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Abstract

Accurate determination of loadings on multilane highway

lanes is one principal means of ensuring an adequate

pavement thickness for highway traffic. On the existing

pavement system, the number and magnitude of vehicular axle-

ioads can have an adverse effect in the form of premature

damage and reduction in service 1life, with consequent

increases in the costs of pavement upkeep.

The unequal distribution of heavy vehicle axles across
the highway lanes requires that the loading in the lane used
for design iz accurately assessed. Also, within the vicinity
of intersections with a high proportion of turning truck

movements, the choice of lanes by trucks on turning may

influence the loading in the lanes and hence the selection

of the design lane.

Trucks in the traffic stream affect the operation

characteristics of other vehicles. At unsignalized

intersections, incidents such as the forced use of the

highway shoulders by trucks, queue formations on the main

highway and other incidents may occur on turning.

Two years of collected traffic volume and vehicle

weight data at a rural weigh-in-motion site in central

Alberta and a field survey of turning trucks at an

intersection were used to study the loading impacts in the



lanes of a multilane highway. An assessment is also made of
the loading impact of the RTAC vehicle weight changes in

1988 and changes in truck axle configuration.

The impact of heavy vehicles cn traffic operations,
safety and pavement performance is reviewed, but the focus
of the thesis is on the truck traffic load demand on the

highway as regards to thickness design of the pavement.

The findings of the thesis will be beneficial to the
economic design of highway pavements and their maintenance

and for assessing the degree of overloading on the highway.
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CHAPTER 1
INTRODUCTION

1.1. Background

There are several factors which enter into the
determination of the thickness of a highway pavement
structure. Among these are the expected traffic loading on
the pavement structure, soil conditions, environmental
conditions, physical properties of the particular pavement

type, and others.

In determining the expected traffic loading on the
pavement structure, the prime considerations are the number
of trucks and the magnitude and repetitions of axle loadings.
Traffic loading consists of numerous passes oOf various
vehicle types, usually classified according to axle
configuration, in a highway lane€ within a selected traffic
analysis period (20 years is often used) . The principal
truck types considered are the large tractor—semitrailer
combination types, which will be wusing the facility during
its service life because they contribute almost exclusively
to the accumulated locading. carse, although usually
numerically greater in proportion Lo trucks, contribute
little to loading because of their very light weight. In many
instances cars and similar type vehicles, such as recreation
vehicles, pickup and panel trucks, are not considered at all

since the larger trucks make up the entire loading factor.
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On multilane facilities it is recogr.ized that not all

trucks use the same lane in travelling; therefore, the

pavement structure should not be designed for total trucks

but for only those using the heaviest traveled truck lane.

The problem here is in determining for each design situation

what percent of the total loading and truck rraffic is on the

lane used by heavy trucks. Until recent years, an estimate

for this wvalue called the Lane Distribution Factor was made

based on short period traffic counts in lanes and engineering

judgement . If a more accurate assessment of the 1lane
distribution of truck loading is to be determined on a

highway facility, it would be necessary toO make more accurate

loading predictions. Thus, more accurate determinations
could then be made in the thickness of pavement needed. At
today’s construction costs, the savings £from a reduction in
pavement thickness on a multilane facility could be

considerable.

Motivated by concern for protecting pavements from the
effects of heavy loads, Highway Agencies recommend limits on
the weights of truck categories. Changes in truck weight
limits can affect the cost of maintaining the condition of
the highway pavement and safety margins of bridges. Truck
weight changes also affect the number of accidents, highwa:
congestion and traffic operations. These occur as a direct
result of increase Or decrease in the amount of truck traffic

on the highway after weight change legislations.



1.2. Neaed for Raesearch

In order to optimize the planning, design, construction
and maintenance of existing and future highway facilities,
the accurate estimation of truck number and axle load
distribution across multilane highway lanes should be known.
The foregoing background calls for the need to address this

issue.
1.3. Research Objectives

This thesis report details the analysis of traffic data
obtained from a weigh-in-motion (WIM) scale installed on a
four-lane primary highway in central Alberta. Traffic data
collected before and shortly after the implementation of the
recommended changes in vehicle weights by the Road and
Transportation Association of canada [ (RTAC, now the
Transportation Association of Canada (TAC)] in 1988 are used
for the analysis.

A field survey on the lane choice pattern of turning
trucks at an unsignalized intersection 1is also wused tO
discuss lane choice patterns of left-turn truck traffic on

mult ilane highways.

Specific objectives considered in the study are as

foliows:

1. To develop representative lane distribution factors for

trucks in the province from recorded WIM scale data. The



resulting proportions are compared with distribution

factors reported in the literature and in current

practice.

2. To analyze the equivalent single axle 1load (ESAL)
factors generated by truck types in lanes, and also the

seasonal variation in both ESAL factors and loading

trends.

3. To assess changes in truck axle configuration and axle
load distribution after the recommended changes in
vehicle weights and dimensions by the Road and

Transportation Association of Canada (RTAC), in 1988.

4. To evaluate the projected impact of the RTAC vehicle
weight and dimension changes on pavement structure

requirements on major highways in Alberta.

5. To study the operational impact of left-turning trucks
at a particular unsignalized intersection and also

determine the lane choice behavior during the left-turn

maneuver.
1.4. Scope Of Research
In organizing the research project, a number of

activities were defined which dictated the course of action
needed to meet the research objectives. The following, were
taken into consideration to 1imit the research to a

manageable level.



. The study is based on a single site WIM scale located on
a four-lane rural highway near Edmonton. Truck loading
data collection using WIM scales on six or more lane

rural highways in the province has not yet been

established.

. The study utilizes classification of vehicles by Alberta
Transportation and Utilities procedures and 1is
restricted to truck types classified on Alberta's
highway system and their weighed axles. Trucks as
defined in this study include all vehicles of the single
unit, tractor semi~trailer and combination trailer
types. Heavy trucks are considered as tractor

semitrailer combination types of five or more axles.

o The assessment of left-turning rruck traffic behavior
and operations are based on the study of a single
intersection. Data collected during three days of field
survey at the intersection served as the pbasis for the

discussions and conclusions.
1.5. General Organization of Thesis

Chapter 1 gives an introductory overview of the thesis
study. The need for the research and outlined objectives to
meet the needs are given.

in Chapter 2, & review of the l1iterature oIn the

influence of heavy vehicles on the highway is presented.



Reviewed aspects of trucks include lane distribution and the

equivalent single axle load (ESAL) concept. The allowable

weight limits of vehicles as recommended by RTAC in 1988 and

weigh scales are also reviewed. A brief review of truck

operations, particularly at unsignalized intersections is

made. This chapter is intended as a perspective introduction

to the subsequent chapt - dealing with the analysis of truck

lane and axle load distribution.

Data collected automatically on vehicle number, truck
gross weight and axle load at the Leduc WIM site are the

source of data for the analysis in Chapters 3, 4 and 5.

In Chapter 3, presentation of the Leduc WIM scale data
and traffic volumes at the site are analyzed. Two sets of
traffic volume data obtained, one from the year of 1986 and

one from the year of 1989 representing test data prior to and
after the 1988 recommended changes in vehicle weight and
dimensions are used. As a preview to the traffic loading

analysis in Chapter 4, data tables on truck mix, the hourly,

daily and seasonal fluctuations in traffic volumes are

presented.

Chapter 4 documents the gross vehicle weight and axle
load distribution from the WIM scale. Generated eqgquivalent
single axle loads (ESALs) and ESAL factors of truck types are

analyzed by week and season.

In Chapter 5, pavement thickness design analyses using



the analyzed truck axle load distribution and generated ESAL
results from Chapters 2 and 4 are presented. An assessment is
made of the impact of the RTAC truck weight changes on
pavement structural thickness requirements. Truck loading
parameters, with 1986 and 1989 as base years, are projected
for 20 years to determine comparative flexible and rigid
pavement thicknesses. A micro-computer program for designing
concrete pavements, is used in analyzing changes in rigid
pavement thickness (PCA 1985). For flexible pavement
thickness consideration, a full depth asphalt thickness
design using the Asphalt Institute procedure is utilized.

Chapter 6 deals with some operational aspects of left-
turning trucks at a major unsignalized intersection and their
influence on main highway traffic. The lane choice behavior
of left-turning trucks with through traffic flow rates is
assessed. A documentation of the manual survey method used
in this study is discussed in detail.

A general summary, conclusions and recommendations of
the study are presented in Chapter 7. Recommendations for
future research work on vehicle loading which would
contribute to the economic design of pavements, efficient use
of existing highway facilities and improvements in tzruck

operations and safety on roads are made.

The appendices contain sample printout of WIM data and

the output from the rigid pavement computer program, PCAPAV.



CHAPTER 2
HEAVY VEHICLES ON THE HIGHWAY

2.1. Introduction

Truck lane use and gross vehicle weights vary from one
segment oOf righway section or highway jurisdiction to another
across North America. The proportion of truck volume and
gross weights on each lane of multilane highways have impacts
on the deterioration rate of highway pavements, traffic
operations and safety. Pavement deterioration increases with
axle weight and with the repetitive nature of axle loadings
to which the pavement is subjected.

Unequal distribution of truck volume and loading on the
highway lanes results in a significantly different cumulative
traffic loading for each lane of a multilane highway. For
the ?urposes of economic design of highway pavement

thicknesses, the traffic loadings in the lane controlling the

design should be determined and considered.

2.2. Highway Loadings

The service lives of pavements and bridge structures are
largely affected by a variety of factors acting both
independently and in combination. Among the factors, traffic
component has the greatest effect on pavement deterioration.
Traffic characteristics include the total gross vehicle

weight (GVW), axle configuration, weight distribution on



axles, traffic volumes and traffic mix (TRB Special Report
211, 1986, p.159).

Large trucks contribute the greater proportion of
accumulated highway ioadings. There has been an annual
increase in the aumber of large trucks and size of loads
which adds to the increasing deterioration of pavement
facilities (Statistics Canada, 1987). The increasing trend
in truck proportions is due mostly to advances in motor
vehicle technology and the economics of freight
transportation which favour the highway transportation mode.
Trucks have also dominated in the movement of goods because
of the flexibility of trucking and a well maintained and

developed highway network.

The loading impact of truck axles is translated into
equivalent single—axle loads (ESALs). An estimated pavement
thickness toO support cumulative truck loadings is based on
the individual ESAL factors and the occupancy of truck

traffic in the design 1lane during the service life of the

pavement.
2.2.1. ESAL Concept

The concept of an equivalent single—-axle 1oad (ESAL) is
used by pavement engineers to evaluate the effect of changes
in vehicle size and axle weight on pavement deterioration.
Expressions developed from the AASHO Road Test (HRB, 1962)

allow the conversion of projected axle loads from different
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vehicle configurations into eguivalent Loadings.

Conventionally, an 18-kip (80 kN) single axle is 1.0 ESAL.

The ESAL values for other axles express their relative effect

on pavement damage.

Load egquivalence factors vary sharply with the magnitude

of weight, following roughly a fourth-power relationship.

This is illustrated in Figure 2.1. ESAL factors increase
approximately as a function of the ratio of a measured axle
load to the standard 18-kip (80-kN) single axle load to a

fourth power. This can pe expressed as:
F = (.vLi_)q
Ws
where F is the equivalency factor.

Wi is the specific load applied

Ws is the standard axle load

To illustrate the concept, the load egquivalence factor
for a 20-kip single axle is about 1.5 because (20/18)4% 1is
approximately equal to 1.5 on both flexible and rigid
pavements. Thus 100 passes across a pavement by & 20-kip ax:e
would have the same effect on pavement life as 150 passes by
an 18-kip axle.

AASHTO provides separate sets of ESAL vwvalues for
flexible and rigid pavements. The principal difference
between the flexible and rigid pavement ESAL values is that

tandem axles have greater loading effect on rigid pavements
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(see Figure 2.1). For example, a 34-kip tandem axle is about
1.3 ESALs on flexible pavements and about 2.0 ESALs on rigid

pavements.
2.2.1.1. AASHO Egquivalency Factors

The ESAL concept dates back from the statistical
analysis of the American Association of State Highway
Oofficials (AASHO, now AASHTO) Road Test data conducted in the
late 1950's. It was found in these tests that the generated
ESAL is a function of pavement type and of the level of
damage which is described by a present serviceability index
(PSI). The PSI is particularly influenced by the roughness of
the pavement. In the AASHO test sets of ESAL values for
single and tandem axles on both flexible and rigid pavements

were given (HRB 1962) .

In 1986 ti.: Road test results were extended by the
American Association of State Highway and Transportation
Officials (AASHTO) to provide ioad-equivalence factors for
tridem axles on rigid pavements (AASHTO, 19386). The current
AASHTO Guide also presents tables of equivalency factors for
different terminal PSI values. ESAL factors for PSI of 2.0,
2.5, and 3.0 for flexible and rigid pavements as well as

single and tandem axles are given.

The developed relationship between the number of
applications of an 18-kip (80-kN) single axle load (standard

axle) and the number of applications of any axle load, single
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or tandem, to cause the same potential damage can be

determined £from the following simplified equivalency

egquations:
For rigid pavement as:

(L1+L2) 4.62
808,800 (L,) >-?®

Rig =

For flexible pavement:

(L,+L 4.79
RlB — 1 2)

1,334,000 (Ly) %%

in which
R;g = Number of 18-kip single-axle loads equivalent

to the axle load (Li) in guestion;

1, = Nominal axle load (single or tandem), in kips;
and
1, = 1 for single axles, 2 for tandem axles. {HRB
1262)
2.2.1.2. ESAL Estimation at WIM scale

Recent progress in weigh—-in-motion (WIM) technology has
made WIM scales suitable for continuous axle load data
recording and ESAL factor estimation (RTAC 1981; Bergan
1278) . At WIM scale sites, ESAL factors for individual
vehicles are converted from recorded axle loads using the
ESAL versus axle load relaticonships of the AASHO road test or
the relationships proposed by the Asphalt Institute (Haas

1978, p. 161). These expressions are incorporated in the
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scale's computer system which allows an instantaneous
computation and recording of the estimated ESAL. Daily ESAL
repetitions are calculated Dby summing ESAL factors of
individual vehicles. WIM scales categorize grour of axles
passing as single, tandem oOr tridem axles depending on the
detected distance petween the centers of two or three
successive axles. Incorporated equivalency expressions are
automatically applied to axle load groups to decermine the
Esal, factors.

At the Leduc WIM site in central Alberta, the AASHO
equivalency factor expressions for flexible pavements and a
modification of these expressions to account for single and
tandem steering axle weights are used. The expressions used
for the ESAL factor conversion at this scale are given by

Lowe et al. (1983), as follows:

For Single steering axles: Nig (L,/11.5)3:30

For Tandem steering axles: Nis (L/28)3-3°

For Single and Tandem carrying axles:

(L+L2) 4.79

1.334 x 10° x (L) "7

Nig = 3

L, = 1 for single axles and 2 for tandem axles
For Tridem Carrying axles: Nig = (L/47)4-4°

A1l axle weights (L) are expressed in 1bs X 10~3 (kips)
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Mixed Imperial and SI units are presented in the WIM scale

data. ESAL wvalues are presented in terms of 18-kip ESALs
while axle loads and dimensions are 1in tonnes and metres

respectively.

2.3. Highway Loading Studies in Alberta

Previous analyses on truck traffic loading demand in

Alberta have been based on one day detailed surveys of truck
axle weights. Such single day survey data have been examined
by Shields and Wagner (1976, 1978)

and by Christison and
Krumins (1983). The sugfveys are conducted annually Dby
Planning Services, Alberta Transportation and Utilities at
selected sites within the province.

In the 1976 analyses by Shields, truck axle weights
before and after increased load allowances authorized in
August 1974 were examined. The results indicated that the
average ESAL factor of truck traffic increased by about 16
percent immediately after increased load allowances. A
similar analysis on 1977 loading data showed a 78 percent
increase over "before” 1974 loading. A significant shift to

the use of more truck-trailer and combination units in the

traffic stream was observed and reported (Shields and Wagner,

1978) .
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2.4. Lane Distribuvtion Factors

Although many traffic and geometric conditions affect
the lane distribution of trucks to varying degrees, traffic
volume has been reported to be the most significant single
factor in determining which 1ane trucks will travel in. An
increase in traffic volume will tend to decrease the percent
of total trucks using the heaviest traveled truck 1lane

(Darter et al., 1985; PCA, 1984) .
2.4.1. AASHEHTO Distribution Factors

The 1986 AASHTO pavement design guide contains
guidelines on the percent of 18-kip (80-kN) ESAL traffic that
uses the design lane of a highway network. The recommended
values for the lane distribution factors are shown in Table
2.1. As indicated, the AASHTO recommendation suggests that
the proportion of equivalent truck loading in the design lane
depends on the number of lanes on the multilane highway. The
lane distribution factors, range from 100 percent for 2-lane
highways to between 50-75 percent for highways with eight or
more lanes.

Various agencies and highway jurisdictions which have no
detailed information on the distribution pattern of trucks
across lanes in their Jjurisdiction may use the AASHTO
distribution factors. However, the ievel of truck volumes,
puses, and passenger vehicle activities in a particular

region is known to influence these factors.
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2.4.2. NCHRP Report 277 Lane Distribution Factors

In a study undertaken under the MNational Cooperative

Highway Research Program (NCHRP), traffic data from more than

120 locations in six states of the United States were used to

derive expressions on truck lane distribution factors. The

results is reported in NCHRP Report 277, "Portland Cement

Concrete Pavement Evaluation System (COPES)" (Darter et al,

1985) . In this report, predictive equations are developed

for the proportion of trucks in each lane of highway

facilities with four or more lanes. These proportions are

found to be based on the one way traffic volume at a

particular site. The lane distribution equations are stated

from pages 51 and 52 of NCHRP report 277 as follows:

1. Proportion of all one-directional trucks in

outermost right lane

TR = (1.567 - 0.0826 * Ln (one-way ADT) - 0.123658 * LV)

where
LV = 0 if the number of lanes in one direction is 1 or 2
LV = 1 if the number of lanes in one direction is 3 or more
Statistics: R-squared = 0.52
std Dev. = 13.0

n = 129 cases from six states
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2. Proportion of all one-directional trucks in 1lane

adjacent to (to the left of) outermost lane:

TL = (0.520 +0.0772 * Ln (one—way ADT) + 0.0564 * LV)
where
LV = 0 if the number of lanes in one direction is 1 or 2
LV = 1 if the number of lanes in one direction is 3 or more
Statistics: R-squared = 0.47
std. Dev. = 11
n = 129 cases from six states
If there are only two ljanes in one direction, TL is
calculated as 1.00 - TR. Also if there are three Or more

lanes in one direction, the proportion of trucks in the inner
lane (s) is calculated as 1.0 - TR - TL. This proportion
applies to all lanes inside of the outermost twoO lanes

regardless of the number.
2.4.3. PCA Distribution Factors

The Portland Cement Association in its guide for
wThickness design for Concrete Highway and Street pavements"”
has developed a chart representing the percent of trucks in
the right lane of four lane and six lane divided highways
pased on the COPES equations. Figure 2.2 shows the plots of
proportion of right 1lane trucks with Average Daily Traffic

(ADT) £flows (Portland Cement Association, 1984) .
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2.4.4. Other Lane Distribution Factors

Other highway departments in North America developed

distribution factors for the design of pavements. In Texas,
100 percent of truck traffic is assumed in the design lane
for design purposes (Texas Highway Department, 1984) . But the
use of 100 percent truck rraffic allocation to the design
lane is seen to significantly overestimate the actual truck

traffic in the design lane (Cunagin, 1987).

The research report by the Texas Transportation
Institute (TTI), which investigated the lane distribution
factors used for design of pavements for Texas conditions,
finds the COPES equations gquite conservative, yielding truck
distribution factor values which exceeded those observed in
Texas. It is observed in the same report that even with the
fairly wide AASHTO lane distribution factor ranges, 66% of
the locations observed in the Texas studies had design lane

percent values less than the suggested AASHTO minimum value

(Cunagin, 1987).

The variations in truck lane distribution factors of the
reviewed literatures suggest the non-uniformity of
distribution factors from state to state and from provinc«e to
province in canada. Of more important influence to these
differences are local and regional regulations regarding the
iane use of trucks in the various provinces/states. In

Alberta, heavy vehicles may use all the lanes of a multilane
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highway without restrictions. However, for reasons of safety
and efficient operation, truck drivers remain mostly in the
outside right 1lane than any other lane on & multilane
highway. The foregoing differences among various
departments, suggests a strong need for a comprehensive study

to determine the truck lane use pattern in Alberta.

In determining the one-way jane distribution factors,
the influence of pickups, panels and 2-axle, 4-tire trucks
are excluded for both the AASHTO and the NCHRF studies. AS
reported by Cepas (1984) on the analysis of WIM scale data in
Edmonton, over half of the urban truck traffic are of the
two-axle, four-tire truck categories. These truck types
generated 13.7 percent of the total ESALs. This finding is in
keeping with the current publications of the National Truck
Characteristics Report, which shows that two-axle, four tire
trucks comprise between 40% tO 65% of the total number of
trucks with a national average of 49% but contribute less
than 10% of the total ESAL generated by trucks (U.S.

Department of Transportation, 1981) .
2.5. Truck Weight Raegulations

Truck Weight limits are recommended by highway agencies
as a trade-off Dbetween the costs to build and maintain
highways and the costs to transport goods Dby trucks. They
also have implications for highway safety, rraffic flow and

nighway finance. Weight limits are periodically revised to
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allow for improvements in highway design and vehicle
performance.

Truck weight regulatory policies are developed based on

a Federal Bridge Formula in the United States. The formula

was derived from assumptions about the extent to which legal
vehicles should be allowed to cause stresses that exceed the

stresses assumed in bridge design (U.S. Secretary of

Commerce, 1964; AASHTO 1983) . The bridge formula is given

as:
W = 500 [LN/(N - 1) + 12N + 36]

where W is maximum weight in pounds carried on any gJgroup

of two or more axles

I, is distance in feet between extremes of any gyroup of
two or more consecutive axles, and

N is number of axles under consideration.

Specifically, this formula was designed to avoid
overstressing HS-20 bridges by more than 5 percent and H-15
bridges by more than 30 percent. HS-20 is the minimum design
1oad recommended by AASHTO for Interstate highways and 1is
based on a 72,000-1b hypothetical vehicle with 8,000-1b axle
and two 32,000-1b axles. An H-15 bridge is designed for a

much lighter load (a hypothetical 30,000-1b vehicle with a

6,000-1b axle and a 24,000-1b axle) .
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2.5.1. canadian (RTAC) Recommendations

In February 1988 the canadian Council of Ministers of
Transportation and Highway Safety under the Roads and
Transportation Association of Canada (RTAC) recommended a
common set of truck weight and dimension 1limits on highway
pavement in Canada (RTAC, 1988). An important feature of the
Canadian weight recommendations 1is the absence of an explicit
pbridge formula.

These 1limits were aimed at improving highway safety,
protecting highway pavements against the destructive action
of different axle configurations on pavements, and ensuring
uniform inter-provincial trucking regulations. The
recommendations suggested the use of four heavy truck
configuration types whose axle arrangements ensure maximum
freight loads with corresponding minimal destructive strains
on pavements. The recommendations were adopted from results
of studies undertaken on the impact of truck axle group and
configuration spacing on pavement damage which revealed the
need for an optimal axle group spacing to reduce pavement
damage (Canroad Transportation Research Corporation, 1986;
RTAC, 1987, Nix et al. 1987).

The recommendations agreed to on February 12, 1988 by
RTAC sought to make uniform the dimensions cf trailers, the
limits of axle lcads and gross vehicle weights (GVW) within
the provinces. Oother regulated aspects of trucks which were

touched upon included the maximum spread of axles, inter-axle



spacings, drawbar lengths, overhangs, etc. The summary in

Taple 2.4 and Figures 2.3 - 2.6 show an overview of the RTAC

maximum allowable weight 1imits on front steering, single
carrying, tandem and tridem axles. These values show changes

in previous standards established and is reported to be

justified in terms of net accrued benefits; that is in terms

of trucking productivity benefits less increased road and

bridge costs (Fredericks, 1989; Neal A.I. et al., 1989; Nix

1988) .

For the sake of uniformity in weights and inter-
provincial trucking efficiency, RTAC also reviewed the gross

combination weights of trucks and defined four broad truck

categories. Table 2.5 shows gross weight limits of RTAC
recommended trucks. It is of interest to note that Alberta,
British Columbia and Saskatchewan adopted a prior
recommendation of the RTAC council of Ministers of
Transportation and highway safety which allowed for a maximum
of 25.0 meters overall vehicle length and 16.2 semi-trailer
lengths as opposed to the later RTAC standards of 23.0 meters
and 14.65 meters respectively (RTAC, 1988) .

The recommendations resulted in a general increase of
gross truck weights. The study by Nix reported an average

increase of 10 tonnes on gross vehicle weight over the pre-

RTAC weight limits across canada (Nix, 1988).
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2.5.2. Pre—-RTAC Weight Limits

Before the RTAC regulations in 1988, provincial
jurisdictions in Canada set axle load limits arbitrarily with
1ittle reference toO the economic trucking of goods between
provinces. Each province established its axle load limits
pased on the need to maintain a reasonable Jlevel of
serviceability on its road network and the available funds
for annual rehabilitation and maintenance programs. This
resulted in inconsistent axle load limits across
jurisdictional boundaries. The 1986 study conducted by Nix
et al. on vehicle weight and dimensions regulations across
the provinces highlighted the variation which existed before
the RTAC regulat.ions (Nix, 1987). Aan overview of the then

existing limits on truck weight and dimension is given in

Table 2.3.

The liberal regulations of some provinces led to the
operation of different vehicle configurations that were not
entirely desirable from the viewpoint of vehicle stability
and handling. Other factors were the adverse effect of axle
group loadings on pavement performance as the provinces
differed in highway construction standards and the different
tractor and trailer lengths which influenced the interaction
petween the truck and roadway geometrics.

These factors led to the series of studies which

resulted in the RTAC recommending truck weight and dimension



regulations for all the 10 provinces and 2 territories in
1988.
2.5.2.1. Limits in Alberta

Before the interprovincial regulations, weight limit

enforcement in Alberta was based on the authorized 1load

increases of 19%974. The allowable legal maximum gross vehicle

weight was increased from 72-kips tO 80-kips in 1974. The

"optimal™ truck configuration according to Nix et al., was

the 7-axle double with two trailers. "Optimal"” means the

largest truck allowed under the regulations. The 7-axle
double truck type had a weigh out limit of 53.5 tonnes with
trailers which measured up to 2 % 8.5 m but could be heavier
or longer on some highways by special permit. This dimensions

gave a maximum cube of 115 m3 when larger combinations and

special permit requirements are ignored.

2.5.3. RTAC Standard Trucks

To allow the trucking industry to acquire and operate
trucks through all provincial jurisdictions, four standard
configurations of +«ractor trailers were recommended by RTAC
in 1988. The four categories of crucks are:

category 1 : Tractor Semitrailer

Category

..

A-Train double

2
Category 3

B—-Train double

¥ o9

Category C-Train double
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2.5.3.1. Tractor Semitrailer

The research program sponsored by RTAC demonstrated that
the tractor semitrailer truck type is the most inherently
stable vehicle configuration of the four types studied.
Before the proposed regulations, it has served as the
predominant vehicle type used in interprovincial carriage
pecause of its high productivity and flexibility. The
elements of the configuration which were proposed for
regulatory control a':ii the proposed weight limits are
summarized in Table 2.4, 2.5 and Figure 2.3. The proposed
regulatory principles and 1imits were intended to encourage
the continued use of this configuration, within the bounds of

acceptable stability performance and infrastructure impacts.
2.5.3.2. A-Train Double Configurations

Figure 2.4 illustrates the A-train double configuration
and their recommended dimensions and weight limits. The RTAC
study showed this truck configuration to have potentially
serious performance 1imitations, particularly with respect to
the "Dynamic Load Transfer Ratio" and the vTransient High

Speed offtracking™ compared to the other types.
2.5.3.3. B-Train Double Configurations

The B-Train double configuration has been shown to be
the most stable of the recommended double trailer

configurations. It has a capacity to accommodate further
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increases in both size and allowable weights without unduly

compromising its desirable performance (RTAC, 1987). Figure

2.5 and table 2.5 show elements of this truck configuration

ard the weight limits proposed.
2.5.3.4. C-Train Double Configurations

The C-train double differs from the A-Train by its
double drawbar connections between trailers. It also

demonstrates superior stability performance toO the A-Train
and overcomes some oOf the operational difficulties of the B-

Train. Elements of pxroposed configuration for this truck

type is shown in Figure 2.6.

2.6. Weigh Scales

Information on truck volumes and the loading nature of

trucks on the highway are required for accurate assessment of

the number of repetitive destructive loading that a designed
pavement thickness can withstand.

Volume and weight data can pe obtained by means of
static weigh scales or weigh-in-motion scales. As their names
imply, static weigh scales require that vehicles are weighed
while at rest but weigh in motion scales can gather

information on trucks while moving at highway speeds.

2.6.1. Static Weigh Scales

Axle load data on the highway pavement are evaluated by

sampling heavy trucks using Static weigh scales. Weighing
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trucks by static means requires the measuring of individual
truck axles or axle group weights with portable weighing
machines while the trucks are motionless. The set up of
these scales requires the interfering of the flow of truck
traffic and delay to truck operations since trucks are
stopped and weighed. Sstatic weigh scales also provide a
1imited amount of axle-load information because during the
time that a truck is being weighed, other trucks would have
to bypass the scale or gueue up ©on the highway shouldexr to
wait their turn of being weighed. The development of wWeigh-
in-Motion {WIM) scales has provided the necessary technology
for obtaining continuous axle load data without interfering
with tne traffic flow, thus eliminating the shortcomings of

static weigh scales.
2.6.2. Weigh-in-Motion Scales

By definition, and by common usage, the term weight
meq” rhat only gravitational force is acting on an object at
rest. In-motion weighing of a highway vehicle attempts to
approximate the gross weight of the vehicle or the portion of
the weight carried by a wheel, an axle, or a group of axles
on the vehicle by measuring instantaneously, Or during a
short period of +ime, the vertical component of dynamic
(continually changing) force that is applied to a smooth,
level road surface by the tires of the moving vehicle. The
weigh-in-motion scale include a microprocessor—based scale

system consisting of vehicle detectors and weight sensors



28

embedded in the roadway width, with an electronics package

located in a nearby interface box and a computer located iIn a

static scale house.

WIM scales record axle load, vehicle speed and time of

day at usual highway operation speeds. By interfacing the

scale with a processing computer, the recorded loads of

individual truck axles or axle assemblies are condensed and

the eqguivalent single—-axle load (ESAL) factors including

traffic volumes of each vehicle class are compiled.

The egquivalent single-axle load (ESRL) factors for the
vahicle types are converted using the eguivalency expressions

incorporated in the computer system (Lowe and Bergan, 1983) .

When weigh-in-motion scales are set up across all lanes
of a multilane highway, vehicles are automatically classified
and weighed in the individual lanes as they pass over the
scale. The classification relies on the number of axles and

axle configuration on each vehicle.

WIM scale installations reduce delay and unsafe queues
on highway shoulders caused by permanent static weigh
stations. As reported by Bergan et al., 1981, dynamic truck

+ .
weights at WIM scales are recorded within _5% of static weigh

measurements at reasonable highway speeds.
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2.6.3. Data Tables from WIM Scale

Wwhen vehicles passing over +he WIM scale trigger the
embedded rraffic 1loops in the right order, the following

information on each vehicle is condensed and recorded:

- the number of vehicles and 18-kips ESAL by day of week

— the average axle weights (in tonnes) by vehicle types

- Weight distribution (in tonnes) and average 18-kips
ESAL by vehicle type.

- car and single unit truck volumes by hour and day of
week

- 5 axle semitrailers and other truck volumes by hour
and day of week

- Numbers of truck axles by weight (tonnes)

- Traffic volumes by speed range

- Average axle spacing (meters) by vehicle tyve

vehicles wandering from a lane, travelling in excess of
192 kph, or failing to trigger one of the traffic loops are

recorded as "missed vehicles".

The date, time and duration of power fajilures are
registered which allow for adjustments reflecting the missing
periods of data acquisition to be made. Appendix A shows a

typical weekly printout from the Leduc WIM scale site for two

weeks in 1989.
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2.7. « Vehicle Classification

Vehicles in a ctraffic stream have varying
characteristics which include their dimensions, visibility,
maneuverability, acceleration, deceleration, braking, hill
climbing, steering and cornering characteristics. These
characteristics in one way Or the other affect the operations
and safety of the road network. Other characteristics of
heavy vehicles such as the tire type, tire pressure: tire

~ontact, tire configuration, axle configuration and axle
g

static loads affects the performance of the pavement

structure.

The classification of trucks is based mainly on tire and
axle configuration, number of axles and the type and number

of trailer units pulled by the tractor.
2.7.1. Classification at WIM scale Site

vehicle classifications at the Leduc WIM site are
defined on the basis of the weight of the second axle and the
number of axles on each vehicle. The criteria for classifying
vehicles is 3hown in Table 2.2. The system classifies
vehicles into 19 classes based on the number of axles, axle
configuration and the body type of each vehicie. Single unit
and semi-trailer combination trucks which have greater

deterioration effect on pavement structures are classified as

of types 3 to 19. The analysis of truck traffic parameters in
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the research 1is pased on vehicle categories falling within

types 3 to 19 group.

The proposed RTAC truck configurations relates closely
to heavy truck categories, described as types 9 through 19

at the Leduc WIM scale site in Alberta.
2.8. Load Assessment in Design Methords

All design procedures do not use the accumulated ESALs
expected during the design 1life of a highway as their load
input data. Procedures such as those of the Portland Cement
association (PCA) for portland cement rigid pavements design
use as the traffic load input the expected axle load
distribution of £rucks using the highway. The Asphalt
Institute (AI), the AASHTO design method, the RTAC pavement
design method, CBR method of pavement design etc. use the
ESAL concept for design. The damage relationship of loads on
the pavement using these design methods indicate the power

function of load on the effect on pavement wear.

Since trucks contribute the major proportion of total
ESAL on highway segments, it is of importance to assessS the
proportionate magnitude of ESAL using each lane of a

multilane highway for pavement design purposes.

In sum, extensive trucking activity and higher loading
due to weight changes results in increased wear of existing

pavements and bridge structures. There is also an associated
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increased maintenance costs and increased costs of new

construction due to higher design standards required for

increased pavement loadings.
2.9. Design Applications

Both flexible and rigid pavement design methods require

the proportion of heavy vehicles using the design lane as
input. For most highway pavement design applications the
design lane is taken as the outside curb lane. Some agencies
assign 100 percent of the one directional traffic including
truck traffic volume to the design lane whereas other

agencies have developed lane distribution factors for

multilane facilities.
2.10. Operation Impacts

Lane choice of various classes of vehicles on a multi-
lane highway facility vary considerably. The distribution
depends on drivers' behavior in a region and regulations
regarding lane use by heavy vehicles as well as the level of
congestion of a lane and the condition of the roadway. Heavy
vehicle categories in a lane have a direct impact on the
traffic density on the travelled highway section. Trucks have
low cruising speeds and their ability to climb steep grades
are much lower than passenger cars. In the absence of
climbing 1lanes oOr exclusive truck lanes for slow moving

trucks the guality of traffic flow (level of service) is

affected in the lanes used by the trucks. The effect of each
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truck on the traffic stream is measured in terms of passenger
car equivalents. (HCM, 1985)

In situations where trucks are restricted from using
the far left lanes oOr the median lanes on multilane highways,
except for passing and/or overtaking, the number and
proportion of trucks on the shoulder lane could exceed
allowable limits. The shoulder lanes may be blocked while
traffic in the left lanes may experience free flowing
conditions, thus affecting the quality of service of the

outside lane and the highway system in general.
2.10.1. Operations At Intersections

Large truck configurations have a substantial effect on
traffic operations at intersections. Double trailer truck
types are known to require additional time to complete right
and left turning maneuvers (TRB SR 211, 1986) . There 1is also
an increased rate of encroachment over pavement edgelines and
adjacent lanes for long trucks compared to other truck types
because of offtracking or lateral displacement of the rxear
portion of the trailer (TRB 1986; DeCabooter et al, 1989). On
narrow roads, this encroachment results in changes in the
operations of oncoming vehicles.

Design elements of at-—grade intersections such as sight
distance, channelization, capacity and turning radius
considered in intersection design, is essentially governed by
traffic volume and vehicle characteristics. Selecting a

design vehicle for intersection design is based on the
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anticipated frequency of larger truck units using the

intersection. Vehicle type composition and the selection of

the largest vehicle to be accommodated is sometimes assumed.

The significant impact of vehicle type on traffic operations

and the design of intersections is important for

establishing appropriate design parameters (AASHTO, 1984).

2.10.2. Left-Turning Truck Lane Choice

Several research projects have been conducted to study
traffic characteristics at at-grade intersections. Most of
this research has been limited to the consideration of
intersection flow patterns under different roadway and
traffic conditions, vehicular delay and speed-change
performance, time intervals accepted by drivers when crossing
another traffic stream, and vehicular turning movements (TRB,
1985) . However, truck lane choice and lane changes on
turning has received little attention in these studies.
Solberg and Oppenlander (1965) have provided data on the gap
and lag acceptance for minor street vehicles entering or
crossing main street traffic streams from stopped position.
Wagner (1965), in dealing with gap and lag acceptance, also
investigated the effects of certain factors on driver
decisions. These factors included vehicle type, pressure of
traffic demand, direction of movements through the
intersection, sequence of gap formation, and conditions on
the opposing side~street approach. He found that the traffic

factors which significantly influenced driver decisions were
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the pressure oOf traffic demand, direction of traffic movement
during periods of heavy demand and seguence of gap formation
during periods of heavy demand. Noblitt (1959) dealt with
gaps required by left-turning truck combinations and found
that trucks required 1.4 to 1.8 times as large as the

required gaps for cars in turning.
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2.1

Lane Distribution Factors

(AASHTO GUIDE,

Number of lanes in

each direction

Percent of 18-kip ESAL

traffic in design lane

1986)
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1 100
2 80-100
3 60-80
4 or more 50-75
Tabla 2.3
variations in PRE-RTAC Truck Weight and Dimension
Limits across Provinces
(Nix 1987)
Provincial limits
Height 4,2 - 4.5 m
Wwidth 2.6 - 3.05 m
Length - semitrailers 13.5% m - no restriction
- tractor-semi 20.0 - 23.0m
- doubles 21.0 -~ 24.4 m
AXLE LOADS
- front, steering axles 5.5 - 9.1 t
- Single axles (dual tires) 8.1 - 10.0 t
- Tandem axles 16.0 - 20.0 ¢
- Tridem axles 27.0 - 30.0 t
GVWs - tractor-semi 37.5 - 63.5 &
- doubles 50.0 - 63.5 t



Classification of Vehicles

TABLE 2.2

(Alberta Transportat ion)

CLASS DESCRIPTION
1 2 Axle vehicles
@ 2nd axle < 2000
2 3 or more axles
a !Q GJ} 2nd axle< 2000kg
3 2 axle single
é I units
4 3 axle single

é; units

5 3 axle single
65-;9 and trailer
6 3 axle undefined
7 4 axle single &
@Q trailer: semi
8 4 axle undefined
9 5 axle single &

@g:;g trailer; semi
O

AXLE

SPACINGS

1i-2 > 2.0 m

2-3 < 2.0 m

1-2 > 2.0 m

1-2 >
2-3 >
3-4 <

1-2 >
2-3 <

)]

o O ©

)

3
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For Weigh-in-motion Scales

DOMINANT
VEHICLE(S)
Passengex

Cars

Psgr Cars

+ trailer

280

3s0

250-1
251

250-2
2s2

3s1

3s2



10 5 axle semi and
trailer

i1 5 axle undefined

12 6 axl sgl & trlrc

oo

13 6 axle z=mi and

trailer

Ak

[o)
-3

7 axle single &
trailer,semi and

trailer

o= e | W—

15 7 axle semi and

trailer

E#a! l! ‘-’

Bow N
|
KN

vV V V V A

v AV

v

A

v V V AV

AV A VY AV

vV V AV AV

NN

NN N N
o o o © o
3

[}
.
o o ©o o o ©

3 3 3 8 8 3

5 8 38

3

1:1:1:1:1

1:2:1:2

1:2:1:1:1

1:2:2:2

1:2:2:1:1

281-2

350-3

381-2

350-4
352-2

3582-2
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16 7 axle semi and
2 trailers

@LS—T;‘\[Q OL[; J

- o

17 8 axle semi and

2 trailers

18 8 axle semi and

1 trailer

%

19

-2 >2.0m 1:1:1:1:1:1:1 281-2-2
-3 > 2.0 m
-4 > 2.0m
-5 > 2.0m
5-6 > 2.0 m
6-7 > 2.0 m
-2 >2.0m 1:2:1:1:1:1:1 3s1-2-2
2-3<2.0m
-4 > .0m
-5 > m
- > - m
6-7 > m
-8 >2.0m
1-2 > m 1: 2: 2: 1: 2 3s2-3
2-3 < m
3-4 > m
&-5 < m
5-6 > m
6-7 > 2.0 m
7-8 < m

all 6; 7; 8 undefined axle

vehicles together with vehicles

having 9 or more axles

39



Table 2.4
1988 RTAC Recommended Maximum Weights
on Axles (RTAC 1988)

AXLE TYPE MAXIMUM WEIGHT ALLOWED
(tonnes) (kips) .
Steering Axle 5.5 13.2
single axle ( Dual tires) 9.1 21.9
Tandem axles 17.0 40 .8
variable with spread

2.4m - 3.0m 21.0 50.5

Tridem axles 3.0m - 3.6m 23.0 55.3
3.6 m - 3.7 m 24.90 57.7

Table 2.5
RTAC GROSS TRUCK WEIGHT LIMITS (RTAC 1988)

MAX. ALLOWRRLE VN

TRUCK TYPE {(tonnes) (kips)
Tractor Semi-trailer

—--5 axle trucks 39.5 94.9

—-6 axle trucks 46.5 111.7
A-Train double 53.5 128.4
B-Train double 62.5 150.0
Cc-Train double 53.5 128.4
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Box Length .
] (53° — 16.15 m max) |
Effective Rear Overhang Kingpin Setback — \
; (0.35 X wheelbase} 1.5 m {max.}
- Wheelbase
9.5¢t0 125 m
L ‘ Tractor %
| t 1 Axle Spacing -l
3.0 m {min.)
Axle Spread Axle Spread
Tandem 1.2-18m
1.2-18m
Tridem Tractor Wheelbase 6.2 m {max.)
2.4-37m
Tractor Semi-trailer
WRIGHTS
Axle Loads:
Steering Axle Yes 5500 kg
gingle Axle
(dual tires) Yes

Tendem Axle
Tendem Drive

Max

Max 9100 kg
Max

Tandem Trailer

17000 kg

Max 17000 kg
Tridem Axle Yes
Spread 2.4 m - legs than 3.0 m Max 21000 kg
Spread 3.0 m - less than 3.6 m Max 23000 kg
Spread36mto37m Max 24000 kg
Interaxle Spacings:
Single - Tandem Yes Min 3 m
Tandem - Tandem Yes Min S5 @
Tandem - Tridem Yes Min 5.5 m
Gross Combination Weight Yes
Sum of Axle Loads (5 Axles) Max 39500 kg
Sum of Axle Loads (6 Axles) Max 46500 kg

Figure 2.3 Interprovincial 1imits for tractor-

semitrailer Trucks (modified from RTAC 1988)
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. Box Length
ad
I {18.5 m max.) 1
Kingpin Setback
Hitch Offset 1.5 m (max)) .
- Wheelbase . Y N Wheelbase . ;
[ 6.5 m (min.} 1 _ b 6.5 m (min.) | I

J i

' l . A l ‘ Interaxle ! l Tractor
Spacing Axle Spacing
3.0 m (min.) 3.0 m (min.)
Axle Spread Axle Spread Axle Spread
1.2-18m 12-18m 1.2-18m
Hitch Offset 1.8 m (max.}

Drawbar Length 2.4 m (max.)
Tractor Wheelbase 6.2 m (max.}

Overall Length 25 m (max.)

A-Train
WERIGHTS
Axle Loads:
Steering A:-le Yes Max 5500 kg
Single Axle Yes Max 9100 kg
Tandem Axle Yes Max 17000 kg
Sum of Axle Loads Second Trailer Max 16000 kg
Interaxle Spacings: )
Single - Single Yes H:.n 3 m
Single - Tandem Yes H.}n 3 m
Tandem - Tandem Yes Min 5 m
Gross Combination Weight Yes Max 53500 kg

Figure 2.4 Interprovincial 1imits for A-train Double

Trucks (modified from RTAC 1988)
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Box Length .
| {20 m max.) ‘
Kingpin Setback
1.5 m (max.)
. Wheelbase . . Wheelbase
I 6.25 m (min.) | [ 6.25 m (min)
3 h ! . &
L L Trailer Axle Spacing L Axle J Trailer Axle Spacing ‘A | Tractor !
= 5.5 m {min.} P Spread 5.5 m (min.} > T Axle Spacing |
2.4-30m 3.0 m (min.)
Axle Spread Axle Spread
1.2-18m 1.2-18m

Tractor Wheelbase 6.2 m (max.)
Overall Length 25 m (max.)

B-Train
WRIGHTS
Axle Loads:
Steering Axle Yes Max 5500 kg
Single Axle Yes
{(dual tires) Max 9100 kg
Tandem Axle Yes Max 17000 kg
Tridem Axle Yes
Spread 2.4 m to less than 3.0 m Max 21000 kg
Spread 3.0 © Max 23000 kg
Interaxle Spacings:
Single - Single Yes Min 3 m
Single -~ Tandem Yes Min 3 m
Tandem -~ Tandem Yes Min S m
Tandem - Tridem Yes Min 5.5 m
Cross Cambination Weight Yes Max 62500 kg
Sum of Axle Loads (7 Axles) Max 56500 kg
Sum of Axle Loads (8 Axles) Max 62500 kg

Figure 2.5 Interprovincial limits for B-train Double

trucks {(modified from RTAC 1988)
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(18.5 m max.)

Wheelbase

KHiuh Offset

| Il 6.5 m {min.)

Kingpin Setback
1.5 m {max.}

Wheelbase

6.5 m (min.}

Y
el

Z,

|
= Spacing
3.0 m {min.)

Tractor
Axle Spacing
3.0 m (min.)
Axle Spread

xle Spread Axle Spread
1.2-18m 1.2-18m 12-18m
Hitch Offset 1.8 m (max.) Drawbar Length 2.4 m (max.)
Tractor Wheelbase 6.2 m (max.) Overall Length 25 m {max.)
C-Train
WEIGHTS
Axle Loads:
Steering Axle Yes Max 5500 kg
Single Axle Yes Max 9100 kg
Tandem Axle Yes Max 17000 kg
Sun of Axle Loads Second Trailer Max 16000 kg ¥
Interaxle Spacings: .
Single - Single Yes Mm 3 m
Single - Tandem Yes M.Ln Im
Tandem - T Yes Min 5 m
Groas Combination Weight Yes

(%) Subject to review upon implementation of

B Converter Dollies

Figure 2.6

Inter

Max 53500 kg ¥

compliance standard for

provincial Limits for C-train Double

Trucks ( modified from RTAC 1988)
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CHAPTER 3
PRESENTATION AND VOLUME ANALYSIS OF WIM DATA

3.1. Introduction

The most common means of obtaining information on truck
weights has been through the use of static weigh scales.
These could be portable loadomeicers or permanent weight scale
sites which are set up at strategic locations on the highway
to assess sample weights of trucks. The shortcomings cf this
data collection approach are the lack of adequate axle load
information on all vehicle types and the high labor and delay
costs involved. With the development of the dynamic weigh-in-
motion scale, continuous axle load data on vehicles can be
obtained without interfering with the traffic flow on a
highway section. One of such scales, set up on Highway 2

south of Leduc has provided traffic data since 1982.

Selected traffic data collected by Alberta
Transportation and Utilities from the Leduc Weigh-In-Motion
(WIM) scale site is presented in this chapter. The data are
weekly compiled craffic volumes, equivalent single axle loads
(ESALs) in lanes and ESAL factors by classed trucks in 1986
and 1989. Hourly, daily and seasonal variations in truck
traffic parameters and the distribution of truck volumes in
lanes including generated loads of axles are also analyzed.

The analysis is intended to give an insight 4into the
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characterization of trucking activities in terms of

equivalent single-axle loads (ESALs) on the particular rural

multilane highway before and after changes in motor vehicle

legislation in Alberta.

3.2. Data Source

Data presented in this chapter and for discussions in
subsequent chapters were gathered from the Leduc WIM test
site. Continuous data from this scale were obtained from the
Alberta Transportation and Utilities between April and
December 1986, and for all of 1989. Analysis of the weekly

data showed approximately one-third of the total weeks had

some data missing for various reasons.

3.2.1. The Leduc WIM Scale

The Leduc weigh-in-motion scale system was installed on
the northbound lanes of section 2:30 of Highway 2 in 1982.
This highway is a primary four-lane highway linking Edmonton
and Calgary. The scale which was manufactured by the
International Road Dynamics (IRD) is intended to provide data
on vehicle classification, axle and gross vehicle weights and
vehicle speeds. Traffic data from the scale is stored in
computer files which are transmitted to departmental offices

of Alberta Transportation and Utilities in Edmonton.

Figure 3.1 shows a schematic diagram of the WIM scale

site in relation to the city of Edmonton. The scale system is
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said to offer high speed data collection and pre-screening
capabilities to an accuracy comparable to static weighing
scales. On the southbound approach lanes, a sorter scale has
peen established to pre-screen trucks reporting for mandatory
weight checks and to measure truck weights as they enter a

static weigh scale ramp.
3.2.2. Format of WIM Scale Data

Each week's compiled traffic data include a summary of
the following statistics:
1. Number of vehicles and ESALs by day of week in lane 1

(outside lane) and lane 2 (inside Lane) .

2. Average axle weights in tonnes by vehicle type.

3. Car and Single Unit Truck volumes by hour and day of
Week.

4., Five-axle Semi's and other Truck Volumes by hour and day
of week.

5. Traffic volumes by speed range.

6. Numbers of Truck axles by Weight (tonnes).

7. Weight Distribution in tonnes and Average ESAL by type.

8. Average axle spaci®sd 2n meters by Vehicle Type.

A summary is also provided listing times and days when power
interruptions occur.

All vehicles passing the scale are weighed with the
exception of those failing to trigger the loops of the scale

or those missing the scale entirely.
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Appendix A shows a typical sample printout of two weeks

collected data in May 1989.

3.3. Data Reduction

As part of this research, the data obtained was reduced
to a suitable format for analysis by the use of Lotus 1-2-3
and Microsoft Excel computer spreadsheet programs. In all, 48
weeks of data were compiled for 1989 and 34 weeks for 1986.
Data for the period between January and March of 1986 could
not be obtained. The data values for this period weare
therefore obtained by extrapolation using the average annual
weekly volumes calculated from the available data.

It was noted that about 27 weeks of all data collected
‘during 1986 and 1989 had missing data for some days within
the week. Possible explanation for such missing data could be
malfunctioning of the scale due to power surges, failure of
the scale's heating system in winter, and various technical
reasons. Such data were corrected by eliminating the missing
days and calculating the weekly values pbased on the available
full days data.

Weekly statistics on the proportion of vehicles missed
by the scale and periods of scale malfunctioning wese used to

make corrections in the data.
3.3.1. Proporticon of Traffic Waighed

on average 75 pexcent of the one directional traffic are

weighed by the scale. Vehicles are recorded as missed when
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the scale's weighing loops are triggered incorrectly, or an
offscale detector is hit or when the scale is entirely
missed.

A higher proportion of missed vehicles are recorded in
the inside lane (31 percent of inside lane traffic) than the

outside lane (24 percent of outside lane traffic).
3.3.2. pata Correction

The raw data were corrected for missed vehicles during
short periods of scale malfunctioning vy the use of
cumulative distribution plots of the hourly volumes of trucks

(Figure 3.2} :

The use of Figure 3.2 for correcting raw data 1is
illustrated by the following example. Truck volume count at
the WIM site on a Monday in July was recorded as 506 trucks
for the day. The summary statistics from the weekly printout
showed that the scale was out of operation between 12:00
midnight and Qa:00 A.M. Using the cumulative distribution
chart, for a typical summer day. 20.2 percent of the daily
trucks would Dbe missed during this period. The corrected

daily truck volume is therefore obtained as

paily Truck Volume = 506/ (1-0.202)

630

Such corrections and similar ones were applied to ESAL

values and used in the analysis.
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3.4. Seasonal Groupings

For the seasonal analysis of traffic volumes and
loadings, the data were grouped into three main arbitrary

periods. The seasonal groupings are summarized as follows:

S Lot
November to February Winter traffic
March to May spring traffic
June to October summer traffic

Thesze limits de not coincide with conventional seasonal
limits. They have been defined here on the basis of changes

in traffic parameters as observed from the analyzed data.

3.5. Vvehicle Classification

The vehicle classification system adopted at the WIM
site distinguishes 19 vehicles on the basis of axle number
and spacing, and a consideration of the weight of the second
axle. Light Vehicles including li.ght vehicles with trailers
are classed as types 1 and 2. Two-axle six-tired to four-
axle single unit trucks are classed between types 3 and 8.
Five—axle semi's and trailer combination trucks are of types
9 to 19. The criteria for wvehicle classification has Dbeen

presented in Chapter 2, Table 2.2.
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3.5.1. Truck GzIoups

Seventeen (17) truck types are classed by the scale.
They have been grouped into two wide categories as light and
heavy trucks for load analysis purposes. Trucks categorized
as type 3 to 8 (2 axle single unit to four axle trucks) are
classed light trucks and trucks with more than five axles

(types 9 to 19) are referred to as heavy trucks.
3.6. Volume BAnalysis

The analysis of both 1986 and 1989 data are considered
in parallel. Data from these two years provide a pasis for
assessing changes in truck loading after the RTAC truck

weight limit recommendations and proposed standard trucks.

3.6.1. “verage Daily Traffic

The one directional Average Annual Daily Traffic (AADT)
pased on 34 weeks data in 1986 was 6,500 vehicle per day
(13,000 wveh/day in both directions assuming an equal

directional split) .

In 1989, the AADT for the 48 week data collected was

14, 600 veh/day in both northbound and southbound lanes.



54
3.6.2. Composition of Truck Traffic

The daily mix of trucks vary from 8.5 to 23 percent of

dailv traffic in the lanes. On average 11.8 percent of daily

northbound lane traffic were trucks in 1989.

Trucks made up 10 percent of 1986 weighed traffic.

Average daily truck traffic volumes were 1300 and 1720 trucks

in 1986 and 1989 respectively. This translates into a 3Z
percent increase in ADTT within the analyzed periods.

In the analysis of general traffic volumes, vehicles
which were nct weighed or classified because they missed the
scale were accounted for. Missed traffic are not classified

by type therefore the proportion of trucks missed could not

be determined and were not considered in truck analysis.

3.6.3. Truck Mix

The proportion of truck types in the traffic stream is
shown in Figure 3.3. The predominant truck type is the five-
axle semi and trailer truck which is classed at the scale
site as type 9 trucks. The five-axle semi trucks make up
about 40 percent of all weighed trucks. Heavy trucks

represent 70 percent of all trucks weighed in 1989.

3.6.4. Hourly Peaking Patterns

Considering the hourly flow of traffic, over 85 percent
of daily traffic £flow occur between 6 a.m. and 8 p.m.

Recorded mean peak hour traffic is 8.4 percent of the daily
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traffic. Peaking periods vary with the day of the week.
Weekday peaking hours generally occur between 5 p.mm and 6
p.m. Weekend traffic peaks much earlier in the afternoons
than weekday traffic.

Flow patterns for +ruck traffic is more uniform during
the day than it is for general vehicular traffic. On
average, about 68 percent of truck volumes are recorded
between 6 a.m and 8 p.m. Truck flows between 12:00 noon and 7
p.m accounts for over 40 percent of the daily total truck
traffic. There is a peak hour flow for trucks which occurs

around 12 noon with an hourly peaking factor of 6 percent.
3.6.5. Daily and Weekly variation

- .mer truck traffic activities occur during weekdays
(from Monday to Friday) than weekends . Figure 3.4 and Figure
3.5 shows average number of trucks by the week day. Truck

activities peak by mid-week .

Average daily truck volumes for each week is shown for
both 1986 and 1989 in Figure 3.6. Truck volume data for weeks

which showed abnormally low values due to system failures are

excluded.
3.6.6. Sgasonal Variation

Analysis of the weekly truck volumes (Figure 3.6) shows
interesting information regarding truck volume changes within

the year. The observed trend is that of lower daily truck
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volumes in the winter months which increases through s»ring

to a peak in the summer months. The seasonal averages for
truck and general traffic volumes within each season are

tapulated in Table 3.1. Seasonal average ESALs and ESAL

factors are also shown. Low traffic and truck volumes during

winter period is attributed more to bad weather conditions

and holidays than any other cause.

3.7. Conclusions

The Leduc Weigh—In-Motion scale set up on highway 2 and
the data tables from the scale are described. Two years
rraffic volume data from this scale site have been discussed.
About twenty-five percent of traffic is recorded as missed
traffic by the scale. This occurs through wrong activation of
the weight sensors. Major findings of this chawpher are:

1. There was over 12 percent increase in general
traffic volume between the analyzed periods, with 1986 as the
base period.

2. Truck traffic composition: Weighed trucks represent
approximately 11.8 percent of 1989 surveyed traffic. An
increase of over 32 percent in truck volumes is noted if 1986
truck volume is used as the base year data. Five—axle trucks
predominate the truck types weighed. These truck types
together with six or more axle trucks (referred to as heavy
vehicles) represent over 70 percent of trucks.

3. Truck Activities: Higher truck activities take

place during the mid-week. The lowest truck volumes are
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on Saturdays and Sundays. Within the year truck

registered
r values during the winter

traffic volumes fluctuate from lowe

and peaks in the summer months.



Table 3.1

{a)

Average Daily volumes By Season

(Northbound Lanes Only)

58

(1986)

WEIGHED"

AVG. DLY DLX AVG. DLY AVG ESAL
SEASON TRAEEFIG TRUCKS ESALs" EACTOR
Nov - Feb 5067 280 292 1.04
Mar - May 6038 452 495 1.10
June — Oct 7428 489 476 0.97
Annual 6700 450 453 1.00

Table 3.1 (b)
Average Daily volumes By Season (1989)
(Northbound lanes Only)
AVG

AVG. DLY WEIGHED ° DPAILY AVG ESAL
SEASON TRAFEIC RLY TRUCKS ESALs” EACTIOR
Nowv - Feb 5840 481 600 1.25
Mar - Mavy 7311 605 927 1.53
June — 0Oct 3090 590 765 1.30
Annual 7330 570 770 1.35

* Unadjusted for non-classified traffic an

was inoperative.

d days when

scale




ST ALBERY

59

Weigh-in-Motion Scal

Figure 3.1
(Alberta Transportion)

e Site at Leduc
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CHAPTER 4
GENERATED ESALs AND LOAD DISTRIBUTION

4.1. Tntroduction

In addition to infsrmation on the number of vehicles in
each lane of a highway, the total number of axles and the
magnitude of load imposed on the pavement Dby each axle must
be known tO predict accurately the accumulated number ct
wheel loads in a highway lane.

Most pavement design procedures now in general use are
pased on empirical considerations coup’=2d with the evaluation
of cumulative loading effects. These procedures define the
design thickness of the pavement as a function cf the number
of applications of & standard 18-kip (80~kN) single axle
load. To use this concept, the damaging effect of each axle
load in a mixed traffic stream must be expressed in terms of
the eguivalent number of repetitions of 18-kip (80-kN) single
axle load. The numerical factors that relate the number of
passes of a 80-~kN single axle l1oad needed Lo cause pavement
damage equivalent to that caused by one pass cf a given axle
load are called equivalent single-axle load (ESaL) factors or
trafi.c equivalency factors.

Souimme other design procedures define the design thickness
of the pavement as a sunction of the representative frequency
distributions of axle weights for single, tandem and tridem

axles on trucks using the highway.



Analyses performed on two years de ilected at

rhe Leduc WIM scale site in the preceding chapter have

enabled the assessment of truck traffic composition and

volumes on Highway 2. In the present chapter, detailed axle

weight and loading configuration assessment of trucks which

are of potential use in pavement design and performance

evaluation purposes are provided. Specifically, the resulting
information and results are utilized to:

- determine changes in truck traffic loading which
occurred after truck weight legislation in 1988,

- develop a relationship for estimating daily cumulative
ESAL applications from truck volume data, and

- determine the variation in truck loading

characteristics between the outside and inside lanes of the

highway.
4.2. ESAL Repaetitions

The concept of load equivalency is used o
guantitatively as3ess the damaging effect of truck a=xle
weights on pavements. It can be detined as that damage caused
ry the recorded load of individual axles oOr axle assemblies
in terms of the number of repetitions of an 80-kN (or 8.2
tonnes or 18-kip) sirgle axle load used as the standard load.
A particular pavenent is designed to support a particular
number of repetitive cumulative ESALs within its design life.

The total ESALs generated Dby heavy vehicles is obtained by
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summing the contributed ESALs of individual or group axles on

a wvehicle.
4.2.1. Daily ESALs

Trends in daily cumulative ESAL applications depend on
truck number and magnitude of loading of each truck. Daily
cumulative ESALS generated during 1986 and 1989 are shown in
Figure 4.1. The plots do not include ESALS generated Dby
traffic missed by the weigh scales. There 1is a close
relat ionshi,~ between daily ESAL fluctuations and daily truck
volumes [di cussed in chapter 3, Figure 3.617. Recorded low
truck volumes during the first week of February 1989 resulted
in a corresponding low cumulative daily ESALs. The low
volumes are explained by a snow storm during the period in
the region. The harsh weather conditicn forced the closure of
the highway to general traffic.

High daily ESALs are generated in the summer months. In
1989 the registered highest weekly ESAL was recorded in the
second week of June. During this period the average daily
cumulative ESALs of weighed vehicles was about 14C:J ESALs.

The average annual daily ESAL applications, disregarding
non-classified vehicles weré 453 and 770 in 1986 and 1989
respectively. If it is assumed that the mercent of missed
trucks is proportional to the truck mix of weighed vehicles,

the average annual daily ESALs would be 605 and 1025 ESALs

respectively.
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4.2.2. Seasonal Variation

As with truck volume fluctuations, higher daily ESAL

values were generated during the March-May and June-October

periods. The average daily ESALs by season were summarized

with truck volumes in Table 3.1.

Winter periods (November-February) show characteristic
low average ESAL values. Lower ESALs during this period is
explained by low truck traffic operations and holidays.
Seasonal truck loadings increase after the winter and s
highest during the spring (March - May) period. This 1is
reflected 1in the seasonal average ESALs per truck (ESAL

factors) shown in Table 3.1.
4.2.3. ESALs by Truck Types

Heavy trucks generate over 89 percent of total daily
ESALs on the highway. Five—-axle truck categories alone
contribute about half of the ESALs while seven-axle trucks
contribute over 20 percent.

The proportion of daily cumulative ESALs contributed by
the wvarious truck types are shown in Figure 4.2. The daily

ESAL contribution of type 6 trucks (3-axle undefined trucks)

is negligible.
4.2.3.1. Heavy tzrucks

The average ESAL per pass (ESAL factors) for trucks of

five or more axle configurations (heavy trucks) increased



from 1986 to 1989 inclusive. This is shown in Table 4.1,
where the percent increase in ESAL factors for each truck
rype are summarized. Since ESALs are exponential functions of
axle weights, small differences in average weights or in the
distribution between axles can cause large ESAL variations. A
tabulation ~f the percent increase in truck axle weights is
shown in Table 4.2.

Five—axle single and semi-trailer rrucks were the
predominant truck types at thae s}te in both years. Five—axle
trucks (types 9,10 and 11) represented 45 percent of all
weighed trucks and contributed over half of all generated
ESALs (54 percent). From 1986 to 1989 inclusive, the ESAL
factor which reflects the average damaging units for five-
axle semi-trailer trucks increased by over 26 percent.

six—axle trucks (types 12 and 13) represent 2.1 percent
of trucks. These truck types generate the highest ESALs per
pass (4.29 ESALs/veh) but contributed about 4 percent of the
total ESALs in 1989. Oover 0.5 percent of these trucks
generate ESAL factors of over 15.5. This is an indication
that gross truck overloading could be of a significant number
in this truck category.

Seven-axle truck volumes are the next predominant to the
five—axle truck types. They represent 13 percent of all
trucks and contribute 22 .6 percent of total generated ESALS.
The axles of these trucks are arranged in various forms.

Trucks having configurations of a single front axle and three

tandem axle groups dJgenerate the greatest ESAL factors on the
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highway. The average ESAL factor for these truck types are

2.51 ESALs/veh. At least one out of every 150 trucks
classified in this category gene ~ated an ESAL factor over
12.5 for the aﬂalyzed data of 1989.

Gross vehicle weights as high as 80 tonnes (175-kips)
resulting in as high as 25 damaging units per

pass were

recorded on eight axle and undefined-axle trucks (type 19).
Average ESAL factor for the latter truck types was 2.14.

Eight-axle trucks (types 17 and 18 trucks) generated

ESAL factors averaging 1.51 ESALs/veh.

4.2.3.2. Light trucks

The overall ESAL per pass contributed by light trucks
decreased in 1989 with respect to 1986. Four-axle single a
semi-trailer trucks (types 7 and 8) saw the greatest decline
in average FSAL factors. This is reflected in the average

gross weight and ESAL factcr tabulations shown in Tables 4.1

and 4.2.
4.2.4. Weekly ESANI: Factoxs

Plots of average ESAL factors by heavy trucks is shown
in Figure 4.3. The plots ~how the weaxly fluctuations in ESAL
factcrs between January -.nd August 1989 for selected heavy
trucks. Truck types 9, 12, 14 and 18 (representing five, six,
seven and eight-axle trucks) which form the dominant heavy
vehicle categories on the highway are considered in these

plots. Six-axle trucks (type 12) show much more variable but
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higher average ESAL factors. Five—axle semi-trailer trucks

show a much more uniform trend in ESAL factors.

Across all truck types, an average ESal factor of 1.05
and 1.4 resulted for 19686 and 1989 respectively. Heavy trucks
represented 64 percent of 1986 weighed trucks with an average
EsSpL factor of 1.41. In 1989, heavy trucks produced on the
average 1.9 ESALS per pass. This suggests the increased use
of large combination trucks and the increased payloads of

these trucks after the RTAC weight changes.
4.2.5. paily ESAL and Truck Volume Relationship

Using loading data for 1989, zregression analysis were
-~ sied out to obtain a relationship which can re used for
estimating daily cpmulative ESALs when the average daily
truck volume (ADTT) is kneown. Such analysis were performed
for vehicle loadings in both the inside and outside lanes.
The best fit of regression line is fitted to the plotted data
and a straight line relationship is found. The results and
plots of this analysis are shown in Figures 4.4, 4.5 and 4.6.

The plots show the close relationship between the daily
ESALs generated in +he lanes and the truck traffic volumes
within the individual lanes. A much better correlation (R? =
0.91) is observed between the two wvariables in the outside
iane. A regression coefficient of 0.61 is analyzed for the

inside lane. The derived relationships are given as

follows:



<4
N

For the Inside Lane:
Es = - 4.71 + 2.04 V
RZ = 0.605
N = 112
Cutside Lane
Es = - 36.4 + 1.42 V
RZ2 = 0.905
N = 112

Both Northbourd Lanes

Es = - 38.7 + 1.47 V
R2 = 0.904
N = 112
where
Es = Daily cumulative ESALS generated by trucks.

vV = Daily (24 hr) truck volumes.

Higher ESAL factors are generated in the inside lane as
shown by a slope constant of 2.04 in the inside 1lane as

against 1.42 in the outside lane.
4.2.6. Accumulated ESALS

The accumulated number of ESAL repetitions of all
vehicles <reflect the traffic associated pavement damage.
Compacisons of eight months (petWeen April and December)
weekly accumulated ESALs for the two analyzed years at the

scale site is shown in Figure 4.7. ESAL data for some weeks
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in 1986 were missing and have been interpolated using the

average ESALs within each seasonal period.

within the time interval considered, there was an
increase in accumulated ESALs of over 80 percent. Increased

ESALs in 1989 is explained by two main factors. These are:

1. A distinct increase in the volumes of heavy combination
trucks (truck—-trailer and combination units) in the
traffic stream and

2. A pronounced increase in payloads of heavy truck
categories. The shift in loading is partly influenced by
a response to increased load allowances after the RTAC
weight recommendations in 1988 and the economics in
using the larger truck configurations. The
recommendations encouraged gross weight increases in
some heavy truck types and the introduction of the k-
Train truck which had & much higher weight limit (63.9%
tonnes). The changes therefore reflected the increase .0
the average gross weights of vehicles and the subseqguent

increase in ESALs.
4.2.7. ESAL Distribution

In Figure 4.8, plots of ESAL factors versug Gros:
vehicle weight for light and heavy trucks are shown. Thesc<
plots reflect the relative damage of the gross weight of each
truck category. It is noted that ESAL factors increase

sharply when the recommended weight limits are exceeded. For
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example, a 10 tonne increase in gross weight of a five-axle

truck over its GVW limit of 3%.5 tonnes results in the damage

units increasing from 4.5 to 13 ESALs. Other truck types also

show similar characteristics in loading and damaging values.

It is seen that a close relaticonship exists between

damage units (ESAL factors) and truck gross weights which

relates to the fourth power rule from the AASHO Road Test.

Damage units as high as 38 ESALs were recorded for 7-axle

trucks.

Figure 4.9(a) and 4.9(b) illustrate the distric:cion of
+ruck numbers versus generated ESAL factor for uck
types. These plots are useful in assessing the prop . - of

trucks over the set weight l1imit for each truck type.
4.3. Average Gross Vehicla Weights

Gross vehicle weights (GVW) are obtained at the WIM site
by the summation of all whee!l, axle or axle group weights for
each vehicle.

The average Jross weights for vehicles are compared for
poth years in Table 4.2. A weighted gross average weight for
all truck categories shows a weight increase of 1.8 tonnes
soon after weight changes in 198&. This represents about 9
percent increase over pre-RTAC average gross.vehicle weights.
Th= overa.l gross averagde weight is calculated by weighting
the gross weights of each truck category using the proportion

of trucks within the category. The greatest dgross weight
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increases were found to Dbe within the truck-trailer and
combination categories. The average weight and proportion of
light truck categories such as the three—axle and four-axle

trucks decreased after ae changes.
4.4. Axle Weight Distribution

Five types of axle groups are defined on trucks. These
are front steering axles, single axles, front tandem axles,
tandem axles-and tridem axles. The recommended allowable
weights on these axle groups have been discussed in chapter
2.

Wwith the exception of front tandem axles which showed a
reduction 1in averagdge weights, the averaje weights on other
axle groups increased in 1989. The most significant increase
was in the number and weights of tridem axle groups. The
average weight on these axles increased by a factor of 0.9
between the analyzed periods. A summary of average axle
weights for all axle types is shown in Table 4.3.

Plots of the distribution of single, tandem and tridem
axle weights are illustrated in Figure 4.10(a-c). The percent
of overloaded axles using the limits recommended by RTAC are
shown on the plots.

In Table 4.4, the distributions of axle loads per 1000
trucks sampled are tabulated. At the scale site, gross
vehicle and axle weights are measured in tonnes. For use with

various pavement design procedures whose load distribution
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input are measured by the imperial or metric units, the
distributions have been converted into kips, kN and tonnes.

Single axle loadings are grouped by 8.8 kN (l-kip)

increments whilst tandem and tridem axles are grouped by 17.6
kN (2 kips) increments.

Adjustments are made to aécount for panels, pick-ups
and 2-axle single unit trucks (type 3 trucks). These truck
types represent about 18 percent of all weighed trucks.

A shift to the increasing use of tridem axle groups on
trucks is evident from the analysis of the proportion of each
axle group. Single, tandem and tridem axles represented 52.8,
47 and 0.2 percent respectively of all weighed axles in 1986.
ITn 1989 the distribution was 52.1, 4¢.2

and 1.5 percent

respectively.
4.5. Overlcads on the Highway

A significant factor contributing to early pavement wear
and the deterioration of road structures 1is the destructive

£€act of overloaded trucks.

The term overloaded, as used in this research, describes
rrucks with axle loads or gross vehicle weights exceeding the

recommended RTAC limits as presented and discussed in chapter

2.

Permit overloads may result when special restricted

permits are granted by road agencies, for the operation of
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trucks intended for moving heavy machinery or indivisible

loads from factories to sites through the highway system.

The concert of load eqgquivalency factors is extended in
this research to estimate the damage from overloaded vehicles
on pavements.

Although, permanent weigh scales (vehicle inspection
stations, VIS) 42rd mobile wunits are set-up at various
stations on the provincial primary highway system to help
control overloading, these stations could be bypassed through
alternate routes. Aypassing weigh scales can defeat the
weight enforcement effort implemented by enforcement
agencies. In alberta weight 1limit implementation is enforced
by the Motor Transport Services Division of Alberta

Transportation and Utilities for provincial highways.

Using Weigh-in-motion scales to monitor vehicle
overloads may be considered more reliable than static weigh
scales on highway pavement. This is mainly due to the fact
that all trucks are weighed and truckers have no fear of
being apprehended by enforcement agencies based on the WIM
data.

an analysis of truck overloads 1is summarized in Tables

4.5 (a and b) using truck weight data for both 1986 and 1989.

4.5.1. Gross Truck Overloads

At least 3.4 percent of all trucks were overloaded in

1989. This proportion of trucks contributed over 17.5 percent
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of generated ESALs. Considering overloads within truck mix,

26 percent of type 12 trucks (6-axle semi) were overloaded.

Although only 4.4 percent of 5-axle semi trucks were
overloaded, more than 50 percent of total overloaded ESALs

were from this truck category. Overloaded trucks generated an

average ESAL factor of 7.0 ESALs/veh.

4.5.2. Axle Overxloads

With respect tn» the individual axle groups, Table 4.7

and Figure 4.10 SUuiae Tizes the proportion of axles which are

overloaded. Figu- -~ .10 (& and b) also show how each axle
group 1is distriv..ed with weight. The increased use of

tridems in 1%8% also resulted in a higher proportion of

overloads (17.% percent of all weighed tridems) within this

axle category.
4.6. Lane Distxibution

In addition to the number of trucks and the ESALS
generated on the highway, the selected lane for travel is of
malior concern in the design of pavements and the operations
of traffic on the highway.

As shown by Darter et al. (1985) and the Portland Cement
association, PCA, (1984), the greater part of truck traffic
use the outside lane for travelling on multilane highways. AsS
thé lanes of %the highway become congested from increased
traffic, more trucks in the traffic stream will tend to

shift into and use the inner lanes.
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4.6.1. Vehicle Lzne Use

With reference to the northbound traffic at the scale
site, about 74 percent of all traffic volumes keep to the
outside right lane (lane 1) . This proportion is fourd to vary

little over the period of traftic analyzed and with seasonal

changes.

4.6.2. Proportion of Trucks and Loading 3in Lanes

The outside right lane accommodates on average 90
percent of total truck traffic volumes and about 85 percent
of the one-directional accumulated ESALs. During the winter
months, the proportion of trucks in the outside lane drops

slightly to between 88-90 percent.

Comparing these lane distribution factors with those
suggested by the PCA (1984), it is found that a greater
proportion of trucks use the right lane on Highway 2 than
recommended by the PCA. For a one directional ADT of 7,300,
the PCA chart results in 82 percent of trucks in the right

lane of the highway (see Figure 2.2).

The analyzed distribution factors is within those
recommended by AASHTO (1984). The AASHTO guide suggests
between 80-100 percent of 18-kip ESAL traffic in the outside

design lane of a four lane multilane highway.
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4.6.3. ESAL Factors in Lanes

Lane by lane analysis of a_..umulated ESALs show that
more ESALs are generated in the outside lane (85 percent of
ESALs) than the inside lane (15 percent). This distribution
is a direct result of a higher truck proportion (90 percent
average) in the outside lane. On the other hand, when the
average ESALs per pass is considered for the individual
lanes, trucks in the inside lane are found to generate higher
ESALs per pass.

This conclusion is shown clearly in Figure 4.4 (a). In
this plot, expressions relating the daily truck volumes to
the daily cumulative ESALs in both lanes are shown. Trucks in
the inside lane generate over 2.0 ESALs per pass while
outside lane trucks generate about 1.4 ESALs per pass. This
trend is found to be consistent for all surveyed truck types.
A summary of generated ESAL factors within lanes for all
truck types is shown in Table 4.8. Higher coefficient of
variations (c.v.) for inside lane trucks show how variable

truck loadings are in this lane.
4.7. Conclusions

Truck traffic data for two comparative years from a
multilane WIM system in central Alberta has been outlined.
Based on analysis of truck axle weight and generated ESALs,
the overall changes in truck traffic loads occurring on

Highway 2 between the two years, 1986 and 198%, have been
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determined. Relationships for estimating pavement loadings,

based on daily truck volumes, have also been developed and
the loading in both the inside and outside lanes of the

multilane highway have been compared. Major findings of this

chapter are:

1. Increases in average truck axle weights, changes in
truck traffic composition and increases in truck volumes have
together contributed to significant increases in total ESALs
after the RTAC recommendations on vehicle weights and
dimensions in 1988. There was a 1.8 tonnes increase in the

weighted gross weight of trucks soon after the weight

changes.

2. The trend in seasonal variation of weekly generated
ESALs follows closely the cumulative number of trucks on the
highway. High total ESALs and ESAL factors are generated in

the spring and summer months but are at their lowest during

the winter periods.,

3. Most ESALs on the highway are generated Dby heavy
truck categories. These truck types represent 64 percent of

all trucks but generate 89 percent of the daily ESALs.

4. ESALs per pass increased within the analyzed period.
The most significant increase were in semitrailer and
combination truck units. ESAL factors for all truck types
using the inside lane showed consistently higher values than

those in the outside lane. On average, & factor of 2.04 was
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determined for truck loading in the inside lane while a

factor of 1.41 was established for the outside lane traffic.

5, There is a direct relationship between daily truck
volumes and generated ESALs on the highway. A correlation
coefficient of 0.905 was achieved for the outside lane and

0.605 for the inside lane.

6. Ooverloaded trucks represented 3.4 percent of all
trucks and contributed about 18 percent of generated ESALs on
the highway in 1988. With regards to axle groups, most

overloads were on the tridem axle group.



ESAL FACTORS FOR CLASSIFIED TRUCKS

Table 4.1

1986/1989

ESAL Factor| ESAL Factor Percent
JTruck Type £1986) £1989) Change
3 0.18 0.21 16.6
4 0.78 1.05 34.6
5 0.30 0.29 -3.3

6 0.40 0.65 ——
7 0.53 0.47 -11.3
8 0.80 0.62 ~22.5
9 1.32 1.67 26.5
10 0.36 0.88 144.0
11 1.18 1.37 16.0
12 2.71 4.29 58.3
13 0.82 0.92 12.2
14 1.87 2.51 34.2
15 1.84 2.41 31.5
16 0.71 .93 31.0
17 0.99 1.04 5.0
18 1.21 1.65 36.4
19 1.45 2.14 47 . 6
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Tablae 4.2

84

Average Gross Truck Weights (tonnes)
i_9 8 95 i_9 8 O
-1 | Avgt~"“--T"~ %
Avg % Wghtd |Gross % Wgted! Change
Type| Weight | Trks Av Wght | Trks Av
3 5.3 19.6 103.9 5.6 21.4 {119.8 5.7
4 13.6 8.2 111.5 14.2 6.8 96.6 4.4
5 7.9 2.3 13.2 8.1 2.2 17.8 2.5
7 12.8 4.2 53.8 11.6 4 46.4 ~-9.4
8 12.6 1.6 20.2 12.8 1.8 23.0 1.6
9 23.9 43 1027.7 25.2 37 932.4 5.4
10 15.9 .5 8.0 17.9 .12 2.15 12.6
11 19.9 1.1 21.9 20.9 1.1 23.0 5.0
12 38.3 .9 34.5 39.7 1.02 { 40.49 3.7
13 23.5 1.2 28.2 23.95 1.2 28.7 1.7
14 32.2 6.3 202.8 35.8 6.2 222.0 11.2
15 30.0 6.4 192.0 35.9 5.9 211.8 19.7
16 22.9 .3 6.9 27.3 0.02 0.55 19.2
17 30.3 1. 33.3 31.4 .88 27 .63 3.6
18 37.9 1 64.4 37.9 2.9 109.5 0.0
19 28.9 1.6 46.2 35.9 7.0 251.3 24.2
Total 1973.7 2153.63

Average Gross Weight increase =

1.8 tonnes i.e.

9 percent



AVERAGEH

Axle type

Front steering axles
Single axles

Front Tandem axles
Tandem axles

Tridem axles

Table 4.3
WEIGHETS ON AXLES
(TOMNES)
3.3 3.6
3.9 3.9
11.2 9.3
10.0 10.2
7.7 14.6

-17.

[p»)

90



Axle load
(kips)

Table 4.4 (a)

AXLE LOAD DISTRIBUTION

(kN)

Axles per
1500 trucks

Adjusted Axles
per 1000 trucks

SINGLE AXLES

30 - 32 133 - 142 0.16 0.20
28 - 30 125 - 133 0.29 0.36
26 - 28 116 - 125 0.44 0.54
24 - 26 107 - 116 0.96 1.19
22 - 24 97.9 - 107 2.72 3.36
20 - 22 89.0 - 97.9 7.06 8.72
18 - 20 80.0 - 89.0 14.45 17.84
16 - 18 71.2 - 80.0 32.06 39.58
14 - 16 62.3 - 71.2 52.89 65 .30
12 - 14 53.3 - 62.3 80.81 99.77
TANDEM AXLES
64 - 68 285 - 302 0.03 0.04
60 ~ 64 267 - 285 0.08 0.10
56 - 60 249 - 267 0.48 0.59
52 - 56 231 - 249 1.57 1.94
48 - 52 213 - 231 3.62 4.47
44 - 48 196 - 213 9.48 11.70
40 - 44 178 - 196 25.51 31.49
36 - 40 160 - 178 81.45 100.56
3z - 36 142 - 160 164 .86 203.53
28 - 32 125 - 142 223.86 276.37
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Table 4.4 (a) {(cont.)

AXLE LOAD DISTRIBUTION

Axle load Axles per Adjusted Axles
(kips) (kN) 1000 trucks per 1000 trucks

TRIDEM AXLES

64 - 68 285 - 302

0.05 0.086
60 - 64 267 - 285 0.13 0.16
56 - 60 249 - 267 0.66 0.81
52 - 56 231 -~ 249 2.11 2.60
48 - 52 2%3 - 231 3.49 4.31
44 - 4% A - 213 6.11 7.54
40 - 44 17% - 196 =S 6.59
36 - 40 160 - 178 3.9 3.81
32 - 36 142 - 160 2.27 2.80
28 - 32 125 - 142 1.71 2.11



Table 4.4 (b)

AXLE LOAD DISTRIBUTION

Axle load Rxles per Adjusted Axles
(tonnes) 1000 trucks per 1000 trucks

SINGLE AXLES

14.0 - 15.0 0.08 0.10
13.0 - 14.0 0.23 0.28
12.0 - 13.0 0.44 0.54
11.0 - 12.0 0.94 1.16
10.0 - 11.0 2.90 3.58
.0 - 10.0 7.91 .77
8.0 - 9.0 17.67 21.81
7.0 - 8.0 41.04 50.67
6.0 - 7.0 67.49 83.32
5.0 - 6.0 122.85 151.67
4.0 - 5.0 354.94 438.20
TANDEM AXLES
28.0 - 30.0 0.06 0.07
26.0 - 28.0 0.34 0.42
24.0 - 26.0 1.32 1.63
22.0 - 24.0 3.37 4.16
20.0 - 22.0 10.17 12.56
18.0 - 20.0 29.08 35.90
16.0 - 18.0 101.50 125.31
14.0 - 16.0 204.91 252.98
12.0 - 14.0 246.91 304.83
10.0 - 12.0 182.46 225.26
8.0 - 10.0 168.01 207.42



Table 4.4 (b) (cont.)

AXLE LOAD DISTRIBUTION

Axle load Axles per Adjusted Axles
(tonnes) 1000 trucks per 1000 trucks

TRIDEM AXLES

28.0 - 30.

0 0 0.13 0.16
26.0 - 28.0 0.29 0.36
24.0 - 26.0 1.97 2.43
22.0 - 24.0 3.51 4.33
20.0 - 22.0 6.67 8.23
18.0 - 20.0 5.73 7.07
16.0 - 18.0 3.17 3.91
14.0 - 16.0 2.44 3.01
12.0 - 14.0 1.42 1.75
10.0 - 12.0 0.88 1.09

8.0 - 10.0 0.94 1.16
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Tabla 4.5 (a)
Ooverload Information on Truck fSraffic - 1986
ESALs due
# of Average Total to overlds|% Trucks
Type trucks |ESAL/Pass ESALs (%) ovarload
3 69517 0.18 12513.06 977.6 0.30
(19.6%) (7.8%)
4 29009 0.78 22627 .02 3705.3 1.87
(8.2%) (16.4%)
5 8198 0.30 2459.40 81.0 0.37
(2.3%) (3.3%)
7 14872 0.53 7882 .16 533.3 0.43
(4.2%) (6.8%)
8 5540 0.80 4432 .00 620.5 2.01
(1.6%) (14%)
9 152533 1.32 201243.56 32869.5 3.03
(43%) (16.3%)
10 1936 0.36 696.96 31.8 0.15
(0.5%) (4.6%)
11 3834 1.18 4524 .12 828.99 2.92
(1.1%) (18.3%)
12 3265 2.71 8848.15 3074.03 12.96
(0.9%) (34.7%)
13 4251 0.82 3485.82 122.39 0.45
(1.2%) (3.51%)
14 22193 1.87 41500.91 3403.34 1.79
(6.3%) (8.2%)
15 22795 1.84 41942.80 2966.64 1.19
(6.4%) (7.1%)
16 1143 0.71 811.53 - -
(0.3%)
17 3692 0.99 3655.08 - -
(1.1%)
18 6052 1.21 7322.92 24 .05 0.03
(1.7%) (0.3%)
19 5847 1.45 8478.15 419.36 0.58
(1.6%) (4.9%)
Total Weighed Trucks = 354,722
Total Generated ESALs from Trucks = 372,530.64
ESAL Factor for all Trucks = 1.05
ESALs generated by heavy trucks = 322,610.00 (86.6 %)

ESAL factor for
Overtoads

~ ESALs from overloaded trucks = 49,957.8

Percent trucks overloaded

heavy vehicles

1.42

1.93 %

(13.4%)




Table 4.5

(b)

Overlcad Information on Truck Traffic -
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1989

ESALs due |# Trucks
Truck # of Average Total to overlds|overlded
tvpe trucks |ESAL/Pass ESALsS (%) (%)

3 30228 0.20 6045.60 611.1 131
(21.4%) (10.1%) (0.43)
4 9569 1.05 10047 .45 1260.3 234
(6.8%) (12.5%) (2.4%)
5 3050 0.29 884 .50 40.9 4 i
(2.2%) (4.67%) (0.13%)
6 20 0.65 13.00 0.0 0
(0.01%)
7 5661 0.47 2660.67 248.9 24
(4%) (9.33%) (0.42%)
8 2578 0.62 1598.36 206.4 34
(1.8%) (12.9%) (1.32%)
9 52560 1.67 87775.20 15949.8 2354
(37%) (18.2%) (4.4%)
10 164 0.88 144 .32 44 .3 4
(0.12%) (30.54%) (2.44%)
11 1625 1.37 2226.25 285.4 40
(1L.1%) (12.79%) (2.46%)
12 1441 4,29 6181.89 2805.4 375
(1.02%) (45.4%) (26.0%)
13 1765 0.92 1623.80 83.47 10
(1.2%) (5.15%) (0.57%)
14 8803 2.51 22095.53 3933.3 447
(6.2%) (17.84%) (5.08%)
15 8230 2.41 20219.90 1764.0 172
(5.9%) (8.7%) (2.05%)
16 244 0.93 226.92 0.0 0
(0.02%)
17 1245 1.04 1294.80 0.0 0
0.83%)
18 4134 1.65 6821.10 416.8 44
(2.9%) (6.12%) (1.063)
19 9935 2.14 21260.90 5857.9 894
(7.%) (27.54%) (9.0%)
Total Weighed Trucks = 141,412
Generated ESALSs 191,120.19
ESAL Factor for all Trucks = 1.35
ESALs generated by heavy trucks = 169,870.€1 (88.9 %)

ESAL factor for heavy vehicles =

Overloads

1.9

ESALs from overloaded trucks = 33,507.9 ESALs (17.5%)

Percent trucks overloaded =

3.4 %



Table 4.6
SUMMARY OF GROSS EEAVY TRUCK OVERLOADS
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i9 86 1289

% Heavy % % Heavy %
IRUCK TXPE trks ESAL txks ESAL
5 axle (types 9,10,11) 2.1 10.5 2.7 9.6
6 axle (tyoses 12,13 ) 6.2 1.0 0.4 1.7
7 axle (types 14,15 ,16) 0.3 2.0 0.7 3.4
8 axle (type 17,18) 0.01 0.01 0.05 0.25
undefined axles (type 19) 0.01 0.18 1.0 3.40
TOTAL 2.62 13.7 4.9 18.33

Table 4.7

Proportion of Axles Overloaded

AXLES

Front steering axles

Single axles

Tandem axles

Tridem axles

PERCENT OVERLOADS WITEIN
AXLE CATEGORIES

-l98¢

0.01
0.60
1.00
0.10

o o s N

m v o W

1282

=
N
U W W W

g N
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Table 4.8
ESAL Factors Of Trucks Withkins *anes

Truck ESAL Facltox ESAL Factorx
—Type QUTSIDE LANE  C, V., * INSIDE LANE = C.V.*

3 0.18 0.24 0.31 0.44
4 0.98 0.23 1.28 0.23
5 0.28 -0.41 0.28 0.74
6 - - - -
7 0.42 0.28 1.55 0.87
8 0.57 0.32 1.18 0.80
S 1.54 0.21 3.33 0.21
10 0.72 0.83 2.35 0.55
11 1.28 0.33 1.86 0.67
12 3.64 0.29 6.26 0.52
13 0.79 0.26 2.71 2.85
14 2.30 0.24 5.01 0.56
15 2.15 0.20 5.08 0.53
16 0.93 0.42 1.3 -
17 0.94 0.28 2.42 0.38
18 1.57 0.27 3.89 0.58
19 1.93 0.23 4.24 0.59

* C.vV. is coefficient of wvariation (Standard deviation

divided by average)
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Figure 4.1 Vzriation in daily cumuiative ESALs
for 1986 and 1989
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Figure 4.8 Relative Damage by Gross Vehicle Weights
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CEAPTER 5
DESIGN IMPACTS OF WEIGHT CHANGES

5.1. Iintroduction

Changes in the distribution of gross vehicle weights
(GVW), and different axle arrangements on trucks together
increase the wear impact on the service life of pavements.
analysis of truck weight data before and after the RTAC
weight changes described in the preceding chapters has shown
t+he sharp increases in truck axle loads and corresponding

increases in the damage units to the pavement.

Unlike other weight regulatory scenarios which are based
on limiting the stress imposed by axle weights of trucks on
highway bridges, the RTAC weight recommendations in 1988
called for higher gross vehicle weights based on minimum axle
spacing. The estimated impacts of the changes, in terms of
highway pavement thickness requirement, is reviewed in this

chapter.

Although the main impact of the increased loading will
pe reflected in increased rehabilitation of the existing
pavement, this study reports the impact of the weight
changes in terms of the estimated pavement thickness
requirement (flexible and rigid) resulting from the increase

in truck loading demand.
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5.2. Flexible Pavements

Flexible pavement design procedures require pavement

structures to be designed for expected axle loads, traffic

freguency and 1load distribution which are accounted for

through equivalency factors.

5.2.1. Damage Mechanism

The damage mechanism involved when a wheel load is
applied to a flexible pavement surface is explained briefly.
An applied wheel load to the flexible pavement structure

causes compressive vertical and horizontal stress
distributions directly under the applied wheel. Compressive
vertical stresses are known to be maximum under the wheel
load and decrease with increasing pavement depth. Horizontal

stresses also occur directly under the wheel load and can be

tensile or compressive (Yoder and Witzczak 1875).

The design of flexible pavement thickness is generally
pased on limiting the associating strain criteria to these
stresses. The horizontal and vertical strains are limited
below those that will cause excessive cracking and permanent

deformation to the pavement.

These criteria are considered in terms of repeated load
applications since it is known that the accumulated

repetition of traffic loads are of significant influence to
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+he development of cracks and permanent deformation of a

flexible pavement structure.

The equivalent single axle load (ESAL) repetitions
analyzed in the preceding chapters are used to determine the
full depth asphalt layer thickness which will withstand the
increased stresses induced by increased load repetitions
after the recommendations in 1988. Destructive effects of
overloading trucks and axles are also translated into
required equivalent pavement thickness.

The design analysis is based on the Asphalt Institute
method of £flexible pavement thickness design (Asphalt
Institute, 1981). The procedures of the Asphalt Institute
estimate pavement thickness to support the cumulative wear
effects of trucks in terms of 18-kip (80-kN) equivalent

single-axle loads (ESALs) .
5.2.2. The Asphalt Institute Design Method

With the Asphalt Institute design method, the pavement
is represented as a multilayered elastic system. Wheel loads
from trucks are assumed to be applied as uniform vertical
pressure which is then spread by the different components of
the pavement structure and eventually applied on the subgrade
at a much lower stress. Thickness design charts for the
method have been developed based on limiting specific stress-
strain conditions occurring within the pavement structure.

The criteria are those of limiting the maximum applied
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tensile strains due to the deflection caused by the wheel

load at the bottom of the Asphalt layer and reducing the

maximum vertical strain at the top of the subgrade layer

within the depth of the pavement structure.

5.2.2.1. Design Principle

The design principle 1is to determine the minimum
thickness of pavement layer that will adeguately withstand
the maximum compressive strain at the surface of the subgrade
and the horizontal tensile strain at the bottom of the
asphalt layers. Design charts have been prepared for a range

of traffic Loads encountered in practice.
5.2.3. Full-Depth Asphalt Thickness

The combined effect of the RTAC weight changes is
assessed in terms of an equivalent flexible pavement

thickness. A full-depth asphalt thickness design option is

ased in such an analysis.

Based on the type and resilient modulus (M) of the
supporting base and/or subbase, the minimum thickness of full
depth asphalt required for the design ESAL is obtained by
entering the appropriate table or chart available from the
Asphalt Institute design manual. A sample chart for full

depth Asphalt thickness design is reproduced as Figure 5.1.
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5.2.3.1. Design ESALS

ESAL factors for trucks on the highway and truck volume
analysis were presented in Chapters 3 and 4.

Assuming the traffic mix on highway 2 does not change
throughout the selected service life of the pavement and
using a general annual traffic growth rate of 4 percent the
design ESALs for the design period is determined. A design
period of 20 years is assumed for the analysis. AsS noted in
the analysis of the WIM data, there was a sharp increase in
truck traffic activities after the weight 1limit changes.
Truck traffic growth rate between 1986 and 1989 translated to
10.8 percent. This growth rate is not used in the thickness
analysis because of its short term nature.

A tabular format showing how the required design ESALS
input to the Asphalt Institute method is determined 1is
demonstrated in Table 5.1. Truck traffic volumes for 1989 are
used in this table.

The total number of trucks in each category at the end
of the first year (1989) is tabulated in column 1. These
values are obtained using a design lane factor of 0.9. As an
example, the number of type 3 truck category (2 axle single-
unit trucks) at the end of the first year is
ADTT x 365 days x percent trucks x Lane factor = dir. split

= 1720 x 365 x 0.17 x 0.9 x 0.5

= 48,027
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The growth factor in column 3 is calculated using the

annual traffic growth rate of 4 percent. The growth factor

expression is

[(1+x)* - 11/rx,
where
r = rate/100 and

n = design period

Accumulated ESALs for the 20 year design period for all

truck types summed up to 12.22 x 106 ESALs.
5.2.4. Damage Effects from Ovarloads

As discussed in chapter 2, pavement damage by heavy
trucks increases sharply with the magnitude of the axle
weight. Destructive effects of axle weights relates
approximately to a fourth power relationship derived in the
AASHO test. Overloaded trucks therefore results in greater
damaging effects on the pavement. Although heavier trucks can
carry the same amount of freight in fewer trips, the
reduction in truck number offsets only a part of the added
pavement wear effects of these trucks.

Overloaded truck effects on the highway pavement is

interpreted by the proportion of total ESALS contributed by

the overloaded axles of trucks.
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5.2.4.1. Design ESAL Contribution from Overloaded
Trucks
Using the wmercent gross truck overloads in 1989,

accumulated ESALs due to overloads expected within the 20
years design period is calculated. A tabulation presentation
is shown in table 5.2. Total ESALs from overloading at the
end of the design period will Dbe 2.07 x 106+ Assuming no
change in the current loading pattern, this will mean a 16.9

percent of accumulated destructive units on the pavement.
5.2.5. Flexible Pavement Thickness Calculations

The minimum thickness required for the design ESALs is
obtained by using the chart in Figure 5.1. This chart is
taken from the Asphalt Institute's Pavement Design Manual
(MS-1) and shows the chart for a full-depth Asphalt Concrete
thickness.

For the purpcse of this analysis, an average Subgrade
Resilient Modulus of 30 MPa is assumed.

Using the chart, the minimum required full-depth asphalt
thickness for the design ESALS of 12.22 x 106 is 390 mm.
Elimination of the overloaded ESALs of 2.07 x 106 through
strict weight enforcement, will produce a required asphalt
thickness of 380 mm. Thus overloading of trucks can be said

to contribute an additional full depth asphalt thickness of

10mm.
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5.2.6. Effect of Changes

The effect of -he RTAC changes in terms of required
pavement thickness is assessed by considering truck loadings
before the changes. The design ESAL calculated by using 1986
data as the initial year is shown in Table 5.3. The total
cumulative ESALs ap the end of a 20 year design period is
7.14 x 106- Pre—RTAC truck loadings results in a full depth
asphalt thickness of 360 mm. From these analysis, it can be
corcluded that the weight changes will translate into an

additional full depth asphalt thickness of 30mm.

5.3. Rigid Pavements

To illustrate the use of axle load distribution on the
highway for the design of rigid pavements, the Portland
Cement Association's (PCA) method of pavement design is used.
This method utilizes as its traffic data input the expected
distribution of axle loads by axle configurations within the
design life of the pavement (PCA 1984) . The PCA recommends
two design procedures. One based on when detailed axle-load
distribution data is available and the other, a simplified
approach, is used when detailed axle-load data is not
available. The method is based on categories of
representative loading data for different types of pavements.
In this chapter, the detailed axle load distribution data

analyzed in chapter 4 is used as input data to the PCA design

approach presented.
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The microcomputer design program, PCAPAV, 1is used to
evaluate the thickness of pavement required to support the
distributed loading for two different design periods of 20
and 40 years.

Design considerations such as the subgrade and subbase
modulus and flexural strength of concrete are assumed to
reflect a medium strength support and concrete strength. The
influence of the provision of shoulders or no shoulders and
type of joint on pavement thickness is analyzed. Comparisons
are made on the basis of the resulting rigid pavement

thicknesses.
5.3.1. The PCA method

The Portland Cement Association (PCA) design procedures
involve the determination of pavement thickness adequate to
carry traffic loading on concrete streets, roads and
highways, within a specified design period.

The design approach 1is applied to plain, doweled, reinforced
and continuosly reinforced concrete pavements.

Essentially the procedure relies on the strength (k value) of
the underlying subgrade and subbase and the concrete flexural

strength to evaluate the following criteria:

1. A "fatigue criteria" to keep induced pavement stresses
from repeated axle loads within safe limits and thus prevent

fatigue cracking;
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2. An "erosion criteria" to limit the effect of pavement

deflection at slab edges, Jjoints and corners and thus control

erosion pumping and faulting of foundation and shoulder

materials.

The controlling failure criteria depends on the traffic

intensity and the Jjointing type used.
5.3.2. Factors Considerad in Analysis

The selection of an adequate pavement thickness involves
the consideration of various input design parameters which
include the axle load distribution of truck traffic. Other
factors are the type of Jjoint and shoulder used, the flexural

strength of concrete, *he subgrade and subbase support

strength and the design life.
5.3.2.1. Type of Joint And Shoulder

The joint type used between sections of concrete slabs
depends on the adequacy and/or degree of 1load transfer
required, the effectiveness of Jjoint sealants and the
prevention of joint distress due to infiltration (PCA, 1984).

Two joint types considered are doweled and aggregate

interlock Jjoints.

Doweled joints involve the installation of smooth steel
dowel bars which serve as load transfer devices at each
contraction joint. These are widely used in plain doweled

pavements and reinforced pavement constructions. Contraction
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joint spacing, using doweled joints are recommended to be set
at 6.6 m maximum for plain doweled pavements and 13.0 m for
reinforced pavements. Joint spacings of greater distances
will reduce the efficiency of the aggregate interlock

transfer at the joints and and faulting will be accelerated.

Aggregate interlock joints are used at the joints of
plain pavements. Load transfer is effected by the
interlocking action of aggregates between the cracked faces

below the joint groove.

The provision of concrete shoulders adjacent to the
pavement reduce the flexural stresses and deflections caused
by vehicle loads. The supporting action provided by shoulders
acts as buttress to the pavement and prevent edges from
curling up thus resulting in a reduction in pavement
thickness required. Concrete shoulders also provide somewhat
better serviceability for the same mainline pavement

thickness.
5.3.2.2. Flexural Strength of Concrete

The ratio of flexural stress to flexural strength of
concrete is the influencing property used in slab thickness
design as opposed to the compressive stress components. The
test results at the end of 28 days using the Modulus of
Rupture test are used as the design strength input for
concrete flexural strength in the PCA design procedure. FOr

good quality concrete using normal aggregate, the average
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flexural strength ranges from 4.1 to 4.4 MPa (595 te 640

psi) . Concrete Modulus of rupture of 3.8 MPa (550 psi) could

be used in situations where the available aggregate type
allows the production of concrete of such ultimate strength
magnitude. In this chapter, MR of 4.1 MPa (600 psi)

representing a medium flexural strength concrete with

adequate durability and scale resistance are used 1in the

design runs.

5.3.2.3. Subgrade and Subbase Support

The quality of the underlying support to a concrete
pavement is one significant variable influencing thickness
design of rigid pavements. Subgrade and subbase support
strength are measured in terms of the Westergaard modulus of
subgrade reaction (k) expressed as mega-pascals per meter
(MPa/m) . Subbase supports can be untreated or treated with
cement and other appropriate stabjilization methods which give
equivalent quality of underlying support. The use of subbase
materials on subgrades has the effect of increasing the k
values of the underlying support. A cement treated subbase
could result in over 300 percent increase in combined

sukgrade/subbase k value than that of an untreated granular

subbase.

Subgrade k values depend on the soil type. Fine-grained soils
with predominant silt and clay size particles have low

strength. The average k values for such soils range from 20-
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34 MPa/m (74-125 pci). Sands and sand gravel mixtures which
are relatively free of plastic fines have high subgrade
strength of 50-60 MPa/m (185-221 pci) k wvalues. For the
purpose of the present analyses a combined subgrade-subbase k
value of 40 MPa/m (150 pci) is used for the supporting
strength values in the PCAPAV input. This represents a medium
strength fine-grained subgrade soil in which silt and clay
size particles predominate with an overlying 100 mm thickness

of untreated granular subbase material.
5.3.2.4. Projection Factors

Using an annual traffic growth rate of 4 percent the
traffic projection factors are applied to the ADTT for the
design truck volumes. Projection factors of 1.5 and 2.2 are
used for the 20 years and 40 years design periods

respectively.

5.3.2.5. Load Safety Factors

Unpredicted heavy truck loads and axle loads which occur
through overloading of trucks require that a safety factor be
incorporated in the axle load data. Load safety factor (LSF)
of 1.2 are used for inter-provincial and other multilane
highways which carry uninterrupted traffic flow and high
volumes of truck traffic. LSF alsc serves to provide a
greater allowance for the possibility of higher levels of
pavement serviceability appropriate for higher type pavement

facilities.
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5.3.2.6. Design Life

The design life is the span in years required for the
initial Riding Comfort Index (RCI) to be reduced to some
specified terminal RCI or fault limit, at which time major
maintenance, overlay, or grinding would be required. Rigid

pavement thicknesses using design periods of 20 and 40 years

have been used in the sample PCAPAV analysis.
5.3.2.7. Axle Load Distribution Adjustments

The distribution of axle loads have been adjusted to
account for two—axle single unit trucks (type 3 trucks) which
form 18 percent of all trucks weighed at the site. This truck
type contribute very little damaging units to the road
pavement . Adjustments are made to eliminate their influence

on truck number in designing pavements.

5.3.3. Thickness design with the PCA Software

(PCAPAV)

Using the PCA design software for rigid pavements,
requires the input of the above discussed parameters. The
required pavement thickness and the criteria for failure
under the expected axle loac repetitions is the output
obtained from the program. In appendix B, outputs of the
PCAPAV program for the various design alternatives considered

are shown. This appendix is meant to illustrate the use of
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axle load distribution at the weigh scale site for concrete

pavement design.

5.3.3.1. Tridem Axles

The PCAPAV program does not incorporate the load
distribution of tridem axles. The influence of tridem axles
distribution is determined by the manual procedure of the PCA
(pCA 1984). It was found in the analysis that current loading
for tridems on highway 2, does not influence the pavement
thickness obtained by considering only single and tandem axle

distributions.
5.3.4. Failure Criteria

Rigid pavement thickness alternatives obtained by a
combination of shoulder and joint types 1is summarized in
Table 5.4. The criteria for failure for these Jjoint
combinations and two design periods 1is also shown. The
presented truck irtensity and axle distribution shows erosion
damage to be the controlling failure criteria. An "erosion
criteria™ 1limits the effect of pavement deflection at slab
edges, Jjoints and corners and thus contrcl erosion pumping

and faulting of foundation and shoulder materials.
5.4. Changes in Gross Vehicle Weights

The direct impact of the RTAC weight limit changes is

the increase 1in truck gross loading and corresponding
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increases in ESALs. The increase in truck gross loading
implies increased destructive action which translates intc
the provision of thicker pavement structures and redunced
rehabilitation period for existing pavements. There were also

changes in truck axle configuration and arrangements on the

highway following the introduction of standard truck types by

RTAC.
5.5. Changes in Average Axle Weights

The average registered weights of each axle type for
1986 and 1989 was shown in table 4.3. Loading on all axle
categories increased except for the front tandem axle groups
which saw a reduction in weight by about 17 percent from 11.2
tonnes to 9.3 tonnes. Averagde weights of tridem axles
increased significantly by 90 percent. These axle types
represented 1.5 percent of 19289 registered axles as compared
to 0.2 percent recorded in 1986.
The overall average weight of axles increased by 5.2 tonnes

(14.4 percent increase).
5.6. Changes in Truck Axle Configuration

The arrangements of axles on trucks influence the
distribution of truck payload among the axle groups and hence
the resulting destructive nature of axle loading on highway
structures measured in ESALs.

Wwhen axles are arranged closer together, internal

stresses impacted to the pavement structure from each azxle
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pegin to overlap, thus ceasing to act as separate entities.
Reduced axle spacing leads to increased maximum deflection of
the pavement surface but decreases the maximum tensile
stresses at the underside of the surface layer, a primary
cause of fatigue cracking in pavements (Yoder and Witzczak,
1975)

The RTAC reccommendations introduced the use of the B-
train truck which encouraged the use of tridem axle sets. The
shift to the use of more tridems is evidenced in the
increased proportion of these axle configuration in the 1989
analyzed data. As discussed in the preceding section there
was a dramatic increase :+, tridems after the introduction of
the B-train. Also, there was a shift in trucking activities
to the use of trucks with tridem axles which 1is reflected in

the higher average weight of these axle types.

5.7. Conclusions

This chapter has illustrated the use of analyzed izoad
data from WIM scales in both flexible and rigid pavement
design requirements. The RTAC weight changes will translate
into an additional flexible pavement depth of 30 mm over a
projected 20 year period in central Alberta.

Ooverweight vehicles contribute about 17 percent of the
destructive loadings from traffic. This translates to a 10mm
flexible layer thickness.

Erosion damage is found to control the failure criteria

of an alternative rigid pavement.
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Tabular Calculation of Design ESAL for Asphalt Design

(19889)
Growth
No. of Factor.
weighed 4 percent
trucks ESAL Factor Annual ESAL (I1x2x3)
Truck Type {12 (2) growth (3) L4)
3 48027 0.21 29.78 300351
4 18646 1.05 29.78 583042
5 4521 0.29 29.78 39044
5] 36 0.65 29.78 697
7 3322 0.47 29.78 130476
2 4238 0.62 29.78 78249
g 112157 1.67 29.78 5577859
10 282 0.88 29.78 7390
11 4238 1.37 29.78 172905
12 2260 4.29 29.78 288729
13 3672 0.92 29.78 100604
14 20340 2.51 2%9.78 1520370
15 21754 2.41 25.78 1561280
16 847 0.93 29.78 23458
17 3107 1.04 29.78 96228
18 9322 1.65 29.78 458055
19 20058 2.14 29.78 1278280
Total 12.22 x 106
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Tabular Calculation of Design Ooverloaded ESALs (1989)
No. of ESAL Factor
Overloaded for Growth
Vehicles in overloads Factor ESAL
Vehicle design lane (4 %) (1x2x3)
Iype L1) L2) —{(3) L4)

3 186 4.66 29.78 25812.11

4 447 5.38 29.78 71749.85

5 6 10.23 29.78 1827.90

6 0 0 29.78 0.00

7 39 10.37 29.78 12043.%93)

8 56 6.07 29.78 10122,82

9 4935 6.78 29.78 996417.95

i0 7 11.08 29.78 2309.74

11 105 7.14 29.78 22326.07

12 588 7.48 29.78 130579.59

13 22 8.35 29.78 5470.59

14 1033 8.80 29.78 270712.11

15 446 10.26 29.78 136272.09

16 0 0 29.78 0.00

17 0 0 29.78 0.00

18 99 9.47 29.78 27919.64

19 1805 6.55 29.78 352081.50

Total 2.07 x 108
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Tabular Calculation of design ESAL for Asphalt design

(1986 1loading)
Number of Growth
Vehicles Factor for
during 1st | ESAL Factor)] 4 percent

Vehicle year Annual ESAL (1x2x3)

Type A1) {2) growth (3) L4)
3 36299 0.18 29.78 194577.16
4 14093 0.78 29.78 327357.84
5 3416 0.30 29.78 30518.54
<) 212 0.40 29.78 2525.34
7 7046 0.53 29.78 111209.84
8 3203 0.80 29.78 76308.27
9 84769 1.32 29.78 3332235.48
10 213 0.36 29.78 2283.53
11 3203 1.18 29.78 112554.70
12 1708 2.71 29.78 137842.09
13 2775 0.82 29.78 67764.39
14 15373 1.87 29.78 856100.85
15 16442 1.84 29.78 900942.68
16 641 0.71 29.78 13553.18
17 2349 0.99 29.78 69253.69
18 7046 1.21 29.78 253894.15
19 15160 1.45 29.78 654623.96
Total 7.14 »x 106
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THICKNESS ALTERNATIVES FOR 20 YEAR

DESIGN PERIOD

JOINT

TYPE

Aggragate
Interlock

Rowels

No Concrete
shoulder:=

310 mm (12.5 ins)

(erosion criteria)

250 mm (10.0 ins)

(fatigue criteria)

With Concrete
shoulders

260 mm (10.5 ins)

(erosion criteria)

220 mm (8.5 ins)
(fatigue criteria)

THICKNESS ALTERNATIVES FOR 40 YEAR

DESIGN PERIOD

JOINT <TYPE

Aggregate
Interlock

RDovwels

No Concrete
shoulders

370 mm (14.5 ins)

(erosion criteria)

270 mmm (10.5 ins)

(erosion damage)

With Concrete
shoulders

290 mm (11.5 ins)

(exosion criteria)

230 mm (9.0 ins)

(erosion criteria)
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CHAPTER 6
LANE CHOICE OF LEFT-TURNING TRUCKS

6.1 Introduction

Many traffic related factors and roadway geometric
conditions affect the choice of lanes by trucks on multilane
highways. The most significant of these factors can be iden-
tified as (a) the traffic volume on the road section at a
particular time interval, (b) the speed attained by the main
highway traffic stream, (c) the traffic composition on the
roadway section, (d) the geometric layout of the roadway in-
cluding the number and location of access points and, (e)

regulations regarding the use of lanes by trucks.

Past studies on the lane-use pattern of trucks on free-
ways and divided multilane highways have shown that all
trucks do not use the same lane for travel. The American
Association of State Highway and Transportation Officials
(AASHTO, 1986) have recommendations on the proportion of
trucks in the lanes of multilane highways. It is suggested
that between 60 to 100 percent of truck traffic use the
outside right lane in travelling under a set of free flow
conditions. The actual distribution varies with the number
of lanes in one direction. This distribution is corroborated
by the lane distribution equations presented in the Portland

Cemernt Concrete Pavement Evaluation System (COPES) (Darter et
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al., 1985). In chapters 3 and 4 of this study, the distribu-

tion pattern at the weigh-in-motion site at Leduc, shows 90

percent distribution for the outside lane for the four lane

divided highway.

The presence of heavy vehicles in the traffic stream
also has reciprocating effects on the operating conditions of
other vehicles. At intersections, truck turning movements,
merging maneuvers and lane changes influence the operations
of approaching traffic. This could lead to the possible
formation of gueues on the through road if turning truck
traffic wvolumes are high. Also, the pressure of traffic
demand on the main highway at an unsignalized intersection
will influence the lane choice of turning truck traffic from

an intersecting road.

Left-turning trucks from side roads generally encounter
two or more lanes :f opposing traffic streams. The number of
conflicting traffic streams depend on the number of lanes on
the main highway. The left—-turning driver has to evaluate
the gap sizes in these opposing streams and select an opening
which he considers large enough to enter while he at the same

time evaluates the lane to select based on the flow

conditions on the highway.

The ultimate aim of most truck drivers, after
negotiating a turn, is to move to the outside right lane in

order to give way to fast approaching vehicles in the ...side
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lanes. This shift from the inside lane to the outside 1lane
takes place over a distance which depends on the influencing

effects of main highway traffic conditions.

This section of the Thesis reports on a field study and
evaluation of truck driver decisions and reactions when
entering the main traffic stream of a multilane highway from
a side road. The emphasis is on the lane changes and lane
selection of trucks as they join a multilane highway segment
and the travelled .distance wishin which an equilibrium

distribution of lane use is attained.
6.2 Objectives

In an effort to increase the understanding of truck lane
distribution behavior on multilane highways, this part of the
research seeks to investigate the following:

(i) The left—turn behavior of heavy vehicles onto a heav-
ily travelled multilane highway and the corresponding effects

on the operating characteristics of main highway traffic.

(ii) The lane choice and lane changing characteristics of

left-turning truck traffic along the highway.

Other left-turning characteristics evaluated include:
1. The percent of trucks encroaching on the highway

shoulders on turning.
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2. The travelled distance from the intersection, at

which a stable distribution Jof trucks across lanes 4is

attained.
6.3 Terminology

Definition of the following terms is necessary for an
understanding of the procedures and results of this studies.
A GAP, as defined by Wagner (1965) and Solberg (1965) is
considered as the elapsed time between arrival of successive
main street vehicles at a specified reference point in the
intersection area.
A LAG is that portion of a current gap remaining when a

side street vehicle arrives; in other words, the elapsed time

petween arrival of a side street vehicle and arrival of the

next main street vehicle.

6.4. Field Studies

To evaluate the lane choice of left-turning trucks and to
provide other data for verifying the lane distribution of

trucks, the following variables were measured in the field

studies:

1. Traffic volumes operating on the through multilane
highway. Data was collected at 5 minute intervals.

2. Lane by lane classification of through vehicle by type
along a section of multilane highway.

3. Waiting position of left-turning trucks.
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4. Through lane selected by a turning truck.

5. Lane changes of turning trucks within the intersection
area.

6. Incidences such as the use of shoulders by turning
trucks.

7. Incidences such as the formation of gqueues on the

intersecting road and the main highway.
8. Length of study period.
9. Platoon densities on highway at the time of a turn ma-

neuver by a truck.
6.5 Site Selection

It was difficult to locate many intersections with all
the desirable characteristics that was required for the
study. However, with the overall objective of defining a
representative distribution for the lane choice of turning
truck traffic at multilane highway intersections, information
on trucks entering a main stream of peak hour commuter—-shed
traffic was studied. The survey involved counting and
observing the lane selection and lane changing maneuvers of
trucks at the intersection of highway 16X and highway 794
including a 4 km section along highway 16X. The surveyed
intersection is an unsignalized T-intersection with a posted
stop sign on the minor highway (highway 794). Peak hour
traffic consists of early morning commuter traffic and

gravel-hauling truck traffic from highway 794.
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6.5.1 Site Description

Highway 16X is a primary highway carrying high volumes
of commuter—-shed traffic travelling east to Edmonton in the
mornings (peak hours 7:00-8:00 a.m). Posted speeds on most
sections of this four lane divided highway is 100 km/h. At
the surveyved intersection, 80 meter length auxiliary lanes
added tc through lanes transform cress-—-section widths at the
section to six lanes. Shoulder widths of 1.5 meters and 3.0
meters board the median and outside lanes respectively.
Average annual two way daily traffic (AADT) is reported in
Alberta Transportation's "Traffic volume and vehicle class
statistics" (Alberta Transportation and Utilities, 1989) as

15,640 with 19.7 percent heavy vehicle composition.

Highway 794 is a two lane secondary highway which joins
Highway 16X to the north leading to the city of Villeneuve.
The average annual daily traffic (AADT) on this road is 2,780
with trucks representing over 30 percent of the daily
traffic. Trucks, exiting from this highway haul gravel from

gravel pits for construction works in Edmonton and

surrounding areas.

A schematic of the intersecting highways and test section
is shown in Figure 6.1. The following criteria were used as a

pbasis for selecting the site:
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1. Turning truck volumes:- There must be a high truck
turning volumes on the intersecting minor highway (truck

weights not considered) .

2. Highway gecmetry:- the through (main) highway must be

multilaned and heavily travelled by traffic.

3. Controcl:- the interrwection must be unsignalized and

controlled by stop signs on the minor intersection.
6.6 DATA COLLECTION AND REDUCTION
€.6.1 Data Collection

Field data were collected for 5 days during the morning
peak hour between 7:00 and 8:00. This included 2 days of
preliminary survey used for observing left-turning truck
traffic behavior at the intersection. Traffic flow rates and
fluctuatinns on the main highway during the surveyed periods
were such that acceptable gaps covered the full range, from
gaps and lags so small as to be unacceptable, to those large
enough to be acceptable by all trucks.

The survey team consisted of three observers, who
collected data on traffic at both the intersection and along
the main highway section (Highway 16X).

It was overcast but clear during the survey periods with
good visibility along the stretch of highway.
The observation posts of two members of the survey team

was changed on each survey day . This study method was
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resorted to because of the i1imitation in the number of

observers who undertook the survey. The stationing of
observers along the main highway on each survey-day were as

follows:

O B S E R V E R

1 2 3
Day 1 - 0.2 m 200 m 800 m
pay 2 - C.0m 800 m 2.0 km
Day 3 - 0.0m 2.0 km 4.0 km

The intersection was chosen as the 0.0 metre post and all

other obserwvation post:s were measured with respect to this

station.

Traffic wolumes and traffic lane use were recorded with
talliy boards traving five push-buttons. These register the
cumulative volume of wehicles when the buttons are actuated.
The observers actuated the buttons to record, (a) the arrival
of main highway vehicles in each lane along the main highway,
(p) arrival of side road vehicles which had predominant truck
volumes and (c) intersection entry of a truck from the side
highway and the selected lane on turning. The cumulative
vehicle counts were recorded at the end of each 5 minute
period. Using this technique enabled the lane chosen by a
truck on turning and the highway flow rate during a turning
maneuver to be extracted from the compiled data. A total of

three one hour sample data were collected during the survey.



The further two days preliminary observation survey at
the intersection was aimed at safeguarding against
overlooking or misinterpreting the significance of a driver's
pbehavior or a traffic variable. This occurs when 1large
traffic counts are obtained over long time frames and may
submerge the 1:1c¢al effects of other important traffic

variables.

This two days observation survey involved the observation
of truck behavior during left-turning maneuvers with varying
traffic flow characteristics on the main highway. Truck and
traffic characteristics observed included, truck lane choice
on turning, lane placement of trucks before turning, lane and
speed changes of through vehicles due to the influence of
merging trucks, and other relatad traffic incidents such as
queue formation and backups on the main highway. An attempt
was made to exclude vans and pickups in the analysis since
these vehicle types have almost the same influence on the

traffic stream as passenger cars in accepting gaps (Noblitt

1959) .
6.6.2 Patterns in 5 Minute Data Collection

The question of how turning truck traffic behaves during
the transition from low flow volumes to high fiow volumes on
the multilane highway is complicated by the fact that data

pattern is dependent on the size of the interval over wh.ich

the data is averaged.
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Variation in arrival pattern of traffic on the main

highway within the chosen intervals of 5 minutes dampen the

raal effects of high flow rate traffic on merging trucks.

Traffic variables such as speed, density, acceleration, lane

use etc. within the 5 minute period could be the average over

two or more quite different operating conditions.

To offset and make corrections for variations within the
time frame, the two days observation survey was used to
observe the merging and lane changing patterns with various
through traffic densities within short time frames of 60
ceconds or less. The analysis of data from the preliminary

survey was found to describpe the lane choice behavior of the

left-turning trucks much better.

6.6.3 Data Reducaction

The number of vehicles in an arriving platoon at the
intersection during a turning maneuver by one or more trucks
onto tae main traffic stream were converted t~ {'7.w4 rates per

hour by the expression:
Q = 3600/t; .Vji

whare

Q = through traffic flow rate in veh/hr. The flow values

obtained were for both eastbound lanes.

t; - the time interval between the moment a rurning

maneuver is initiated by a truck from its waiting position on
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the side road and the moment the turning maneuver is
completed. The point of turn completion was taken as the end

of the acceleration lane.

v; . number of vehicles in a platoon on the main highway
within the time interval that a truck initiates a turn from

the minor highway.

The lane into which a truck turned, due to the
influencing effect of through traffic flow rate were noted.
Table 6.1 and Figure 6.2 show the distribution of selected

lanes within a range of flow rates in the eastbound lanes.
6.6.4 Hourly Flow

The average hourly volume of the eastbound traffic for
the three surveyed days was 1,750 vehicles/hour. There was
little variation in volume between the surveyed days. This
is due to the fact that the traffic stream consists mainly of
daily commuters or frequent users during the morning weekday
peak period.

Considering the short-term fluctuations in traffic flow
rate a maximum 5-minute flow rate of 198 vehicle/5 min (2400
vph) is achieved. The peak hour factor, which relates the

hourly volume and the peak 1l5-minute flow is 0.84.

6.7 Kesults

The field studies was aimed at defining a representative

frequency distribution of the lane change and lane use
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patterns of left-turning truck traffic at the surveyed
intersection. In addition an effort is made to determine the
travelled distance over which an equilibrium lane dis-

tribution of trucks is attained. Shoulder encroachment by

turning trucks and the impact of trucks on the operation of

through traffic are also outlined.

6.7.1. Gap Types

Eight main types of gaps were defined for left—-turning
truck in the study. These gaps result from the flow of
traffic in both directions on the main highway. Turning
trucks could accept or reject offered gaps depending on the
traffic situation. Four of the eight gap types are formed by
successive inside and outside lane vehicles on the westbound
two lanes nearest to the intercepting road. These gap types
were not considered in the survey Dbecause trucks had the
tendency of waiting at the median opening for an acceptable
gap in the eastbound traffic sctream. The four types of
defined gaps considered were formed by successive inside or
outside lane vehicles in the eastbound direction, or by ve-
hicles which are offset in the two lanes. Figure 6.3 shows a

diagrammatic illustration of the four defined gap types.

6.7.2 Lane Choice Types

At least five types of lane choice by trucks were
observed within 80 meters of the intersection. Of these lane

choice types, Two of these lane choice types were incidences
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forced on merging trucks by through traffic flow conditions.
These are when trucks are forced to use the inside or outside
shoulder for travel. The other lane choice options were the
selection of one of the three normal lanes within the
vicinity of the intersection which included the 80 meter long

accelerating lane at the intersection.
6.7.3 Lane Choice on Turning

The lane selected by a truck on turning was found to
depend highly on the flow rate of the through traffic during
a left-turning maneuver. As shown in Table 6.1 and Figure
6.2, merging trucks either could not accept available gaps
for a smooth entry into the traffic stream or were forced to
use the inner shoulder lane for travel when flow rates

exceeded 1,750 veh/hr/lane.

The survey alsc showed a strong relationship between the
mean speed of an approaching platoon and the lane selected.
Even though traffic speeds were not measured directly in this

field studies, speed rating from visual observation supported

this conclusion.

At lower flow rates less than 600 wveh/hr/lane, trucks
tend to cut across the accelerating and inside lanes onto the
outside lane to merge on the outside 1lane. Such flow

situations offered, enough gap and lag opportunities and the

freedom tc select lanes without restraint.
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6.7.4 Shoulder Use

The use of either the inside or outside shoulder of the
highway were incidences forced on turning trucks by the
operating conditions of main highway traffic. As observed,
23 of 49 turning trucks using the acceleration lane continued
on the inside shoulder for a considerable distance after
reaching the end of the accelerating lane. Such trucks could
not find an acceptable gap in the traffic stream within the
80 meter distance due to high traffic flows. There were
fewer incidences of trucks using the outside shoulder on
turning. Such incidences occurred when turning trucks cut

quickly across to the outside lane to avoid an approaching

platoon. Five instanc:s of trucks encroaching on the outside

lane on turning was recorded.
6.7.5 Turn Types And Starting Positions

For most left—-turns at unsignalized intersections made
under moderate to heavy traffic conditions, turning is
undertaken from a stopped or waiting position within the
intersection. This left-turning approach was typical of
light vehicles. Observations of turn pattern at the surveyed
intersection showed that most heavy trucks stopped well
behind the intersection stop 1line for an acceptable gap
opportunity in the westbound traffic. These trucks then
entered the intersection and waited at the median opening for

an acceptable gap in the eastbound traffic stream. Under
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relatively light traffic flow conditions, some trucks merged
fully with the main traffic stream without stopping within
the intersection.

Of the 196 left-turning trucks observed at the
intersection during survey, 115 trucks (59 %) made the left-
turns by first stopping at the median opening. Tr - other

half made the turn from a stop position at the minor roadway.
6.7.6 Queueing Incidents

There were two major gueue formation incidents on the
eastbound lanes observed during the 3 day survey period. In
both cases, two trucks turning in succession forced main
highway traffic to a stop, thus resulting in the formation of
gueues in both lanes. The qgueue lengths averaged six and
seven vehicles in both lanes. Observed cases of vehicles on
the main highway slowing down OIr changing lanes to permit
merging trucks onto the highway were also noticed. Traffic
queues were not formed in these instances but some degree of
congestion occurred at the intersection, resulting in other

related incidents.
6.7.7 Lane Changing Along Survey Saction

A lane change is accomplished when a vehicle travelling
in one 1lane, shifts lane for an acceptable gap or lag
opportunity in an adjacent destination lane. Gaps may either
be rejected or accepted based on the operational

characteristics of wvehicles in the adjacent lanes, such as
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speed and relative position of other vehicles. The gap

acceptance characteristics of a truck attempting a lane
change also plays a major role.

Lane changing pattern along the 4 km stretch of highway
was obtained by analyzing the traffic data collected on
individual lanes at the successive survey posts.

The results from the 3 days data count along the highway
is illustrated in Figures 6.4 (a-c). These diagrams represent

the lane changing and lane choice pattern of trucks along the

4 km highway section.

The band widths show the proportion use of the outside
and inside lanes between points. The natural inclination for

trucks is to change 1lanes 1into the outside lane with

traversed distance.

With travelled distance, left-turned trucks attain the
speed of highway traffic and can therefore change lanes with
much ease. Also with distance, slowed vehicles behind a slow
moving truck tend to disperse onto the adjacent lanes, thus

creating acceptable gap situation for a truck to change lanes

as desired.
6.7.8 Truck Lane Distribution

Lane distribution of surveyed trucks across the highway
is considered here on two separate sections of the highway.
The first section considered is the distribution in the

vicinity of the intersection up to the 200 m post. This
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distribution is shown in Table 6.2 with the percent of lane
use, including shoulders, by trucks within the 200 meters
distance from station 0.0 km. Distribution r--tern within
the section is highly unstable which is reflected by the lane

use versus through traffic flow rate plots in Fig 6.2.

The distribution shows that there is an equal proportion
of trucks (40 %) within +he outside and acceleration lanes.
Outside lane trucks were mostly main highway trucks whilst

trucks using the acceleration lane were left-turning trucks.

The distribution of trucks on the 4 km section of
highway section 1is analyzed with the assumption that truck
lane choice and lane changing maneuvers had been stabilized
by the 4 km post.

The overall analysis resulted in a distribution of 83 %
of trucks in the outside lane at the 4 km post. This shows
that more trucks change lanes into the outside lane with
traversed distance. This distribution includes through trucks
surveyed at the intersection. If the proportion of through
trucks is not considered in the analysis, about 67 percent of

left-turn trucks from highway 794 would be considered to have

changed lane onto the outside lane by the 4.0 km post.

6.8. Conclusions

The following conclusions can be drawn from the survey

on the lane choice of left-turn trucks at the unsignalized

intersection studied.
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1. The lane selected by a left—-turn truck whilst merging
into the through multilane highway is found to depend on
the flow rate and speed of through traffic.

2. Through vehicles were found to reduce speed or change
lanes while approaching the intersection. This is an
influencing factor of the left-turning trucks.

3 There were recorded instances of short term Qqueue
formation of the through traffic when long trucks or two
consecutive trucks made left turns.

4. Incidents, such as the use cf inside or outside
shoulders by merging trucks were observed to take place
with high flow rates on the highway.

5. Gap acceptance or rejection by a left-turning truck
depended on the through traffic flow rate.

6. The tendency for heavy vehicles to travel on the outside

right lane is confirmed by the high proportion of trucks
which were surveyed in the outside lane, 4 km downstream

of the intersection.

These findings can be applied to the economic design of
highway pavements in the vicinity of intersectiocns. Within
the wvicinity of intersections with high truck turning
movements, the heaviest travelled truck lane could be the
inside lane. In such situations, the inside 1lane should be

considered as the <controlling design lane and lane
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distribution factor applications should be based on this

lane.

Incidents of shoulder use at intersections by heavy
trucks also <calls for the adequate design of highway
shoulders. These should be designed wide and strong enough to

accommodate shoulder encroachments of turning truck traffic.



147

Table 6.1
Lane Selection by Left-turn Trucks versus Through
Traffic Flow Rate at Intersection
Flow
rate Flow per Total #

(2 lanes) Lane and % Accln* Inner QOuter*
(vph) (vph) Trks lane lane Lane
0-500 0-250 9 100% - - 51 55% 41 45%

500-1009 250-500 2 100% - - - - 21100%

1000-1500 500-7504 12 1100% 1 8% 41 33% 71 59%

1500-2000 750-1000 9 100% - - 5§ 55% 41 45%

2000-250011000-1250 8 100% -~ - 61 75% 23 25%

2500-30003 1250-1500 4 100% 1{ 25% 331 175% - -

3000-350011500-1750 4 100% 21 50% 21 50% - -

3500-400011750-2000 1 100% 1{100% - - ~ -

4000 > 2000> 2 100% 21100% - - - -

* — vValues for acceleration and Outside lanes include use of

inner and outer shoulders
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Table 6.2
Distribution of left-turn trucks between Highway

Section

0.0 km - 0.20 km
Number of Percent
Lape use |  Trucks Trucks # _Cars
Inner shoulder 7 5.7 2
Accln Lane 49 39.8 162
Inner (Median)
lane 14 11.4 577
Qutside lane * 48 39.0 706
Quter shoulder 5 4.1

* oOutside Lane trucks include both left-turn and through

trucks
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THAPTER 7
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

7.1. Summary

This study covered the subject of the Truck Lane and
Axle Load Distribution on multilane rural highways in the
province of Alberta. Specifically, data from the WIM scale
at Leduc was used for determining the traffic 1loading
distribution on the pavement structure for a typical primary
highway in the province. Cumulative ESALs generated by
trucks during two separate years of continuous data
collection from this scale also served as the basis for
translating the annual accumulated loadings into equivalent
pavement thicknesses. Both the Asphalt Institute (AI) and
Portland Cement Association (PCA) design approaches were
employed in the flexible and rigid pavement thickness
analysis.

Pre-~ and Post-1988 truck loading data from the WIM site
enabled an assessment of the changes in truck number, axle
load, lane use and axle configuration in the province after
the 1988 RTAC weight limit recommendations.

In addition, an intersection study of the lane choice
patterns of left-turning trucks onto a multilane highway as
well as lane changing characteristics and traffic conflict
events such as weaving, stopping and queuing by main stream

traffic were investigated.
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These studies were conducted against a background of
literature review on truck traffic influence on the highway
system. This review dealt with a wide range of truck related
topics including past studies on lane distribution factors,
the ESAL concept, the use of weigh-in-motion scales for
collecting traffic data and axle load information and a
review of RTAC truck weight and dimension limits. The
influence of trucks on highway traffic and intersection
operations were also reviewed.

The literature reviewed and the WIM data analyzed,
presented the opportunity to draw valid conclusions on
loading and Lane Distribution Factors (LDF) at the particular
highway section in Alberta and to make recommendations on
future research work required to enhance the assessment of

truck loading on the highway lanes.

7.2. Conclusions

Based on the findings of this study and the review of
published literature, the following conclusions and results
can be drawn on the truck lane use and loading distribution

on multilane rural highways in the province.

1. Increases in average truck axle weights, changes in
truck traffic composition and increases in truck volumes have
together contributed to significant increase in total ESALs

after the RTAC weight regulations in 1988. The overall
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increase in average gross vehicle weights soon after the

weight changes translates as 1.8 tonnes.

2. Seasonal variations in generated ESALs relate closely
to the number of trucks on the highway. High ESALs are
generated in the spring and summer months. Truck volumes and
loadings are at their lowest during the winter. The observed

increase in truck volumes translates to about 32 percent

growth between the two analyzed periods.

3. Most ESALs on the highway are generated by the heavy
truck categories. These truck types represent 64 percent of
all trucks but generate 89 percent of the daily ESALs.

In general over 90 percent of truck traffic use the

outside design lane generating about 85 percent of the one

directional total ESALs.

4. ESALs per pass increased within the analyzed period.
The most significant increase were in semitrailer and
combination truck units. ESAL factors for all truck types
using the inside 1lane showed a consistently higher values
than those in the outside lane. On the average, a factor of
2 04 was determined for truck loading in the inside lane
while a factor of 1.41 was established for the outside lane
traffic. A correlation coefficient of 0.905 and 0.605 were
analyzed for the outside lane and inside lane truck volumes

versus daily ESALs plots respectively.
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Although an explanation for the use of the inside lane
py heavily loaded trucks can not be readily given, a policy
to enforce weight limits on trucks could be Jjustified by

sampling trucks in the inside lanes.

5. Overloaded trucks represented 3.4 percent of all
trucks and contributed about 18 percent of generated ESALs on
the highway in 1989. When one considers axle groups, most

overloads were on tridem axle groups.

6. The cumulative ESAL generated during the eight
months (April-December) in 1989 was about 1.8 times the
cumulative ESALs of 1986. Average ESAL Factor increased from

1.05 in 1986 to 1.4 in 1989.

7. The predominant truck type is the five-axle semi-
trailer truck (Type 9). This truck type contributes over

half of the total accumulated ESALs.

8. Overloaded trucks generated about 18 percent cof
total daily ESALs. More combination trucks of the six-axle
and seven axle groups are found to be overloaded. When one
considers coverloading in axle groups, a higher percentage of

tridem axles exceed the maximum allowable limits.

9. The RTAC recommendations on weight 1limits will
result in a 30 mm additional pavement thickness regquirement
and an increased rate of highway rehabilitation. Eliminating

trucks operating over the set weight limits will save 10 mm
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of full depth asphalt thickness. Similar conclusions can be

drawn for the analysis of rigid pavement thickness.

From the preceding discussions and conclusions, it is
clear that the lane distribution factor on the highway is on
the higher end of the distribution recommended by most
agencies. Also the RTAC changes had an immediate impact on
truck activities in the province. The eventual adoption and

complete change to use the recommended RTAC standard trucks

could result in variations in *he above stated conclusions.

Projections of loadings before and after the weight
changes for 20 years periods reveal that an extra full depth

asphalt pavement depth of 30 mm may be required to support

the increases in loading.

The following conclusions can be drawn from the survey
on the lane choice of left-turn trucks at the unsignalized
intersection studied.

1. The lane selected by a left-turn truck when merging into
the through multilane highway is found to depend on the

flow rate and speed of through traffic.

2. Through vehicles were found to reduce their speed or

changed lanes while approaching the intersection.

3 Short term moving queues of through traffic were
recorded when long trucks or two consecutive trucks made

turns.
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4, Incidents such as inside shoulder or outside shoulder
use by merging left-turn trucks were observed to take
place with high flow rates on the highway. Gap

acceptance by a truck depends on the rate of flow on

adjacent lanes.

5. The inclination of truck drivers to select the outside
right lane for travel is confirmed by the high
proportion of truck distribution 4 km downstream of the

intersection.

Basically for a flow of over 3000 wveh/hr (one
directional flow of 2 lanes), truck drivers either reject and
wait for an acceptable gap or utilize the inner lane or the
inner shoulder for turning manoeuvres.

The choice of lanes within the vicinity of the studied
intersection does not follow a consistent lane selecticn
pattern. Drivers are much influenced by the flow conditions

of through traffic at the intersection.

The findings can be applied to the economic design of
highway pavements in the vicinity of intersections. At
intersections with high truck turning movements, the heaviest
traveled truck lane would be the inside lane. This lane
should be considered as the controlling design lane. Applied
lane distribution factors and ESAL generation should be based

on the proportion of inside lane use by trucks.
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Highway pavement shoulders at intersections should also
2 designed wide and thick enough to accommcuate the

incidental use by turning truck traffics.

7.3. Recommendation:=

It is Dbelieved that the RTAC weight and dimensions
limits proposed in 1988 will have its full impact when the
provinces change, and start adopting, the proposed standard
trucks. It may require some time, maybe years, before the
present truck fleets in the system are totally replaced with
the RTAC standard truck types for an accurate loading
assessment to ke made. It is therefore recommended that
further research be conducted on future available data from
the WIM scale to assess the long term impact of the weight
changes.

One major limitation of the research is the
unavailability of continuous truck weight data on other
primary highways in the province. Such data could permit a
much accurate general conclusion to be made on truck loading
on Alberta's primary highways. It is recommended that future
analysis take into consideration primary highways with no
established WIM scales. This could be based on the finding
that a survey on representative five axle trucks on the
highway could be factored up to give ESAL values within

reasonable accuracy for pavement design purposes.
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It is recommended that weight enforcement action on
neavy trucks be carried out on the trucks using the inside
lane of the highway.

The economic evaluation of trucking before and after
weight changes is recommended in future studies to assess
the weight increase impacts in terms of user benefits and

costs.
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APPENDIX A

Sample Output from WIM secale
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Average Axle Weights in Tonnes by Vehicle Type

-- Leduc Scale Sit

Alberta Transportation
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.
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To: Monday May 15 13

44

Axle

Total

Type

VAWM NDON WD .

A e s .

0 M A
-4

3.6
6.3
4.1

2.2
4.3

2.3

3.2
2.1

D NN T D e
— ot N e N

O - N

[To BN B =

L TN O
« e e e
NN N
e e I V=2 o Y o]
I
ONMUO M
N wowod
W M U W)
O\\OM-—avh‘
e e e v e e
T NM M

- .
B N
ol v etr N

5.1
4.8
3.1
3.2
3.4

6.6
3.z
4.7
4.9
3.1

6.5
3.8
5.6
5.7
3.6
4.3
5.4

7.4
4.2
5.3
5.1
3.7
4.4
4.8

6.2
4.2
5.1
5.9
4.5

6.4
4.1
5.7
5.7
5.9

4.8
3.5
4.0

3.9
3.6

12
13
14
15
16

29.9

2.8
3.8

3.6
5.1

4.2
5.6

4.1

5.6

3.3
3.1

17
18

37.4

175



176

81

b20°1

000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
ELE'ET
000°0
000°0
000°0
000°0
86v° ¥
000°0
655°¢C
668°1
v6e"1
698°1
000°0
i6L°0
11670
6Th°0
162°0
£62°0
891°0
260°0
000°0
000°'0
000°0
0o0°0

A-81 &
01 odAy,

b
wy

COCOMMWOWYWOWVWANOMAN O rmr OO0 1000000000000 0O

82

6ES° 1

000°0
000°0
00070
000°0
000°0
000°0
000°0
ELh s
00079
816" L1l
Ley 9t
198°¢1
0s9°0T1
vL0'6
Sh1°L
L29°s
eeb v
166°¢€
028°¢
262°¢
ooL"1
L1
Ly1°1
L86°0
6¥8°0
ShL'0
6€9°0
19670
2806°0
£8€°0
68¢°0
802°0
(A4
0000
000°0
200°0

q-81
¢ od

8'21
POEDZ L6G°0 968
0 000°0 ©
0 000°0 O
0 000°0 0
0 000°0 0
0 000°0 ©
0 000°'0 ©
0 000°0 0
1 000°0 ©
0 000°0 O
b 000'0 0
6 000°0 O
[AS 000°0 0
o€ 000°'0 O
L8 000°0 0
boT1 0€£2°211
262 692°T11
£99 r69°8 1
9e01 190°9 ¢
LEFT BET'S 1
LbGT GkB'E €
LG9T 609°€E §
EEPT  699°¢C &I
29¢1 8€6°1 ST
Gy1T  GEL'T €1
2901 PIV-T €2
16TT  26€°T 62
L2t 26870 ¢
9ckt 8180 LS
gELT 269°0 6L
600z 28h°0 TP1
0¢8 862°0 9€1
8V 22°0 kL
T p90°0 GTT
0 b20°0 bOT
0 000°0C O
0 000°0 O
$ A-81 &
F 94 g odAy

TANA

826°0 1981

000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
0000
000°0
0000
G61°91¢E
000°0 0
691°01¢E
061°8 1
p96°b L
6€9°¢ C1
61€°€ 21
Ge9°¢ vE
296°1 Gt
LEL'T 99
SPI'T 111
0EL"0 8G1
606°0 281
oFe"0 TT1C
622°'0 192
L0710 05¢
1€0°0 LEE
810°0 LLT
y00°0 1
000°0 0

q-81_ &
L 8di]

COCOQOOLOOOOODOO0OOOO

€61

Go8'1

000°0
000°0
000°0
000'0
000°0
000'0
000°0
000°0
000°0
000°0
000°0
Guo°o
000°0
600°0
000°0
000°0
000°0
000°0
00070
000°'0
00070
000°0
000°0
000°0
000°0
9z2°¢
6IL"T
000°0
629°0
0060°0
000°0
00070
000°0
00070
000°0
000°0

q-81

9 odAL

T2}

OOOOOOOHOﬂmOOOOOOOOOOOOOOOOOOOOOOOOO

!

¢'8

22’0

000°0
00070
000°0
0000
00070
000°0
000°0
000°0
000°0
00070
000°0
00070
000°0
000°0
000°0
000°0
000°0
00070
00070
000°0
000°0
000°0
000°0

698°11

190°S
£C6°¢E
160°2
£0p°1
166°0
€19°0
10070
€0C°0
680°0
p20°0
600°0
00070

1-81

896

HO OO OO OOOOOOTOVOOOCOCOOCOOC

~—t —

1
6¢
69
6L
147§
Skl
9Lt
860
tE
0

i

g odAl

G0:€1 61 Aew Kepuol
215 @Teds dupe]

6°€l

206°0 SESE

000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
00070
000°0
000°0
000°0
000°0
000°0
000°0

COCOOOOOODDOOOROCOCOOO

069°11¢

656°L
£€682°9
1) A0l 4
£82°¢
08E°C
8hL"1
%21
288°0
16670
AL AL
ELE"O
£L1°0
§20°0
000°0
000°0

q-81

€
2
£E
oL
A
vee
[4%%
908
9be
1L
14>
06
61
0

0

¢

p edAl

8°S

aybrap
abexoay

TYs3 X-81 obeaeay

81270 LIEG

0000
00070
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
ATAN A
yLE 112
6L1°9 €1
S1s°€ bb
0281 ¥91
£66°0 GSb
L9v°0 6%6
102°0 0€LT
€50°0 69LE
910°0 0022
000°0 0

OOOOOOOOQOOOOOOOOOOOOOOOO

3-81 %
£ odfy

12301

da+0g
08-9¢
9L-2L
7L-89
89-%9
¥9-09
09-8S
85-96
9G6-bS
¥S-2S
26-0S
0G-8Y
gb-9b
9b-bb
bh-Ch
Zv-0V
of-8¢
8€-9¢€
9g-be
ve-2€
Ze~-0t
0€-82
82-9¢
52-v2
pe-2¢
Zc-02
0Z-81
81-9T
91-b1
p1-21
Z1-01

ebuey
ybrem

:0L ppe:0T 9T ueriepuop :wolj
-- uotjejxodsuel], elxeqly

adA1 Kq Tysd ¥-g1 obereay pue §dUUOL UT UoTINATIIETA IYBTOM



177

L*GE

816" T FhEE

000°0

0

981°921
06L°€T9
7800161

1A
T16°S
9L 0
966°€
299°¢
6EL°E
188°¢C
6h6'2
L6L"¢C
Lww°e
262°¢
Lzre
€pe°T
8Lh 1
GkZ°1
v00° 1
€670
b0L"0
¢09°0
¢h9'0
20670
E6h0
eLro
PEV'O
G9E'0
SPE'O
€970
000°0
0000
000°0
0000
0000

A-81

v

661
68

16

¢ct
01l
Vel
111
26

61t
veEl
LET
861
LSt
9¢t
61
I
6

11
08

501
261
1544
112
€81
1€1
[A>

oo O

}

61 odAL

brLE

LES T €061

00070
000°0
000°0
069°0¢
000°0
6rb°L
Epl’l
96Y°S
SLE"S
298°¢€
8LE'E
ch8°2
bis°¢
Led
L06°1
pes' 1
6vE"1
011" 1
€26°0
96L°0
00970
8b6°0
LEY'O
£9€°0
20E°0
01€°0
8820
PEYARY
20€°0
82¢'0
000°0
00070
000°0
000°0
000°0
000°0

A-81

o

0

0

1

0
81
11
6
01
[{
Sy
LG
€6
L1t
801
g6
vET
611
Z1t
86
501
18
69
oL
VE
b
9¢

coQCo oM

i

g1 °d&y

6°6¢

6L8°0 6LV

[ N =]
oo
o0
. =
oo
DOO

w
-
[
o
ANMMAALMNOOLQOoOOC
NN~

- O
~
o™
Pl
o @D
K]

L9L°0 §¢

—

o~

o~

o
OOOOOOOOQO\\D(’?QH\O@
ANTNTOMNT

§°Le

n
(=3}

L96°0

000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
000°0
0000
266°G
000°0
Ls1°e
L50°¢
8sL 1
LSe°1
fse"t
196°0
26L°0
18570
LAY
6€E°0
€EE’0
95820
000°0
00070
000°0
000°0
000°0
0060°0
000'0
00070

@V&WNOHOOOOQOOOOOOOOO

COOOOOONMHA M
— vt ot

X-81 ¢
91 °dAy

6°GE

682°¢C 8ETE

000°0
000°0
000°0

0
0
0

£vS°22C
Ti1°618
p11°2181

6116
pSL°L
299°9
z72s°S
LG9V
v86°€
SEE'E
S18°2C
662°2
6161
pELT
90" 1
Le1'1
910°T
L98°0
opL'0
9€9°0
IS0
€6v°0
YEV"O0
8zp°0
6200
96€°0
VEE"0
8€2°0
¥O1°0
000°0
000°0
000°0
000°0

®-81

Al
0t
(4"
LET
02¢
GET
802
L62
Ls?
91¢
6vl1
£6
€6
98
0§
SS
ov
14
V6
18
L0T
8L1
AN
861
A

COCDOO

i

61 °dAlL

0°9¢

LvE" T 812t

000°0 0
000°0 O
000°0 0
gLL"STC
818° 2191
VEL6 62
pep°8 ¢
0TL"9 0L
085'6 161
90L 'y E€C
GI1'b 9%
Lev-e 961
£06°2 L2T
L9¢°C 69¢
£90°¢ 891
189°1 Z¢€1
866'T 26
LET T 1§
o611 OV
650°1 3¢
616°0 02
L66°0 L1
2zL°0 02
LL9°0 B2
169°0 9§
8£9°0 OL
Spe 0 bLIT
Lye'0 TLE
goe"0 19¢€
L6z'0 SI1
Gye'o
000°0
000°0
000°0
000°0
000°0

oo oeMm
—

n-8T 4
p1 @dAl

adAy Kq Tys3 N-g1 oberaay pue &3

0t

L6LD BGL

000°0 0
00070 O
000°C 0
000°0 0
00c°0 0
000°0 0
000°0 0
000°0 0
000°0 0
000°0 0
L21°6 ¢
169°8 1
L0Z° 112
8¥9°s 1
eV €
Lez e Vv
260°¢€ 9
8€9°2 ¢l
806°1 ¥C
p99°1 8¢€
g6e" T 0t
y60°1 6%
9¢8°0 19
6€9°0 VL
896°0 08
Gsy*0 101
9L€°0 L8
€0€°0 UL
862°0 08
Lv2°0 tt
002°0
00070
000°0
000°0
000°0
000°0

OO OC W

A-8T ¢4
g1 2dAy

¢p:g1 61 Kew Aepuon
4TS @1edS ONpadT --

8 LE

99L°€ T6V

000°0
000°0
000°0
000°0
000°0
000°0

0
0
0
0
0
0

Lb9° LTI
8GE°STT
89¢° 211

269°6
§s1°8
8€8°9
8vL"s
190°§
0s¢° b
669°¢€
P10°E
LsL°?
v e
£02°2
bl
00070
y08°0
99¢€°1
oFL 0
£v6°0
9860
§19°0
0Ls’0
£8E°0
T4 XARY
000°0
000°0
000°0
000°0
000°0

A-81

S

sT
6T
0§
6
1L
8%
69
vE
87

<~ N O <

€1
1%
0?
£1

oocoO

]

21 8diy

Iybrem
12 abriaAy
Tys3 ¥-g1 ebereAy
6LE'T ELS 1e3olL
000°0 0 dn+08
000°0 0 08-9L
000°0 9 9L-2L
npo°o 0 ZL-89
000°0 0 89-¥9
000°0 0 ¥9-09
000°0 0 09-86
000°0 0 86-96
000°0 0 96-¥6
000°0 O ¥5-26
000°0 0 26-0§
000°0 0 0s-8Y
000°0 0 g8b-Sb
09€° 211 oy-bb
yor°8 L po-2v
v96°'9 9 2%~00
Ep6°L Vv 0v-8¢
geg' b 12 8€-9¢
p8p € LT 9€-VE
129'2 L2 ve-2¢
6€2°¢ 6€ 72e-0€
LLLt 1€ 0£-82
09E°' 1 €V 82-9¢
050°T 62 92-b2
826°0 6€ y2-22
€2L"0 02 72-02
L19°0 62 02-81
109°0 1% 81-91
065°0 26 91~b1
€LE'D 29 p1-21
GeZ*0 b 21-01
£60°0 9¢ 01~
GEDTO € 8-9
120°0 § 9-¥
000°0 0 p-2
000°0 O A
2-8T7 & abuey
11 od4g IybToM

0L ppiol oﬂ:mh&mncoz rwoxd

uotjelTOdEUEI] BIT3qTY

yuol UT UOTINGTIIETA IUDTOM



178

MATNA L

z'8b b99S1

‘€8 9001 9°¥g OLbLC

00T 1121 0°00T LI9bZE

M AN~

91
62
0¥
18
gL
L9
L9
b9
Lol
4
L
1L
18
18
18
Z9
8b
11
61
Al

- - P . . .

— OO C M T WY VIO WES O WU WO

44

A

e
m

C O DO O M MT W WIWWISOO O WD MO

ETY
96L
INARS
bLot
EI1e
69¢¢
660¢
b6Le
9662
262
9802
661
bedl
8281
L891
hel
1€11
0001
14
€01
L8
86
[4AS
X%4

. « e . . . -

MO AN ANV OO O WO NN WOM

-

~ < Mm

LL 0e6¢
0ET  L2LS

g6T  OEIL

86
0€e
oLE
096
STL
299
809
1Tt
819
LES
184
99¢
oLE
652
112
8ET
69
(47
81
91
12
1Z
1e
14

O NO NN DN <
- Nt -

-

O rFf O C NNMAWON®WAN

m
<

Kepung

8L 1282
91T  OLZY

61 FI96V

b8
GET
1€l
Loz
6ve
AL
Eve
6VE
98¢t
29¢€
8GE
92V
[(4:1%
L8E
80t
(414
971
oL
8¢
€l
b1
1¢
Le
Ve

M~ N~ W~y
i - —y

i

- —

PO NNODAHMNMMANMNAEUWO -~

q ¥
Kepanjes

vOT  LLEZ
€91 289V
L0Z  €09§
£ £8
8 LET
8 622
€1 p9t
A1 o€y
6 1Ay
€1 906
ET EES
ST 6S¥
81 909
6 £LE
£1 002
61 0¥k2
A 612
g1 1722
L €61
¥ 961
9 661
9 g€
1 A
0 6
Z 11
1 91
4 1€
d ¥
Aeprad

(z '7) SI9TTRIL YATH SOTUTUSA JUBTT pue 69TOTUBA JUBTT

8
0

0T 6061
LT slie

6T L9LE

9¢
oL
£z1
Lyl
vel
| €02
1 96¢C
1 gee
T §8¢
1 1ve
I 1] 44
1 LSe
1 Loz
1 0€e
1 114
q61
T 981
1 P91
4]
st
Sl
0t
b1
11

g ¥
Kepsanyy,

00:00 8 Aepr Kepuo :0L 00:00

1
oLY

b6l

O~ MMm
~ —

1%4
91

01
Pt
6T
A
£l
0t

N MmO NND

g

Kepsaupap

6681
8C1¢t

099¢

8¢
66
L1l
Shl
€81
{114
114
962
SLe
6€2
gee
Lee
60¢
92z
0S¢
602
bLT
191
12
18
£l
11
€1
1€

v

128 6v8l
0€T  GClE

09T  2e&st

Bt
[A%
9
801
1 691
161
LLe
1Le
14:14
YA
Lve
LEZ
ove
L1?
60¢
4]
b6t
LZA
LA
Al
9
11
0t
(44

W ~O 0T o

O NN T
- o

P

NONNOMNMO®DW®W W

d 4§
Kepsen}

06

£€61

Le1 g9t

9¢1 128t

[4
S
L
4
91
8
S
3

11
1
1T
6

A"
9T

-
4

MO MMM O

g

9t

LS

£T1
4 A
£81
L1
vie
10€
68¢
182
61¢
9€?
ove
o€e
(434
502
92
ved
06
0¢
6

£l
124
9%

-4
Kepuol

91-8
02-9

(s1noy yead) s1e30IANS

1030l

ve-€
£2-2¢
¢e-1e
12-02
02-61
61-81
81-L1
L1-91
91-61
q1-p1
pI-€1
€1-21
21-11
11-01
01-6

~ o
[
O~

| ]
O =N M

~ N M SN0
1

[
&
o]
3]

(v ‘€) syonxl 3tup oTBuUTS :@ SEBTI

1y 66BTD

1 Ken Aepuop :woxd
315 @Ted§ onpaT ~- uotjeazodsuel] e3xqIV

yoayM 10 Keg pue xnoH Aq sawWnTOA YONIL 3IFUN aTbuTS pue 18D



(o)}
~
™ ‘16 €09 9°Ly 9LEST 8L ELIE 0SS ShLZ  S6 z86t L6 7681 811 o8l 2L 29bT  E6 8GLT 91-8

‘€8 9L6 a'cs 060l L€1 €19 G6 g€y OGT  LO6k 69T ZEE 99T  I%ck 56  8zIz 09I 660€  0Z-9
(sInOH Yead) s1103A0S

00T 9L11 0°00T TLZZE 691 L9SL LIT 190§ 6LT 688§ zoz bLBE €61 90LE  €TI 99z €61 BOLE 12301

‘T 91 G'T 88k 14 621 4 £8 T 901 £ 8 € Le S s ] e vZ-€2
‘¢ 0t 9°¢ 618 8 822 0 9¢€T S ZE1 b 96 v €8 € ¥9 9 06 £2-27
‘b 60 L'e 611 6 €6€ 4 i61 L 92¢ ] LTl L 66 L €S 01 601 z-1¢
‘¢ GE AR T TA R 01 LSS S 214 9 T0% 1 091 € 1€1 € 61 b £Vt 12-0¢
‘9 9L £'9 9202 £l 699 8 282 €1 1:15 61 112 01 LT I 1¢ A3 181 0Z-61
‘P ES 0°L LSZC 1A¢ 92L L 662 01 28] 8 £6¢ L 812 1 09 9 L8t 61-81
*9 oL Pl G6€EC €1 [A YA Tt €82 6 €28 6 98¢ ot €62 1 29 L1 9€¢ 81-LT
‘L8 9'8 88LeC [A¢ 16L 01 29€ 91 128 A 89¢ 01 89¢ L LST 11 192 L1-91
‘LS8 6'L LSST 61 9oL L A 91 1214 o1 o€t L1 00¢€ 9 151 01 vLe 91-S1
‘L8 ¢'L  80€? 8 T€8 S 82t A 61b A €9¢ St 682 6 vee LT yse ST-v1
‘L I8 b9 ¥90C [A¢ tLp 01 9G€E €1 08€E A} 092 A} 861 L 081 01 81¢ p1-€1
‘6 b9 6’6 1061 6 111 b 8LE 8 80€ 01 [AY4 11 b8l 6 097 el L4 £1-21
‘L 06 §'6  TLLT ST 8zt (4 £8€ L1 882 91 661 02 9LT 01 £81 8 €1e e¢T-11
‘SS9 §°6 LLLT g voe 9 9tk z1 L62 6 612 L1 012 01 £81 9 8vl 11-01
L 16 1'6  0€91 S ove 11 ble (A 8vZ A yel 81 02¢ 11 90¢ 0¢ 812 01-6
‘tbb ¢'b  B9E1 £ LET € 812 € 881 01 681 9 Lze 0t [2:18 6 62¢ 6-8
-1 8't 9121 b 18 S [4:] S TeT Al p61 § §02 8 NS L 62¢ 8-L
> St 1€ 266 1 14 4 6L 4 161 ot 191 9 91 6 291 | A8 Lye L-9
‘1 LT 11 £9¢€ 1 1 %4 € 1€ 4 e S LS 4 6t 1 €9 € 901 9-§
0 of b0 9l 1 Z1 4 6 4 £l g A 0 12 T 61 [4 0€ G-%
‘09 £°0 €6 0 b1 1 31 0 1T [4 [ A 0 6 1 Lt [4 A p-€
‘0 11 €0 €6 0 02 1 14 A 6 14 11 A £l 1 8 1 6 £€-2
S A p'o  0gl 0 81 4 62 £ 61 [4 11 14 Lt T 01 0 0€ -1
‘T 21 L0 Obe 1 ov 0 b 1 St [4 £ [4 1€ T €€ S LE 1-0
$ g % \ g ¥ g ¥ d ¥ g ¥ q ¥ d ¥ 3! v oW
Te30L Kepung Kepanjes Keptad Kepsanyy, KAepsoupop Kepsen], Kepuon

(p ‘) syouIy 37UN oTbuts :g €8ETD
(z ‘1) sa8TTeAL Y3ITm SSTJTYSA qybT1 pue sdTOTUSA UBTT ¥ 88BTD

00:00 §1 Aew KepuoW :ol 00:00 8 AeW AEpUOH :wold
118 91BO0§ °npdT --— uotiejzodsuea] e3xdqIy¥

yooM 3o Aeq pue INOH Kq sawnToA ¥InIL ITUn a1buts pue 180



‘0 TEL L'ov €iL €S Lr L <9 Lyt 911 90T QET LTT veT 11 111 121 621 91-8
‘99 9021 L'89 0¢€27 10T 98 60T €01 £1¢ 661 9LT LZZ goz 112 602 b5l €61 012 02-9

(sanof Xeaq) §1e3I0IQUS
*00T 2081 0°00T 06L1 LET TEI 31 191 1€ 682 L8¢ 61¢ L1€  T10¢ gzc 08¢ e 60€ el
‘v kL 9°¢ G9 9 1T £ 1 T 8 8 01 A [4% 8l 01 91 £l ye-€2¢
‘b9t L€ L9 4 9 S 8 €1 0T ST 11 A L 11 ot A ST £€2-2¢
'y LL £y L L 01 L 8 6 A 61 €T 91 91 Al 6 11 6 22-1¢
'y EL 9'¢ b9 L L € ] 6 ¢t ST L £1 A\ L1 9 6 st 12-02
‘G 86 9°'p 28 11 6 4 ] zt €1 91 €1 be 91 02 o1 11 91 0¢-61
‘b 88 2°F 9L 8 01 9 8 St 6 LT Gl L1 11 A 01 11 18 61-8T
‘e 0L L'y S8 01 6 L [ 6 91 6 (At L 0t Lt 91 11 8t 81-L1
‘e 09 g8y 98 A 4 9 L 8 €1 9 6¢ 6 91 Al A L 1T L1-91
‘b 98 1'6 26 b 9 ) S 61 £l Tt St 91 (44 91 61 S1 Al 91-G1
4 63 'S 96 6 ] 9 11 Sl [AS [Ay 61 81 44 €1 AY 91 ST ST-¢1
‘v 68 L's 2ol 9 11 11 6 61 A 11 ql 41 41 ST LT ET (44 p1-€1
A 7 £'G 66 9 € 6 A 91 A L1 S1 6 12 A b1 €1 91 £1-21
T ) 1'9 011 11 6 8 6 £¢ LT A Le 01 A1 81 £l el 1¢ ¢1-11
6 901 6'%F 88 L g A 9 61 61 61 A 91 01 91 St g1 12 11-01
§ E6 8¢ 89 € 4 S S T4 11 9 1T 0t 61 [A A 0t 8 01-6
5 06 v 8L L 4 01 S 61 91 8t 91 A 91 6 L L7 Al 6-8
‘v I8 g’y 98 G £ g 01 61 Li [A? (48 0t A 1Al 61 0Z 11 8-L
‘b 6L 8'F 98 Z 9 9 L L st 01 07 12 0t L7 91 21 s L-9
b2 o'y 2L 1 € L 9 L1 0T 91 91 8 11 ST [4} 8 | At 9-G
‘6% 1'7 &b S 1 (i 03 17 9 01 8 €1 6 A L b ] S-v
‘€ 8§ 1'2 LE 0 A 9 4 01 L 6 A €1 L €l 8 S L v-€
T tE 6'T PE 0 I £ £ 8 6 9 9 S |4 S 9 9 S £-C
't LE 1°¢ 8¢ 1 0 Z € 9 S 8 6 0t g L 6 £ L -1
¢ 6t 2'e LS g b 4 0T S 11 6 01 8 L 9 6 [4 9 1-0
% g % ¥ g ¥ d ¥ d { H ¥ d v g 4 g ¥ Wt

Te30L Kepuns Kepanaes Aeptad Kepsanyy, KepsoaupaM Kepsony, Kepuoy

(61-0T ‘8-¢) syonil 12430 :§ 88BTD
(6) auayeaTnby pue §,TWAS BTXV G:¥ SEBTD

00:00 8 AtW Aepuol :0L 00:00 1 Ken Kepuop :woxd
115 eeos onpe] -- uotjelrodsuell eITQTY

yoaM Jo Keg pue InoH Aq sawRTOA YOUIL I8YI0 PUE §,TWOS OTXY §



181

‘6t 0EL 9°'¢h 69L 8y £S vl 12 8¢1 8¢l LET  EPI 021 EPI T1T  0¢El ZIT 2ttt 91-8

‘99 8zz1  6'99 2021 68 98 12T L8 L1z vzz L1z 9%z %02 22z  6ST  ¥oT 12T €6l 02-9
(sanof Yeed) s7®I0NS

"00T €681 0°001 L6LY (A1 A GLT  Obl e 60t ove  12e gee  LEE 9€Z  B¥C 61 T0E 18304

‘t 13 €'E 66 11 01 £ 1 L L 11 8 8 18 1t 6 0t 11 be-€2
‘b 8L Q'h L g 11 9 € (A L Sl [ A 0¢ 1T 8 [AS A} A I XATAA
‘P 06 g'¢c 89 8 9 ) S Sl €l be (48 81 81 6 £ €1 11 2z-1e
‘b 08 3'y T¢€ ot (A 11 8 8 €1 61 0t 61 1¢ 0 0 €1 91 12-02
b 18 'r 9L 8 9 L ] €2 ve €l 11 £T €1 0 o LT LT 0Z-61
7 08 Gg'¢ €9 11 S L L 91 11 €l 91 €1 [AS 0 1 0e 11 61-81
b 18 L €L L 8 9 b 61 Lt ST g1 LA ¢1 0 0 0¢ bt 81-LY
‘b 8L b € 13 6 8 11 L A A [ 6 A AN S v ST L L1-91
‘€ L £E'v 8L 9 4 4 9 €1 61 91 [A! L1 91 4 8 11 St 91-G1
‘S 801 c'9 111 9 LT (A} € 81 91 |A¢ |24 St 91 144 81 8t LT ST-k1
‘S SOl 8P L8 8 b 1t € L1 6T 81 L1 €1 0¢ 61 91 £¢ Z1 pl-€1
‘6 96 19 o011 S 9 0t 9 L1 61 ve 61 81 81 It 81 11 ve £1-21
9 L6 £°9 €11 9 8 L £ 81 0t 0¢ €e st 12 (A 12 Ll A ZI-11
‘b 18 8 L8 4 S 11 01 A8 1A 91 Vi A8 Lt €1 61 6 8 11-01
‘b £8 L'y 68 9 4 8 8 ST (A 01 1 (A 18 1 91 Sl Lt 01-6
‘b 68 'S (43 L S 6 L 91 LT 61 LT A} A4 I A 8 A} 6-8
A ey L S £ 01 11 9 ET €1 LA At zt Le S1 61 6 8-L
‘v 98 8V L8 1 € 9 L €l L | A 81 81 61 91 A8 81 €1 L-9
‘€99 €'y 8L € A L ] 01 €1 9 £l 81 LT 01 [ At Al (Al 9-9
‘e 09 I'fF 9C 4 4 S 9 0t 9 1T 11 Tt 6 tl 1T 8 it S-v
‘T ES €2 18 I 0 € L St S T1 9 0t 9 9 6 L 8 V-t
‘T 6b 14 18 1 € g L A 9 11 8 q S S 9 ot 9 €-2
‘2 8t 9°2 LY 0 9 S € L 8 9 9 L b 8 L ] €1 -1
¢ 04 8°¢ 16 A S 9 8 6 L 6 L £l 11 L L |4 9 1-0
% g % Y g Y g 4 g ¥ g v d h'{ ;! ' { g ¥ SWTL
T230% Kepung Kepanjes Keptag Kepsanyy AepsoupoM Kepson] Kepuny

(61-0T '8-G) S)onIl I8Y30 :€ SSETD
{6) 3ueteatnb3 pue §,TWdS OTXY GV SSBTD

00:00 ST KeW Aepuoy :olL 00:00 8 Aew Kepuol :woxg
415 @TedoS oupa] -- uoriejrodsuel] eIIAQTY

yoam 3o Keq pue inoy £q sewn{oA YonIl I8YlQ pue &,IwWds 9TXY §



]

Tridem Axles
Weight

¢

Tandem Axles
Weight

$

41 (8)
51 (8)

Single Axles
Weight

: 05

. Front axles
]

. Front axles

Monday May 15 13

Leduc Scale Sit

Tandem Front Axles
Weight

44 To

927 5-axle semi's (Type 9)
¥

Numbers of Truck Axles by Weight (Tonnes)

19377 5-axle semi's {Type 9)

Front Axles

:1
22
Weight

Alberta Transportation --
From: Monday jan 1610

Lane
Lane

182

M N NADOOOOOO
T~

103
155
160
153
124
126
94
2126
14.8

Oooooooooooooooooooooo o
QOO OOO « o+ s » = o o » o . Ooooo

[ -O--CN(")VW\DF\CDCXOHNNVID\DFQO\OHNM@W\DR\O..
SFHANNANNNANNNNNMMOMOOMOMMO o I

[ -lllllllllllllllllll
VOOOO O OO OoOO0OOQOoO o OOOOOOOO

+

OO 0 O
» 6 e s e e s
¢m\on~mmo-—qmmvm\or~mo\ HNM

— et NN NN

O-—-a m n.nkol\

OOOO
B
m\ox\wa\
NANANNNOOMOMO O™

1
76980
10.2

0
0
0
0
0
0
13.0~14.0 6069
14.0-15.0 5861
16
17

31212
4.0

omomomomomomo
omomomomomomomom ¢« o e
e e s a8 = s e o s = e = . -QOHHNNMM'&ﬂ‘mLﬁ\D
[ 1 | L | L 1 |
VOI.DOU‘)OL")OU’) momomomomomomomomom

NNmmvvnnmto\or-hmcommoo-—cﬂmwmmvvmm
e e e R R R e R R K Rt I

16.0+up

MU ADMMNO N~ N FTMNMMNOOOOOODO0OOOODO
N~ —

o~
— N

119
11.1

OOOOOOOOOOOOOOOOOOOOO
OCO0OOCOOO -

. -o—owmvm\ot\mmoammvm\ohmmom
VWWPQO\-—!HHH-—(-—!-—-(;—-!:—!-—‘NNNNNNNNNNMD
FoLob o b bttt 4+
\/ooooooo Ooooooooo ooooooooo

‘ﬂ‘mlDI‘CDG\Ov—iNMQ‘U')KDPWOIOHNMQ‘W\DINQQQ
At A A At A AN NN NANNNNNNM

50792
3.6

o (=)
1|lll|ll|llllll||l
OO

Total
Average
Weight



183

9°ETl /AN ANt
8°€0T1 €901
1°611 0°SIT
889 8¢9y 1¢b OElL
0°00T 8°1 0 €6 1 0z1
i'86 078 S b 9 €LS
°06 L'ET LT 01L €T 9601
G'9L 2°0C 6t Le0T 82 8881
£°99 L°1Z 68 9901 2§ 2691
9°vE LSl pv1 169 68 1s1t
6°81 2°6 ST 9¢ff 16 pis
L6 6°b 90T €61 19 e
8y L°e LL 2] 06 201
1°¢ €1 ge ¢ 0Z vE
6°0 S'0 11 LT 8 81
€0 0 € 6 4 0
10 1°0 0 € 0 1
§ wno % §)I3 5IED B3 §IELD
joeM Jo Aeq obeasay Kepung

AR AN

£°601
0°SIT

€90 b6l
Z 11t
[ 1412
12 0TL
X3 6111
99 ISTT
01T bVL
¥8 68¢
1A} a91
k44 G9
[ X4 ov
€ 0¢
0 4
0 [4
§YI3 SIBD
Kepanaes

€ €Tl

9°€0T
1°G11

€8l bLOb
0 4:]
S 88¢
L1 [A%:]
4 116
10T b6
v91T 68§
187 682
021 beT
06 LS
17 1€
LAl LT
b A
0 1
§¥13 sIEDd
Kepyooap
abeiaay

| AR>

0°€0T

808

1

]
€T
:14
€€
Lt
161
801
£8
18
0¢
A
14

s)I13
Kept

11

g vl
€096

1 XA
¥9s
906
S611
1 AN
TLL
66€
¢81
8L
LE
131
0§
61

s1e0
14

E°ETT

9°'€0T
ypeGit

86L L9LE
0 L9
9 £s¢e
91 589
s 698
96 206
961 92§
b6T VT
FeT 611
98 LS
:34 1€
9T 1
Z T
0 0
§)13 sIed
Kepsanyy,

6°211

1°¢€0T1
1°611

218 099%¢
T L
S 443
91 vs
1€ ke
801 6E8
66T 99§
81 29¢
zel 001
1T 19
60 0t
T 91
1 S
0 1
§)I13 8Xed
fepsaupoy

peads ‘*bay

8211 6'€11 POUTAUOD
8°€0T £°F0T poeds

L p1l L'GIT @ebereay

G9L 2Z2SE 9€L TI8E Te3ol

0 oL 0 88 002-9€1
9 01e L cLe GET-9¢1
LT 608 €1 819 6Z1-121
9¢ €8L ¢tb 888 021-911
20T 028 801 EI8 STi-T11
66T 606G 9LT FiS 0TT-901
681 LLZ TST 292 S0T-T01
L21 LET  OTT 9¢€1 001-96

88 6G v 1t 66-16
e L2 ye Ot 06-98
1A 6T 9 6 §8-9L
1 9 b 0 GL-1S
0 0 0 0 05-0
82313 sILD  §YI) BIVD Iy /uy
Kepsong] Kepuoy abuey
paads

00:00 8 AeW AEBpUoR ol (0000 T Ken Aepuol :wo1g

315 °Teds onpeT -- uoriejrodsuerl elILqIV

obuey poeads Aq sswniop 213Fei]



184

poads ‘bay

G ETT £'611 0°'6I1 6 Ziy. prvll £7Z11 1°¢11 T°¢lt 67801 pautquog
9°¢£01 y°G0T 9 40T €°€0i G vot 0°€01 G £0T 0°voT 6101 peeds

0°611 6°G11 6611 Fplh L°s1t A ANt €°GTT AN G'011 obezeay

689 0T9F 9Fh LI9GL ZEP 1905 68L Gzsc 018 6885 €98 bLBE €98 90LE E09 99%? 608 SOLE Telol

0°00T 8°1 0 z6 0 8€T O EET Z 01T 0 99 0 98 1 19 0 99 002-9¢1
2'86 9°8 S osy € 608 & 15429 g 929 § 86 L oLe L gge 11 o8¢ GET-921
9'68 S'ET 81 969 Z1 8Z2T LT LSL 62 9L 81 966 vZ 626 kT bee BT  GEP 621-121
1'9L 6761 v 2101 Tv €PLT G¢  GbIT #S G821 by ¢¥8 6€ 6E8 ZE 096 €S 9L9 021-911
2°'96 6°1z L8 6v0T 8L vLLT 99 6S11 60T €0bT €0T €06 ¥8 EFP8 G8 826 68 LEL STT-T1T
g've  2'GT 6ET S99 08 5LOT 96 &GiZL GLT bLL 89T 229 p6T 896 0CI 96€ kPT 8BES 011-901
9°6T 6°8 L%l 92 A6 OLF 98  GEE TLT STy 281 LZE €0Z 8GZ 2€T €81 LST OOE 601-101
9'01 'S 8I0 SST ©wL 80Z 29 0S1 L2T 19T 9LT 6VI 69T 82T 80T €6 pIT o661 001~96
§'q 8°¢ EL  EL ge 0L 26 6L SL v8 66 LS 68 L€ 19 9¢ 66 €SI G6-16
L'z AR 9c  0b €T ¥E 5T 6¢ 1§ LE 12 2N AS 14 2 YA fe 81 129 Lot 06-98
€1 8°0 91 62 8 11 6 At 0T 61 YA ¥/ 9T 81 9 L I L1l S8-9L
pro LAY S 91 0 ) T 0 4 € 1 1 1 1 € 1 8¢ S01 GL-1§

0'0 0°0 0 1 0 z 0 0 0 0 1 0 0 0 0 T T S 06-0
$ wno % §)I7 §IBD SYI} S§IED 6XI) SIBD EYIJ 6IED §%13 6IED &Y} SIBO €I} BIBD SYI3 €13 EYI] 100 g uy
yooM Jo Keqg abexaay fepung Kepinjes  Aepyesp Keptaa Kepsanyy Aepseupey  Aepsen] Kepuon abuey
abexaay peads

00:00 ST AeW AepuoW :oL 00:G0 8 Kep Aepuol :woxd
115 oTed§ onpa] -- uorjejrodsuerl elreqiy

ebuey peads Aq sauwniop OTIIeIL



185

uvHOBmmmm
:pIOMEBRJ
akq¢ios
(89°%) 61°62 (¢z°0) 151 (L9°2) bv°8 {8y 0) 26" {0z°0) €6°1 {o1°2) 06°8 (ot o} Lb'1 (bS°0) ZC°% €061 81
(11-1) gzeoe  (eb-0) 25°9 (€5°0) €6°2 (9£°0) 65°9 (tL1°0) 06°2 (Ly*0) L6°S tor°0) 9p°1 {Le*0) 16°€ 6Ly L1
(59°0) £Z2°62 (51°0) 82'9 (€1°0) C¢T°€E (51°0) 62°9 (51°0) 1IT°'¢E {€1°0) 61°9 (ot-o0) €¢°b 13 91
{61°2; 99°¢2 (2v 1) 1670 (56°0) bL°E (91°0) 96°1 (99°1) GE°L {ot*o) 05°1 {(c9°0) 09°t geTE 61
(tee ) ev-te {(t1°0) 19°1 {16°0) 9G°§ {g1°0) 2L°1 (€670} L1°9 (01°0) 06°1 (19°0) s8°¥% grzZe ¢l
(€z°1) 81°12 (bL°0) ¥5°9 {06°0) 66°2 (6v-0) 009 {(11°0) 8v°1 {zL<0) L% psL  E1
(b5 1) 68° LT (61°0) Ob°T (t2°1) vL*b {(b1°1) O1°S (60°0) 9v°1 (y5°0) 02°S b 21
(68°2) €2°L1 (65°1) ¥6°2 (Lz°c) 8v° (Le-2) 92 (66°0) vI°S €Ls It
{€8°0) 61°02 (€€°0) 06°9 {86°0) €1°€E (98°0) ¥Z°9 (pb9-0) 2€°V 65 [}
(€9°T) 9€°LT (0z°0) 9b°1 {9e°1) 1bv°6 {o1°0) L1 (xL°0) 20°S p0€02 6
too"¢g) v1°¢€1 (ZT°€) €9°S (11°2) L0°E (zz'1) kb°¥ 968 8
(21°¢) 91°¢1 (1€°0) 02°1 (81°2) 818 {sL*c) 89€°¥ 1981 L
(12°7) 8.°§ (61°0) %L°¢€ (Lo*0) bvv°1 S 9
{(bb-2) 9b° 11 (€6°T) 9T1°L (€8°0) 0E"¥ 896 §
(10°1) 1L°L {yb1°0) 0€°T {fot°1) 1v°9 GEBE b
(10°1) 9L°¥ (10°T) 9LV L2€6 €
Telol ‘g's L1 *a's 91 ‘a's 61 ‘ass b1 ‘a‘'s €1 *a's 21 sg*s 11 3IaquonN adi}

G0:€T 61 AeW Aepuon ol b¥:01 oaﬁ_mHvacox wold
211§ a1eos onpal -- uotielsodsue] e313qIv

ad&y aiotuap Aq s13719W U7 puyoeds aixy abeiaay



186

APPENDIX B

SAMPLE PAVEMENT THICKNESS OUTPUT FROM THE "PCAPAV"
PROGRAM



pesign Parameters

The Average daily truck

traffic

186

(2 way) input is the

truck volumes on the right design lanes.

The ADTT (both directions) =

1720

Proportion of trucks using right design

Projection factor for 20 years
Projection factor for 40 years

Two way 20 year design ADTT =

Two way 40 year design ADTT

= 1.5
= 2.2
1720 x O

1720 x O

Expected axle repetitions within

obtained by multiplying the number of

lane

.9 x

.9 x

the

= 0.9

1.5

2322

2.2 3405

design period is

axles/1000 trucks and

the design number of trucks (one direction)

One Dir. Design # Trucks = Design ADTT x 365 x design life

Number of Trucks for 20 years design life =

Number of Trucks for 40 years design life

il

8,475,300

24,856,500



Projeqe:
Engineer:
Input Data:

Subgrade / Subbase
Modulus of Rupture
Avg. Daily Truck Traffic (2 way) ADTT

Design Life

PCAPAV(TM)

1.10

Proprietary Software of PORTLAND CEMENT ASSOCIATION

Triall
Bervell

J.

K 150.
600,

MR

20 years

Aggregate Interlock Joints
No Concrete Shoulders

Load Safety Factor

1.2

0 PCI
0 PSI

Estimated Pavement Thicknesso 12.0 IN

Design Thickness =12.5 Inches

SAL *LSF

32
30
28
26
24
22

38.4
36.0
33.6
31.2
28.8
26.4
20 24.0
18 21.6
16 19.2
i4 16.8

TAL *LSF

68
64
60
56
52
48
44
40
36
32

81.6
76.8
72.0
67.2
62.4
$7.6
52.8
48.0 1
43.2 2
38.4 2

12.0 Inch Thickness Inadequate, Fatigue Used=

Load Repetitions

Axley/
1000

0.20
0.36
0.54
1.19
3.36
8.72
17.84
39.58
§5.30
9%.77

Axle/
1000

0.04
0.10
0.59
1.94
4.47
11.70
31.49
00.56
03.53

76.37 .

2320.00

AXLE LOADS

Axles per 1000 Trucks
Single Tandem
32 0.20 68 0.04
30 0.36 64 0.10
238 0.54 60 0.59
26 1.19 56 1.94
24 3.36 52 4.47
22 8.72 48 11.70
20 17.84 44 31.49
18 39.58 40 100.56
16 65.30 36 203.53
14 99.77 32 276.17

-~--Fatique Analysig-----

Expected Stress Allowable

Reps

1594,
3048.
4573.
10077.
28452.
73841.
151069.
335163.
552960.
844852.

Expected
Reps

339,
847.
4996.
16428,
37852.
99076.
266657,
851542,
1723492.
2340301,

Ratio

0.462
0.435
0.408
0.380
0.353
0.325
0.297
0.269
0.241
0.212

Reps

11233758.

tesetesane
reserenone
LAAZXERE T TR X
rEERTERTEDNT Y
teeevNRERY
rTECFTRNRSINSY
teCeraaNRy
IAAZE R XX & 27

AAA R AR S22 2

Stress Allowable

Ratio

0.484
0.457
0.430
0.403
0.376
0.349
0.321
0.294
0.266
0.238

Reps

1848619.
20469560,
rteeseweeny
treessseny
ttouenneny
ttererenne
tenssesvey
eveLeterwe
*vossrnene

LA A ZE AR B

Total Patigque Used =

Fatigue
Consump

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Fatigue
Consump

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.04

0.25

----Erosion Analysig---

Power Allowable Erosion
Reps
35.621 1754767. 0.10
31.307 2604290. 0.12
27.272 4032077. 0.:11
23.515 6602972. 0.15
20.037 11700384. 0.24
16.836 23393564. 0.32
13.914 57873323. 0.26
11.271 236419948. 0.14
8_905 seRNOERTOEOTNRSE 0_00
5-818 LA AR RN 0.00
Power Allowable Eroesion
Reps
77.827 185132, 0.18
68.241 260400. 0.33
60.592 374977. 1,33
52.783 555312. 2.9
45.512 850934. 4,45
38.779 13609%0. 7.28
32.585 2301408. 11.59
26.930 4200657. 20.27
21.813 8584485. 20.08
17.235 21190308. 11.04
Erosion Damage = 80.95
Erosion Damage = 106.77
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Project: Trial2

Engineer: J. Bervelil
Inpuc Data:
Subgrade / Subbase

Modulus of Rupture

K
MR

Avg. Da:ly Truck Traffic (2 way) ADTT

Design Life
Doweled
No Concrete Shoulders
Load Safety Factor

20 years
Joints

PCAPAV(TM) 1.10
Propr:.ecary Software of PCRTLAND CEMENT ASSOCIATION

150.0 pPCI
600.0 PSI

1.2

Estimated Pavement Thickness 12.5 IN

Design Thickness =10.0

Load Repetitions

Inches

AXLE LOADS
Axles per 1000 Trucks

Single

2320.00

32
30
28
26
24
22
20
18
16
14

---Fatique Analysis-----

Consump

13.30
8.51
4.52
3.os8
1.38
0.60
0.00
0.00
0.00
0.00

Fatique
consunmp

2.01
1.93
4.35
4.70
1.97
0.00
0.00
0.06
0.00
0.00

45.74

SAL 9LSF Axle/ Expected Stress Allowable Fatigue
1000 Reps Ratio Reps
32 38.4 0.20 1694. 0.632 1273s.
30 36.0 0.36 3048. 0.595 35833.
28 33.6 0.54 4573. 0.557 101242.
26 31.2 1.19 10077. o0.520 327105.
24 28.8 3.36 28452. 0.482 20€5008.
22 26.4 8.72 73841. 0.444 vvveveeses
20 24.0 17.84 151069. 0.406 evvveevnsr
18 21.6 39.58 335163, (.368 *weevrense
16 19.2 65.30 552960. 0.329 evececrces
i4 16.8 99.77 844852. 0.291 vwesreeeee
TAL *LSF Axle/ Expected Stress Allowable
1000 Reps Ratio Reps
68 41.6 0.04 339. 0.622 16837,
64 76.8 0.10 847. 0.587 43887.
60 72.0 0.59 4996. 0.553 114810,
56 67.2 1.94 l6428. o0.518 349217.
52 62.4 4.47 37852. 0.483 1924856,
48 57.6 11.70 99076. 0.448 veveencane
44 52.8 31.49  266657. 0.413 evecensans
40 48.0 100.56 851542. 0.378 seseovosve
36 43.2 203.53 1723492. 0.342 seccevrces
2 38.4 276.37 2340301. 0.306 ¢veeveenes
Total Fatique Used =
9.5

Iach Thickness Inadequate, Fatigue Used=

160.42

0.20
0.38
0.54¢
1.19
3.36
8.72
17.384
39.58
65.30
99.77

Tanden

685 0.04
64 ¢.10
60 Q.59
56 1.94
52 4.47
48 11.70
44 31.49
40 100.56
38 203.53
32 276.37

----Erosion Analysis---

Power Allowable Erosion

36.667
32.227
28.073
24.206
20.625
17.331
14.323
11.602

$.167

7.018

Power

64.485
57.121
5C.204
43.733
37.709
32.131
26.999
22.313
18.074
14.280

Reps
16099%8. 0.11
2383451. 0.13
3676872. 0.12
5988969. 0.17
10522756. 0.27
20733530. 0.36
49792510. 0.30
186418318. 0.18
teQCISTRTRETSY 0.00
A2 22X R XX o‘oo
Allowable Erosion
Reps
314710. 0.11
443731, 0.19
6416:8. 0.78
956442. 1.72
1480589. 2.56
2405580, 4.12
4170365. 6.39
7932319. 19.74
17464543. 9.87
50567379. 4.63.

Erogion Damage = 42.73

Eresion Damage =

67.11
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PCAPAV(T™) 1.10
Propriezary Software of PORTLAND CEMENT ASSOCTIA™ I {™

Project: Tr:al3l
Engineer: J. Bervell

Input Data: AXLE LOADS

Subgrad® / Subbase K 150.0 PCI Axles per 1000 Trucks

Modulus cof Rupture MR 600.0 PSI Single Tandem

Avg. Daily Truck Traffic (2 way) ADTT 2320.00

Degign Life 20 years 32 0.20 68 0.04

Aggregate Interlock Joints 30 0.136 64 0.10

Concrete Shoulders 28 Q.54 60 0-59

Load saferty Factor 1.2 26 1.19 56 1.94

Estimated Pavement Thicxknhess 12.5 IN 24 3.36 52 4.47
22 8.72 48 11.70
20 17.84 44 31.49
18 39.58 40 100.56
16 65.30 36 203.53
14 99.77 a2 2716.37

Design Thickness =10.5 Inches

Load Repetitions ---Fatigue Analysig----- ----Erosion Analysig---
SAL *LSF Axle/ Expected Stress Allowable Fatigue Power Allowable Erosion
1600 Reps Ratio Reps Consump Reps
32 38.4 0.20 1694. 0.488 1464186. 0.12 21.800 549613. 0.31
30 36.0 0.36 3048. 0.459 16054640. 0.02 19.160 885763. 0.234
28 33.6 0.54 4573. 0.430 sevrsrerer 0.00 16.691 155158%. 0.29
26 31.2 1.19 10077. 0.401 seeecveocnse 0.00 14.391 3100500. 0.33
24 28.8 3.36 28452. 0.372 teesvecnen 0.00 12.262 7915862. 0.136
22 26.4 8.72 73841. 0.343 wewtervees 0.00 10.304 38967453. 0.19
20 24.0 17.84 151069. (0.314 tectewseve 6.00 8.516 sesscesvee g Qg
i8 21.6 39.58 335163. (.2B4 teveevensee 0.00 6.898 teeerseree o g0
16 19.2 65.30 552960. 0.254 tessvrweene 0.00 5.450 e2esvrseer (O
14 6.8 99.77 844852, 0.224 ewvvecnces ¢.00 £.173 sevrsecerse o 00
TAL *LSF Axle/ Expected Stress Allowable Fatigue Power Allowable Erosion
1000 Reps Ratio Reps Congump Reps

68 81.5 0.04 339. 0.4s66 7549241, 0.00 39.372 83109. 0.41
64 76.8 Q.30 B847. 0.440 tevwsceves 0.00 34.876 119481, 0.71
60 72.0 0.59 34996. 0.414 vovevcncne 0.00 30.653 177675. 2.81
56 67.2 1.94 16428. 0.388 teecevvcne 0.00 26.702 275889. 5.95
52 62.4 4.47 37852. 0.362 vecerevcre 0.00 23.024 453695. 8.134
48 57.6 11.70 99076. (.336 sssecercee 0.00 19.618 8093%C. 12.24
44 52.8 31.49 266657, 0.309 teeeescvee 0.00 16.484 16372442, 16.28
40 48.0 100.56 851542. 0.283 ewsevcvvec 0.00 13.623 4151020. 20.51
36 43.2 203.53 1723492. 0.256 evsvseesos 0.00 11.035 183067%00. 9.41
32 38.4 276.37 2340301. 0.229 tessesesse 0.00 8.719 eecesveese 0 _go
Total Fatique Used = 0.14 Erosion Damage = 78.50

10.0 Inch Thickness Inadequate, Fatigue Used= 0.86 Erosion Damage = 121.19
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Project:
Engineer:
Input Data:

Subgrade / Subbase
Modulus of Rupture

PCAPAV(TH)

.10

Proprietary Software of PORTLAND CEMENT ASSOCIATION

Trial4
J. Bervell

150.0 PCI

MR 600.0 PSI

AXLE LOADS
Axles per 1000 Trucis

Avg. Daily Truck Traffic (2 way) ADTT 2320.00

Design Life

20 years

Ooweled Joints

Concrete Shoulders
Load Safety Factor

1.2

Estimated Pavement Thickness 12.5 1IN

Design Thickness =8.5 Inches

Load Repetitions

SAL *LSF Axle/
1000
32 38.4 0.20
30 36.0 0.36
28 33.6 0.54
26 3:1.2 1.19
24 28.8 3.36
22 26.4 8.72
20 24.0 17.84
18 21.6 39.58
16 19.2 65.30
14 16.8 99.77
TAL °*LSF Axle/
1000
68 81.6 0.04
64 76.8 0.10
60 72.0 0.59
56 67.2 1.94
52 62.4 4.47
48 57.6 11.70
44 52.8 31.49
40 48.0 100.58
36 43.2 203.33
32 38.4 276.37
8.0

151069.
335163.
552960.
844852.

1723492.
2340301.

Reps Ratioc
1694. 0.649
3048. 0.611
4573. 0.572
10077. 0.534
28452. 0.495
73841. 0.455
0.417
0.378
0.338
0.298
Expected
Reps Ratio
339. 0.598
847. 0.565
4%96. 0.531
16428. 0.498
37852. 0.465
99076. 0.431
266657. 0.3%7
851542. 0.363
0.329
0.294

---Fatigue Analysig-----

Expected Stress Allowable Patigue

Reps

7927.
22934.
66639.

201149.
966552.
22768041.

SeNReCBTRORSTD
TICONERCO R
tERETANBEN S

TeEwreRTOENe

Stress Allowable

Reps

32969.
82798.
218404.
837822.
8686297.

LA AR 2 XX R 2]
LA A AR X XT
LA 222X
LAAAR AR R R F]

Total Fatique Used =

Inch Thickness Inadequate, Fatigue Useds=

Single Tandem

32 0.20 68 0.04
30 0.36 64 0.10
28 0.54 60 0.59
26 1.19 56 1.94
24 3.36 52 4.47
22 8.72 48 11.70
20 17.84 44 31.49
18 39.s58 40 100.56
16 65.30 36 203.53
14 99.77 32 276.37

----Erosion Analys

Power Aliowable Erosion
Consump Reps
21.37 22.356 503510. . 34
13.29 19.649 805849. ¢.38
6.86 17.116 1396322. 0.33
5.01 14.758 2737826. 0.37
2.94 12.57% 6714798. 0.42
0.32 10.567 28788457. 0.26
0.00 8.733 recnessvne 0.00
0.00 7.074 owecesesas (0 _00
0.00 5.589 tvesssasen 0.00
0.00 4.279 venssuvens 0.00
Fatigue Power Allowable Erosion
Consump Reps
1.03 34.195 127015. 0.27
1.02 30.290 184656. 0.46
2.29 26.622 278954. 1.79
1.96 23.191 443114, 3.71
0.44 19.996 754365. 5.02
0.00 17.038 1423478. 6.95
0.00 14.317 3191005. 8.38
0.00 11.832 10252115. 8.31
0.0C 9.584 142083093. 1.21
¢.00 7.573 weeerwecer g 00
56.53 Erosion Damage = 38.17
252.91 Erosion Damage = 75.26

ig---
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PCAPAV({TM) 1.10
Proprietary Sofrware of PORTLAND CEMENT ASSOCIATION

Project: Trials

Engineer: J. Bervell

Input Data:

Subgrade / Subbase K 150.0 ?CI
Modulus of Rupture MR 600.0 PSI

L LE LOADS
Axles per 1000 Trucks

Single Tandem

Avg. Daily Truck Traffic (2 way) ADTT 3405.00

Design_ Life 40 years 32 0.20 68 0.04

Aggregate Interlock Joints 3c 0.36 64 p 0.1C

No Concrete Shoulders 28 0.54 60 0.59

Load Safety Factor 1.2 26 1.19 56 1.94

Estimated Pavement Thickness 13.0 IN 24 3.36 52 4.47
22 8.72 48 11.70
20 17.84 44 31.49
18 39.58 40 100.56
16 65.30 36 203.53
14 99.77 32 276.37

NO ADEQUATE THICKNESS FOUND

14.0 Inch Thickness Inadequate, Fatigue Used= 0.00 Erosion Damage = 105.70
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PCAPAV(TM)

1.10

Proprietary Software of PORTLAND CEMENT ASSOCIATION

Project: Trial?

Engineer: J.
Input Data:
Subgrade /
Modulus of
Avg. Daily
Design Life

Bervell

Cubbase K

Rupture MR

40 years

150.0¢ PCI
600.0 PSI

Truck Traffic (2 way) ADTT

Aggregate Interlock Joints

Concrete Shoulders
Load safety Factor

1.2

Estimated Pavement Thickness 10.0 IN

Design Thickness =11.5

Load Repetitions

Inches

SAL *LSF

1000 Reps Ratio
32 38.4 0.20 4971. 0.431
30 36.0 J3.36 8948. 0.406
28 33.6 0.54 13423. 0.380
26 31.2 1.19 29579. 0.355
24 28.8 3.36 83sie8. 0.329
22 26.4 8.72 216749. 0.303
20 24.0 17.84 443440. 0.277
18 21.6 39.58 983820. 0.251
16 19.2 65.30 1623129. 0.225
14 16.8 99.77 2479933. 0.198

TAL °*LSF Axle/ Expected

1000 Reps Ratio
68 8l.6 0.04 994. 0.419
64 76.8 0.10 2486. 0.396
60 72.0 0.59 14665. 0.373
28 &7, 1.94 48222. 0.349
52 62.4 4.47 111109. 0.326
48 57.6 11.70 290821. 0.302
44 52.8 31.49 782731. 0.278
40 48.0 100.56 2499570. 0.2S5S
36 43.2 203.53 5059043. @.231
32 38.4 276.37 6869591. 0.206

11.0 Inch Thickness Inadequate, Fatigue Used=

Reps

e TESTERSY
LA AL SRR X
TeRATEINESTN
tOROTREUDDS
LAAEX A XX
ERRNNTTEINCY
A A AR AR 3
*dTITOECRNETNDY
LA AR X L XXX R

LA AR S22 X ]

Stress Allow:ble

Reps

LA E A LR 2 22
LAZEZ 22 2 XR )
AAA AR EE R ZX]
sresTTOERTY
A2 RAZEE 222
AL X E XX R 4
A A X222 RE ]
(A XXX 22 X2
AL S AR XX ]

A AAZEXEZ R X

Total Fatigue Used =

3405.00

AXLE LOADS

Axles per 1000 Trucks
Single Tandem
32 0.20 68 0.04
30 0.36 64 0.10
28 0.54 60 0.59
26 1.19 56 1.94
24 3.36 52 4.47
22 8.72 48 11.70
20 17.84 44 31.49
18 39.58 40 100.56
16 65.30 36 203.53
14 99.77 32 276.37

---Fatigue Analysig-----

Axle/ Expected Stress Allowable Fatigue

Consump

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Fatigque
Consump

0.00
0.00
0.00
0.00
0.00
¢.00
0.00
0.00
0.00
0.00

0.00

0.03

----Erosion Analysis---

Power Allowable Erosion

Rep:
17.436 1289458. 0.39
15.325 2276939. 0.39
13.349 4652090. 0.29
11.511 12654880. 0.23
9.808 B84496323. 0.10
8.241 wserresere (g 00
6.811 evrecnnens 0.00
5_517 LA A A XX 2R ] 0.00
4.359 esrsesecze 0 Q0
3.337 TR RAIIVSTS® 0.00
Power Allowable Erosicn
Reps
33.493 135Q078. 0.74
29.668 196754. 1.26
26.076 298028. 4.92
22.715 475271. 10.15
19.586 813997. 13.65
16.688 1551524. 18.74
14.023 3546037. 22.07
11.589 11981138. 20.86
9.387 260143849. 1.94
7.‘17 (A2 222 22X 21 0.00
Erosion Damage = 95.74
Erosion Damage = 149.22
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Project:

Engineer:

Triale

PCAPAV(TM) 1.10
Propriecary Software of PORTLAND CEMENT ASSOCIATION

J. Bervell

Inaput Data:

Subgrade / Subbase
Modulus of Rupture
Avg. Daily Truck Traffic (2 way) ADTT
Design Life

Doweled Joints

K 150.0 PCI
MR 600.0 PSI

40 years

No Concrete Shoulders

Load Safety Factor

1.2

Estimated Pavement Thickness 10.0 IN

Design Thickness =10.5 Inches

SAL

32
30
28
26
24
22
20
i8
16
14

TAL

68
64
60
56
52
48
44

40
36

32

10.0 Inch Thickness Inadequate,

*LSF

38.4
36.0
33.6
31.2
28.8
26.4
24.0
21.6
19.2
16.8

*LSF

81.6
76.8
72.0
67.2
62.4
$7.6
52.8
48.0

43.2

38.4

Load Repetitions

Axle/
1000

0.20
0.36
0.54
1.19
3.36
8.72
17.84
39.58
65.30
99.77

Axle/
1000

0.04
0.10
0.59
1.94
4.47
11.70
31.49
100.56
203.53
276.37

3405.00

AXLE LOADS

Axles per 1000 Trucks
Single Tandem
32 0.20 68 0.04
30 0.36 64 0.10
28 0.54 60 0.59
26 1.18 56 1.94
24 3.386 52 4.47
22 8.72 48 11.70
20 17.84 44 31.49
18 39.58 40 100.56
16 65.30 36 203.53
14 99.77 32 276.37

~--Fatigue Analysis-----

Expected Stress Allowable Fatique

Reps Ratio

4971. 0.3590
8948. 0.555
13433, 0.521
29579. 0.485
&3518. 0.450
216749. 0.415
443440. 5.2379
983820. ©0.344
1623129. 0.308
2479933. 0.271

Reps

40785.
107157.
319969.

1679238.
59222067.

teSNRNOTERTOD
L 22 XX R AR KR ]
s CeROENTRED
sSeRICTARERNS

tEEBRNGEOTER

Expected Stress Allowable

Reps Ratio

994. 0.589
2486. 0.556
14665. 0.523
48222. 0.490
111109. 0.457
290821. 0.424
782731. 0.391
2499570. 0.357
5059043. 0.324
6869591. 2.290

Reps

42572.
105412.
289476.

1257301.
19799648.

L AA LA 2R R R X}
eeeTRSEETIRTSE
TECOTOSOIRNES
e YBROENODTS

(XXX R ERZ]

Total Fatique Used =

Consump

12.19
8.35
4.19
1.76
0.14
0.00
0.00
0.00
0.00
0.00

Fatigue
Consump

2.34
2.36
5.07
3.84
0.56
6.00
0.00
0.00
0.00
0.00

40.79

Fatigue Used= 134.28

----Erosion Analysis---

Power

31.752
27.907
24.310
20.961
17.861
15.008
12.403
10.047

7.938

6.078

Power

57.262
50.6812
44.659
38.¢03
33.544
28.582
24.017
19.849
16.077
12.703

Allowable Erosion

Reps

2494714.
3746655,
5901020.
9916196.
18315108.
39438151.
1148278813.
875931539.

ssscCoevave

Allowable
Reps

438348.
619676.
899615.
1349086.
2107233.
3470897.
6149034.
12132683.
28646271.
98346178.

Erosion Damage =

grosion Damage =

.20
.24
.23
.30
.48
.55
0.39
0.11
0.00
0.00

o O O 0 Q@ O

Erosion

0.23
0.40
1.613
3.57

5.27

8.38
12.73
20.60
17.66

6.99

79.93

125.43

194



Project:

Engineer:

PCAPAV(TM)

1.10

Proprietary Software of PORTLAND CEMENT ASSOCIATION

Trials

J. Bervell

Input Data:

Subgrade / Subbase
Modulus of Rupture

K

150.
MR 600.

0 PCI
0 PSI

Avg. Daily Truck Traffic (2 way) ADTT

Design Life

Doweled Joints

Concrete Shoulders
Load Safety Pactor

40 years

1.2

Estimated Pavement Thickness 10.5 IN

Design Thickness =9.0 Iaches

SAL

32
30
28
26
24
22
20
18
16
14

TAL

68
64
60
56
52
43
L2}
40
36
32

*LSF

38.4
36.0
33.6
31.2
28.8
26.4
24.0
21.6
19.2
16.8

*LSF

81.6
76.8
72.0
67.2
62.4
57.6
52.8
48.0

43.2

38.4

{

Load Repetitions

Axle/
1000

0.20
0.36
6.54
1.19
3.36
8.72
17.84
39.58
65.30
99.77

Axle/
1090

0.04
G.10
0.59
1.94
4.47
11.70
31.49
100.56
203.53
276.37

AXLE LOADS
Axles per 1000 Trucks

Single

3405.00

32
30
28
26
24
22
20
18
i6
14

---Fatique Analysig-----

Expected Stress Allowable Fatique

Reps

4971.
8948.
13423.
29579.
81s18.
216749.
443440.
9838620.
1623129.
2479933,

Expected
Reps

994.
2486.
14665.
48222.
111109.
290821.
78273:.
249557 0.
5059043.
6869591.

Ratio

6.601
0.565
0.530
0.494
0.458
0.422
0.386
0.350
0.313
0.276

Reps

30256.
80901.

229119.
1014638.
17196202,

et NRSTY
stoedAROTOS
i X2 22 22 XXX
eRseONNTRS

LA A AL AR ER 2]

Stress Allowable

Ratio

0.558
0.528
0.49%6
0.465
0.434
0.403
0.371
0.339
0.307
0.275

Reps

98309.

248854,
206224,
8003861,
feRveneLar
LET 2T P TR
ceveRNone
seseeRveny
r*eRrEOCSRSSIOEDS

(A AEXEE 2 2

Total Fat.igue Used =

Inch Thickness Inadequate, Fatigue Useds

Consump

16.43
11.06
5.86
2.92
0.49
0.00
0.00
0.00
0.00
0.00

Fatigue
Consump

1.01
1.00
1.62
0.60
0.00
0.00
0.00
0.00
¢.00
0.00

$0.98

165.94

0.20
0.36
0.54
1.19
3.36
8.72
17.84
39.58
65.30
99.77

--~-Erosion Analysis---

Tandem

68 0.04
64 0.10
60 0.59
56 1.94
52 4.47
48 11.70
44 31.49
40 100.56
36 203.53
32 276.37

195

Power Allowable Erosion

19.159
16.839
14.669
12.648
10.777
9.0586
7.484
6.062
4.790
3.667

Powar

30.435
26.940
23.695
20.641
17.728
15.16%
12.743
10.231

8.530

6.740

Reps
886891. 0.56
1495529. 0.60
2819900. 0.48
6464512. 0.46
23191771. 0.36
sETrIRRNETY 0.00
[ 22 EEERRE X 2 2 0.00
sevsesessy .00
22X 22X 2 .00
tnenstenny 0.00

Allowable Erosion

Reps
181842. 0.55
267623, 0.93
411356. 3.57
$70292. 7.19
1137238, §.36
Z3%783¢. 12.13
6166%37. 12.6%
298798, 8.3%7
teusonewne ) 00
LT R e 0.00

Erosion Namage = 57.23

Erosion Damage = 112.03



