






to the COST323 European Specification on WIM (1999). Thus, the calibration takes place in full repeatability 

conditions (rl): A two-axle vehicle passing at different speeds, one load and one lateral position on the road. Then, 

the following section evaluates the system in limited reproducibility conditions (RI): two 4-axle vehicles passing 

over the bridge at different speeds with different loads. Results are given for two different road profiles. 

Concerning calibration, the shape of the theoretical influence line is known from beam theory and the static 

algorithm only requires a calibration factor to adjust the magnitude of the strains to the theoretical model. If the 

exact influence line for bending moment is used, the calibration factor is the product of the modulus of elasticity 

and the section modulus. Several approaches are available for obtaining the real shape of the influence line from an 

experimental record (Gonzruez 2001). For this analysis, the calibration factor is obtained by dividing the real static 

gross vehicle weight by the predicted weight of the calibration truck. A linear sprung two axle vehicle with 4 m 

axle spacing, 32.42 kN static weight in the front axle and 59.94 kN in the rear axle is used for calibration. 

Smooth Road Profile 

At one particular location i, bending moment, Mi , is proportional to strain, £;, through the elasticity, E, and section 

modulus, Si' as shown in Equation 7. 

(7) 

Bending moment depends on the shape of the influence line, bridge length, static axle weights, axle spacings and 

position of the calibration vehicle. The results of the static calibration are shown in Figure 7. The calibration factor 

changes for each speed very slightly (2.IlxI0 1o at 55 kmlh, 2.10 xl010 at 70 kmlh and 2.08 xl010 at 85 km/h). An 

average value of2.1O xlOIO is adopted. 

Other sensor locations used for MS-BWIM are calibrated in the same way. The axle forces predicted by MS­

BWIM are compared to the simulated applied forces in Figures 8(a) and (b). A clear correspondence between 

predicted and simulated instantaneous wheel forces is not evident, but the average value is very similar in both 

cases. Dynamic wheel forces are strongly excited by a bump located at about 5 m from the bridge end. Values tend 

towards infinity at both ends of the instantaneous calculation (very small value of the determinant in Equation 6) 

and they are not taken into account in the determination of the static weight. 

Figure 9 illustrates the results in static weights for the calibration vehicle. The front axle is the lightest and the 

percentage error tends to be higher than in the rear axle as shown in Figures 9(b) and (c). MS-BWIM is slightly 

worse than B-WIM for predicting gross vehicle weight, but the improvement in individual axle weights is very 

significant. 

Rough Road Profile 

The calibration of the static algorithm is shown in Figure 10. The scale factor between real and predicted gross 

weight is 2.12xI01o at 55 kmIh, 2. 12xlOlO at 70 kmIh and 2.08xlO10 at 85 kmlh. An average value of 2.09x1010 is 

adopted as the calibration factor. 

Figure 11 shows the instantaneous axle forces from the simulation run at 55 kmIh and the corresponding prediction 

by MS-BWIM. As in the smooth road profile, the forces increase enormously at about 5 m from the bridge end and 

the instantaneous solution from here to the end of the record is ignored. There is a large increase in oscillations 

over the smooth case. Figure 12 shows the variation of axle forces at 70 kmlh. The prediction of the static answer 

proves more difficult at higher speeds, especially in the case of a rough profile. Figure 13 shows the calculation at 

85 kmlh. The front axle is overweighed. MS-BWIM is not able to distinguish which is the force applied by each 

axle due to the strong dynamics and the limitation in the number of sensors. Thus, Figures 13(a) and (b) show how 

the prediction of the front axle follows a pattern similar to the simulated rear axle. 

The errors in individual axle weights for the test vehicle are given in Figure 14. Calibration results are much poorer 

than in the case of a smooth profile (Figure 9). Results in individual axle weights at 85 kmlh are very inaccurate, 

but static B-WIM can predict gross weight with less than 2% error. 
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CHECK OF ACCURACY 

A four-axle vehicle (axle spacings 3.49, 6.76 and 2 m) is chosen for assessment of the calibration carried out in the 

previous section (influence line and calibration factors obtained with the two-axle calibration vehicle do not suffer 

any further manipulation). The static weights of this vehicle were unknown to the first author prior to the 

calculations. Two types of suspensions are investigated: air and steel leaf sprung. These two vehicles are driven at 

three different speeds (55, 70 and 85 km/h) and three loading conditions (unloaded, half and fully laden). 

Smooth Road Profile 

Figure 15 shows the approximation by the static B-WIM algorithm to the response caused by a fully laden 4-axle 

truck at 70 km/h. The results illustrated in Figure 15 are based on the concept of an influence line. The contribution 

of each axle separately and all axles to the expected static strain are represented. The strain record caused by a steel 

leaf suspension exhibits a higher deviation from the fitted response than air suspension. Hence, predictions of 

individual axle weights are expected to be more accurate for air suspensions. 

Figure 16 shows the simulated load history and the prediction by MS-BWlM for the case of a fully laden 4-axle 

truck with air suspension travelling at 70 km/h. Figures 16(c) and (d) show that the third and fourth axles allow for 

an instantaneous solution only when the first axle is located between 17 and 25 m from the bridge start (as result of 

the number of truck axles, their spacings and the number of sensors, their locations and influence lines). Figure 17 

shows the results of MS-BWIM when using the same truck and speed as Figure 16, but with a steel suspension. 

From Figures 16(c), 9.16(d), 9.l7(c) and 9.l7(d), the prediction of the third and fourth axles can be seen to be 

more difficult for the leaf sprung than for the air sprung vehicle. 

Tables 1 and 2 give accuracy classes according to the COST323 WIM European Specification (1999) for each 

criterion and algorithm. MS-BWIM is very accurate for all single criteria, even axles of a group in class B(lO). The 

static B-WIM algorithm can predict gross weight accurately (A(5)), but fails to predict single axles (E(45)). All 

results are represented in Figure 18. 

Rough Road Profile 

Results for a rough road profile are very poor and only gross weight give sensible levels of accuracy. The poor 

accuracy of a B-WIM algorithm on a rough profile can be explained by Figure 19. Figure 19 represents the 

approximation by the static algorithm to the total strain generated by a fully laden truck at 70 km/h. The total 

response is far from this static response due to the high dynamic oscillations. The static algorithm is very 

inaccurate and their approximations (by minimising difference between total response and expected static 

response) can lead to negative values for individual axle weights: For instance, the second and fourth axles in 

Figures 19(a) and (b) (thin line representing bending moment diagram due to a single axle is over the x-axis). As in 

the case of a smooth profile, steel leaf suspensions give worse results than air suspensions. 

If the road is in a poor condition, algorithms based on linearity and superposition do not appear to offer a valid 

solution. MS-BWIM is also extremely inaccurate because it minimises the instantaneous solution by using 

influence lines at many locations. Figure 20 shows the results for the same run as Figure 19(a). The static value can 

be estimated from instantaneous values when the first axle is located between 18 and 25 m from the bridge start. 

However, the third axle and fourth axles are strongly overweighed and underweighed respectively (Figures 20(c) 

and (d)). 

According to Tables 3 and 4, gross weight is the only criterion which gives reasonable levels of accuracy. The 

static B-WIM gives the best result - C(l5) for gross weight (Table 3). The poor results in individual axles are due 

to the failure of the static algorithm to estimate the static component caused by each axle from the total bending 

response (illustrated in Figure 19). Figure 21 illustrates the estimation of every identity in the sample. However, if 

the test took place in extended repeatability conditions (r2) taking into account only the runs of the air suspension 

truck, the accuracy class for gross weight would be raised to A(5) and C(15) for the static B-WIM and MS-WIM 

algorithms respectively. 
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CONCLUSIONS 

A B-WIM system has been theoretically tested in very adverse dynamic circumstances. A two-axle linear sprung 

vehicle model has been used for calibration and accuracy has been assessed with a four-axle non-linear sprung 

vehicle 01 degrees of freedom). Air and steel suspensions on both smooth and rough pavements were considered. 

In smooth road conditions, MS-BWIM achieved the most accurate overall class BOO) (corresponding to the 

criterion of axle weights within an axle group, but B+(7) for the criterion of individual axle weights). The 

traditional static B-WIM had the same accuracy class, A(5), for gross vehicle weight as MS-BWIM, but it failed to 

predict individual axle weights accurately (E(45)). The 30 m span length made it difficult to identify individual 

axles from strain at only one location, and MS-BWIM derived a more accurate value from the load history. 

B-WIM accuracy decreased for steel suspensions because bridge dynamic response was more important than for 

air suspensions. The poorest results were obtained with steel suspensions on rough profiles. Bridge strains 

oscillated with higher amplitudes when crossed by the steel suspension truck due to the proximity of the 

frequencies of the truck and the bridge, which resulted in huge errors in any B-WIM algorithm. In these conditions, 

the estimation of individual axle weights is very inaccurate (class E), but the traditional static B-WIM algorithm 

can still provide reasonable values for gross vehicle weight (COS)). In order to deal with high dynamic bridge 

excitation, the use of dynamic models and the solution of the dynamic inverse problem in B-WIM practice need to 

be analysed in the near future. In the interim, bridges selected as B-WIM sites should have natural frequencies that 

do not coincide with the dominant natural frequencies of heavy vehicles. 
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Table 1- Accuracy classification for static B-WIM algorithm (smooth profile) (R 1) (n: Total number of vehicles; 

m: mean; s: Standard deviation; no: level of confidence; B: tolerance of the retained accuracy class; Bmin : minimum 

width of the confidence interval for no; n: Level of confidence of the interval [-B,B] ) 

Relative error statistics Accuracy calculation 

Criterion n m s no Class B Bmin 1t Class 

(%) (%) (%) (%) (%) (%) Retained 

Single axle 36 -0.31 21.36 93.1 E(45) 54 47.3 96.5 

Group of axles 18 -2.34 7.71 90.3 C(15) 18 17.9 90.5 E(45) 

Gross Weight 18 -0.79 0.93 90.3 A(5) 5 2.5 100. 

Table 2- Accuracy classification for static MS-BWIM algorithm (smooth profile) (RI) (n: Total number of 

vehicles; m: mean; s: Standard deviation; no: level of confidence; B: tolerance of the retained accuracy class; Bmin: 

minimum width of the confidence interval for no; n: Level of confidence of the interval [-B,B] ) 

Relative error statistics Accuracy calculation 

Criterion n m s no Class B Bmin 1t Class 

(%) (%) (%) (%) (%) (%) Retained 

Single axle 36 -0.89 3.74 93.1 B+(7) 11 8.5 98.3 

Axle of group 36 -0.32 8.31 93.1 B(10) 20 18.4 95.4 

Group of axles 18 -0.07 2.70 90.3 A(5) 7.14 6.1 95.3 
BOO) 

Gross Weight 18 -0.56 1.46 90.3 A(5) 5 3.4 98 .8 

Table 3- Accuracy classification for static B-WIM algorithm (rough profile) (RI) (n: Total number of vehicles; m: 

mean; s: Standard deviation; no: level of confidence; B: tolerance of the retained accuracy class; Bmin: minimum 

width of the confidence interval for no; n: Level of confidence of the interval [-B,B] ) 

Relative error statistics Accuracy calculation 

Criterion n m s no Class B Bmin 1t Class 

(%) (%) (%) (%) (%) (%) Retained 

Single axle 36 -9.46 135.4 93.1 E(300) 360 300.4 97.3 

Group of axles 18 15.60 42.52 90.3 E(100) 110 100.1 93.6 E(300) 

Gross Weight 18 0.95 5.71 90.3 C(5) 15 13.0 94.9 

Table 4- Accuracy classification for static MS-BWIM algorithm (rough profile) (RI) (n: Total number of vehicles; 

m: mean; s: Standard deviation; no: level of confidence; B: tolerance of the retained accuracy class; Bmin: minimum 

width of the confidence interval for no; n: Level of confidence of the interval [-B,B] ) 

Relative error statistics Accuracy calculation 

Criterion n m s no Class B Bmin 1t Class 

(%) (%) (%) (%) (%) (%) Retained 

Single axle 36 -4.03 14.90 93.1 E(30) 36 33.9 94.8 

Group of axles 18 -4.89 21.42 90.3 E(50) 55 49.1 94.1 E(50) 

Gross Weight 18 -4.07 12.13 90.3 E(30) 30 28.3 92.4 
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- From MS-BWIM algorithm - From Simulation 
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Figure 18 - WIM/Static versus real static weights for 4-axle truck (smooth profile) 
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Figure 19 - Influence of suspension type on static B-WIM (rough profile) 
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............. From M S-BWIM algorithm 
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- From Simulation 

150 

125 

Z 100 

C 75 
Cl) 
u 
;.... 50 0 
~ 

25 

0 

-25 

0 

(b) Second axle 

150 

125 

Z 100 

C 75 
Cl) 

~ 50 
~ 

25 

5 10 15 20 
First axle position (m) 

o -+-----,-------r~ 

-25 

o 5 10 15 20 

First axle position (m) 

(d) Fourth axle 

Figure 20 - Instantaneous calculation for a 4-axle truck (rough profile) 
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Figure 21 - WIMlStatic versus real static weights (rough profile) 
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