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Much of the timber bridge infrastructure in Saskatchewan, Canada is near the end of its 
service life and requires frequent and thorough inspections to assess damage. Typically, 
damage is present in the form of pile deterioration at or below the ground surface in the 
form of rot. This form of substructure damage can be difficult to identify with current 
inspection methods. 

Dynamic methods offer great potential to provide valuable insight into a structure’s 
integrity when employed as part of a routine structural health-monitoring program. 
Vibration-based damage detection measures a structure’s response to dynamic 
excitation in the form of natural frequencies and their associated mode shapes. Changes 
in these characteristics over time indicate a change in the structure’s global stiffness or 
mass, which, in turn, can be a good indicator of progressive damage. However, it may 
also be possible to use a snapshot of the vibration signature based on a single set of 
measurements to detect specific types of damage by comparing the response with that of 
other similar structures with known condition states. 

To examine this approach, a four girder, simply supported timber superstructure that 
was salvaged from a decommissioned bridge was used to conduct a series of 
experimental tests in the laboratory. The stiffness of the support at one end of the bridge 
was gradually reduced in order to simulate realistic levels of substructure deterioration. 
The first flexural mode shape was measured and deconstructed into three components, 
representing the flexural response, uniform support movement, and differential support 
movement. It was found that the differential support movement component increased as 
the stiffness at one end of the bridge decreased, a phenomenon that could be used to 
identify the presence of support softening. The lateral position of a deteriorated support 
could be found by comparing the deconstructed mode shape components for each 
individual girder. 
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ABSTRACT: This paper presents the results of an experimental program examining the 
application of vibration-based damage detection (VBDD) to a simply supported timber 
bridge. The objective was to evaluate the feasibility of detecting substructure 
deterioration without the benefit of a baseline (pristine) dynamic response. Dynamic 
tests were performed on a decommissioned timber bridge in the laboratory to identify 
specific patterns in the first flexural vibration mode that may suggest the presence of 
substructure damage. Multiple substructure damage cases were simulated by reducing 
the support stiffness at one end of the bridge. By deconstructing the measured mode 
shape into three components (the flexural response, uniform support movement, and 
differential support movement), it was found that the differential support movement 
component increased as the support stiffness decreased. This suggests that the presence 
of support deterioration can be identified using the results of a single set of vibration 
measurements without the need for prior baseline data. 

 

 

1 INTRODUCTION 

Given the deteriorating state of existing infrastructure, structural health monitoring 
(SHM) has become a necessary activity to ensure the ongoing integrity of in-service 
structures. Vibration-based damage detection (VBDD) is a global SHM method that can 
simultaneously assess an entire structure for damage. VBDD infers information 
regarding damage from the measured dynamic characteristics (mode shapes and natural 
frequencies), which are directly related to a structure’s stiffness and mass. Stiffness 
changes may indicate that damage is present. As such, VBDD methods typically rely on 
changes in the vibration characteristics over time; however, in some cases, it may be 
possible to infer damage based on specific features of the dynamic characteristics 
obtained at a single point in time, rather than on changes to those characteristics. 



5th International Conference on 
Structural Health Monitoring of Intelligent Infrastructure (SHMII-5) 2011 
11-15 December 2011, Cancún, México 
 
 

- 3 - 

The province of Saskatchewan, Canada currently has a large inventory of timber bridges 
in the road network that are nearing or past their expected operational service life. These 
bridges require frequent and time-consuming visual inspections to prioritize 
replacement within the network in an economically efficient manner. Inspections are 
complicated by the fact that many of the deficiencies are located in areas not directly 
accessible to the inspector. Specifically, much of the deterioration occurs in piles at or 
near the ground surface in the form of rot (Bridge Engineering 2008). 

An ongoing research program is currently investigating the feasibility of using VBDD 
methods to detect substructure damage using only a snapshot of the vibration 
characteristics. Past studies have observed definite changes in the fundamental mode 
shape of a single timber girder due to support softening (Sun et al. 2007). Further 
research gave similar results when applied to a timber bridge under laboratory 
conditions (Beauregard et al. 2010). The current paper extends these studies to consider 
a realistic substructure stiffness range to model likely forms of damage. 

2 EXPERIMENTAL PROGRAM 

The experimental program was carried out using a portion of a decommissioned timber 
bridge constructed with four 200 mm x 390 mm timber girders spaced at approximately 
600 mm on centre, as seen in ¡Error! No se encuentra el origen de la referencia.. The 
bridge deck had a length of 5.9 m and a width of 2.44 m; it consisted of 45 mm x 90 
mm timber planks, placed with the longer dimension oriented vertically and fastened 
together and to the girders with nails. The girders had a simple span of 5.45 m and were 
supported by pile caps consisting of timber beams having dimensions similar to those of 
the girders. Initially, the pile caps were supported on the laboratory strong floor with 
steel blocks to simulate a perfectly rigid support case. ¡Error! No se encuentra el 
origen de la referencia. shows a plan view and cross section of the bridge 
configuration. 

In order to simulate the presence of a gravel or asphalt wearing surface that is typically 
present in the field, 30 concrete blocks (12 kg each) were distributed over the bridge 
deck, representing a uniformly distributed load of 0.27 kPa. Additional blocks were 
placed at mid-span of the outer girders in an attempt to separate the first flexural and 
torsional modes; this was found to improve the reliability of the results. The distribution 
of blocks can be seen in ¡Error! No se encuentra el origen de la referencia.. 

As seen in Fig. 2, accelerometers were placed on the deck surface along each girder at a 
spacing of 1.09 m to measure the bridge’s vertical response. Three accelerometer setups 

 
Figure 1. The timber bridge in the laboratory. 
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were required to capture the mode shape along all four girders. The Kinemetrics 
EpiSensor FBA ES-U accelerometers were configured to measure maximum 
accelerations of ±0.5g at a sampling rate of 500 Hz. The data were collected by 
LabViewTM using a 16-bit data acquisition system consisting of an NI PCI-6024E data 
acquisition card and a model SCXI-1001 data acquisition chassis from National 
InstrumentsTM. 

Based on findings from earlier work (Beauregard et al. 2010), only the first flexural 
mode was used for this investigation; the first mode was initially identified using impact 
from a sledgehammer. A hydraulic shaker, consisting of a steel frame supporting a mass 
connected to a piston, then applied a sine sweep through a range of frequencies to 
permit a more precise identification of the first natural frequency. Next, the shaker, 
controlled by LabviewTM 8.0 software, was used to generate harmonic excitation at the 
fundamental frequency. The data were processed using a MATLAB routine that applied 
a digital high-pass filter, a Parzen window function and a Fast Fourier Transform (FFT) 
to identify the first flexural natural frequency and associated mode shape based on FFT 
amplitudes. Mode shapes were acquired using both impact and resonant harmonic 
excitation, with data collected over five 10-second segments. After acquiring the mode 
shapes for the four girders at different damage states, a fourth order polynomial was fit 
to the mode shapes. To aid in direct comparison between various test conditions, the 
mode shapes were then normalized to have a unit length and to enclose a unit area. 

 

Figure 2. Timber bridge dimensions and test setup (dimensions in mm). 
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3 SUBSTRUCTURE DAMAGE CASES 

A timber bridge substructure typically consists of a pile cap supported by timber piles 
embedded in the ground. The structural integrity of a pile can be correlated to its 
stiffness, which is a combination of the stiffness of the pile above ground and the soil-
pile interaction below the ground surface. Based on methods described by Fleming et al. 
(2009) and Donavan (2004), the upper bound for the stiffness of a single pile in soil was 
estimated to be approximately 60 kN/mm (a “hard” case), while the lower bound was 
approximately 15 kN/mm (a “soft” case). To simulate pile supports with these two 
levels of stiffness, two types of wood blocking were used to support the bridge in the 
laboratory: oak blocks were used to represent the hard damage case, and pine blocks for 
the soft damage case. To model field conditions, where multiple piles support a single 
pile cap, four sets of blocks were used in the laboratory to simulate realistic support 
conditions. 

Four damage cases were considered, as described in Table 1. For all damage cases, the 
right support (¡Error! No se encuentra el origen de la referencia.) remained rigidly 
supported on the laboratory floor, while the left support was rigid for damage case D0, 
and then incrementally softened to ‘hard’ (D1) and then to ‘soft’ (D2). The final damage 
case, D3, represented a non-uniform damage condition, where the left support was 
rigidly supported under girders 1 and 2, while girders 3 and 4 had ‘soft’ supports. The 
first flexural natural frequency and mode shape were determined for each damage case. 

Table 1. Substructure damage cases. 

Damage 

Case 

Description 

D0 Rigid-Rigid 

Both ends of the bridge were supported by steel blocks . 

D1 Hard-Rigid 

The left support was “hard” (oak blocks) and the right support was 

rigid. 

D2 Soft-Rigid 

The left support was “soft” (pine blocks) and the right support was 

rigid. 

D3 Non-Uniform-Rigid 

The left support was “soft” under girders 3 and 4 and rigid under 

girders 1 and 2, while the right support was rigid. 

4 TIMBER BRIDGE VIBRATION RESPONSE 

¡Error! No se encuentra el origen de la referencia. presents the first natural frequency 
of the bridge for different damage cases, showing the results obtained using both 
harmonic excitation and an impact strike. Due to the different sampling periods (65 s for 
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the harmonic sweep and 8.2 s for the impact tests), the resulting precisions for harmonic 
and impact excitations were 0.03 Hz and 0.12 Hz, respectively. 

Table 2. Fundamental natural frequency for all damage cases under different forms of 
excitation. 

Damage 

Case 

Natural frequency (Hz) 

Harmonic Impact 

D0 15.91 16.00 

D1 15.82 15.99 

D2 15.33 15.50 

D3 15.65 15.87 

The trends observed in the natural frequencies presented in ¡Error! No se encuentra el 
origen de la referencia. were as expected in that there was a decrease in natural 
frequency as the support was incrementally softened. There was also a discernable 
difference between the natural frequencies obtained using impact and harmonic 
excitation, despite identical test setups. This may be attributed to a combination of the 
non-linear behaviour of the timber and the lower precision of the impact method. It is 
evident that impact excitation consistently provided higher natural frequency estimates. 

The normalized first flexural mode shape for damage cases D0, D1 and D2 along girder 
1 are shown in Figure 3, 4, and 5, respectively. The mode shapes shown are typical of 
those obtained along all girders for each damage case, and correspond to those 
measured using harmonic excitation; the mode shapes produced by impact excitation 
were similar. 

 
Figure 3. Mode shape of girder 1 for damage case D0 (harmonic excitation). 
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Figure 4. Mode shape of girder 1 for damage case D1 (harmonic excitation). 

 
Figure 5. Mode shape of girder 1 for damage case D2 (harmonic excitation). 

Figures 3, 4, and 5 suggest that, as the left support was incrementally softened, there 
was a change in the geometry of the mode shape. Most notably, there was a definite 
increase in movement over the left pile cap as that support was incrementally softened. 
To describe the response, the mode shapes were subdivided into three components, 
following the approach used in previous research (Beauregard et al. 2010), as described 
below. 

A. Flexural response: The flexural component (A) describes the area of the mode 
shape remaining once the substructure motion (components B and C) has been 
removed. This component corresponds to the movement of the superstructure 
when excited at its first flexural natural frequency. 

B. Differential support movement: This component accounts for the portion of the 
substructure movement resulting from differential support stiffness. The 
contribution of this component can be described by the triangular area (B) 
representing the difference in support movement at the two ends of the girder. 

C. Uniform support movement: This component is defined by the smaller of the 
two mode shape amplitudes at either end of the girder (i.e., over the supports). 
Represented by area C, the uniform support movement may be caused either by 
the compressibility of the timber pile cap or by flexibility in the foundation 
below the cap. 

In this study, the mode shape amplitude has been scaled such that the combined area 
enclosed by all three components is unity. 

Figure 3 represents the stiffest substructure support case, which is largely dominated by 
flexural deformations (A). However, there is also considerable uniform support 
movement (C) despite the rigid foundation under the pile caps. This can be attributed to 
compression of both the pile caps and of that portion of the girders bearing directly on 
the supports. Comparison of the three figures shows that, as the stiffness of the left 
support decreased, increasing movement over the softened support was observed, with a 
corresponding increase in component B from damage case D0 to D1 to D2 (Figs. 3, 4, 
and 5, respectively). This suggests that a simple observation of the relative contributions 
of the mode shape components can provide valuable insight into the condition of the 
substructure. 
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5 SUBSTRUCTURE DAMAGE DETECTION 

Mode shape contributions for the various damage cases considered in this study are 
compared in Figs. 6, 7, and 8. In Figs. 6 and 7, mode shape components averaged over 
all four girders are plotted; the standard deviations of the averaged components are 
illustrated using horizontal error bars. Based on these error bars, it is evident that 
relatively large variations among mode shape components along the four girders were 
found; this degree of difference was typical of all tests. Consequently, it was concluded 
that results were best interpreted using averaged mode shape components considering 
all girders. 

¡Error! No se encuentra el origen de la referencia. shows that the flexural component 
A dominated the response for all damage cases, accounting for at least 65% of the 
response. The rigid damage case, D0, had the least differential support movement (B) 
and the highest flexural component (A). As the left support was incrementally softened 
for cases D1 and D2, the differential support movement (B) was seen to increase, while 
the flexural deformations became relatively less prevalent. The relative contribution of 
uniform support movement (C) decreased only slightly as the support was softened. It 
can be concluded, therefore, that a healthy bridge state will feature a significant amount 
of flexural deformations, and will be influenced to a lesser degree by the substructure 
components, particularly the differential support movement component B. Component 
B is most sensitive to the presence of substructure deterioration at one of the supports. 

 
Figure 6. Averaged mode shape components determined from harmonic loading. 
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¡Error! No se encuentra el origen de la referencia. presents the same results, but with 
mode shapes determined based on impact loading. Comparison with ¡Error! No se 
encuentra el origen de la referencia. shows that both excitation methods yielded 
similar results. This is beneficial, since impact excitation is easier to implement in field 
testing. Harmonic loading, however, does appear to produce less variable mode shape 
amplitudes when multiple tests are conducted with the bridge in the same 
condition.Results for the non-uniform damage case, D3, are also presented in ¡Error! 
No se encuentra el origen de la referencia. and ¡Error! No se encuentra el origen de 
la referencia.. For this damage case, the variability in the differential support 
movement (B) among the four girders was significantly larger than for the other damage 
cases. This suggests that the timber bridge’s response is highly non-uniform for the four 
girders. ¡Error! No se encuentra el origen de la referencia. presents the mode shape 
components for each individual girder for damage case D3. Here it is seen that there 
was little differential support movement under girders 1 and 2, since these were rigidly 
supported, while the girders that had softened supports (girders 3 and 4) had 
considerable differential support movement. Component B increased noticeably toward 
the damaged side of the bridge, mostly at the expense of component C. This suggests 
that more localized types of substructure damage can be inferred by comparing mode 
shape components among individual girders. 

 
Figure 8. Averaged mode shape components gathered from impact loading. 

 
Figure 7. Mode shape components for each girder for the non-uniform damage case (D3). 
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6 SUMMARY AND CONCLUSIONS 

This paper describes the results of a study to determine the feasibility of using vibration-
based methods to detect changes in substructure stiffness with a single vibration test, 
without the need for a baseline measurement. All testing was done in the laboratory on a 
simply supported timber bridge while the support stiffness was incrementally softened. 
Significant findings and conclusions are as follows: 

• The first flexural mode shape can be 
described by deconstructing the mode shape into three components: the flexural 
deformations, representing superstructure movement, and the substructure 
components, which include differential support movement and uniform 
foundation movement. 

• Substructure deterioration at one of the 
supports resulted in changes to the relative contributions of the three 
components to the first flexural mode shape that allowed for the detection of 
damage. In particular, the differential support movement component increased 
as one of the supports became less stiff. 

• It may be possible to locate the lateral 
position of a deteriorated pile by comparing the mode shape components among 
individual girders. 

• Harmonic and impact loading both provided comparable results, suggesting that 
either excitation method could be used in field applications of the proposed 
damage detection method. 

While the results of laboratory testing are promising, the proposed VBDD method must 
be calibrated to timber bridges in the field to enable its practical application within a 
structural health-monitoring program. 
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