J. King Saud Univ., Vol. 10, Eng. Sci. (1, pp. 1-13 {(A.H. 1418/1998)

CwiL EncINeErING

Effect of Including the Empty-adjusted Truck Factors
on Pavement Design:
A Case Study on Riyadh Area Road Network

Essam A. Sharaf and Abduliah I. Al-Mansour
Department of Civil Engincering, College of Engineering
King Sawd University, PO Rax 800, Rivadh 11421

(Received on 4 December 1995, accepted for publication an 7 December 1996}

Abstract Truck traffic {s one of the major inputs to any pavement design procedure. In almost all pavement
design procedures, truck traffic is represented in terms of the accumulated Equivalent Axle 1.oad (EAL)
applications. The level of EAL applications is mainly dependent on the prevailing valves of truck factors.
Thus cfforts have to be made to accurately estimate truck factor values based on locul loading conditions.
The current practice of the Ministry of Communications (MOC) involves recording axle weights of joaded
trucks only without including empty trucks. This, in turn, leads to higher truck factor estimates and
consequently over-designed pavement structures. The main objective of this sludy is to quantily the effect of
excluding empty trucks when estimating truck factors, on highway pavement design. The truck factors
associated with loaded trucks were determined from MOC data files. The empty truck factors were determined
from a field sample consisting of 40{0 empty trucks. The empty-adusted truck factors were calculated as the
weighted average of the two truck factor valucs. An analysis has been conducted to study the eflects ol using
the empty-adjusted truck factors on pavement design instead of loaded truck factors, using the AASHTO
design procedure. The anulysis mdicated that the average truck factor for empty trucks is about 1.15, the
average truck factar for Inaded trucks is about 2.87 and ihe average empty-adjusted wuck [aclor is about
6.63. it also showcd that excluding cmpty trucks would result in over-designs with an average of about SR
1.0/ m? or about SR 3500 / km-tane extra construction cost.

Introduction

General
Highway traffic is typically a combination of many different types of vehicles having
different gross weights and configuration. However, most pavement design procedures
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require thal these applied loads be converted into an equivalent number of applications of
a standard axle load. The 18-kip Single Axle Load (18-kip ESAL) is the standard axle
load used most widely by highway agencies. The process of collecting mixed traflic data
and converting it to 18-kip ESAL’s is complex. Detailed wraffic data must be gathered and
analyzed to identify the types of vehicles using the facility and to estimate their volumes
and weights. Past, current and potential traffic growth trends must be recognized to allow
proper estimates of past traftic loads and reliable prediction of future loads. These load
applications can then be converted to an eguivalent number of applications of a standard
design axle load using “equivalent damage” concepts.

One principle of pavement design specifies that different wheel loads and load
configurations produce different stresses and strains in the varicus layers of a pavement
structure| 1]. Larger and more concentrated loads produce larger stresses and strains, with
thicker layers carrying higher flexural stresses than thinner layers. The repeated application
of these stresses and strains causes load-related pavement deterioration. The rate of pavement
deterioration varies directly with the magnitude of the repeated stresses and strains.

The AASHTO Road Test data [2] were used to develop equations predicting the
number or axle applications , of a given magnitude and configuration, required to cause a
given loss of serviceability. These complex equations were also used to develop Load
Equivalency Factor (LEF) for various pavement types, pavement strengths and
serviceability values. Each (LEF) is computed as the ratio between number of 13-kip
single load applications to cause a given loss of serviceability to the number of X-kip
single or (tandem} axle load applications to canse the same loss of serviceability.

Equivalency factors

The relative damage cansed by different axle weights and configurations are assessed
by calculating the Equivalency Factors (EF), which is defined as the relative damage
caused by a particular axle with respect to the damage caused by a standard axle.

There are several metheds to calculate the Equivalency Factors (EF) associated with
different axlc loads and configurations. The most common two methods, however, are:

1) Empirical approach bascd on the AASHTO road test results [2]
2) Mechanistic-empirical approach [3].

Equivalency factors based on the AASHTO road test results
The EF ig given by the following equation
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where,
EF = Equivalency Factor
W, =  the number of x-axle load applications at the end of time t
W5 = the number of 18 kip single axle load applications to time t
. Wg . . .. - .
The ratio EF = can be determined by solving the original AASHTO equation

™

given below

log[ Wi J =47%log(18+1)-4.791og(L, + Lz)+433ic~g(L)_)+-Cj—‘w—i
Whg By Bis
where,
42-p,
G = log( 42— 15]
_ 0.081(L, +L,)*"
B, =040+ NP B
L,= the load in kip on one single axle, one set of tandem axles, or one set of
tridem axles
L,= the axle code, 1 for single axle, 2 for tandem axles and 3 for (ndem axles
SN= Structural Number, which is a function of the thickness and modulus of
each layer and the drainage conditions of base and subbase
p= terminal serviceability, which indicates the pavement condition to be
considered as failure
G,~ is function of p, as shown in the above relation
Big=  isthe value of B, when L.is equal to 18 and L, is cqual to 1

Eguivalency factors based on mechanistic-empirical approach

In this approach, the EF is determined based on a prescribed failure criterion. A

common and widely used filure criterton is the fatigue cracking.
The failure criterion for fatigue cracking is expressed as:
Np=f, (&) (B

where,
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Ng= the allowable number of repetitions tp prevent fatigue cracking
g — the tensile strain at the bottom of asphalt layer
E = the elastic modulus of asphalt layer

=
f|,fand f;=  constants determined from laboralory fatigue tests with f; modified
to correlate with field performance observations

£
. EX :
EF is defined as: .
€18
where,
g, = the tensile strain at the bottom of asphait layer due to an x-axlc load
€, =  the tensile strain at the bottom of asphalt layer due to an 18-kip axle load.

It is reasonable to assume that the tensile strains are directly proportional to axle
loads [4}. Thus,

where,
L, is the load on standard axles which havc the same number of axles as Lx.

The study reported in Reference [4] proved that [, can be assumed equal to 4, This way,
the Equivalency Factor can be determined using the following simplified formula

4
ot
L,

§

The L, values depend on axle configuration. The recommended Ls values are given
below [S]:

Axle type L {wn)
Single axle with single tires 54
Single axle with dual tires %2
Dual axle with tandem tires 13.6

Similar analysis was conducted using another failure criterion, namely the permanent

deformation (8). This analysis produced results similar to those obtained under the fatigue
cracking failure criterion.
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Once the equivalency factors associated with different axle configurations are
determined, the Truck Factor values associated with any truck type can be calculated as
follows:

n
TF=Y EF,
i=1
where,

TF = Truck Factor value associated with a specific truck lype, which indicates
the relative damage resulting from one pass of a specific truck on the
pavement structure

EF,=  Equivalency Factor value of the ith axle group.

n = Number of axle group in the truck type under consideration.

Study Objectives
The main ohjectives of this study can be summarized in the following:

i.  Estimate the overall truck factor values associated with trucks using the Riyadh
area road network taking into consideration empty trucks (empty-adjusted truck
factors).

ii. Investigate the effect of the empty-adjusted truck factor values on pavement design.
Data Coltection

To accurately estimate the value of truck factors associated with trucks using highway
network, both loaded and empty trucks have to be included. Since the Ministry of
Communications (MOC) truck weight files include only loaded trucks, it was decided to
conduct a field experiment to identify the percent of empty truck of each truck type. A
sample of about 4000 trucks was collected from three weigh stations: Riyadh-Taif, Riyadh-
Damam and Riyadh-Qassim. The data included truck type, axle weight and truck load
types (including empty trucks).

On the other hand, the MOC data files were obtained for the same peried from the same
three stations. The data covered information of about t 5000 trucks. These files included the
axle weight data for the loaded trucks, truck type and truck load types. It should be noted
that the data collection was restricted to truck types 1, 2, 4 and 6, according to MOC
identification, because these truck types constitute more than 97% of the total number of
trucks and also they produce more than 95% of the total Equivalent Single Axle Load (ESAL)
applications [ 6,7 ]. Table 1 includes the axle configuration of those truck classes,



] Essam A. Sharaf and Abdullah I. Al-Mansouzr

Table 1. Axle configuration of MOC truck classes included in the analysis

Truck class First axle Second axle Third axle
1 Single axle single tires Single axle dual tires -
2 Single axle single tires Tandem axle -
4 Single axle single tires Single axle dual tires Tandem axle
6 Single axle single tires Tandem axic Tanderm axle

Data Analysis and Results

General statistics

Tahle 2 shows the total number of loaded trucks, as obtgined from MOC files, and
the corresponding percentage; the total number of trucks surveyed, the number of empty
trucks and corresponding percentage for each truck class. The overall percentage of (he
empty trucks from the field data was found to be about 38%,

Table 2. Number of truck types included in the study

Truckclass  No. of trucks % of all trucks No. of trucks  No.ofempty % of empty
{MOC)} Files {MOC) Files (field data) trucks (field data) trucks (ficld data)

1 1314 29 294 127 43
2 793 53 117 31 26
4 11498 77.8 3309 1239 7
6 1175 3.0 252 110 : 44
Total 14780 100 vz 1507 38

Calculation of truck factors

The fourth power relation of the general equation, presented in the introduction, was
used to calculate the truck factors. This has required the calculation of the equivalency
factor associated with each axle group within each truck class. The average axle weight
for empry trucks, ebtained from the field data, were used to calculate the axle equivalency
factors and the empty truck factors. Truck factors of the loaded trucks were calculated
using the data from MOC files.

Table 3 summarizes the average truck factor values for empty trucks, loaded trucks
and the overall values for each of the truck classes.

Table 3 shows that the average truck factors for empty trucks is 1.15, the average
truck factor for loaded trucks is about 9.87 and the average empty-adjusted truck factor is
about 6.63. This means that there is a reduction in truck factors of about 33% as a result of
including empty trucks.

Effect of considering empty-adjusted truck factors on pavement design
The Equivalent Singlc Axle Load (ESAL) applications is the most widely used traflic
representation in pavement design. In the AASHTO flexible pavement design equation
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Table 3. Truck factor results

Truck class Axle group Average truck factor Overall average
Empty Loaded B
1 0.802 1.69 1.3
1 2 0.245 34 201
3 — —_— J—
Totul 1.047 5.09 an
1 0.449 in 4.01
2 2 097 2.50 1.92
3 _
Total 0.51¢9 7.7¢% 593
1 0.79¢ 1.70 136
4 2 0312 5.50 357
3 0087 3.83 244
Total 1193 11.03 7.37
1 1.0 1.09 1.05
[ 2 4.128 1.42 0.86
3 0.17 279 . 1.65
Total 1.298 5.30 3.56
All trucks 1.154 9.872 6.624

[8), the value of the accurnulated ESAL 1s estimated and the equation is solved for
Structural Number (SN) knowing the other parameters. The equation i3 as follows:

, APST
U0 4215
1094
+
(SN + 1319

logo( 2 ESAL) = 2;5, +9.36%log o (SN +1)—020+

Where:

ZSAL = accumulated Equivalent Single Axle Load applications during the design life

Zy = s{andard normal distribution vanable value at reliability level (R)
Sy = overall standard deviation

SN = pavement Structural Number

APSI = drop in serviceability

The value of the {(ESAL) can be calculated using the following equation:
(ZESAL} =365 * P, * AADT * GF * TF

Where
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P, = Percent of trucks

AADT = Current Average Annual Daily Traffic
GF = (Growth factor for trucks

TF = Average truck factor

A key value in the above equation is the average Truck Factor (TF). Since the TF
values obtained from MOC data files represents the loaded trucks, then the estimated
{ESAL values would be higher and would producc an over-designed pavement stucture.
From Table 3, the average loaded truck factor for all trucks is 9.872, and the average
empty adjusted truck factor is 6.629. Thus, referring to the above equation,

Z ESAL for empty — adjusted condition 6629

- = = 0.67
Z ESAL for [oaded condition 9872

Which indicate that the design should be based on (EAL value equals to 0.67 of that
estimated using MOC loaded truck factor values. To assess this effect, the AASIITO
design equation was usced and SN values were determined under the following two
conditions:

1. Using the MOC (loaded) Truck factors
2. Using the empty-adjusted Truck factors

The following values were used in the analysis

* TESAL = 10°, 5*106, and 20% 165

* Mr = 5000, 15000, and 40000 psi
*APSI =42-25=17
xS, =035

Table 4 includes a summary of the results of this analysis. For each case the SN using
the loaded truck [actors as well as the SN using the empty adjusted truck factors were
calculated. The ratio of the two SN values was also recorded. Finally the difference between
the two SN values was converted to an equivalent thickness of Asphalt Concrete course
(AC), gramlar Base Course (BC) and granular Subbase Course (SB) using layer coeflicients
of 0.44 for AC, 0.14 for BC and 0.11 for SB, as recommended by AASHTO design
procedure. The following formula was used to calculate the equivalent thickness:

SN ttouded) ~ SN (empry—adjusted)
Layer Coefficient

Equivalent Thickness =

The results as presented in Table 4, indicate that using truck factors obtained directly
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Table 4. Effect of including empty trucks in truck factors calculation on pavement design

{(EAL (EAL MR Ps1 Se Structuraf number Thickness equivalent
{Loaded) (Empty- {psi} (SN} (em)

adjusted) Loaded Empty Ratio AC! BC? SH*

5000 4,04 3.80 0.94 1.3¢ 4.34 5.54

108 067*10% 15000 1.7 0335 270 250 093 114 3.63 4.62

43000 1.82 1.70 .03 0.69 2,18 217

5000 5.14 4.85 .94 1.68 5.26 6.71

S*I0%  335*%10° 15000 i7 0.35 150 3.26 .93 1.39 4.34 554

40000 2,40 2.23 0.93 0.99 3.07 3.04

5000 6.20 5.88 0.95 1.85 5.82 7.39

20%10° 13.4%*10° 15000 1.7 0.35 4.33 410 0.95 1.32 4.17 5.31

40000 2.81 2.81 0.94 1.09 3.45 4.39

t. AC = Asphalt Concrete Equivalence Thickness, based on layer coefficient a, = 0.44
2. BC = Granular Base Course Hquivalence Thickness, based on layer coefficient a, = 0.14
3. SB = GGranular Subbase Course Equivalence Thickness, based on Jayer coefficienta, = 0.11

from MOC data files (loaded) will preduce pavement structures that are over-designed by
about 5 to 7 %. This corresponds to about 0.76 to 1.78 cm of asphalt concrete surface,
2.29 10 5.84 cm of granular base course and 2.54 to 6.61 cm of granular subbase course

The above analysis was further extended to determine the additional costs resulting
from excluding empty trucks. This was done by converting the additional layer thicknesses
shown in Table 4 to the corresponding unil costs. The unit costs associated with different
layers were obtained from several recent contracts obtained from the Ministry of
Communications [9]. The following simple unit cost estimation equations were obtained:

Asphalt Concrete (AC) cost (SR/m?) =5+ (H, - 3)
[based on a minimum thickness of 3 cm)

Granular Base Course (BC) cost (SR/m?) = 0.1 * [T,
{based on a minimum thickness of 15 cm}

Granular Subbase Course (SB) cost (SR/m?) = 0.067 *
[based on a minimum thickness of 15 cm]

This way, the additional costs resulting from excluding empty trucks can be calculated
as follows:

AC, =AH, .

ACp. = 0.1 * AHp.

ACgg = 0.067 * AHgy
Where,
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AC, ¢, ACy(, and ACgy = additional costs associated with the asphalt concrete, base
course and subbase course, respectively (SR/m?)

AH, -, Ay, and AHgy, = additional thicknesses associated with the asphalt concrete,
base course and subbase course, respectively (cm)

The additional thicknesses shown in Table 4 were used along with the above equations
to determine the additional costs associated with different layers under different loading
and subgrade strength conditions. The following figure summarizes those results.

The results shown in the figure indicate that the additional costs range [rom about 1.9
ta 0.7 SK/m? for the Asphalt Conerete, from about 0.60 to 0.25 SR/m? for the Base Course,
and from about 0.50 to 0.20 SR/m? for the subbase. For simplicity, an average additional
cost of 1.0 8R/m? was considered to conduct the following hypathetical analysis to estimate
the additional pavement design costs resulting from cxcluding empty trucks in the EAL
applications estimation:

Average additional cost = 1.0 SR/m?

Average additional cost per lane-km ( 3500 SR assuming that the Riyadh area roud
network (about 24,000 lane-km) was designed on the basis of loaded truck factors, then

Average additional cost for the Riyadh arca = 3500 * 24,000 (84,000,000 SR)

Conclusion

Based on the results obtained from the sample considered in this study, the following
may be concluded:

1. Based on the 4000 trucks [ield sample, 1t was found that the average percent
empty trucks is about 38%.

2. The average truck factor for empty trucks is about 1.15, the average truck factor
for loaded trucks is about 9.87 and the average empty-adjusted truck factor is
about 6.63.

3. The effect of using loaded truck factors without considering empty trucks can
lead to an over-design ranging from 5 to 7%. This is equivalent to about 0.76 ta
1.78 ¢m of asphalt concrete, or 2.29 to 5.84 cm of granular base course, or 2.54 to
6.61 cm of granular subbase.

4. The corresponding additional costs were estimated to be about 1.9 to 0.7 SR/m?
for the asphalt layer, 0.6 to 0.25 SR/m? far the granular base course and 0.5 to 0.2
SR/m? for the granular subbase. Thus, under the assumption that the Riyadh area
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SR/m? [or the granular subbase. Thus, under the assumption that the Riyadh area
road network was designed using loaded truck factors, about 84 million SR could
have been saved.
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