evaluated on a scaled PSC
girder model for which acceleration responses were
measured for several damage scenarios of pre-

stress-loss.

2. Prestress-Loss Monitoring Methods

Vibration-based health monitoring is the global
SHM activity to acquire the information on the en-
tire structure. This global SHM activity includes
detecting damage and estimating structural safety
by monitoring dynamic responses of the entire
structure. Usually, vibration-based methods can es-
timate structural damage by utilizing the modal in-
formation obtained from limited sensor arrays: how-
ever, these methods cannot detect small incipient
damage, but only detect particular forms of damage
depending on sensor lay-out. Also, they need
well-established baseline models to identify the per-
turbation from the monitored information.

Based on the above considerations, a pre-
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stess-loss monitoring scheme is designed as follows:
1) Alarming the occurrence of prestess-loss in PSC
girder by using the change in frequency response
functions, 2) Estimating the extent of the alarmed
damage by using a frequency-based method, pro-
posed by Kim et al.(2003b).

2.1 Global Damage Alarming Method
using Frequency Response Functions

Damage occurrence may be detected using fre-
quency response of the structure. The basic idea is
that frequency responses are functions of the struc-
tural properties such as mass, damping and
stiffness. Damage causes the change in structural
properties, which, in turn, results in the change in
frequency responses of the structure.

For the relationship between the input force and
the output response of a structural system, the fre-

quency response function, H(f), is defined as fol-

. lows(Bendat and Piersol, 1993):

() _ !

H =
) U -mQaf)* +icQaf)+k

(1)

where U(f) and V(f) are, respectively, force

and displacement transformed into frequency
domain. Also, m, ¢ and k are, respectively, mass,
damping and stiffness of the structural system.
Assume an harmonic force, U;(@), is excited
with the kth natural frequency % and with same
magnitude and is applied at m locations(j =1,...,m)
at the same time. Also, on assuming that noises,
n,(t) and 7,,(f), generated at locations i and i+1
are uncorrelated with each other and with the force
u(t) into time-domain, then the displacement ratio
between two outputs at locations i and i+1 is given

as follows:

hwy _ 2Ny )

@) S (@U@ @)
j=1

(2)
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Furthermore, a frequency-response-ratio(FRR) fu-

nction between the locations i and i+1 is defined as

S
FRR; ;,.(0;) = S—Z‘%
i+l
A @)@l _ Hiw)
E{V;(a’k)ViH(wk)] H, (@)

where S;;41(@), S;;(@) are cross-spectral and
auto-spectral density functions, respectively and su-
perscript * is the conjugate. By comparing a fre-
quency-response-ratio measured at an undamaged
baseline state to the corresponding one at a sub-
sequent damaged state, a frequency-response-ratio
assurance criterion{FRRAC) can be defined as fol~

lows:

{FRR] FRR,}*

FRRAC(b,d) = —— 2
{FRR! FRR,} {(FRRFRR,}

(4)

where the subscripts b and d denote the un-
damaged baseline state and its corresponding dam-
aged state, respectively. Equation (4) represents
the linear relationship between the pre-damaged
frequency-response-ratio, FRR, and the post-dam-
age frequency-response ratio, FRR,;. The FRRAC re-
mains close to 1.0 if no damage. Otherwise, the
FRRAC decreases from 1.0 if damage occurred(i.e.,

changes in physical properties m, ¢ and k).

2.2 Prestress-Loss Estimation Method using
Modal Parameters(Kim et al., 2003b)

Kim et al.{2003b) proposed an equivalent flexural
rigidity model using a tension-strength model as
schematized in Fig. 1. Consider a simply-supported,
uniform cross-sectional, PSC beam with a straight
concentric tendon. Suppose that the beam is in ax~
ial compression due to the prestress loads applied
at the anchorage edges. Then we can model that
the beam is initially deformed in compression up to
the deformed span length L,(i.e., reduced in span
length by dL) and the tendon is still in tension due

to the constraint(i.e., anchoring) after elastic

stretching for prestressing effect. The governing dif-

ferential equation for the beam is expressed by:

0> o'y o’y
T[El a“)’"@“ ®

where EJ.(=EJI.+EJ ) represents composite
flexural rigidity of PSC beam section, in which £./,
is flexural rigidity of concrete beam-section and
E I is equivalent flexural rigidity corresponding to
the contribution of the tendon on the flexural
resistance. Also, m,(= p.A.+p,A4;) is the mass per
unit length of PSC beam that combines the mass of
concrete beam, £.4.. and the mass of the tendon,
oA, .

By equating modal characteristics of a cable un-
der tension load N to those of a beam with equiv-
alent flexural stiffness, the equivalent flexural ri-
gidity of tendon is derived as follows(Kim et al.,
2003b):

2
El, :[1" ] N ®)
nmw

Applying Eq. (6) and appropriate boundary con-
ditions to Eq. (5) leads the mth natural frequency,

@, of the residual-tension model as follows:

4 2
w} =(2£J -—L(ECIC +(L’) N} 0
L | m nr
Cable under Residual Tension

[
N
L =L(-8/L) i
y
{a) PSC beam under prestressed deformation
E. I, m, L
A O

(b) Beam of equivalent flexural rigidity
Fig. 1 Equivalent flexural rigidity model of PSC beam
(Kim et al., 2003b)
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As an inverse solution of Eq. (7), prestress forces
can be identified as:

LV 2
(), =oim (£ Ez(—ﬁ] ®

nrw L,

By assuming no change occurs in beam's geometry
and mass properties due to the change in prestress
forces, the first variation of the prestress force can

be derived as:

2 2
(8V), = dwim, (E—) —J(ECIC)(”—”-) 9)
nr L

r

where, (8V), is the change in prestress force that
can be identified by the nth mode: 0@, is the var-
iation in nth natural frequency due to the pre-
stress-loss: and O(E.l,) is the change in flexural
rigidity of concrete beam section. By relating Eq.
(8) to Eq. (9),
force, which identified from the #nth mode, is ob-
tained as(Kim et al., 2003b):

the relative change in prestress

s OEL)nm *
Gy == =\ 7~ 2 2
ON m, \ L, ow, - 0w,
—| = =21 (10)
N n a)2_EcIc E 7~ Wh

" L

r

m,

where @, is the #th natural frequency of the
beam with zero prestress force and 0@, is the var-
iation in @, due to O(E.l.). From Eq. (10), the
relative change in prestress force, ON/N, can be
estimated by measuring the change in natural fre-
quencies of the PSC beam. Eq. (10) can be sim-
plified by further assuming no change in concrete
flexural rigidity occurred due to the prestress-loss,
ie., 0w, =0.

3. Experimental Verification
3.1 Test Structure and Experimental Setup

The schematic of the test structure is shown in
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Fig. 2. The tested girder spans 6.0m and installed
on testing frame. Its both ends are simply sup-
ported by thin rubber pads. The T-beam section
girder was reinforced longitudinally and in trans-
verse direction with reinforcing bars with nominal
10mm diameter(equivalent to Grade 60). The stir-
rups were used to facilitate the positioning of the
top bars. A seven-wire straight concentric mono-
strand with nominal 15.2mm-diameter(equivalent to
Grade 250) was used as the prestressing tendon.
The tendon was placed in a 25mm-diameter duct
that remained ungrouted. The concrete was made of
normal portland cement and had the maximum ag-
gregate size of 25mm. The 28-day compressive
strength of concrete was 23.6MPa and the mass
density was about 2400kg/m".

As shown in Fig. 3, the structure was tested in a
lab(Smart Structure engineering Lab) located at
Pukyong National University, Busan, Korea. A ser-
ies of tests were performed on the PSC girder from
23 to 25 January, 2007. The lab was air-con-
ditioned to keep temperature and humidity close to
constant during the tests. Room-air temperatures
ranged from 20.4C to 21.5C. Temperatures of the
PSC girder had little variation as follows: the top

o .
surface 18.1~19.3C, the middle web surface
7icm
- Accelarometer
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(b) Geometry of PSC girder and experimental setup
Fig. 2 Schematic of prestressed concrete girder



Fig. 3 Experimental setup in PSC girder
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Fig. b Frequency response functions for five
prestress levels (PS1-PSB)

17.6~18.7C, and the bottom surface 17.0~18.2T,
which were measured by using K-type thermocouple
wires and PXI-4351 Temperature Logger.

Locations and arrangements of sensors on the
test structure were designed as shown in Fig. 4.
For acceleration measurement, seven sensors(Sen-
sors 1-7) were placed along the girder with con-
stant intervals and the impact excitation was ap-
plied at a location 0.95m distanced from the right
edge. A type of ICP accelerometers were used in the
test: PCB 393B04 with a nominal sensitivity of
1V/g and a specified frequency range(+5%) of 0.06
~450Hz. The accelerometers were connected to the
magnetic blocks which were attached to steel wash-
ers bonded on the top surface of the girder.

Impact forces, which were not controlled nor re-
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Fig. 6 Global damage alarming of prestress-loss
occurrence

0.88

corded, were applied to the PSC girder by dropping
a 3kg-weight hammer. Then dynamic responses in
vertical direction were measured at the 7 Stations
with a sampling frequency of 1 kHz. It was always
positioned on Sensor 3 as the reference channel.
The data acquisition system included a 16-channels
PX1-4472 DAQ, a PXI-8186 Controller, and a PC
with LabVIEW and MATLAB. It was set up to ac-
quire signals from the accelerometers and fur-
thermore to extract frequency response functions
and modal parameters by frequency-domain decom-
position(FDD) technique(Brinker et al., 2001 Yi
and Yun, 2004). As shown in Fig. 6, acceleration
signals were measured from the PSC girder and fre-
quency response functions were extracted by using
the FDD method.

3.2 Damage Monitoring for Prestress-Loss

Axial prestress forces were introduced into the
tendon by a stressing jack as the tendon was anch-
ored at one end and pulled out at the other. A load
cell was installed at the left end to measure the
applied prestress force. Each test was conducted af-
ter the desired prestress force has been applied and
the cable has been anchored. During the measure-
ment, the stressing jack was removed from the
structure to avoid the effect of the jack weight on
dynamic characteristics of the test structure. The
prestress forces were applied to the test structure
up to five different prestress levels(i.e., PS 1 - PS
5) as summarized in Table 1. There were four pre-

stress-loss cases between the five prestress levels.
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Table 1 Natural frequencies measured for five
prestress levels

Prestress | Prestress Natural Frequency (Hz)
Level  |Force (kN)| Mode 1| Mode 2 | Mode 3 | Mode 4
PS 1

(reference) 117.6 23.72 | 102.54 | 228.87 | 294.32
PS 2 98.0 23.60 | 101.70 | 227.16 | 291.92
PS 3 78.4 23.39 | 101.65 | 225.93 | 288.54
PS 4 58.8 23.23 | 101.39 | 224.20 | 287.59
PS 5 39.2 23.08 | 98.73 | 221.76 | 284.09

The maximum and minimum prestress levels were
set to 117.6kN and 39.2kN, respectively. For each
prestress-loss case, the prestress force was uni-
formly decreased by 19.6kN.

3.2.1 Global Damage Alarming by FRRAC

In Step 1, the occurrence of damage was alarmed
in global manner by using the FRRAC described in
Eq. (4). For each of the five prestress levels, accel-
eration signals were measured up to eight ensem-
bles from Sensors 2 and 3, which are closely spaced
as shown in Fig. 4.(Note that the choice of optimal
sensor locations is a research issue that will be ex-
amined for a separate study.) The frequency-re-
sponse-ratio function, FRR(2,3), defined as Eq. (3)
was obtained from FRF(2) and FRF(3) measured at
Sensors 2 and 3, as shown in Fig. 5. It is observed
from the figure that both FRFs and FRRs were
shifted due to the change in prestress levels. By
setting the maximum prestress level, PS 1, as the
undamaged baseline state, FRRAC values between
the reference PS 1 and four other prestress levels
{(i.e., PS 2 - PS 4) were computed as shown in Fig.
6. The FRRAC values were decreased from the uni-
ty as the prestress-loss occurred(Note that we
measured eight consecutive FRRAC values corre-
sponding to eight ensembles of acceleration signals
for each prestress level.). The damages were suc-

cessfully alarmed for all prestress-loss cases.

3.2.2 Damage Estimation by Prestress-Loss
Prediction Algorithm
In Step 2, the classified damage was estimated in



Table 2 Prestress-loss prediction in PSC girder

Experiment Prediction Results by 4 Modes
Prestress Level Mode 1 Mode 2 Mode 3 Mode 4 Average
Ntk ON/N
(kN) / @/, | @V, | @, | @N. | SN
PS 1 (reference) 117.6 - - - - - -
PS 2 98.0 0.17 0.12 0.21 0.17 0.18 0.17
PS 3 78.4 0.33 0.34 0.22 0.30 0.43 0.32
PS 4 58.8 0.50 0.50 0.28 0.47 0.50 0.44
PS 5 39.2 0.67 0.65 0.92 0.71 0.76 0.76
0.8 1 —
™ & Mode 1
® @2 | mMode 2
:3 Sos % AMode 3
2 o'a A > Mode 4
g g 0.6 * X Average
3 7
S & $
5 0.4
5 2
D »
= ®
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Fig. 7 Mode shapes extracted from acceleration
signals

detail. Since the alarmed damage was identified as
the prestress-loss, the frequency-based prestress
prediction model(as described in Eq. (10)) was im-
plemented to estimate the amount of the pre-
stress—loss. The first four natural frequencies of the
test structure were extracted from acceleration sig-
nals measured for the five prestress-loss levels, as
summarized in Table 1. The corresponding mode
shapes were measured as shown in Fig. 7. All six
cases in Table 1 were examined to detect the pre-
stress-loss and the results are outlined in Table 2.
The PS-loss prediction results show good matches
with the inflicted ones. Prediction errors are as fol-
lows: 0%~30% for mode 1, even higher 24% ~44%
for mode 2, 0%~9% for mode 3, 0%~33% for mode
4, and 0%~14% for the average of all 4 modes.
The predicted prestress-losses versus the inflicted
prestress—losses were plotted in Fig. 8. The correla-
tion between those two sets is relatively high and it
means that the prestress-loss in the PSC girder can

be detected via monitoring changes in natural

Predicted Prestress-Loss
Fig. 8 Prestress-loss prediction in PSC girder

frequencies.

4. Summary and Conclusion

In this paper, a vibration-based monitoring sys-
tem was newly proposed to predict the loss of pre-
stress forces in prestressed concrete{(PSC) girder
bridges. Firstly, a prestess-loss monitoring scheme
was designed as follows: 1) To alarm the occurrence
of prestess-loss in PSC girder by using the change
in frequency response functions, 2) To estimate the
extent of the alarmed damage by using a fre-
method.
Finally, the feasibility of the proposed method was

quency-based prestress-loss prediction
experimentally evaluated on a scaled PSC girder
model for which acceleration responses were meas-
ured for several damage scenarios of prestress-loss.

Total five prestress-loss cases were simulated on
the PSC girder. The occurrence of damage was
alarmed by measuring the change in frequency re-

sponses from accelerometers mounted on the PSC
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girder. Once alarmed, the extent of damage was es-

timated with relatively good accuracy.
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