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ABSTRACT 
 
This paper reports on the novel use of a high-speed camera to record dynamic movements of a structure under 
in-service loading without the need for disruptive dedicated proof-loading. For local and state road authorities 
this represents a significant reduction in resources needed and avoids disruption to existing traffic flow. In 
regional Australia there are many short span timber beam bridges of unknown reliability. A case study of one 
multiple span bridge is examined in this paper. Many timber beam bridges were built in the 19th and 20th 
centuries and were designed to codes that have since been extensively revised. The original design factor of 
safety for these structures, with new timber, was anticipated to be about five, but full size element testing has 
historically been used to show that some in-service aged girders have had a factor of safety of about two. 
Uniform gross vehicle loads have increased and can have significant impact on multiple span bridges. To 
determine the level of safety for these bridges requires the application of new measurement techniques.  
The technique used involved a staff, a vernier and a high speed camera. A staff was attached to the mid-span of 
each girder and its movement monitored with a vernier at ground level. Dynamic movement was recorded with 
the camera as a vehicle crossed the test-case multi-span bridge at Gostwyck, NSW. The mid-span deflections 
caused by the test vehicle were compared to data obtained using a simplified SAP2000 model of the bridge and 
the mid-span influence line inferred. 
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INTRODUCTION AND BACKGROUND 
 
In New South Wales (NSW) Australia there are over two thousand timber beam bridges with many thousands 
more throughout Australia. Without maintenance these bridges are approaching the end of their lives and there 
is a need to identify a method that can be used to identify their dynamic carrying capacity. Such a method firstly 
needs to be economical and secondly to be one that can be implemented without excessively disrupting traffic 
flow. 
 
In NSW a timber beam bridge span typically consists of four longitudinal girders of length 8–10 m and 
minimum diameter of 0.45 m, covered by deck planking 180 mm wide and 80 mm deep. The presence of the 
deck planking distributes the load such that, when commissioned, the two kerb girders each support about 15% 
of the load and the two main girders each support 35% (Moore et al. 2012a). The legal tri-axle limit in NSW is 
20 tonnes or about 196 kN (Commonwealth of Australia 1986: Schedule 4, sub regulation 12B). Thus, the 
design load for a kerb girder is 30 kN (15% of 200 kN). If the original design safety factor was four then a kerb 
girder would be selected to carry at least 120 kN. As shown in Figure 1, users do not always comply with the 
bridge design criteria. 
 
In the case shown in Figure 1 an excessive load in the form of a self-propelled scraper caused a series of deck 
planks to fail, the load then drifted to one side and an excessive off-set load was directly applied to a kerb girder. 
For example, if the total front axle load was 200 kN, then one wheel would support 100 kN which would have 
then been applied to the kerb girder. A newly commissioned bridge should have just supported this with a 
margin of 20 kN (120 – 100 kN). However, if the girder strength had been reduced by degradation over time by 
more than 17% then its strength would have been exceeded. In the particular case shown in Figure 1 it is likely 
that the axle load was greater than the legal limit and this would have further contributed to the chance of 



 
 

 
 

failure. It should be noticed (refer Figure 1) that although the kerb girder failed, the complete span did not and 
the scraper was fully supported. 
 

 
Figure 1. Bridge Failure under excessive load, Moree Plains Shire NSW Shire Road No. 7  

(Photo by R Glencross-Grant) 
 
This example is simplistic. If a bridge assessor had been present on the bridge at the time the vehicle shown in 
Figure 1 arrived at the bridge, the assessor would have questioned the driver about his axle loadings and would 
probably have requested the driver not to cross the bridge. The problem is, firstly, that a bridge is not normally 
assessed immediately prior to the arrival of a heavy vehicle and many overloaded vehicles cross degraded 
bridges, one example being as shown in Figure 1. Secondly, the driver of such a vehicle may have been correct 
in his belief that he would not fracture the bridge. His belief may have been supported by a history of 
successfully crossing similar bridges. On this occasion his belief was misplaced because the deck planks failed. 
 
A different, but similar example was reported in the High Court of Australia, after the driver of a truck carrying 
concrete caused a timber bridge to fail (HCA 2001). In this instance the bridge that failed was crossed the same 
day by several trucks carrying concrete. This instilled confidence in the truck drivers that the bridge could 
sustain their load. They also crossed another timber bridge that did not fail and also sustained their loading. The 
drivers, therefore, thought they were correct in assessing that the bridges would sustain their loads. Again this 
belief was misplaced because one of the bridges collapsed. What is not known in these two examples is firstly 
the probability of failure of each bridge when subjected to the specific truck loadings and secondly whether the 
passage of any of these trucks caused the probability of failure to change. What was known by the driver, 
especially in this second case (HCA 2001), was that the bridges were aged and degradation had taken place. 
This was apparent because one of the bridges was load limited to a gross of 15 tonnes. 
 
The safety factor, or factor of safety (material strength ÷ design load) included into the design of early timber 
bridges was high as recorded by Allan (1895), who cites using a range of values between 6 and 15 for different 
components. Such factors continued to be used in bridges built in the early 20th century. Law (1989) reports that 
strength, MoE and safety factor, of bridge girders, reduce with time and cites that an initial factor of safety of 
five might decline to a factor of two after 50 years. “Whilst this phenomenon is disconcerting, the inherent 
factor of safety in the member has certainly prevented failures to date” (Law 1989: 3) The initial design factor of 
safety referred to by Law (1989) is a value of four or five. The design loading is, therefore, always less than 
25% of the actual carrying capacity. A loss in strength of 50% will reduce the safety factor to two and the 
structure will still not fail under the design loads. The concern with many aged bridges is firstly that it is not 
known whether the strength of a particular girder has reduced by 50% or some greater figure and secondly 
whether the girder is likely to be substantially overloaded. 
 
The decline in strength of a girder by 50% or more is indicative that that particular girder has almost reached the 
end of its useful life and should be strengthened or replaced. In Australia timber bridge design and construction 
is governed by Australian Standards (2004a, 2010). A bridge is expected to be a highly reliable structure with a 
long lifetime and in these standards the design lifetime is now defined as 100 years such that the “structure 
being designed will not become unfit for use during its life” (Standards Australia 2004a: 2). Such a lifetime 
appears to be somewhat arbitrary since a lifetime of greater than 100 years should be readily attainable for 
structures that are appropriately designed and maintained; it is also over twice as long as the life of many timber 
girders. There are about two thousand extant timber bridges in New South Wales (Howard 2009; Roorda 2006) 
and many were designed and built in the first half of the 20th century before AS 5100 (Standards Australia 
2004a) had been established. There is, therefore, a current need to identify which girders have declined in 
strength and by how much.  
 



 
 

 
 

Historically the carrying capacity of a bridge is determined by proof-loading and the manner of carrying out this 
test is prescribed in Australian Standards (2004b and 2010). A related concern to this type of test is sudden and 
unexpected failure, and because of this it is recommended in the Standard that “In order to protect the bridge 
and the testing personnel, proof test loadings shall be applied incrementally from a base load of 50% of the 
theoretical rated ultimate capacity, and load responses shall be continuously monitored to ensure that the bridge 
is behaving in an elastic manner. Testing shall be terminated when non-elastic behaviour is observed.” 
(Standards Australia 2004b: Section 6.1). However, because timber can fail in a brittle manner without warning, 
proof-testing can lead to components being unexpectedly broken. Therefore, to conduct a proof load test, a 
bridge must be closed to traffic. 
 
Although timber beam bridges designed and built in the 19th and 20th centuries were expected to have a long 
life a recent lack of maintenance of extant bridges has meant that many are in current need of repair (Howard 
2009; Roorda 2006). To determine current load capacity requires that they be treated as damage tolerant 
structures and Structural Health Monitoring principles implemented as suggested by Worden et al. (Worden et 
al. 2007). To implement such principles requires that a fault must be strictly defined and that the structure must 
be monitored to ensure that the fault does not occur. To enable long term monitoring a fault must be chosen that 
is measurable and for timber beam bridges a reasonable choice is that of excessive mid-span deflection. 
Historical methods of measuring deflection are not suitable for use on aged timber beam bridges and new, more 
modern methods have been developed involving the use of a laser (Moore 2009; Moore et al. 2010) and a high 
speed camera (Moore et al. 2011). 
 
PREVIOUS RESEARCH 
 
Bakht and Pinjarkar (1989) and more recently Mufti (2001) have summarized the state of dynamic field testing  
of bridges. Jauregui et al. (2003) describe the measurement of vertical bridge deflection for the case of a 
concrete bridge with steel girders. They report (Jauregui et al. 2003) measurements made on the Alamosa 
Canyon Bridge obtained by driving dump trucks across the bridge at 8 km.h-1 and recording the strain produced 
with strain transducers. However, the data does not appear to exhibit the dynamic overshoots as described by 
Mufti (2001: Figure 4.1). In relation to recent related Australian research, monitoring movements, displacements 
and deflections has been reported by Mahini et al. (2011) as a practical method for assessing older bridges in 
Australia and worldwide. The important variable to monitor in relation to timber bridges is mid-span deflection, 
which enables the vehicle mass and number of vehicles per day (vpd) to be recorded. From these records mid-
span bending stress, girder shear stress at the supports and pile loading can be established. In addition, Yau et al. 
(2013) reports the use of fibre Bragg grating (FBG) sensors in a laboratory model to determine the influence line 
of a static load moved across a beam and Moore et al. (2013) describes the use of a high speed  camera to record 
the movements of a vernier and staff against a graduated scale to determine the influence line of a light truck 
crossing a single span timber bridge (refer Figure 2). This work with a high speed camera is developed further in 
this paper to show how the influence line of a multiple span bridge can be recorded and how the bridge carrying 
capacity can be determined. 
 
To determine the carrying capacity of an in-service bridge requires knowledge of the girder Modulus of Rupture 
(MoR). A relationship between MoR and Modulus of Elasticity (MoE) for hardwood timber beam bridge girders 
was reported by Moore et al. (Moore 2012; Moore et al. 2012b). The relationship, obtained from the bending to 
failure of over 300 in-service girders, was to a 95% level of confidence:  

MoR (MPa) =  −30 + 3.1× MoE (GPa) 
 

 
Figure 2. Measured influence line of light truck crossing single span timber bridge  
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TEST BRIDGE 
 
The test case bridge span examined was Span 4 of Munsies Bridge, Gostwyck, NSW as shown in Figures 3 and 
4. The plan of this bridge span is shown in Figure 5 and the cross-section in Figure 6. The span was 10.6 m and 
the four girders of minimum diameter 0.4 m-0.45 m. The bridge was originally constructed in 1938 and is still 
in-service. It is specified by NSW Roads and Maritime Services (RMS) that a replacement bridge girder should 
be of F27 hardwood, Group S2, Durability class 2 to AS1720 with a minimum diameter of 0.45 m (RTA 2008: 
Section 1.9.1.2) but many aged girders do not comply with this specification. To determine the in-service girder 
MoE the mid-span deflection was measured under a known load. This was achieved by placing graduated scales 
under the mid-spans and attaching staffs with vernier scales to the mid-spans (refer Figures 7 and 8). A test 
vehicle of known axle load (refer Table 1 and Figure 4) was then statically positioned to load the span and the 
mid-span deflections recorded. These deflections and loads were then put into a finite element model (CSI 2010) 
and the girder MoE values determined.  
 

Table 1. Test vehicle characteristics 

Parameter Value 
Front axle load 41 kN 
Rear axle load  124 kN 
Axle spacing  4.3 m 

 

 
Figure 3. Munsies bridge, Gostwyck, NSW span 4   Figure 4. Test truck on span 4 

 
RESULTS 
 
The measured and calculated data are shown in Table 2. Firstly the deflections with the test vehicle rear axle 
positioned at the mid-span together with the measured girder diameters are given. These data were then used 
together with a finite element model to calculate the girder loading, the fraction of the total load supported by 
each girder and the girder MoE. The MoR-v-MoE regression relationship (refer Table 2) was then used to 
calculate the girder MoR which was then followed by the maximum load calculation. An example calculation is 
demonstrated in Equation 1 and 2. The safety factor was determined by calculating the ratio of the maximum 
load to the legal axle load of 196 kN (refer Introduction). Since the actual traffic loading distribution is not taken 
into account in this calculation the probability of failure is not indicated by this safety factor. The probability of 
failure is reported elsewhere (Moore 2012).  

 
Girder nomenclature: K ~ kerb; U ~ upstream;  

M ~ main; D ~ downstream  
Figure 5. Plan of Span 4 girder layout 

 
Figure 6. Cross section of Span 4 

Span 6 Span 4 

Downstream side 



 
 

 
 

 
Figure 7. Graduated scale, staff and vernier 

 
Figure 8. Close up view of some graduated scale 

and vernier examples 
 
The estimated fraction of load,	 , for each girder as presented in Table 2 and Equation 1 is calculated by 
comparing the measured girder deflections under a known load with a finite element model that is used to 
simulate Span 4. Further details are presented in Moore et al. (2012a) 
 

Table 2. Measured and calculated parameters for Munsies Bridge Span G-4 

Parameter 
Girder 

KU MU MD KD 
Measured deflections (mm) 14.8 27.7 26.8 11.2 
Measured girder diameter (m) 0.432 0.450 0.430 0.408 
Estimated girder load (kN) 28 42 39 14 
Estimated Fraction of load,  0.23 0.344 0.32 0.118 
Estimated Girder MoE (GPa) 28 19 22 24 
Girder MoR to 95% confidence = -30+3.1× MoE (MPa) 56.8 28.9 38.2 44.4 
Calculated maximum load per girder (kN) 738 284 352 947 
Safety factor (Max load ÷ legal axle load of 196 kN) 3.8 1.4 1.8 4.8 

 

                                                
	 		 	 	 	                                                                                   (1) 

   
where P is the applied maximum loan on mid-span load in Pa, MoR is the modulus of rupture (Pa), D is 
the effective girder diameter at mid-span (m), L is the span between supports (m) and fl is the percentage 
loading. 
 
The girder MD maximum load is  		

                                            
. .	 	 . 	 . 	 	                                                                          (2) 

   
 

Hence, maximum load for girder MD:  	 352	 . 
 
The calculated data (refer Table 2) was next used to determine an influence line for the test truck. A high 
speed camera (Casio EX-FH25) was used to record the mid-span dynamic deflections of the MD girder, 
at 120 frames per second (fps), as the test truck traversed Span 4 at low speed. The measured transient 



 
 

 
 

response is shown in Figure 9. The equivalent static influence line was calculated for the test truck and is 
shown in Figure 10 (smooth grey line). By estimating the truck speed (2.2 km.h-1) and matching the peak 
transient deflection with the peak static deflection the dynamic influence line was obtained (refer Figure 
10, black line). The static influence line is obtained with the truck moving at a speed tending to zero and 
the dynamic influence line is obtained with the truck moving at higher speeds.  The test truck (refer 
Table1) provided an axle loading of about 63% of the maximum allowed loading (196 kN, refer 
Introduction). 
 

 
Figure 9. Dynamic mid-span deflection-v-time for test truck crossing Span 4 

 

 
Figure 10. Dynamic influence line at mid-span produced by test truck on Span 4 

 
DISCUSSION 
 
The safety factors calculated for the main girders were marginal at 1.4 and 1.8. One reason for this is that 
the main girders take only about 66% of the total axle load and the kerb girders only about 34%. This load 
distribution is produced by the low stiffness of the deck planking. Improved deck stiffness would better 
distribute the loading and improve the safety factor. However, the girders were of advanced age and were 
degraded since a new hardwood girder would be expected to have an MoR of at least 86 MPa (Moore 
2012; RTA 2008) and not the calculated values of 29 MPa and 38 MPa. Increasing the girder MoR to a 
minimum of 86 MPa would increase the safety factor to at least 4 and provide an acceptable margin of 
safety. Alternatively the maximum vehicle axle can be reduced to obtain a specific safety factor; this 
reduced axle load then becomes the bridge load or the carrying capacity. A preferred approach, rather 
than specify a nominal safety factor, is to calculate the probability of failure and a safety  index (Moore 
2012; Moore et al. 2012a). 
 
The dynamic amplification factor caused by the slowly moving test load was about 0.14 (Bakht & 
Pinjarkar 1989: p4, Definition 2; Mufti 2001) and persisted for about a quarter of one second. This would 
cause the safety factor of girder MD to be decreased to 1.5. It is likely that increased dynamic loading will 
be produced by higher speed, higher mass, vehicles and this will be investigated in future research. A 
difference between the single span (Figure 2) and a multiple span (Figures 10 and 11) dynamic response 
can be seen in the positive deflections. As the test vehicle loads each span either side of the test span the 
corbels rotate and cause lift to the adjacent non-loaded test span. The method examined is simple to carry 
out such that bridge maintenance staff can readily obtain data that can be evaluated by engineering staff to 
determine bridge carrying capacity without the need for proof loading tests.  
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The test load speed was low, at about 2 km.hr-1, and the camera frame speed of 120 fps was adequately 
fast to record all of the dynamic activity. Successive frames before, during the peak deflection and after 
are shown in Figure 7. About 12 frames record the peak deflection at 12.95 mm (5.1 inch with four shown 
(Note: the unloaded deflection is 9.52 mm (3.75 inch) and the relative loaded peak deflection 34.3 mm). 
A detailed analysis of the dynamic vibration frequencies will be the subject of further research.  
 
The test load was significant, 63% of the expected maximum axle load, but low enough such as to not 
cause proof loading difficulties. The test vehicle can be driven across the bridge at normal highway 
speeds and not disrupt normal traffic flow. Since the dynamic behaviour can be readily measured the 
dynamic amplification factor can be determined for a range of vehicles and loads. The bridge structural 
integrity can, therefore, be monitored. 
 
CONCLUSION 
 
A high speed camera can be used to provide data that can be interpreted to identify details of vehicle 
loading, maximum bridge loading and the dynamic behaviour of bridge girders.  In this paper it has been 
shown how, with simple equipment, both static and dynamic bridge safety factors can be determined. 
These determinations can be made without interfering with normal traffic flow. 
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