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On the Stabilizing Effect of Weigh Stations
on Truck Equivalency Factors
for Pavement Design

Jaime Allen'; Ana C. Vargas-Sobrado?; Jose P. Aguiar-Moya?;
and Henry Hernandez-Vega*

Abstract: In Costa Rica, weigh stations for trucks and commercial vehicles were reinstated in 2008. Since then, a stabilizing trend in the
percentage of heavy vehicles with excess loading was observed. For pavement design purposes, this resulted in reduced variability in truck
equivalency factors. These were statistically validated by processing all the weight data collected at different stations located throughout the
national road network between 2008 and 2011. Using linear regressions, it was verified that given a constant noncompliance percentage, the
truck equivalency factor for C2, C3, and T3-S2 vehicles tended to stabilize at 0.20, 0.66, 1.19, respectively. These results were consistent with
additional power regression performed on the data. Higher weight enforcement on the T3-S3 vehicles’ tandem axle would result in a 0.17
decrease in the truck equivalency factor. The findings presented herein should aid countries that have yet to implement weigh stations,
considering the benefits of exploring the evolution of truck factors if weigh stations were installed. This weigh station implementation case
study exhibits the reality and development of pavement loading over time. Therefore, government authorities should be encouraged to control
truck traffic with weigh stations to reduce pavement damage. DOI: 10.1061/JPEODX.PVENG-1123. © 2023 American Society of Civil

Engineers.
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Introduction

The road network in Costa Rica is the primary means of transpor-
tation for people and goods. Therefore, it is fundamental to ensure
its functional and structural condition. As in many countries, in
Costa Rica, most of the cargo received at seaports and land is trans-
ported by heavy goods vehicles (HGVs) to different regions. As a
result, HGVs occasionally exceed the maximum permitted weight
established by Costa Rican legislation (Table 1).

Depending on the axle configuration, HGVs are generally the
truck type with the highest impact on the deterioration of the road
network as their loads are the most detrimental to the pavement
structure. Consequently, inadequate weight controls will directly
affect pavement life. Weight controls are one of the few means to
prevent excessive damage to one of the country’s most significant
infrastructure assets.
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The National Laboratory of Materials and Structural Models of
the University of Costa Rica (LanammeUCR) began a program
to identify the actual loads associated with the axles of vehicles
that regularly transport more than four tons (truck categories
C2, C3, T3-S2, and T3-S3, as per local classification). Based on
the collected data, these vehicle classes shown in Fig. 1 and
Table 1 represent 98.5% of the truck vehicle fleet in Costa Rica.
LanammeUCR’s studies have prompted the national government
to reimplement the use of permanent weigh stations along the
main routes of the national road network (NRN) to ensure that
the number of vehicles transporting excess weight is minimized.
Unfortunately, no research studies have yet proven the stabilization
of the percentage of vehicles that exceed the maximum permitted
weight by Costa Rican legislation or its relationship with truck fac-
tors. In general, proper knowledge of vehicle weights could signifi-
cantly advance local pavement design and improve modeling of
loads passing through the national road network.

The feasibility of establishing overweight truck permit fees
based on each truck’s attributes, such as gross vehicle weight,
axle loading, and axle spacing, has been proven to cover infra-
structure damage caused by each overweight truck class (Agbelie
et al. 2017).

Overweight trucks notably affect bridge damage (Dey et al.
2014). Critical damage to bridges due to overweight trucks has also
been analyzed. In the case of steel bridges, this overweight traffic
accelerates the cumulative damage associated to the steel super-
structures and the concrete deck’s cumulative damage (Cha et al.
2016). The amount of overweight trucks affects the expected ser-
vice life of prestressed concrete girders (Lou et al. 2017). In Costa
Rica, the bridges present inadequate maintenance, most of them
have more than 30 years in operation, and the amount of bridges
in critical condition is notable (Garita and Ortiz 2016). Therefore,
a strict control of truck weights is crucial to reduce the risk of rapid

J. Transp. Eng., Part B: Pavements

J. Transp. Eng., Part B: Pavements, 2023, 149(3): 04023015


https://doi.org/10.1061/JPEODX.PVENG-1123
https://orcid.org/0000-0002-7616-009X
mailto:jaime.allenmonge@ucr.ac.cr
mailto:jaime.allenmonge@ucr.ac.cr
mailto:anacatalina.vargas@ucr.ac.cr
https://orcid.org/0000-0002-3922-5843
mailto:jose.aguiar@ucr.ac.cr
mailto:henry.hernandezvega@ucr.ac.cr
http://crossmark.crossref.org/dialog/?doi=10.1061%2FJPEODX.PVENG-1123&domain=pdf&date_stamp=2023-05-26

Downloaded from ascelibrary.org by Universidad de Costa Rica on 05/26/23. Copyright ASCE. For persond use only; all rights reserved.

Table 1. Types of vehicles according to national and international weight
regulations

Legal
gross
Steering axle Second axle Third axle  vehicle

Vehicle type weight (t) weight (t) weight (t) weight (t)
Cc2 Single axle  Single axle — —
Mexico (2017) 6.5 11.0 — 17.5
UsS (2011) 5.5 9.0 — 14.5
Costa Rica (2004) 6.0 10.0 — 16.0
Guatemala (2010) 5.5 10.0 — 15.5
El Salvador (2013) 5.0 10.0 — 15.0
Nicaragua (2005) 5.0 10.0 — 15.0
C3 Single axle  Single axle — —
Mexico (2017) 6.5 19.0 — 25.5
US (2011) 5.5 15.5 — 21.0
Costa Rica (2004) 6.0 16.5 — 22.5
Guatemala (2010) 5.5 16.5 — 22.0
El Salvador (2013) 5.0 16.5 — 21.5
Nicaragua (2005) 5.0 16.5 — 21.5
T3-S2 Single axle Tandem axle Tandem axle —
Mexico (2017) 6.5 19.0 19.0 44.5
UsS (2011) 5.5 15.5 15.5 36.5
Costa Rica (2004) 6.0 16.5 16.5 39.0
Guatemala (2010) 5.0 16.0 16.0 37.0
El Salvador (2013) 5.0 16.0 16.0 37.0
Nicaragua (2005) 5.0 16.0 16.0 37.0
T3-S3 Single axle Tandem axle Tridem axle —
Mexico (2017) 6.5 19.0 26.5 52.0
UsS (2011) 5.5 15.5 19.0 40.0
Costa Rica (2004) 6.0 16.5 23.0 45.5
Guatemala (2010) 5.0 16.0 20.0 41.0
El Salvador (2013) 5.0 16.0 20.0 41.0
Nicaragua (2005) 5.0 16.0 20.0 41.0

Sources: Data from Allen and Badilla (2011); Ministerio de Comunica-
ciones de Infraestructura y Vivienda (2010); Diario Oficial del El Salvador
(2013); Secretaria de Comunicaciones y Transportes (2017); Diario Oficial
de Nicaragua (2005).

deterioration and safety of the bridges in order to pursue resiliency
in the national road infrastructure.

Background

The provisions that govern official weight regulations in Costa Rica
are defined in the national regulation 31363-MOPT (MOPT 2006)
and its amendments. This document describes the axle configura-
tion and legal weight limits for different vehicle types. Table 1 sum-
marizes the weight regulations for each axle type and vehicle in the
country and compares them with international regulations from
Mexico, the US, and other countries in the region. Table 2 presents
a comparison of vehicle types across Costa Rican legislation,
Federal Highway Administration (FHWA 2014), and AASHTO
(1993).

Truck Cargo Surveys

A load survey is a tool that determines the magnitude of typical
and atypical loads applied to pavement structures under specific
conditions. In Costa Rica, a study in 2007 was designed to collect
the information required to calibrate local truck equivalency fac-
tors (Ulloa et al. 2008), as recommended by AASHTO (1993).
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These factors help describe the damage on the pavement structure
produced by the vehicle’s axles and vary according to the weight
and type of each axle (single, tandem, or tridem), type of structure
(rigid or flexible), and the structural number (SN). The used values
are recommended by the Asphalt Institute for flexible pavements,
with a serviceability index of 2.5 and a SN of 5. Truck equivalency
factors are later used to determine average truck factors, determin-
ing equivalent single-axle loads (ESALSs).

This initial local survey to study the truckloads on the national
pavements was conducted by LanammeUCR (Ulloa et al. 2008).
The study also intended to collect axle load spectra for the eventual
implementation of the Mechanistic-Empirical Pavement Design
Guide to characterize loading conditions for specific road sections
(AASHTO 2002). The data generated in the study were used to
calibrate typical truck equivalency factors by vehicle type, axle, and
route (domestic routes) because there were no data available at the
time. Table 3 summarizes the results.

The behavior of vehicle loads at different weigh stations, oper-
ated by the Administration, between November 2008 and October
2010 was analyzed. The authors identified a definite downward and
stabilizing trend in the percentage of vehicles exceeding weight
regulations based on the data. It was hypothesized that this was
the result of increased driver awareness regarding the existence of
a weight enforcement program.

Other weight studies include two thesis projects by the Civil
Engineering Department at the University of Costa Rica. In 2017,
one study focused on analyzing alternative domestic routes to the
ones that have permanent weigh stations (Arrieta 2017). The study
concluded that the vehicles with a higher weight exceedance are
T3-S3, followed by T3-S2 and C3. In general, it was determined
that trucks with more axles have higher noncompliance on roads
without weight control (Arrieta 2017).

In 2018, another research study focused on the municipal road
network (Rodriguez 2018). In the municipal road network, the
single unit trucks dominated: C2 (67% of respondents’ vehicles).
In national routes, T3-S2 articulated trucks (42%) with multiple
axles were most common (Arrieta 2017). Most weight exceedances
related to the transport of material and construction goods (both
scenarios). In national routes, twice as many heavy vehicles (18%)
circulated compared with municipal roads (8%) (Rodriguez 2018).
Additionally, a complementary study (Vargas-Sobrado et al. 2019)
compiled and compared truck weights in routes where regulations
were not enforced in Costa Rica. The analyzed routes can be ob-
served in Fig. 2.

Infrastructure Damage Caused by Overweight Vehicles

A method to estimate bridge damage repair costs due to overweight
vehicles using lifecycle expenditures on reconstruction, rehabilita-
tion, and maintenance was suggested by Agbelie et al. (2017). An
incremental cost approach was used to define the bridge damage
cost based on the vehicle configuration and the average frequency
of bridge use. This damage was defined as a function of gross
vehicle weight, axle spacing, and the number of axles. Agbelie et al.
(2017) showed that it is feasible to establish overweight truck
permit fees based on their attributes. Based on these results, regu-
lation policies related to infrastructure damage can be formulated,
updated, or evaluated.

Another study (Cha et al. 2016) addressed the variability in
the rate of deterioration caused by different loads. It gave partic-
ular focus to the effect of overweight trucks on steel bridge
components through a detailed finite-element (FE) model of rep-
resentative bridges in the state of Indiana to study the damage on
the bridge over its lifetime. Hypothetical scenarios were conducted
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Vehicle

Vehicle axle type Vehicle configuration classification
Lightweight vehicles Passenger cars.
All buses with a
Bus dual wheel on the
rear axle
Light-Duty Vehicles Pick-up trucks.
Small trucks

equipped for low
loads (vehicles with

C2+ light-duty  license
plates and a single
rear axle).

Trucks: axle
: configuration with a
Cc2 et single dual axle at
I I the rear of the
vehicle.
Tandem trucks:
Axle
configuration
C3 with tandem

axles at the rear
of the vehicle.

Five or six-axle
articulated
trucks: include

T3-82 tractor-trailers
I II II (articulated

trucks), with
two pairs of

tandem  axles
(T3-S2), or
tandem and a

e
T3-S3 I II III tridem rear axle

(T3-83).

Fig. 1. Vehicle axle type and configuration for the most common vehicles in Costa Rica based on Allen and Badilla (2011).

Table 2. Vehicle type comparison between Costa Rican legislation, FHWA, and AASHTO

Vehicle type

Costa Rica (MOPT) FHWA AASHTO

C2: trucks, axle configuration with a single axle at Class 5: two axles, six tires, single-unit Single-unit (SU) truck

the front and dual axle at the rear of the vehicle

C3: trucks, axle configuration with tandem axles Class 6: three axles, single-unit SU truck

at the rear of the vehicle

T3-S2: five or six-axle articulated trucks with two Class 9: five-axle tractor-semitrailer WB-50: intermediate semitrailer
pairs of tandem axles

T3-S3: five or six-axle articulated trucks, with a Class 10: six or more axles, single trailer WB-100T: triple-semitrailer/trailers

tandem and a tridem rear axle

Sources: Data from FHWA (2014); AASHTO (1993).
Note: MOPT = ministry of public works and transportation.

to determine damage progression due to overweight traffic, which
increased the cumulative damage in the steel superstructure of
bridges and its concrete deck. This study can determine how in-
creases in truck weight limits could affect an infrastructure asset’s
life cycle, such as a bridge.

Using weigh-in-motion (WIM) equipment on Taiwan’s freeway
systems, the average truckload factor for combined heavy vehicles
was determined to be 2.7 times higher than the original design
value, which already took 30% of truck overloading into account
(Chou 1996). It was also concluded that bridge design standard
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Table 3. Average truck equivalency factors based on 2007 survey

Vehicle type
Route Pick-up C2 + Cc2 Bus-C2 C3 T3-S2
Route 1: General Cafias Highway (toll road) 0.011 0.019 0.734 2.022 2.721 2.102
Route 1: Bernardo Soto Highway Naranjo (toll road) 0.011 0.016 0.902 3.680 1.971 3.701
Route 1: Bernardo Soto Highway Esparza (toll road) 0.011 0.233 0.723 2911 2.834 4.153
Route 2: Florencio del Castillo Highway (toll road) 0.015 0.031 0.827 1.437 3.202 3.021
Route 2: Pérez Zeledén 0.012 0.014 0.446 1.858 3.330 2.080
Route 27: Préspero Fernandez Highway (toll road) 0.011 0.016 1.163 1.957 3.155 2.695
Route 32: Braulio Carrillo Highway (toll road) 0.011 0.022 0.695 3.692 2.271 4.229
Route 140: San Carlos, Ciudad Quesada 0.012 0.014 0.521 2.107 3.773 3.861
Average 0.012 0.046 0.751 2.458 2.907 3.230
Standard deviation 0.001 0.076 0.223 0.861 0.585 0.878
Source: Data from Ulloa et al. (2008).
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Fig. 2. Location of temporal weighing surveys based on Vargas et al. (2019).

specification would result in a 28% underestimation of steel vol-
ume in bridge deck design. The actual accumulative ESALs based
on the WIM collection were 2.3 times larger than predicted, which
indicates that the pavement structure could be underdesigned
(Chou 1996).

Weight Data Used in the Study

The data were collected on eight different weigh station sites: Gen-
eral Cafnas Highway (Route 1), Bernardo Soto Highway (Route 1,
Naranjo—Esparza), Florencio del Castillo Highway (Route 2), Pérez
Zeledon (Route 2), Prospero Fernandez Highway (Route 27),
Braulio Carrillo Highway (Route 32), and San Carlos (Route 140).
The Administration collected the data as part of the weight
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verification performed continuously at each site. A descriptive
summary of the vehicle distribution for all sites is shown in Fig. 3.
C2, C3, T3-S2, and T3-S3 class vehicles represented 98.5% of the
truck vehicle fleet. Consequently, this study does not include other
vehicle types with different load axle configurations because they
were not significant within the surveyed sample.

Research Results

Noncompliance Analysis of Weight Requirements

The percentage of heavy vehicles exceeding national weight reg-
ulations per month was analyzed using axle type and vehicle
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220.6 kN * * *

Fig. 3. Cumulative relative frequency and relative frequency distribution for all types of evaluated vehicles based on Allen and Badilla (2011).

Vehicle type not relevant in the study.

class. Overweight traffic was defined as the type of vehicle class
that exceeds its class weight regulations per axle as per Table 1.
The data were summarized, and trends were modeled to simu-
late the change in noncompliance with time. Fig. 4 shows the
monthly trend associated with the percentage of overweight ve-
hicles exhibiting noncompliance with national regulations for C2,
C3, T2-S3, and T3-S3, respectively. Except for the tandem axle
on the T3-S3 vehicles, in all cases, a potential structural form
adequately fits the data (Fig. 4). Therefore, the model that was
estimated is as follows:

y = ax? (1)

where y = percentage of the specific vehicle being overweight
based on local regulations; x = month the measurement was
made, starting with an initial value of x = 1 for November 2008;
and « and [ = model parameters.

Fig. 4 shows an evident decrease in the percentage of vehicle
classes C2 [Fig. 4(a)] and C3 [Fig. 4(b)] with excess weight for
single, dual, and tandem axles. It can also be noted that the trend
stabilized toward the end of the period. However, from Fig. 4(c),
the T3-S2 class vehicles differed for both axle types. In the case of
the tandem axle, a decrease in the number of overweight axles was
captured. However, no change was observed in the single axle
(steering axle) during the analysis period (with approximately 0 %
noncompliance to weight regulations). Therefore, as expected, no
extra load can or should be applied to this axle.

Finally, the trends associated with the T3-S3 class vehicle are
shown in Fig. 4(d). Different behaviors were observed for each of
the three axles: single, tandem, and tridem. The tridem axle showed
a slight decrease in the percentage of overweight vehicles during
the initial 9 months of the analysis. After the initial period, no sig-
nificant change was observed in the number of overweight axles.
Regarding the tandem axle, considerable variability during the
analysis period was noted. On average, a slight increase in the
percentage of overweight axles was recorded. However, the trend
is not statistically significant. Finally, as in the single steering axle
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for the T3-S2 truck, the T3-S3 steering axle trend remained con-
stant with approximately 0% excess weight.

Estimation of Noncompliance Trend Models

To further characterize the change in the percentage of overweight
vehicles and statistically infer if the implementation of the perma-
nent weigh stations had a significant impact on the compliance of
weight regulations, linear regression models were used to fit three
different analysis periods (Tables 4 and 5). This type of model was
selected because it can determine the relationship between two or
more variables. The model results include the ¢- stats, which deter-
mine if the average value is stabilized. This can be achieved when
the value is below 2.0, meaning that in approximately 95% of the
cases, a slope value of zero is within the confidence range; the hy-
pothesis that the percentage of vehicles that exceed weight regula-
tions is not time-dependent cannot be rejected.

The analysis period’s segmentation was performed based on
the Administration’s permanent weigh station’s data availability.
Consequently, yearly periods from November to October of the
following year were consistent with the truck cargo survey. The
data should include the seasonal load transportation variation based
on demand from different productivity sectors throughout the
year. This analysis was performed by modeling the percentage of
overweight vehicles as a linear function of time (as measured in
months). The results are given in Table 4.

A clear tendency toward convergence of the percentage of
overweight C2 vehicles exceeding the maximum legal weight per
month can be observed by analyzing the yearly trends. Further-
more, there was an evident decrease in the slope associated with
the models with time: zero, suggesting that the percentage of over-
weight axles for the vehicle class becomes constant, with a value
of 0.02%.

In the case of the T3-S2 single axles, no changes were evident
in the models’ slope, suggesting that, on average, the monthly num-
ber of overweight vehicles associated with the class remained con-
stant. Regarding the tandem axles, a decrease in the percentage of
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Fig. 4. Noncompliance in (a) C2; (b) C3; (c) T3-S2; and (d) T3-S3 class vehicles during the study period (from 2008 until 2011, in which x = months)

for the analyzed weigh stations.
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Table 4. Yearly noncompliance trends for each vehicle’s class and axle: C2 and C3

Average Standard SE t-stat
Vehicle class Period (y =NC) (%) deviation (%) Model (x = month) (slope) (slope)
C2 single November 2008—October 2009 0.18 0.14 y = 0.39 — 0.0320x and R* = 0.66 0.0073 4.38
axle November 2009—October 2010 0.06 0.02 y = 0.09-0.0054x and R? = 0.68 0.0012 4.50
November 2010-October 2011 0.03 0.01 y = 0.04-0.0014x and R?> = 0.16 0.0010 1.40
C2 dual November 2008-October 2009 0.95 0.55 y = 1.76-0.1244x and R> = 0.66 0.0280 4.44
axle November 2009—October 2010 0.40 0.13 y = 0.57-0.0273x and R? = 0.55 0.0079 3.46
November 2010-October 2011 0.17 0.08 y=0.11+0.0100x and R* = 0.21 0.0061 1.64
C3 single November 2008—October 2009 3.74 2.40 y = 7.03 —0.5063x and R*> = 0.58 0.1365 3.71
axle November 2009—October 2010 1.47 0.40 y = 1.99 — 0.079x and R> = 0.51 0.0244 3.24
November 2010-October 2011 0.98 0.30 y = 0.81 + 0.0256x and R? = 0.10 0.0256 1.00
C3 tandem November 2008—October 2009 3.86 1.23 y = 5.07-0.185x and R*> = 0.29 0.0907 2.04
axle November 2009—October 2010 2.53 0.84 y = 3.78-0.1918x and R? = 0.68 0.0416 4.62
November 2010-October 2011 2.10 0.56 y = 1.89 +0.0347x and R? = 0.05 0.0488 0.71
Note: NC = percentage of noncompliance; and SE = standard error.
Table 5. Yearly noncompliance trends for each vehicle’s class and axle: T3-S2 and T3-S3
Average Standard SE t-stat
Vehicle class Period (y =NC) (%) deviation (%) Model (x = month) (slope) (slope)
T3-S2 single November 2008-October 2009 0.06 0.02 y = 0.06-0.0006x and R> = 0.01 0.0021 0.29
axle November 2009—October 2010 0.05 0.03 y = 0.08-0.0058x and R*> = 0.37 0.0024 242
November 2010-October 2011 0.02 0.01 y = 0.03-0.0016x and R*> = 0.18 0.0011 1.45
T3-S2 tandem November 2008-October 2009 5.48 1.77 y = 7.44-0.3003x and R> = 0.38 0.1224 2.45
axle November 2009—October 2010 3.80 1.11 y = 5.11-0.2016x and R*> = 0.43 0.0734 2.75
November 2010-October 2011 3.72 0.75 y =298 +0.1137x and R? = 0.30 0.0549 2.07
T3-S3 single November 2008-October 2009 0.12 0.07 y = 0.10-0.0023x and R> = 0.01 0.0061 0.38
axle November 2009—October 2010 0.10 0.05 y = 0.16-0.0081x and R> = 0.36 0.0034 2.38
November 2010-October 2011 0.07 0.04 y = 0.08-0.0017x and R?> = 0.02 0.0039 0.44
T3-S3 tandem November 2008-October 2009 16.53 3.11 y = 16.40-0.0192x and R?> = 0.0005 0.2731 0.07
axle November 2009—October 2010 15.59 3.38 y = 18.97-0.52x and R?> = 0.31 0.2471 2.10
November 2010-October 2011 17.29 3.13 y = 13.22-0.6254x and R?> = 0.52 0.1900 3.29
T3-S3 tridem November 2008-October 2009 4.50 2.95 y = 8.34-0.5904x and R> = 0.52 0.1787 3.30
axle November 2009—October 2010 2.37 0.66 y = 2.28-0.0138x and R? = 0.01 0.0577 0.24
November 2010-October 2011 3.27 0.82 y = 2.91-0.0548x and R> = 0.06 0.0699 0.78

Note: NC = percentage of noncompliance.

vehicles exceeding the regulation indicates convergence to a mini-
mum value at the end of the observation period.

For the C3 vehicles, an apparent convergence on the percentage
of overweight vehicles was observed. The slope of the annual re-
gression on the last period tends toward zero. The yearly regression
analysis for the tandem axle showed a decrease in vehicles exceed-
ing the weight regulations. Even though a downward trend in the
overweight vehicle proportion was observed, the authors believe
cyclical behavior is still present.

By analyzing Fig. 4(d) for the T3-S3 vehicles, no outliers were
evident, so it can be concluded that the number of overweight
vehicles converged to a default value of 0.07% for the single axle.
As observed in the figure, it tended to stabilize in the last analy-
sis period. On the other hand, the tandem axle did not show a
stabilizing trend; it exhibits a cyclic behavior. Concerning the
tridem axle, a stabilization trend from 2010 was captured. How-
ever, the pattern changes toward an increase from 2011 onward.
Table 6 summarizes the findings associated with convergence
trends to a specific overweight noncompliance percentage during
the 36-month analysis period.
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Effect in Truck Equivalency Factors

The average truck equivalency factor (TEF) can be associated with
the damage a given truck generates on the pavement structure.
Egs. (2) and (3) show the mathematical definitions for load equiv-
alency and average truck equivalency factors (Ulloa et al. 2008)

Weight of the main axle) p

Load equival factor =
oacequivaiency factor (Weightof standard axle

Average truck equivalency factor

> (Amount of axles x Load equivalency factor)

= (3)

Amount of surveyed vehicles

0.81 x (L + L,)3?

=0.40
ﬁx + (SN + 1)5.1‘) X L%A23

(4)

where the weight of the central axle is the weight of an ESAL
of 80.07 kN (18.000 Ib); 3 is determined through Eq. (4), in which
L, =load on a single wheel or one tandem-axle set (kips); L, = axle
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code (1 for single axle, and 2 for tandem axle); and SN = structural
number (AASHTO 1993). Thus, the average truck equivalency
factor depends on the axle combination for each vehicle class.
The data were grouped for all permanent weigh stations, and the
average truck factor with time was analyzed as per Fig. 5.

Table 7 summarizes the observed trends associated with the
change in truck equivalency factors with time for the pooled weigh
station data associated with C2, C3, T3-S2, and S3-T3 class
vehicles.

Truck Equivalency Factor Behavior

There was a direct relationship between the percentage of vehicles
exceeding the weight regulations and the average truck factor as-
sociated with these vehicles. The truck factor was used to determine
the damage generated to a pavement structure due to the application
of standard axles” weights (Amorim et al. 2013). Therefore, this
section aims to establish the relationship between these variables
to decide how the truck equivalency factor can be related to the
percent of noncompliance regarding weight regulations.

The analysis was performed based on a simple linear regression
between the overweight axles per vehicle class (i.e., percentage of
noncompliance) and the truck equivalency factor as the dependent
variable. This analysis estimated the correlation between noncom-
pliance rates for the different axles and each vehicle type.

Table 6. Average noncompliance percentages afterconvergence

Default value after

The variations in truck equivalency factors were also adequately
modeled through a power (i.e., potential) regression for the data
collected between October 2008 to November 2011 [Eq. (2)].
As a result, the truck equivalency factor for each vehicle type
showed a reduction with time. Fig. 6 shows the change in truck
equivalency factor for T3-S3, T3-S2, C3, and C2 vehicles, and their
respective regression results.

For C2 vehicles, a significant relationship between the percent-
age of noncompliance in the dual axle and the truck equivalency
factor was observed. Furthermore, there was a positive correla-
tion between the noncompliance in the single and dual axles.
Consequently, the estimation of a regression model, including
the two factors, should be avoided because of the predictors’
collinearity.

The C3 vehicles showed a higher correlation between the truck
equivalency factor and the noncompliance percentage for the single
axle than for the tandem axle. Because there is a correlation be-
tween the variables, no multiple regression analysis was pursued.
Instead, the single axle noncompliance was selected because it
showed the highest correlation with the truck equivalency factor.

For the T3-S2 models, a high correlation between the truck
equivalency factor and the tandem axle’s noncompliance (as a per-
centage) was found. Therefore, a multiple linear regression model
was developed because the noncompliance between the single
and tandem axles showed no significant correlation. However, no
improvements in the relationship were obtained.

For the T3-S3 vehicle type, there was a low correlation between
the truck equivalency factor and noncompliance for each axle
type. The truck equivalency factor exhibiting the highest correla-
tion coefficient corresponds to the tridem axle noncompliance
with a correlation of approximately 39%. Furthermore, a multiple

Vehicle Axis Convergence? convergence (%) " ”
- linear regression model was performed because of the absence of a
C2 Single Yes 0.02
Dual Yes 0.17
C3 Single Yes 0.97 Table 7. Summary of TEF change with time: 2008 to 2011
Tandem Yes 2.10
. Vehicle Model TEF (projected
T3-S2 Single Yes 0.02 type (+ = month) R? at month 36)  Convergence?
Tand Y¢ 3.72
ancem . 2 TEF = 044102 0,90 0.19 Yes
T3-S3 Single Yes 0.07 C3 TEF = 1.13:7%1¢  0.75 0.64 Yes
Tandem No — T3-S2 TEF = 1.60¢7%1°  0.79 1.12 Yes
Tridem Yes 3.27 T3-S3 TEF = 2.006.7%%  0.58 1.46 Yes
Truck Equivalency Factor Potential Regression
23
2.0 e
[®)
1.8 & OO y=2.001x'°'°89
5 15 ooes YRl o) 5 R2=0.580
£ ©900040, 00 © e, o
S 1.3 Q@L%TU@\D—@QQ%—@ = 1.624x°0.104
10 e¥¥0oo000 931{2:0.791
E ~
&= 0.8 - - y= 1.129x-0-158
0.5 ’ ) R*=0.752
0.3 y = 0.445x70241
R?=0.904
0.0
S R
Months (x)
OT3-S3 0T3-S2 ©C3 ©C2

Fig. 5. Truck equivalency factor potential regressions for T3-S3, T3-S2, C3, and C2 class vehicles during the study period.
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Truck factor vs percentage of C2 vehicles exceeding weight
regulations

y=0.475x +0.198

/O
R?=0.764 =

Truck factor

0.00 0.50 1.00

o [ y=0.119x+0.180

R2=0.919

O Single axle
O Dual axle

1.50 2.00 2.50

Exceedance (%)

(a)

Truck factor vs percentage of T3-S2 vehicles exceeding weight

1.80
y=2.495x + 1,133
1.60 o R>=0.329

1.40

1.00
0.80

Truck factor

0.60
0.40
0.20

0.00
0.00 1.00 2.00 3.00 4.00

1.20 % 0 o0

regulations

__— @
O/Q/e/
Q
y=10.073x+0.920
R2=0.714

O Single axle

O Tandem axle

5.00 6.00 7.00 8.00 9.00 10.00

Exceedance (%)

(b)

Fig. 6. Regressions between truck factor and noncompliance in (a) C2 class vehicles axles; and (b) T3-S2 class vehicles axles.

relationship between each axle type’s noncompliance and the truck
equivalency factor. The regression model with additional factors
improved the correlation value to 62%, which is significantly better
than those obtained with simple regression models. Eq. (5) shows
the obtained model

TEF = 1.10 4 0.998 x Noncomplianceg;pe
+ 0.0149 x Noncompliancer,,gem

+ 0.0434 x Noncompliancergem (5)

Discussion

Based on the results of the previous section, Tables 7 and 8 sum-

marize the most statistically significant models for determining

truck equivalency factors. The parameters included in the tables

can be described as follows:

» Potential truck equivalency factor (i.e., power regression). The
time-series analysis estimates the truck factor after 36 months:
the equivalency factor after implementing the permanent

© ASCE 04023015-9

weigh stations and the convergence process, a reduced value
associated with the reduction in noncompliance to weight
regulations.

* Truck equivalency factor default value. This is the convergence
value calculated using the model that presented the best fit for
each truck type after 36 months.

* Truck equivalency factor with 0% noncompliance (linear regres-
sion). This is calculated by the intercept of the linear regressions
between the truck equivalency factor and noncompliance asso-
ciated with one or more axles, corresponding to each vehicle
class. This case represents the lowest theoretical truck equiva-
lency factor that could be achieved (i.e., 0% noncompliance).

e Truck equivalency factor considering 5%, 10%, and 15% non-
compliance. This is the value of the truck equivalency factors
with the proposed equations in Table 9 under the assumption
that the percentage of vehicles that exceed the allowed weight
corresponds to 5%, 10%, or 15% (in the case of T3-S3, the
excess was only considered for the tandem and tridem axles).
It serves as a reference for possible noncompliance scenarios.
Another analysis was performed on the T3-S3 class vehicle

category because there was no convergence for the tandem axle
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Table 8. Relationship between truck factor and weight compliance by vehicle class

Vehicle class

Dependent variable, y

Independent variable, x

Model

C2

C3

T3-S2

Truck equivalency factor
Truck equivalency factor
Noncompliance in single axle

Truck equivalency factor
Truck equivalency factor
Noncompliance in single axle

Truck equivalency factor
Truck equivalency factor
Noncompliance in single axle

Noncompliance in single axle
Noncompliance in dual axle
Noncompliance in dual axle

Noncompliance in single axle
Noncompliance in tandem axle
Noncompliance in tandem axle

Noncompliance in single axle
Noncompliance in tandem axle
Noncompliance in tandem axle

Y = 0.542x + 0.194 and R? = 0.787
Y =0.117x + 0.180 and R> = 0.929
Y = 0.179x — 0.008 and R?> = 0.814

Y = 0.086x + 0.578 and R?> = 0.894
Y = 0.089x + 0.489 and R> = 0.764
Y = 0.924x — 0.715 and R? = 0.709

Y =2.495x + 1.133 and R?> = 0.329
Y = 0.073x +0.920 and R> = 0.714
Y = 0.009x + 0.001 and R> = 0.222

Table 9. Comparison of the estimated truck equivalent factors

Vehicle type Axle Noncompliance (%) TEF versus noncompliance models R? TEF 0% noncompliance (linear)
C2 Dual 0.17 TEF = 0.1165 NC + 0.1802 0.93 0.18
C3 Single 0.97 TEF = 0.0857 NC + 0.5781 0.85 0.58
T3-S2 Tandem 3.72 TEF = 0.073 NC + 0.92 0.71 0.92
T3-S3 Single 0.07 TEF = 0.998 NC_single + 0.0149 0.62 1.10
Tandem 17.29 NC_tandem + 0.0434 NC_tridem + 1.10
Tridem 3.26
T3-S3* Single 0.07
Tandem 3.72
Tridem 3.27
Note: TEF = truck equivalent factor; and NC = percentage of weight noncompliance for respective axle.
“T3-S3 vehicle class analysis is determined using T3-S2 tandem axle regression.
Table 10. Comparison of the estimated truck equivalent factors includes potential TEF
Vehicle TEF constant Potential TEF 5% TEF 10% TEF 15%
type Axle noncompliance value TEF noncompliance noncompliance noncompliance
C2 Dual 0.20 0.19 0.76 1.35 1.93
C3 Single 0.66 0.64 1.01 1.44 1.86
T3-S2 Tandem 1.19 1.12 1.29 1.65 2.02
T3-S3 Single 1.54 1.46 1.39 1.75 2.04
Tandem
Tridem
T3-S3% Single 1.37
Tandem
Tridem

Note: TEF = truck equivalent factor.

“T3-S3 vehicle class analysis is determined using T3-S2 tandem axle regression.

group, as demonstrated in previous sections. Therefore, the value
associated with the T3-S2 tandem axle vehicles is used to show the
hypothetical impact of noncompliance by this axle type.

After convergence based on the linear regression models, the
truck equivalency factor’s different values significantly correlated
with the truck equivalency factor calculated by the power models.
The truck equivalency factor increased as the number of articulated
vehicle axles load also increased. Up to 25% of differences between
the truck equivalency factors for the default condition and the zero-
noncompliance scenario can be observed.

For the T3-S3 vehicles, two analyses were performed for stabi-
lized truck factors: the first one used stabilization values for single
and tridem axles and the minimum annual average obtained for the
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tandem axle; the second analysis was performed in a similar way
but using the stabilization value of the tandem axle for the T3-S2
vehicles. The results show that a decrease in the truck factor values
of up to 0.17 by demanding more strict and efficient control of the
overload in the tandem axle for T3-S3 vehicles could be expected
(TEF constant noncompliance values in Tables 9 and 10).
Transportation agencies could benefit from applying the sug-
gested models to review the current legislation regarding overweight
vehicles, infrastructure maintenance, and the design standard spec-
ifications for pavement structures and bridges. At the same time,
countries that do not have current legislation or strong enforce-
ment for overweight vehicles can observe the benefits of reducing
truck factors in roads and bridges regarding this asset’s lifetime.
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The timely review of these factors when transportation agencies
consider increasing or decreasing the limits for overweight vehicles
may support the economy because it quantifies the damage costs
these vehicles could generate on the infrastructure.

Conclusions

In general, the implementation of weight controls on national
routes stabilized the truck equivalency factors and noncompli-
ance percentages. The T3-S3 tandem axle type was the only load-
carrying vehicle axle type that did not show convergence to a
specific weight limit. For the same truck type, single and tridem
axles stabilized at specific values.

The truck equivalent factors computed using a potential-power
regression for C2, C3, T3-S2, and T3-S3 vehicles converged to
0.19, 0.64, 1.12, and, 1.46, respectively. The truck factors com-
puted based on linear regressions on the percentage of vehicles with
weights exceeding compliance limits on their axles converged to
0.20, 0.66, 1.19, and 1.54 for the same vehicle classes.

Regression models related to truck equivalency and noncompli-
ance percentages captured considerable differences between the
different vehicle axle types. There is a significant weight of some
axle types on the truck equivalency factor. For example, in the C3
class, the correlation between the truck equivalency factor and non-
compliance in the single axle type showed R* of 0.85 versus the
tandem axle group’s R? of 0.76. The previous difference can be
explained by the fact that a single axle is more sensitive to over-
loading. Therefore, a policy recommendation is that weight control
must be strict on the single axle associated with C3 vehicles.

In the future, analysis of the seasonal variation of truck traffic
on the road network is recommended. For pavement design, it is
essential to consider the evolution of the truck equivalency fac-
tors over time. An overestimation/underestimation of the design
parameter can result in significant consequences to pavement per-
formance and should be calibrated for local specific conditions. The
results presented herein may help justify the benefit of an adequate
weight control program to reduce the damage in pavement struc-
tures associated with truck traffic.

Future Work

The data set will be used to estimate local axle load spectra at
a national level for Costa Rica and each site, to be used in
mechanistic-empirical pavement design methodologies currently
being implemented. Finally, future work with this data set involves
a cost-benefit analysis regarding the implementation and mainte-
nance of the weigh stations during the pavement’s service life.

Data Availability Statement

All data, models, or code that support the findings of this study are
available from the corresponding author upon reasonable request.

Acknowledgments

This work was supported by Costa Rican Law 8114: Ley de
simplificacion y eficiencia tributaria. Furthermore, we wish to
acknowledge the work performed by J. Arrieta and L. Rodriguez.
The authors also wish to acknowledge the support of E. Sdnchez-
Solano and S. Sédenz-Garcia for help in the statistical analyses
performed for this study.

© ASCE

04023015-11

References

AASHTO. 1993. Guide for design of pavement structures. 4th ed.
Washington, DC: AASHTO.

AASHTO. 2002. Mechanistic-empirical pavement design guide.
Washington, DC: AASHTO.

Agbelie, B., S. Labi, and K. Sinha. 2017. “Estimating the marginal costs of
bridge damage due to overweight vehicles using a modified equivalent-
vehicle methodology and in-service data on lifecycle costs and usage.”
Transp. Res. Part A Policy Pract. 95 (Jan): 275-288. https://doi.org/10
.1016/j.tra.2016.11.008.

Allen, J., and G. Badilla. 2011. “Determinacion de la carga de disefio
para pavimentos flexibles en Costa Rica.” In IBWC XVI—Congress
Ibero-Latin American Asphalt. Rio de Janeiro: Brazilian Institute of Oil,
Gas, and Biofuels.

Amorim, S., M. Minhoto, and J. Pais. 2013. “Impact of traffic overload on
road pavement performance.” J. Transp. Eng. 139 (9): 873-879. https://
doi.org/10.1061/(ASCE)TE.1943-5436.0000571.

Arrieta, J. 2017. “Espectros de carga asociados con diferentes tipos de
vehiculos pesados en rutas de redes viales estratégicas nacionales
no reguladas por estaciones de pesaje.” Thesis (GCert), Civil Engineer-
ing School, Univ. of Costa Rica.

Cha, H., B. Liu, A. Prakash, and A. Varma. 2016. “Effect of local dam-
age cause by overweight trucks on the durability of steel bridges.”
J. Perform. Constr. Facil. 30 (1): 1-11. https://doi.org/10.1061/(ASCE)
CF.1943-5509.0000685.

Chou, C. 1996. “Effect of overloaded heavy vehicles on pavement and
bridge design.” Transp. Res. Rec. 1539 (1): 58-65. https://doi.org/10
.1177/0361198196153900108.

Dey, K. C., M. Chowdhury, W. Pang, B. J. Putman, and L. Chen. 2014.
“Estimation of pavement and bridge damage costs caused by over-
weight trucks.” Transp. Res. Rec. 2411 (1): 62-71. https://doi.org/10
.3141/2411-08.

Diario Oficial del El Salvador. 2013. Ley Especial de Transporte de Carga
por Carretera. San Salvador, El Salvador: Diario Oficial del El Salvador.

Diario Oficial de Nicaragua. 2005. Reglamento de Ley General de
Transporte Terrestre. Decreto N°42-2005. Managua, Nicaragua: Diario
Oficial de Nicaragua, Gaceta.

FHWA (Federal Highway Administration). 2014. Traffic monitoring guide.
Washington, DC: FHWA.

Garita, C., and G. Ortiz. 2016. “e-Bridge 3.0: A strategic approach to
structural health monitoring of bridges in Costa Rica.” In IFIP world
information technology forum, 205-210. Cham: Springer.

Lou, P, H. Nassif, D. Su, and P. Truban. 2017. “Impact of overweight
trucks on the service life of bridge girders.” Transp. Res. Rec. 2642 (1):
103-117. https://doi.org/10.3141/2642-12.

Ministerio de Comunicaciones de Infraestructura y Vivienda. 2010.
Reglamento para el Control de Pesos y Dimensiones de Vehiculos
Automotores de Carga y sus Combinaciones. Acuerdo Gubernativo
379-2010. Ciudad de Guatemala, Guatemala: Ministerio de Comunica-
ciones de Infraestructura y Vivienda.

MOPT (Ministry of Post and Telecommunications). 2006. Reglamento de
circulacion por carretera con base en el peso y las dimensiones de los
vehiculos de carga. 31363-MOPT. Monrovia, Liberia: MOPT.

Rodriguez, L. 2018. “Desarrollo de espectros de carga para rutas canto-
nales.” Thesis (GCert), Civil Engineering School, Univ. of Costa Rica.

Secretaria de Comunicaciones y Transportes. 2017. Sobre el peso y
dimensiones mdximas con los que pueden circular los vehiculos de
autotransporte que transitan en las vias generales de comunicacion
de jurisdiccion federal. Norma Oficial Mexicana NOM-012-SCT-
2-2017. Cuauhtémoc, Mexico: Secretaria de Comunicaciones y Trans-
portes. Diario Oficial de la Federacion.

Ulloa, A., J. Allen, G. Badilla, and D. Sibaja. 2008. “Determinacion de
factores camion en pavimentos de Costa Rica.” Revista Infraestructura
Vial 10 (19): 28-37. https://doi.org/10.1177/0361198119828283.

Vargas-Sobrado, A., L. Rodriguez-Solano, J. P. Aguiar-Moya, H.
Herndndez-Vega, and L. Lorfa-Salazar. 2019. “Truck weights on
municipal and national roads without weight enforcement.” Transp.
Res. Rec. 2673 (2): 275-284. https://doi.org/10.1177/03611981198
28283.

J. Transp. Eng., Part B: Pavements

J. Transp. Eng., Part B: Pavements, 2023, 149(3): 04023015


https://doi.org/10.1016/j.tra.2016.11.008
https://doi.org/10.1016/j.tra.2016.11.008
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000571
https://doi.org/10.1061/(ASCE)TE.1943-5436.0000571
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000685
https://doi.org/10.1061/(ASCE)CF.1943-5509.0000685
https://doi.org/10.1177/0361198196153900108
https://doi.org/10.1177/0361198196153900108
https://doi.org/10.3141/2411-08
https://doi.org/10.3141/2411-08
https://doi.org/10.3141/2642-12
https://doi.org/10.1177/0361198119828283
https://doi.org/10.1177/0361198119828283
https://doi.org/10.1177/0361198119828283

