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ABSTRACT: The paper, after tracing the history of bridge weighing-in-motion (BWIM) 

systems since they were first introduced as mainly research tools in the late 1970s and early 

1980s in North America, notes that these systems, based on old and some new principles, are 

now available commercially. The accuracy of the various BWIM systems is discussed. It is 

emphasized that WIM systems, whether installed in pavements or bridges, have their inherent 

inaccuracies. A new BWIM system is introduced, in which simply supported girders are 

instrumented to measure longitudinal strains near their supports. It is shown that the influence 

lines of strains at these sections have sharp peaks due to axle loads and loads of closely spaced 

groups of axles. The new method, called the Winnipeg method, is explained with the help of a 

case history. Most of the current BWIM systems provide histograms of GVWs. Since this 

information alone is not directly relevant to load effects in bridges, a method is proposed in 

which the BWIM data can be presented on a 2-D surface in such a way that the violation of 

legal load limits by the surveyed trucks can be seen graphically and quantitatively as they affect 

bridge responses. It is shown that the knowledge of the maximum live load that the bridge has 

experienced during the BWIM survey period can be used with advantage to improve the safety 

assessment of an existing bridge. 

1 INTRODUCTION 

Since the concept of using a bridge for weighing-in-motion (BWIM) of trucks was first 

introduced in Ohio, USA, by Moses (1979), and a few years later in Ontario, Canada, by 

Harman (1981, 1984), considerable research and development has taken place in this field. 

Instead of being regarded as a research tool, BWIM systems are now available commercially. 

An international society for weighing-in-motion (ISWIM) is already in existence 

(http://iswim.free.fr), it being noted that this society deals with both BWIM and weigh-in-

motion (WIM) systems that are installed in pavements. This paper deals with the state-of-art and 

accuracy of only BWIM systems with respect to longitudinal load effects in bridge 

superstructures.  

2 STATE-OF-THE ART 

Agarwal and Bakht (1988) reviewed the Ohio and Ontario BWIM methods; their findings with 

regard to these two set of methods are summarized in the following. In the Ohio method 
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(Moses, 1979), the vehicle speed and inter-axle spacing of a truck are determined by using tape 

switches or other similar devices and the axle weights are calculated from girder strains, 

measured usually at the mid-span of a girder bridge. In this method, the number of recorded 

strains is very large as compared to a small number of axles in a truck. By using the influence 

line of the static response of the bridge and the truck speed, the total static response of a girder 

under a truck load is predicted in terms of the unknown axle weights and a scalar error function 

obtained by summing the squares of the differences in the predicted and calculated responses at 

different intervals. Minimizing the error function leads to a number of simultaneous equations 

that give axle weights. 

Three different methods were developed in Ontario in early 1980s for obtaining truck weights 

through BWIM; two of these methods were abandoned during early stages of their development. 

The method used for actual vehicle weight surveys in Ontario, idealized the axle weights of a 

truck as point loads, and the set of point loads in turn were idealized as an equivalent uniformly 

distributed load (UDL) having the same total load W as that of the set of point loads, but having 

an equivalent base length Bm, which is larger than the actual base length b (the distance between 

P1 and PN), and is given by the following approximate equation. 
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where as shown in Figure 1, N is the number of point loads, P1 through PN are the magnitudes of 

N point loads, and the distances Pi are measured with respect to the point load closest to the 

centre of gravity of the set of point loads. The significance of the equivalent UDL is that the 

bending moments and shear forces induced by this load, in beams of any span length in the 

region of maximum responses, are nearly the same as those induced by the set of point loads, 

and as shown later, the W-Bm space is very useful in representing a very large number of truck 

loads as they affect the longitudinal responses of bridges. 

 

Figure 1. Notation for a set of point loads  

 

Theoretical longitudinal strains at the mid-span at the bottom flange of the bridge, idealized as a 

simply supported girder, were calculated for Bm varying between 1.22 and 30.5 m at intervals of 

0.61 m (soft-converted from Imperial units); these set of strains were then used to find the best 

fit for the sum of observed girder strains at the instrumented transverse section of the bridge. 

The difficulty of measuring axle weights by the methods described above lies in the fact that the 

influence lines for longitudinal moments at transverse sections within the middle-third length of 
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the bridge are relatively insensitive to individual axle weights because of which the time-strain 

plots do not have distinct peaks associated with the axle weights. 

The problem of an influence line without well-defined peaks corresponding to axle weights was 

solved by a BWIM method developed in Australia, called CULWAY; this method, which was 

introduced in late 1980s and early 1990s, measures axle weights of trucks were measured by 

using small span concrete box culverts, instrumented at the bottom surface of the slab by means 

of strain transducers (e.g. Scott, 1987; Heywood, 1991). The method depends upon the 

knowledge of the transverse position of the truck on the culvert, and cannot measure spacing 

between axles without the help of tape switches or other similar devices. It is also important to 

note that the strain transducers used in the CULWAY system are subject to large drifts. The 

methods described so far, and their variation, have also been used in Europe since early 1990s; 

the ISWIM website cited earlier provides several references to the European applications of 

WIM. 

A novel BWIM system was introduced in Japan by Yamada and Ojio (2003), in which the 

problem of the strain-time curves with ill-defined peaks was overcome by a method that the 

authors call a reaction force method; in this method, the stiffeners in a support diaphragms at 

one end of a simply supported span are instrumented to measure vertical strains, corresponding 

to the reactions at the support. The influence lines for support reactions do indeed have distinct 

peaks corresponding to each axle load; however, as discussed in the following section, the 

accuracy of predicted axle weights by the Japanese method was not very good. 

A new BWIM method is proposed herein, called the Winnipeg method, in which the 

longitudinal strains near the bottom flanges of girders are monitored at a transverse section near 

a line of supports of a simply supported girder bridge. As discussed later, the influence line of 

strains in the Winnipeg method also has sharp peaks corresponding to individual axle weights, 

but is more accurate in its predictions than the Japanese method discussed above.  

3 ACCURACY 

To the authors’ knowledge, all the BWIM systems rely in their calculations on one of the 

methods described above with some variations. Two important factors in deciding upon the 

selection of an appropriate BWIM system are its cost and the accuracy of its prediction. The 

pavement WIM systems, invariably proprietary and more expensive than the BWIM systems, 

are usually assumed to be more accurate than the BWIM systems. The American Society for 

Testing and Materials (ASTM) in its document E 1318-02 deals mainly with three kinds of 

pavement WIM systems, all ‘capable of accommodating vehicles moving at speeds from 16 to 

130 km/h’; these WIM systems are regarded by Jacob et al. (2002) as high-speed WIM systems. 

The most rigorous system (Type I) is required by ASTM to be capable of determining 14 

characteristics of the truck, ranging from weights of wheels, axles and axle groups to the 

‘violation code’. Type II system should determine all 14 characteristics of the truck, except 

wheel loads, and Type III system is exempt from determining ‘vehicle class’, ‘wheel base’ and 

‘violation code’. The ASTM standard requires the following tolerances for the different types of 

pavement WIM systems, each conforming to 95% probability. For axle loads, the tolerance is 

±20, ±30 and ±15% for Type I, II and III systems, respectively, and that for gross-vehicle 

weight (GVW) the tolerance is ±10, ±15 and ±6%, respectively. The ASTM standard also gives 

specifications for a Type IV system, which could be used for law-enforcement; in this system, 

the vehicle speeds are between 3 and 16km/h, so the Type IV system could be regarded as the 

low-speed WIM system. It is interesting to note that even for a system that could be used for 

law enforcement, the tolerance for accuracy of prediction of axle weights and GVW is about 

±4%. Recognizing that the sensors in the pavement WIM systems are subject to drift, the ASTM 

standard requires that all WIM systems be calibrated at least once every year. 
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All BWIM systems rely on measuring strains in some bridge components. Agarwal and Bakht 

(1988) have examined the effect of the inaccuracy of strain measurement on the accuracy of the 

prediction of the Ohio and Ontario BWIM methods; they concluded that while the Ohio system 

was generally more accurate, a combination of the Ohio method for axle loads and the Ontario 

method for GVW might constitute an ideal system. The accuracy of the Australian BWIM 

system is compromised by the fact that the strain transducers that it employs are subject to very 

large drifts, because of which the system without on site-correction and frequent calibrations is 

not suitable for long-term monitoring of loads. Yamada and Ojio (2003) calibrated the Japanese 

BWIM system with the help of three pre-weighed 3-axle trucks; from the data that they have 

provided in it was found that their BWIM system could predict axle weights and GVW with 

accuracies of ±75% and ±15%, respectively. It is noted that the accuracy of prediction of the 

BWIM system under consideration might be poor because the stiffener of only one girder was 

instrumented by Yamada and Ojio (2003).  

     

                                    (a)                                                                      (b) 

Figure 2. Views of the Shell River Bridge: (a) general view, (b) view of support diaphragm

  

The Japanese ‘reaction force’ method was tried on the Canadian Shell River Bridge shown in 

Figures 2 (a) and (b). As can be seen in Figure 2 (b), the support diaphragms comprise 

transverse steel I-sections bolted to vertical T-section stiffeners, which in turn are welded to the 

webs of the girders above the bearings. Each of these stiffeners on each side of every girder was 

installed with two strain gauges measuring vertical strains on the two sides of girder. Strain 

gauges, measuring longitudinal strains were also installed near the bottom flanges of the girders 

near their mid-span. As noted by Bakht et al. (2006), the stiffeners of the Shell River Bridge are 

subjected to substantial bending moments because of which their strains are highly sensitive to 

the transverse position of the vehicle. The calibration tests on the Shell River Bridge confirmed 

that the reaction force method can be accurate only when it is used in conjunction with support 

diaphragms, in which the vertical stiffeners are generally free from bending moments. 

4 A NEW METHOD 

The advantage of the Japanese reaction force method is that the influence line for support 
reactions, and hence for strains due to reaction, has distinct peaks, which are associated with 
either single axle loads or with groups of closely spaced axles. Since the influence lines for 
strains due to moments in the middle region of a simply supported beam are devoid of such 
distinct peaks, these influence lines cannot provide reliable information about individual axle 
loads. The lack of accuracy of the Japanese BWIM system prompted the authors to look for the 
longitudinal response of a simply supported girder bridge that has well-defined peaks due to 
either single axle loads or loads of closely spaced axle groups. It was found that the time-plot of 
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longitudinal bending moments near a support has well-defined peaks that could be used with 
advantage to calculate weights of individual axles or closely spaced axle groups. 

For example, strains due to bending moments in a simply supported beam near one of its 

supports due to each of three moving point loads are plotted in Fig. 3 against time. The figure 

also shows the cumulative strains due to the three moving point loads. It can be seen that similar 

to the cumulative strains due to reactions, the cumulative strain-time plot due to longitudinal 

moments near a support also has three distinctive peaks each corresponding to an individual 

axle. 

  

Figure 3.  Strains due to longitudinal moment near beam support plotted against time: (a) due 

to 1
st
 load, (b) due to 2

nd
 load, (c) due to 3

rd
 load, (d) cumulative strains  

The method described above and designated as the Winnipeg method, was tried on the North 

Perimeter Bridge in the City of Winnipeg, Canada. The bridge with simply supported steel 

girders and composite deck slab can be seen in Figure 4 (a). The cross-section of the bridge is 

shown in Figure 4 (b), in which it can be seen that the spacing between Girder Nos. 5 and 4 is 

smaller than 2.74 m, the distance between the other girders. 

    

                              (a)                                                                               (b) 

Figure 4. The North Perimeter Bridge: (a) instrumented span, (b) cross-section 

The plan of the North Perimeter Bridge is shown in Figure 5, in which it can be seen that the 

bridge with five girders has a small skew and Girder No. 5 is not exactly parallel to the other 

girders. As discussed later, for BWIM system to be very accurate, the bridge should have 

parallel girders and negligible angle of skew.  

Longitudinal strains near the bottom flanges of all girders were measured at two transverse 

sections. One transverse section was 3.0 m away from the line of girder supports, and the other 

was at the mid-span; these two transverse sections are identified as Sections AA and BB, 

respectively, in Figure 5. The gauges were placed on the girder webs slightly above the bottom 

flanges. 

(a) 

(b) 

 

(c) 

 

(d) 

X 

Girder No.  5          4               3               2               1 

Location of strain gauge measuring 

longitudinal strains (TYP) 

Normal lane    Passing lane 

 Varies    2.74          2.74          2.74 m 
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Figure 5. Plan of the instrumented span of the North Perimeter Bridge 

The axle configuration of the two calibration trucks are shown in Figure 6, in which it can be 

seen that Truck A with GVW of 395 kN has five axles and three axle groups, whereas Truck B 

with a GVW of 625 kN has eight axles and four axle groups. These trucks were made to run on 

the bridge at nominal speeds of 25, 50, 75 and 100 km/h and in two different transverse 

positions; in one transverse position, the trucks were between Girder Nos. 1 and 2 (Passing 

Lane), and in the other, the trucks were between Girder Nos. 2 and 3 (Normal Lane); see Figure 

4 (b). The tests for the trucks travelling at nominal speeds of 100 km/hr were repeated. In all 

cases reported herein, Truck B followed Truck A at such a distance that both trucks were not on 

the instrumented span at the same time. 

Axle Group No.    3                   2                1          4                   3                        2                     1 

     Weight, kN      170              170            55       170                230                    170                 55 

 

   

                                     5.00m          4.10m                   6.12m                5.74m              5.00m 

                             1.30m         1.55m                  1.25m          1.55m 1.55m        1.33m 

                                           Truck A                                            Truck B 

Figure 6. Axles of the two calibration trucks 

During the calibration tests, the girder strains were collected at a sampling rate 100 readings per 

second. The determination of weights of axles or groups of closely spaced axles from individual 

girder strains requires the knowledge of the transverse position of the truck. As noted by Bakht 

et al. (2006), the transverse position of a truck on a girder bridge can be determined by 

comparing the transverse profile of longitudinal girder strains near the mid-span of the bridge 

with pre-stored strain profiles under different vehicle positions, the latter having been 

determined by calibration tests. For the exercise at hand, the need for determining the transverse 

position of the truck was avoided by using the sum of strains in all girders for determining the 

weights of axles and groups of axles, it being noted that this procedure works for only single 

trucks on the instrumented span.  

From the observed dynamic strains, it was concluded that the first natural frequency of vibration 

of the bridge was about 5 Hz, leading to the period of oscillation of 0.2 sec. For eliminating the 

dynamic effects of vehicle-bridge interaction, the observed strain-time plots can be made 

smooth by using averages of strains over a given period of time. It was found that the averaging 

of strains over ¼ of the period of oscillation, i.e. 0.05 sec for the bridge under consideration, 

A 

A 

B 

B 
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was appropriate; thus obtained averages of the sums of longitudinal girder strains due to 

Truck A, after they were corrected for drift in strain readings, are plotted in Figure 7 against 

time; this figure also identifies the different truck runs by numbers and their nominal speed of 

travel. For the cases identified as 1, 2, 3, 4 and 4R in Figure 7, the trucks traveled in the Normal 

Lane; for other cases, the trucks traveled in the Passing Lane. 

                        2            3   5RMS    4R   5  5R          1 

 Figure 7. Strain-time plots due to the Truck A travelling at different speeds 

The strain-time curves in Figure 7 clearly show that even under controlled conditions, the sums 

of girder strains due to a given truck are not exactly the same for all load cases, possibly due the 

skew angle of the bridge; this observation highlighting the fact that similar to pavement WIM, 

BWIM is also subject to inaccuracies of prediction. The strain-time plots of Figure 7 also lead to 

two important observations: (a) there is only one peak strain due a group of closely spaced 

axles, and (b) the peak strains due to the first axle of the truck are not easily discernable because 

the weight of the first axle is much smaller than that of following group of axles. For the 

exercise at hand, the distance of the first axle from the centre of the following group of axles 

was assumed to be the same as the actual distance; however, in future, it is proposed to identify 

the time of arrival of the first axle at the instrumented cross-section by using a tape-switch or 

similar device installed directly above the section. 

The BWIM system under consideration is complemented with a video camera, the time-tag of 

which is coordinated with the time-tag of the data acquisition system, so by using the time-tags, 

it is possible to relate the photograph of a truck with the calculated values, and count the number 

of axles visually in closely spaced groups of axles. 

The actual weights of axles or groups of axles of the calibration trucks are compared in Table 1 

with those calculated by the Winnipeg BWIM system. The table also compares the actual 

GVWs of the two trucks with the calculated values. For Truck A, the differences between 

calculated GVW for the eight runs and the actual GVW ranges between -17.1 and 0.6%, and for 

Truck B, this difference ranges between -15.1 and 6.3%. This range of accuracy is comparable 

to that specified by ASTM for the three high-speed pavement WIM systems. It should be noted, 

however, that the Winnipeg BWIM system is still not very accurate in predicting weights of 

axles and groups of axles. The coefficient of variation, COV, (standard deviation/mean) of 

calculated weights of axles and axle groups of the two calibration trucks was generally less than 

15%, but for Axle No. 1 of Truck A and for Axle Group No. 3 of Truck B, the COV was 19%, 

and for Axle Group No. 4 of Truck B, the COV was as large as 44%.  

 

4 
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Table 1. Actual and calculated loads of calibration trucks 

 

Truck Weights in kN 

Predicted for Run No. 

Axle 

group 

No. Actual 

1 2 3 4 4R 5 5R 5R-MS 6 

1 55 49 68 67 42 41 52 54 48  

2 170 158 167 172 174 170 183 165 178  

3 170 157 151 128 120 117 163 175 166  

A 

GVW 396 364 386 367 336 329 398 395 391  

1 55 50 52 52 50 53 40 44 49 45 

2 170 152 159 182 143 162 156 173 172 171 

3 230 226 264 254 270 240 329 276 268 292 

4 170 219 139 276 68 121 91 146 143 121 

B 

GVW 625 648 614 666 531 575 617 639 632 626 

% difference 3.5 -1.9 6.3 -15.1 -8.0 -1.4 2.1 1.1 0.4  

 

  

Figure 8. Bending moments near the support of a beam due to two moving loads 

The difficulty of indentifying the peak strains due to the first axle of the truck are examined in 

the following by using two simply supported beams, with spans of 24 and 16 m respectively, 

and two point loads P1 and P2 at a distance of 5 m, which is usually the distance between the 

first and following axle group of commercial vehicles. 

The influence lines for bending moments due to the two point loads at a point 2.5 m away from 

the left support are plotted in Figure 8 for two cases. In one case, P2/P1 is taken as 4 and in the 

other as 2. The peak bending moment due to the first load P1 is shown as Point A. It can be 

appreciated that Point A can be recognized easily if the slopes on the two sides of the point are 

steep. The slope on the left-side of the point is little affected by the span of the beam, but that on 

the right-hand side becomes steep only when the span of the beam is small. It is therefore better 

Direction of travel 

24 m 

5 m 

P2       P1 

2.5 m 

P2/P1 = 2 

P2/P1 = 4 

 

 

 

P2/P1 = 2 

P2/P1 = 4 

5 m 

P2      P1 

16 m 

2.5 m 

A 

B 

B 

A 
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to use a bridge for BWIM system with a shorter span, say 16 m. The peak moment due to the 

other loads, shown as Point B in Figure 8, is little affected by the span of the beam but is 

influenced by the ratio P2/P1. 

The following improvements are proposed to enhance the accuracy of the Winnipeg BWIM 

system: (a) instead of instrumenting only one cross-section near a support, two sections should 

be instrumented, one near each support, and the average of the calculated weights from readings 

at each section should be regarded as the predicted weights; (b) as discussed earlier, a tape-

switch or similar device should be placed directly above each instrumented cross-section; and 

(c) the bridge should preferably have no skew and smaller span than that of the North Perimeter 

Bridge.  

 

              

 

 

Figure 9. Weights of trucks and their sub-configurations plotted on the W-Bm space 

5 REPRESENTATION OF BWIM DATA 

Most of the current BWIM systems provide histograms of GVWs; this information is not very 

helpful because it does not relate directly to load effects in bridges, for which the distances 

between axles and axle groups are also needed. The concept of an equivalent base length Bm, 

discussed earlier with the help of Equation (1) is useful in this context. The W-Bm space can be 

used to present data corresponding to a very large number of trucks and their sub-

configurations, as they affect the longitudinal responses in bridge superstructures. 

 

The concept of presenting the truck data on the W-Bm space is illustrated with a realistic example 

of vehicle weight regulations of a jurisdiction and data from an actual truck survey data. A 

computer program TRUCK (Mufti et al., 2009) calculates the values of W and Bm for all sub-

configurations of a given truck and plots them on the W-Bm space; this program was first used to 

calculate the values of W and Bm for several trucks with maximum legally permissible weights 

in a particular Canadian jurisdiction; the W-Bm points corresponding to these trucks are plotted 

in Figure 9 along with an upper-bound curve that defines the legal load limits. Survey data for 

24 7-axle trucks, in another Canadian jurisdiction that deals with off-highway vehicles, was then 

converted into W-Bm points, which are also plotted in Figure 9. An upper-bound curve can now 

be plotted to represent the maximum observed loads. A plot similar to that in Figure 9 

graphically shows the extent of violation of the legal loads. If the span of the bridge is within 

the range of Bm values, then the values of W for Bm = the bridge span are directly related to the 
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bridge under consideration. It is emphasized that the unusually large difference between the 

curves for legal and maximum observed loads is due to the use of legal weight data from a 

jurisdiction that deals highway loads, and observed data from another jurisdiction that deals 

with off-highway trucks. 

It is emphasized that the plot of Figure 9 relates only to longitudinal effects in bridges. For 

transverse effects, other devices should be used. 

6 USE OF BWIM DATA IN BRIDGE EVALUATION 

In the statistical assessment of the safety of a bridge component, it is usually assumed that the 

distribution of strengths includes very low – even zero – strengths. The consideration of such 

low strengths is not necessary for a component of a bridge that has been carrying traffic for a 

number of years. Clearly, such a component can be assumed to have strengths that are higher 

than the maximum load effects it has sustained due to dead and service loads. A method is 

proposed by Bakht et al. (2002), using which the determination of the safety index of a 

component can take advantage of the truncated distribution of the component strength, the 

truncation limit being a byproduct of the BWIM exercise. 

  

                           (a)                                                                         (b) 

Figure 10.  Distributions of M and R: (a) for new designs, (b) for an existing bridge with a 

BWIM system 

The concept proposed by Bakht et al. (2002) can be explained with the help of the example of a 

bridge with a larger number of girders. During the lifetime of the bridge, each girder is likely to 

be subjected to a different maximum live load moment. A normal distribution is assumed for 

these maximum moments, denoted by M in Figure 10 (a); for simplicity, it is also assumed that 

these moments include the effect of both dead and live loads. It is well known that if all the 

girders were to be tested to failure, the likely outcome would be that each girder has a somewhat 

different moment of resistance than those of the others. A few girders are likely to have very 

small moment capacity, while a few others would have a very high moment capacity. The 

majority of girders would perhaps have their moments of resistance within a narrow band. The 

histogram of the moments of resistance of the girders can be represented by a continuous 

distribution curve, denoted in Figure 10 (a) as R (resistance). The overlap in the M and R curves, 

shown shaded in Figure 10 (a), indicates qualitatively that a girder has a certain probability of 

failure. The probability of failure of a compnent is quantified by a factor known as the safety 

factor, which utilizes both the strength and load data (e.g. see Nowak and Collins, 2000). The 

overlapping areas of the M and R distribution curves can be reduced by using the BWIM 

observations by truncating the lower tail of the R curve, and thereby enhancing the safety index, 

as illustrated in Figure 10 (b). It is noted that the moment sustained by a girder due to the 

heaviest load observed in a BWIM study provides the trucation point in the R curve. Bakht et al. 

(2002) have provided a detailed procedure for improving the safety index of a bridge by 

utilizing the information obtained from the structural health monitoring (SHM) of a bridge. A 

well-designed and sustained BWIM system, serving the same function as the SHM system, has 
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the added advantage of providing information about the loads that a bridge sustains over a given 

period of time. 

7 CONCLUSIONS 

It has been shown that all BWIM systems are subject to inaccuracies of prediction. A new 
BWIM method is proposed which can measure weights of axles and groups of closely spaced 
axles fairly accurately. Improvements are proposed to the new method to improve its accuracy 
further. A method is proposed to present BWIM data graphically on a 2-D surface so that they 
are more pertinent to bridge responses. It has been argued that the BWIM data can be used with 
advantage to improve the safety assessment of an existing bridge. 
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