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Abstract Truck traffic is onc of the major inputs to any pavement design procedure. In almost all pavement 
design procedures, truck traffic is represented in tenus of the accumulatcd Equivalent Axle Load (EAl) 
applicatiuns. The level of hAL applicatIOns is mamly dependent on the prevailing values of truck factors. 
Thus efforts havc to be made to accurately estimate truck factor values based un IUl.:alloading condItions. 
The current practice of the Ministry of Communications (MOC) involves recording axle weighls of loaded 
truek~ only without Including empty trucks. This, in tum, !eads to higher truck faclor estimates and 
consequently over-de~igned pavement structures. The main objective urthi~ study is to quantify the effect of 
excluding empty trucks when estimating truck factors, on highway pavement design. The trul.:k fador~ 
assocIated with loaded trucks were determined from MOe data files. The empty truck factors wcre determined 
from a field sample consisting (If 4000 empty trucks. The empty-adjusted truck factors were calculated as the 
weighted average of the two truck factor valucs An analysis has been conducted to study the e!Teds uf usmg 
the empty·adJusted truck factors on pavement design instead of loaded truck factors, using the AASHTO 
design procedure. The analysis indicated that the average trLlck factor for empty trucks IS about 1.15, the 
average truck factor for loaded trucks is about 9.87 and the a' .. erage empty-adjusted lrul.:k fa~10r 15 about 
6.63. It also showcd that excluding empty trucks would result in over-designs with an average of about SR 

1.0 I m2 or about SR 3500 I km-lane extra construction cost. 

Introduction 

General 
Higbway traffic is typically a combination of many differenl types of vehicles having 
different gross weights and configuration. However, most pavement design procedures 
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require that these applied loads be converted mto 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 hy highway agencies. TIle process of collecting mixed traffic data 
and converting it to IS-kip ESAL's is complex. Detailed traffic data must be gathered and 
anal yzed 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 tramc loads and reliable prediction of future loads. These load 
applications can then be converted to an equivalent 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 various layers of a pavement 
structurellJ. Larger and more concentrated loads produce larger stresses and strains, with 
thicker layers canying 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 IS-kip 
single load applications to cause a given loss of serviceability to the number of X-kip 
single or (tandem) axle load applications to cause the same loss of serviceability. 

I!:quivalcncy factors 
The relative damage caused hy different axle weights and configurations are asscssed 

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. 

Tllere are several methods to calculate the Equivalency Factors (TIF) associated with 
different axle 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 is given by the following equation 
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Equivalency Factor 

the number of x-axle load applications at the end of time t 

the number of 18 kip single axle load applications to time t 
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The ratio 
W 

EF = ----1l1. can be determined by solving the original AASHTO equation 
W~ 

given below 

( 
W ) G G log ---.!lL. =4.79Iog(18+1)-4.791og(Lx +Lz)+433Iog(L2)+---1.. __ t 

W tlR i3x 1318 

where, 

G ~lo (4.2- Pt ) 
I g 4.2-L5 

13 =040+ O.08l(L,; +1.2 )3.23 

,; . (SN + 1)~.I9 L~23 

Lx = the load in kip on one single axle, one set of tandem axles, or one set of 
tridem axles 

L2 = the axle code, 1 for single axle, 2 for tandem axles and 3 for tridem axles 
SN = Structural Number, which is a function of the thickness and modulus of 

each layer and the drainage conditions of base and subbase 
PI = terminal serviceability, which indicates the pavement condition to be 

considered as failure 
01 - is function of PI as shown in the above relation 
1318 = is the value of I3x when Lxis equal to 18 and L2 is equal to 1 

Equivalency factors based on mechanistic-empirical approach 
In this approach, the TIF is determined based on a prescribed failure criterion. A 

common and widely used failure criterion is the fatigue cracking. 

The failure criterion for fatigue cracking is expressed as: 

where, 
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EF is defmed as: 

where, 
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the allowable number of repetitions tp prevent fatigue cracking 
the tensile strain at the bottom of asphalt layer 
the elastic modulus of asphalt layer 
constants determined from Jabomtory fatigue te~ts with f] modifled 
to correlate with field performance observations 

Ex = the tensile strain at the bottom of asphalt layer due to an x-axle load 
E.] 8 = the tensile strain at the bottom of aspbalt layer due to an i8-kip axle load. 

It is reasonable to assume that the tensile strains arc directly proportional to axle 
loads l4J. Thus, 

where, 

(
L 1 f, 

EF = ---.l 
L, 

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

The study reported in Reference r4] proved that f, can be assumed equal to 4. This way, 
the Equivalency Factor can be determined using thc following simplified formula 

The Ls values depend on axle configuration. The recommended Ls values are given 
below [5]: 

Axle type 

Single axle with single tires 

Single axle with dual tiTe~ 

Dual axle with tandem tires 

5. 
R.2 

13_6 

Similar analysis was conducted using another failure criterion, namely the pennanent 
defonnation (8). This analysis produced results similar to those obtained under the fatigue 
cracking failure criterion. 
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Once the equivalency faclors associated with different axle configurationfi are 
determined, the Truck Factor values associated with any truck type can be calculated as 
follows: 

where, 

TF= Truck Factor value associated with a specific truck type, which indicates 
the relative damage resulting from one pass of a specific truck on the 
pavement structure 
Equivalency Factor value of the ith axle group. 
Number of axle group in the truck type under consideration. 

Study Objectives 

The main objectives of this study can be sununarized 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 Collection 

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 period from the same 
three stations. The data covered information of about 15000 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]. 'I'able 1 includes the axle configuration of those truck classes. 
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Tahle 1. AxIl' conti~uration of MOe truck classn induded in the analysis 

Truck dass Fint ade 1)etond axil' Third ule 

Single axle single tires Single axle dual tires 

Single axle single tires Tandem axle 

4 Single axle smgle tires Smglt: axle dual tires Tandem axle 

6 Single axle single tires Tandem axle Tandem axle 

Data Analysis and Results 

General statistics 
Table 2 shows the total number of loaded trucks, as obt~ined from Moe mes, 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 the 
empty trucks from the fteld data was found to be about 38%. 

Table 2. Number of truck types included in the study 

Truck clan No. of tfucks °/. of all trucks No. of trucks No. or empty % of empty 

(MOe) Files (MOe) t"iles 

1314 8.9 

2 793 5.3 , 1149!\ 77.8 

6 1175 8.0 

Total )4780 100 

Calculation of trm:k factors 

(field data) 

294 

JI7 
330<) 

252 

3972 

trucks (field data) 

m 
31 

1239 

110 

1507 

trucks (field data) 

43 

26 

37 

4' 
38 

The fourth power relation of the general equation, presented in the introduction, was 
used to calculate the truck factors. This has required thc calculation of the equivalency 
factor associated with each axle group within each truck class. The average axle weight 
for empty trucks, obtained 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 MOe 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 10 truck factors ofabout 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 traffic 

representation in pavement design. In the AASHTO flcxible pavement design equation 
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T.ble 3. Truck factor results 

Truek class Axle ~roup i\veraRC truck faftDr Overall average 

Empty Loaded 
----

0.802 1.69 IJ 

2 0245 14 2.01 

Tutal 1.047 5.09 3.1\ 

I 0449 5.23 4.01 

2 2 0,07 2.56 1.92 

Total 0.519 7.79 593 

0.796 1.70 JJ(j 

4 0312 550 157 

0,087 3,83 2.44 

Total 1,195 11.03 7,37 

I 1.0 109 1.05 

6 2 0,128 1.42 0,86 

0.17 2.79 1.65 

Total 1.298 5.JO 3.56 

All trucks 1.154 9,gn 6.62Y 

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

Where: 

LSAL = accumulated Equivalent Single Axle Load applications during the design life 
ZR = standard nonnal distribution variable value at reliability level (R) 
So = overall standard deviation 
SN = pavement Structural Number 
APSI = drop in serviceability 

The value of the «RSAL) can be calculated using the following equation: 

(I:ESAL) = 365 '" p. '" AADT '" GF '" TF 

Wh",e 
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P t Percent of trucks 

AADT = Current Average Annual Daily Traffic 

GF - Growth factor for trucks 

TF Average truck factor 

A kcy 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 
(ESA L values would be higher and would produce an over-designed pavement structure. 
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, 

L ESAL for empty - adjusted condition 

L ESAL for loaded condition 
6.629 "0.67 
9.872 

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

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

Thc following values were u.c;ed in the analysis 

"'l:ESAL = 106, 5*10", and 20"'106 

'" Me = 5000, 15000, and 40000 psi 

• ~PSI ~ 4.2 - 2.5 ~ 1.7 

II< So = 0.35 

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

Equivalent Thickness = SN (ll)aded) - SN (empty-adjusted) 

Layer Coefficient 

The results as presented in Table 4, indicate that using truck factors obtained directly 
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TabJe4. Effed of including empty trucks in tTuck factors caitula.ion on pavement de~ign 

(EAI. (EALMR PSI S. Structural number Thickneu equivalent 
(Loaded) (Empty- (psi) (SN) (cm) 

adjusted) Loaded Empty Ratio AC1 BC' SH' 

5000 4.04 3.80 0.94 1.39 4.34 5.54 

10' 0,67" 106 15000 L7 0.35 2,70 2.50 0.93 1.14 3.63 4.62 

40000 1.82 1.70 0.93 0.69 2.18 2.77 

5000 5,14 4.85 0.94 1.68 5.26 6.71 
5 • 10~ 3.35.106 15000 L7 0.35 3.50 3.26 0.93 1.39 4.34 5,54 

40000 2.40 2.23 0.93 0.99 3.07 3.94 

5000 6.20 5.88 0.95 1.85 5.82 7.39 

20" 106 13.4.106 15000 L7 0.35 4.33 410 0.95 \.32 4.17 5.31 

40000 2.8l 2.81 0.94 1.09 3.45 4.39 

I. AC = Asphalt Concrete Equivalence Thickness, based on layer coefficient 3 1 - 0.44 

2. Be == Granular Ba~t: CUl.lrse equivalence Th1ckness, based on layer coefficient a2 = 0.14 

3. SB == Granular Subbase Course Equivalence Thickness, based on layer coeffic1ent a3 == 0, II 

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

Thc 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 unit costs. The unit costs associated with different 
layers were obtained from several recent contracts obtained from the Minishy of 
Connnunications [9]. The following simple unit cost estimation equations were obtained: 

Asphalt Concrete (AC) cost (SRlm2) = 5 + (HAC - 3) 
[based on a minimum thickness of 3 em] 

Granular Base Course (BC) cost (SRlm2) = 0.1 * IIBC 
[based on a minimum thickness of 15 em 1 

Granular Subbase Course (SB) cost (SRlm2) = 0.067 ,.. HSB 
[based on a minimum thickness of 15 em] 

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

deAC = MiAC 

~CBC = 0.1 * ~HBC 
f}CSB = 0.067 * .1HSB 

Where, 
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I:lC AC' /:leBe, and !leSB == additional costs associated with the asphalt concrete, base 
course and subbase course, respectively (SRlm2) 

IlHAD LlHBC' and MISB = additiona~ thicknesses associated -..yith the asphalt concrete, 
base course and subbase course, respectively (em) 

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

The results shown in the figure indicate that the additional costs range [rom abuut 1.9 
to 0.7 SRlm2 for the Asphalt Concrete, from aboutO.60 to 0.25 SRlm2 for the Base Course, 
and from about 0.50 to 0.20 SRlm2 for the subbase. For simplicity, an average additional 
cost of 1.0 SR/m2 was considered to conduct the following hypothetical analysis to esLimate 
the additional pavement design costs resulting from excluding empty trucks in the EAL 
applications estimation: 

Average additional cost = 1.0 SR/m2 

Average additional cost per lane-km ( 3500 SR as~uming that the Riyadh area road 
network (about 24,000 lane-km) was designed on the basis ofloadcd truck factors, then 

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

Conclusion 

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

1. Based on the 4000 trucks field s<lmpie, it was found that the average percent 
empty trucks is about 38%. 

2. The average truck factor for empty trucks is about L15, the average truck tactor 
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 to 
1.78 cm of asphalt concrete, or 2.29 to 5.84 em uf gnmulur 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/m2 

for the asphalt layer, 0.6 to 0.25 SR/m2 for Lhe granular base course and 0.5 to 0.2 
SRJm2 for the granular subbase. Thus, under the assumption that the Riyadh area 
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SR/m2 for 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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