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This paper presents recommendations for an optimal pavement design. For this purpose, eight optimiza-
tion models were developed, each corresponding to a different type of pavement. The optimization mod-
els were used to obtain the optimal designs for different design data. These results were used to perform
a multi-parametric analysis, from which the design recommendations for an optimal design were
derived. Since the optimization was performed for a large number of design-parameter combinations,
the manual execution of the optimization algorithm was not feasible. Therefore, the optimization model
was developed to include a loop to perform an optimization for each of the combinations. This study dis-
cusses the project data in which geosynthetically reinforced flexible pavements outperform conventional
flexible pavements. In addition, the results of the study allow a direct comparison between geosynthetic
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reinforced and unreinforced flexible pavement structures once they are optimized.
© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-

versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

Economic considerations are also taken into account in the
design of flexible pavements when selecting the final layer thick-
ness combinations and material properties that meet the design
criteria. Therefore, multiple iterations must be performed to find
a solution that meets the design requirements while minimizing
construction costs. Pavement design methods vary in different
countries around the world. Some are purely empirical, while
others are mechanistic-empirical. The thickness of the base course
with geosynthetics can be reduced without sacrificing perfor-
mance, saving material and excavation, extending service-life and
reducing long-term maintenance costs. Evaluations of the perfor-
mance of geosynthetic-reinforced flexible pavements have been
conducted using field tests, laboratory tests and numerical simula-
tions [1]. Significant progress has been made in the field of geosyn-
thetic reinforcement of pavements. In order to compare
conventional flexible pavements with geosynthetic reinforced flex-
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ible pavements, both unreinforced and reinforced types of pave-
ments should be optimized at minimum cost. For this purpose,
optimization models should be developed and advanced algo-
rithms should be applied.

Rouphail [2] applied the mixed integer linear programming
model for flexible pavements to determine the number, type and
thickness of pavement materials required to meet the structural
strength requirements of pavement systems at minimum initial
cost. The Star Pattern Search algorithm was used to obtain the min-
imum cost design of flexible and rigid pavements. Based on the
optimization model, design graphs for the pavement design were
developed to accelerate the selection of the most economical pave-
ment type [3]. Both mentioned research papers are based on the
AASHTO guidelines for pavement design. The genetic algorithm
was applied to the problem of optimal design of rigid pavements
by defining the total cost of the pavement materials as the objec-
tive function and considering all constraints that affected the
design [4]. In the study conducted by Hadi and Arfiad [4], the opti-
mization model was based on the AUSTROADS guidelines, and
three main variables were considered, namely the thickness of
the lean mixed concrete layer, the thickness of the bound material
and the type of sub-base.

Pryke et al. [5] developed an optimization model and applied a
genetic algorithm to minimize the pavement construction cost,
where the design variables were the thickness of the pavement
layers, the selection of the pavement materials and the number
of layers within the pavement structure. The optimum pavement
design and cost were compared for different traffic loads. The min-
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imum cost pavement design was also determined by direct and
surrogate-based optimization approaches [6]. The required func-
tional and structural performance criteria of the pavement design
were assured by six distress reliabilities at the end of the service
life of the pavement rather than by ASSHTO pavement design
guidelines. The following distress reliabilities were considered:
International Roughness Index (IRI), cracking of asphalt concrete
at the surface, cracking of asphalt concrete from bottom to top,
permanent deformation of asphalt concrete only and permanent
deformation of the entire pavement. Several diagrams have also
been developed in accordance with the Iran Highway Asphalt Pav-
ing Code Number to determine the optimum thickness of pave-
ment layers, including asphalt concrete, granular base and
granular subbase. These were dependent on road classification,
design traffic and resilient modulus of the subgrade [7]. Based on
16 different alternatives for pavement design, Ghanizadeh [2-4]
concluded that the base course can be removed from the optimal
pavement design if the strength of the subgrade is increased.
Tohidi et al. [8] compared the performance of the genetic algorithm
and particle swarm optimization for determining the economically
optimal pavement thickness and concluded that the genetic algo-
rithm outperformed the particle swarm optimization. They also
presented case studies on the effects of traffic changes on costs
and the effects of CBR on cost reduction percentages. Based on
the above studies, it can be concluded that the authors used vari-
ous objective functions, constraints and optimization algorithms
to enable optimal pavement designs.

The above researches [2-8] focused on minimizing the cost of
pavement structures, but did not consider minimizing life-cycle
costs. Mamlouk et al. [9] applied optimization methods for pave-
ment management at the project level, where the optimization
model included design guidelines, mechanistic-empirical perfor-
mance models of pavements and a life cycle cost analysis. The
developed optimization model allows for the calculation of the ini-
tial construction cost, overlay cost, highway user cost and the total
pavement cost. Santos and Ferreira [10] performed 384 optimiza-
tions for different combinations of traffic load, foundation stiffness
modulus and pavement structure to minimize pavement costs as
applied to maintenance and rehabilitation strategies. Several
researchers [11-14] have conducted studies looking at the design
of optimal pavement structures based on life cycle costs. The stud-
ies have shown that life cycle cost is very important in the design
and optimization of a pavement to get the optimal design. Zhang
et al. [15] used dynamic programming optimization techniques
to minimize the total life-cycle cost and environmental impact
on pavement overlay systems. Lee et al. [16] reported that using
optimization in pavement design that incorporates life cycle cost
analysis can save up to 19% of costs. While the use of recycled con-
crete aggregate in the production of hot mix asphalt has a positive
environmental impact, it could also have a significant effect on the
mechanical properties, as reported by Sanchez-Cotte et al. [17].

One of the most important issues in pavement engineering is
also the evaluation of the optimal timing for preventive mainte-
nance measures for pavements under different traffic and climatic
conditions [18]. Chong et al. [19] have developed an integrated
approach for optimizing pavement life cycle and maintenance
decisions. The rate of crack propagation that occurs with repeated
loading in a hot mix asphalt layer was determined by Walubita
et al [20] using several laboratory tests. The performance benefits
of using interlayer grid reinforcement to mitigate reflective crack-
ing in existing cracked pavements was presented by Walubita et al.
[21].

There are many uncertainties in the design of pavement struc-
tures, namely traffic load, load distribution, environmental condi-
tions, mechanical properties of soil and materials, and structural
behavior. Therefore, reliability-based optimization models have
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been developed to account for these uncertainties [22-24]. Saride
etal. [24] developed design charts for estimating reliability indexes
against fatigue and rutting based damages on a wide range of pave-
ment layer thicknesses and elastic moduli. Reliability-based design
optimizations of asphalt pavements include not only the mechan-
ical performance of the pavement, but also other aspects that have
been shown to be relevant to the decision-making process [22].

In this work, the genetic algorithm was used to optimize a pave-
ment structure according to the design guidelines for pavements
[25]. It should be noted that the optimization model also allows
for pavement variants with geosynthetic reinforcement, which
was not yet considered in previous studies. Based on the developed
optimization model, a parametric study was conducted for the
optimal design of flexible pavement structures. Since the optimiza-
tion was performed for a large number of design-parameter com-
binations, the manual execution of the optimization algorithm
was not feasible. Therefore, an optimization model was developed
to include a loop for performing optimizations for each of the com-
binations. In addition, an optimal pavement structure with geosyn-
thetic reinforcement was included in the sensitivity analysis. Based
on the sensitivity analysis, the selection of the optimal pavement
type can be determined under certain traffic loads, climatic condi-
tions and subgrade conditions.

2. Optimization model

In designing pavement structures, an engineer must start from
the dimensions. This is not a trivial task, however, because ground
conditions, traffic loads and other conditions are specific to each
site. Even more difficult is the selection of appropriate dimensions
that meet all the structural conditions with a minimal cost. There-
fore, sections of the pavement structure need to be iteratively
modified and structural conditions need to be rechecked. This iter-
ative process can be performed by optimization algorithms capable
of testing a large number of different pavement-structure sections
in a short period of time. In order to apply optimization algorithms,
a mathematical representation of the pavement structure design
process must be defined. This is called an optimization model. In
this optimization model, the cost objective function, geotechnical
constraints and design constraints of a pavement structure are
defined. It should be noted that this study provides an improved
optimization model that takes into account not only structural-
mechanic conditions, but also good design-practice conditions.
Fig. 1 shows a cross section of eight different pavement structures.
Each of these eight types of pavement structures were optimized
for certain project data, therefore eight slightly modified optimiza-
tion models were developed. The name of the pavement type was
defined with two capital letters and two numbers. The letter B
stands for the bound layers, U for the unbound layers and R for
the geosynthetic reinforcement. The number 1 or 2 represent the
number of bound layers (asphalt surface layer, asphalt base layer)
or unbound layers (base course, sub-base course). The notation for
the pavement type B2U2(R) defines a pavement that contains two
bound layers and two unbound layers, as well as geosynthetic rein-
forcement. The cost objective functions for each pavement struc-
ture are presented in Table 1. The optimization model was built
with the MATLAB [26] computer program and the real coded
genetic algorithm [27] was applied to obtain optimal solutions.

In the equations (Eqs. 1.1-1.9) in Table 1, the unit price of the
ground excavation is given by Cexere (€/m?); cgc (€/m?) is the unit
price of the ground compaction; cgysp (€/m?3) is the unit price of
the unbound sub-base fill; ¢z, (€/m?) is the unit price for unbound
base fill, which is a higher quality material than the unbound sub-
base fill; Csups (€/m?) is the price of the asphalt substrate; cq (€]
m?) is the price of the asphalt surface layer; cq, (€/m>) is the unit
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Fig. 1. Geometry and parameters of the pavement structure.
Table 1
The cost objective functions of the pavement structure.
The cost objective functions of a pavement structure TYPE Eq.
COSTpau = Cexc‘re + Cgc + Cﬁll,b + Cﬂs,subs + Cﬁu,sb + Cﬂs + Cnb + Cgeo B2U2(R) (1)
COSTpay = Cexcre + Cgc + Cﬁll,b + Cas.subs + Casp B1U1 (1a)
COSTpay = Cexcre + Cgc + Cﬁll,b + Cas subs + Casb + Cgeo B1U1(R) (1b)
COSTpav = Cexcre + Cgc + Cﬁll,b + Cﬂs,subs + Cash + Cﬁll,sb B1U2 (1c)
COSTpay = Cexcre + Cgc + Crinp + Cassubs + Casp + Critts + Cgeo B1U2(R) (1d)
COSTpau = Cexcre + Cgc + Cﬁll,b + Cas.subs + Cas + Cap B2U1 (1e)
COSTpav = Cexr,re + Cgc + Cﬁll,b + Cas,subs + Cas + Cab + Cgeo BZU](R) (10
COSTpay = Cexcre + Cgc + Cﬁll,b + Cas subs + Cﬁu.sb + Cas + Cap B2U2 (1g)
Cexcre = Cexcre * Neotal - (Bve + Bas) Ground excavation (1.1)
Cgc = Cgc * (Bye + Bas) Ground compaction (1.2)
Crnp = Crinp - (Bve +Bas) - dp Base-layer fill (1.3)
Cus,subs = Cassubs * Bas Asphalt substrate (1.4)
Crisb = Ctsb - (Boe + Bas) - dsp Sub-base fill (1.5)
Cas = Cas * Bas - das Asphalt surface layer (1.6)
Cap = Cap - Bas - dap Asphalt base layer (1.7)
Cgeo = Cgeo * (Bye + Bas) Geosynthetic installation (1.8)
Casb = Casb * Bas - dasp Single asphalt layer (1.9)

price of the asphalt base layer and cg, (€/m?) represents the price
of the geosynthetics. The denotation cu, (€/m3) is used in cases
where the type of pavement consists of only one asphalt layer. Fur-
thermore, B (m) represents the width of the pavement structure,
while B, and B, represent the width of the verge and the asphalt
surface, respectively; and h¢yq (m) is the total thickness of the
pavement structure. The optimization model consists of four dif-

ferent variables which represent the different layers of a pavement
structure. The variable d s (m) represents the asphalt surface layer,
dap (M) represents the base layer of the asphalt, the unbound base
layer is represented by d, (m), the unbound sub-base layer is rep-
resented by the variable d,, (m), while the pavement structure con-
struction cost is defined as COST,q, (EUR/m). The variable d,, (m) is
used in pavement types that include only a single layer of asphalt.
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2.1. Design conditions built into the optimization model

The geotechnical analysis and the dimensioning conditions
restrain the cost objective function. This is done to make sure that
the conditions for the design are in accordance with the required
recommendations. The trend in pavement design is toward
mechanical-empirical (M—E) design methods [28]. However, in
European countries, empirical methods are still prescribed for
pavement design and are widely used in engineering practice. In
the presented analyses, the empirical method AASHTO was used
for the pavement design, based on the number of equivalent single
axle loads (ESAL) caused by travelling on the road pavement in the
design life. It is based on the following experimentally obtained
parameters, including: annual average daily traffic in the first year
of the design life, factors that consider the division of traffic into
directions and lanes, overall conversion factor of the total passages
of different heavy vehicle axles into ESALs, heavy vehicle annual
growth rate and design life in years. ESAL is the input data in this
model and is determined by applying local technical specifications
for roads [25], based on AASHTO [29] and European guidelines.
Nine different conditions were defined according to the flexural
pavement design guidelines. These conditions had to be met to
ensure a sufficient design. Eight different pavement structures
were analyzed, and the conditions had to be adapted for each type
of pavement structure. The list of equations that are included in
each pavement optimization model are given in Table 2.

Condition 1 is satisfied when the calculated pavement
thickness-index (Do) is greater than the required pavement
thickness-index (Dy.q) [25], see Eq. (2):

Diotar > Dreq (2)
The pavement thickness-index Dy is defined as:

Drotat = das - Qigs + dap - Qiap + dp - Gip  OF (2.1a)

(2.1b)

In the case where two layers of asphalt were used (asphalt sur-
face layer and asphalt base layer), Eq. (2.1a) was employed and Eq.
(2.1b) was used for single asphalt layers. The equivalence factors a;
as» di.ap and a; are shown in Table 3. The required thickness of the
asphalt, based on the guidelines, is represented with dqs,,¢ (cm) and
was calculated with Eq. (2.2):

Dtotal = dasb * Qigsh + db ~Qip

Ain Shams Engineering Journal 14 (2023) 101840

dasb.O =4a - Tnaz (22)

The constants a; and a, are shown in Table 3. The number of
ESALs T, was determined based on several items that consider
equivalent daily traffic, cross section of pavement, lane width, lon-
gitudinal tilt of the pavement, additional dynamic loading and
growth of traffic during the pavement’s lifetime. According to the
guidelines [25], the required pavement thickness-index was deter-
mined as:

Dreq = dasbo - 0.38 + d cr,,,, - 0.14 or (2.3a)

mod

Dreq = dasbo - 0.38 + dpcpr - 0.14 (2.3b)

Eq. (2.3a) was used when the pavement structure included an
unbound base layer and an unbound sub-base layer. The main
aim of including the sub-base layer was to increase the CBR. The
required thickness of the unbound base layer dj, gz depended on
the CBR of the subgrade and was calculated with Eq. (2.4a):

dycar = (€1 — C3 - CBR) - In(T,) — ¢35 + ec4BRICs (2.4a)

The CBR of the subgrade can be improved to CBR;,,q by adding
an unbound sub-base fill. In this case, the required thickness of the
unbound base layer dp, cgrmoa, S€€ Eq. (2.4b):

dp.cor,,, = (€1 — C2 - CBRyoq) - In (T,) — €3 + €4 BRmoa) 5 (2.4b)

Moreover, if geosynthetic reinforcement is provided, the thick-
ness of the unbound base layer can be further reduced, see Eq.
(2.4c):

dpcar = ((c1 — €2 - CBR) - In(T,) — 3 + e PRe) /y o or  (2.4c)

((Cl — 2+ CBR) - In(Ty) — 5 + e(u.CBR)ACS)/Vgeo.b (2.4d)

p cBR,y =

Geosynthetic reinforcement increases the bearing capacity of
the subgrade and stiffens the base course by limiting the lateral
movement of both the base course material and the subgrade.
These improvements in the pavement’s structure were due to
geosynthetic reinforcement. They were considered in terms of
reducing the base course thickness (7Vgeo,5) and were based on lab-
oratory tests, field tests and theory-based design methods [1,30-
33]. The constants cy, €z, C3, C4, C5 and Yge,, are provided in Table 3.
The constants cy, ¢, 3, ¢4 and cs were determined using a curve fit

Table 2
List of conditions included in each type of pavement structure.
B1U1 B1U1(R) B1U2 B1U2(R) B2U1 B2U1(R) B2U2 B2U2(R)
Objective Function Eq. (1a) Eq. (1b) Eq. (1¢) Eq. (1d) Eq. (1e) Eq. (1f) Eq. (1g) Eq. (1)
Condition 1Eq. Eq. (2.1b) Eq. (2.1b) Eq. (2.1b) Eq. (2.1b) Eq. (2.1a) Eq. (2.1a) Eq. (2.1a) Eq. (2.1a)
(2) Eq. (2.2) Eq. (2.2) Eq. (2.2) Eq. (2.2) Eq. (2.2) Eq. (2.2) Eq. (2.2) Eq. (2.2)
Eq. (2.3b) Eq. (2.3b) Eq. (2.3a) Eq. (2.3a) Eq. (2.3b) Eq. (2.3b) Eq. (2.3a) Eq. (2.3a)
Eq. (2.4a) Eq. (2.4¢c) Eq. (2.4b) Eq. (2.4d) Eq. (2.4a) Eq. (2.4¢) Eq. (2.4b) Eq. (2.4d)
Condition (2) Eq. (3.1b) Eq. (3.1b) Eq. (3.1b) Eq. (3.1b) Eq. (3.1a) Eq. (3.1a) Eq. (3.1a) Eq. (3.1a)
Eq. (3)
Condition (3) Eq. (4.1a) Eq. (4.1a) Eq. (4.1b) Eq. (4.1b) Eq. (4.1a) Eq. (4.1a) Eq. (4.1b) Eq. (4.1b)
Eq. (4)
Condition (4) Eq. (5.1b) Eq. (5.1b) Eq. (5.1¢) Eq. (5.1¢) Eq. (5.1b) Eq. (5.1d) Eq. (5.1a) Eq. (5.1a)
Eq. (5) Eq. (5.2) Eq. (5.2) Eq. (5.2) Eq. (5.2) Eq. (5.2) Eq. (5.2) Eq. (5.2) Eq. (5.2)
Condition (5) N/A N/A Eq. (6.1a) Eq. (6.1b) N/A N/A Eq. (6.1a) Eq. (6.1b)
Eq. (6))
Condition (6) N/A N/A N/A N/A Eq. (7) Eq. (7) Eq. (7) Eq. (7)
Eq. (7))
Condition (7) N/A N/A N/A N/A Eq. (8) Eq. (8) Eq. (8) Eq. (8)
Eq. (8)
Condition (8) Eq. (9) Eq. (9) Eq. (9) Eq. (9) N/A N/A N/A N/A
Eq. (9)
Condition (9) Eq. (10) Eq. (10) Eq. (10) Eq. (10) Eq. (10) Eq. (10) Eq. (10) Eq. (10)
Eq. (10)
Condition10 N/A N/A Eq. (11) Eq. (11) N/A N/A Eq. (11) Eq. (11)
Eq. (11)
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Table 3

Input data for the optimization model.
Cexe,re (€/m2) 9 dj,as
Cc (€/m?) 2.5 iab
Chnsh (€/m?) 24 b
Crnp (€/m?) 36 Qi ash
Cas,subs (€/lﬂ2) 1.5 a
Cas (€/m3) 300 a
Cap (€/m>) 200 b,
Casp (€/m°) 250 b,
Cgeo (€/m?) 3.2 bs
Bye (m) 1 by
Bas (m) 8 <1

0.42 e 0.376
0.35 s 26.64
0.14 s 0.141
0.35 cs 4.882
0.6567 CBRuod (%) 15.0
02175 Yecob 15
8.382 Ygeo.sb 2.0
~0.791 dasmin (M) 0.04
1.975 dab.min (M) 0.06
1 9 12 dasb,min (m) 008
6.239 db,min (M) 0.25
dsb.min (m) 0.20

of the guidelines [25,29] for the required asphalt thickness and the
unbound base layer based on ESAL. The goodness of fit of the curve
fit is determined by R®> and RMSE and results in 0.987 and
1.418 cm, respectively.

Condition (2) describes the required asphalt layer thickness.
The provided thickness of the asphalt layer must be greater or
equal to dgsp0, as shown in Eq. (3).

dpraz/ Z dasb,O (3)
dprov = das + dab or (313)
dprov = dasb (B]b)

Eq. (3.1b) is valid for pavement structures where only a single
quality of asphalt layer is used, while Eq. (3.1a) considers the
asphalt surface layer and the asphalt base layer.

Condition (3), shown below, is described with Eq. (4) and pro-
vides the required thickness of the unbound base layer.

db > db.req (4)
where

db.req = db.CBR or (4]&)
b.req = db.CBR g (4.1b)

Condition (4) is the condition for frost resistance. Eq. (5)
describes the relationship required to satisfy the longevity of the
pavement structure.

htatal > hreq (5)

where h;q is the total thickness of the pavement structure. While
four different layer configurations in the pavement structure were
analysed, only one of the appropriate total thicknesses was calcu-
lated with the following equations:

hyota = dos + dap + dp + dsp (5.1a)
hiota = dasy + dp (5.1b)
hiota = dasy + dp + dsp (5.1¢)
hiotar = das + dap + dp (5.1d)

The required thickness of the pavement structure is defined
with Eq. (5.2). The factor f; was determined based on the guideli-
nes [25]. The value fj represents the conditions of the material at
the site: the hydrologic conditions and the elevation of the site.
Hydrologic conditions are favourable when the road embankment
is at least 1.5 m high, the groundwater level is constantly lower
than the freezing depth h,, the excavation pit is well drained,
and the inflow of water into the road is prevented. Different com-
binations of these conditions resulted in four different f; values.

These values are listed in Table 4. f; is referred to as the site con-
dition in this model. Moreover, the value of h,, was evaluated
based on geographical location, since the parameter represents
the depth of the freezing point at that location.

Preg = hn - f (5.2)

Condition (5) constrains the minimum thickness of the
unbound sub-base layer by Eq. (6).

dg, > dgy g, (6)

The minimal required unbound sub-base layer for a specific CBR
value (CBRyy0q) Was calculated using Eq. (6.1a) or Eq. (6.1b) in cases
when geosynthetic reinforcement was included between the sub-
grade and the unbound sub-base layer.

b, - (CBRy0q — CBR
sb.BR,0g = b1 - (%ﬁL b4> (6.1a)
b, - (CBRimoq — CBR
dSb-CBRmud = (bl : (%4’ b4>>/ygeo,sb (6.1b)

The constants by, by, b and b, were determined using a curve fit
of the guidelines [25] for the required sub-base thickness to
achieve an improved CBR;,,q of subgrade. The goodness of fit of
the curve fit is determined by R?> and RMSE and results in 0.9599
and 2.571 cm, respectively. The minimum thickness of each layer
in the pavement structure was also limited with four additional
conditions. Condition (6) defines the minimum thickness of the
asphalt surface layer (see Eq. (7)), and condition (7) limits the min-
imum thickness of the asphalt base layer (see Eq. (8)). In cases
where the pavement structure was constructed with a single
asphalt layer, the minimum thickness was defined with condition
(8) (see Eq. (9)). The minimum thickness of the unbound base layer
and the minimum thickness of the unbound sub-base layer are
expressed with conditions (9) (see Eq. (10)) and condition (10)
(see Eq. (11)), respectively.

Table 4
Minimum required thicknesses of the pavement structures hy, [25].

Resistance of the material under Hydrological ~ Minimum thickness of

the pavement structure against Conditions pavement structure
the effects of freezing and Nreq = (fi)-him
thawing hy, is depth of frost
penetration
to an from an
altitude altitude of
of 600 m 600 m
resistant favourable (0.6)-hy, (0.7)-hy,
unfavourable (0.7)-hy, (0.8)-h
not resistant favourable (0.7)-hy (0.8)-hy
unfavourable (0.8)-h;, (0.9)-h,
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das > das min (7)
dab > dap min 8)
dasp > Qasp min 9)
dy > dpmin (10)
dsp > dsp min (11)

Since not all equations apply to every defined pavement type,
Table 2 defines the equations included in the optimization model.
For example, pavement type B1U1 includes Conditions (1)-(4) and
Conditions (8)-(9) defined by equations 2.1b, 2.2, 2.3b, 2.4a, 3.1b,
4.1a, 5.1b, 5.2, 9, and 10.

3. Multi-parametric analysis

The optimization model presented above was developed in a
general form so that an optimal design for a pavement structure
can be obtained for any project data (e.g. subgrade properties, traf-
fic loads, climate zones. . .). A series of optimizations for the pave-
ment structure were performed for a combination of different
parameters, i.e. different values of the total number of ESALs T,.
ESAL was fixed at specific values in the multiparametric analysis
and is fixed in the optimization process (T.;1 - 10% 1 . 10°;
1-105 1-107; 1 - 107). California Bearing Ratios CBR, depths of
frost penetration hy, and site conditions fz. The optimization pro-
cess was repeated eight times, while eight different pavements
structures were compared in terms of costs. Input data, variables
and a cost objective function subjected to (in)equality geotechnical
and design constraints were included in the model. An optimal cost
and an optimal dimension of the pavement’s structure were deter-
mined for each optimization. An RCGA was used to solve the opti-
mization problems [27]. A parametric optimization was performed
for all 3200 combinations of the following different design
parameters:

- eight different pavement structures: TYPE (B1U1, B1U1(R),
B1U2, B1U2(R), B2U1, B2U1(R), B2U2, B2U2(R))

- total number of ESALs: T, (1-10% 1-10%1-105 1-107; 1-107)

- California Bearing Ratio: CBR (3%; 4%; 5%; 6%; 7%)

- depth of frost penetration: h,, (40 cm; 60 cm; 80 cm; 100 cm)

- conditions of the material at the site and the hydrological con-
ditions: f; (0.6; 0.7; 0.8; 0.9)

The input data used in the optimization model are shown in
Table 3 and remained constant in the multiparametric analysis.
In order to make the results useful for different widths of pave-
ment structures, the optimal cost COSTp,, was normalized with
the asphalt pavement width B, and the verge width B,.. This
was done to obtain the optimal cost of the paved structure with
the asphalt layer Cost,; (EUR/m?) and the related cost of the verge
Cost,e (EUR/m?).

CoStas = Cexcre * Nrotal + Coc + Cpitip + Ap + Cas subs + Chitisb - Asb + Cas
: das + Cap - dub + Cgea (12)

COStye = Cexcyre * htotal + Cgc + Cﬁll.b : db + Cﬁll,sb : dsb + Cgeo (]3)

Since the optimizations had to be performed for each combina-
tion of design parameters, manual execution of the optimization
algorithm was not feasible. Therefore, an optimization model was
developed that included a loop to perform an optimization for each
of the 3200 combinations. The total time to obtain the optimal
solutions for all the defined combinations was about 35 h.
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Fig. 2 shows the optimal results for a pavement structure that is
constructed on a sub-grade with CBR = 3% and in a climate zone
where the depth of frost penetration is h,;, = 100 cm; the site con-
ditions correspond to f; = 0.8. With the help of these diagrams, it is
possible to determine the optimal thicknesses of the pavement lay-
ers (dgs, dap, dasp, dp and dgp,) and which type of pavement structure
produces the minimum construction cost at different traffic loads.
Each line in these diagrams presents the optimal solution for differ-
ent types of pavements. Fig. 2a clearly shows that the optimal type of
pavement changes with the total number of ESALs. With small traffic
loads (1 - 10%), the optimal pavement type is B2U2(R); with medium
traffic loads (1 - 10%), it is B1U1 and with large traffic loads (1 - 10%),
the optimal solution is to construct a B2U1(R) type pavement. Fig. 2b
shows the unit cost for the verge of pavement. The degree of utiliza-
tion of condition 1 (Uipaq = Dreq/Drorar) is presented in Fig. 2c. The opti-
mal thickness of each layer of pavement structure can be obtained
from Fig. 2d-2f. The upper curve in Fig. 2f represents the optimal
thickness of the asphalt layer d,,. The bottom curve represents the
optimal thickness of the asphalt base layer dg. It should be noted
that for all parameter combinations, the optimum thickness of the
asphalt surface layer was calculated to be d, = 4 cm, which is the
minimum value specified.

The optimal solutions for a pavement structure that is con-
structed on a sub-grade with CBR = 7% (h;; = 100 cm and f; = 0.8)
are presented in Fig. 3. In this case, with small traffic loads
(1 - 10%), the optimal pavement type is B1U2; with medium traffic
loads (1 - 10), it is B1U1 and with large traffic loads (1 - 108), the
optimal solution is to construct a B2U2 type pavement. While the
optimal asphalt thickness is completely dependent on the total
number of ESALs, the optimal asphalt thickness of any type of
pavement can be determined from Fig. 4.

Fig. 2 and Fig. 3 also show substantial differences in pavement
cost for different pavement types, even though each pavement
type was optimized. The optimal cost at 10® load transitions of
pavement type B1U2 yields 133.87 EUR/m?, while the optimal
pavement type B2U1(R) yields only 111.14 EUR/m?, which is about
20% less than the B1U2 pavement.

Among 3200 optimal solutions for different combinations of
parameters, an optimal type of pavement structure was found with
a minimum cost along with the pavement’s layer-dimensions. This
reduction provided 400 results. Only the most economical type of
pavement was selected from 8 different optimized pavements.
Table 5 presents 25 optimal solutions that were obtained for a
depth of frost penetration of h,, = 100 cm with site conditions at
f=0.8.Table 5 clearly shows that at CBR = 3% the pavement struc-
ture with geosynthetic reinforcement is the most economical,
while at a larger CBR = 7%, the optimal pavements do not include
geosynthetic reinforcement. The multi parametric analysis also
shows that each pavement type defined in this paper was found
to be optimal for certain input data, see Fig. 5.

Fig. 6 shows the results of optimizations that include informa-
tion about optimal pavement types, optimal thicknesses of
unbound bases and unbound subbase layers. It should be noted
that numerical values are assigned to each pavement type (1 -
B1U1, 2 -B1U2, 3 -B2U1, 4-B2U2, 5-B1U1(R), 6 - B1U2(R), 7 -
B2U1(R), 8-B2U2(R)). For very unfavorable site conditions
(fr = 0.9), pavement types B2U1(R) and B2U2(R) predominate
and show that geosynthetic reinforcement at the base or sub-
base layer is required if the CBR value of the subgrade is low
(CBR = 3%). When the CBR of the subgrade is high, the need of
geosynthetic reinforcement decreases and pavement types B1U2
and B2U2 prove to be the most economically efficient. With
increasing ESAL, the need for base layers also increases. This is nec-
essary in order to achieve the required pavement thickness-index,
which can be seen by a decrease in the required thickness of the
sub-base layer.
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For unfavorable site conditions (fs = 0.8), the results are pre-
sented in Fig. 7. When the required freezing depth h,, is high, pave-
ment type B2U2(R) is optimal because the sub-base layer provides
the required frost resistance at a lower cost. When the freezing
depth becomes shallower, the optimal pavement type changes to
B2U1(R), where only the base layer provides the required thickness
for both freezing and pavement thickness-index conditions. Pave-
ment type B2U1(R) was predominant for almost all subgrade CBR
values when the required freezing depth became shallower. As
the freezing depth becomes shallower, the sub-base layer require-
ment decreases and the pavement thickness-index condition
becomes more critical. This can be seen by the increase in the
thickness of the base layer to satisfy the pavement thickness-
index condition. The optimal solutions for the remaining factors
f=0.7 and 0.6 are presented in Table 6 and 7, respectively.
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4. Sensitivity analysis

The optimal design of the pavement structure was determined
for different input data. The four main input data are the total
number of ESAL (T,,), the California Bearing Ratio (CBR), the depth
of frost penetration (hy,) and the site conditions (fs). The main
objective of this multiparametric analysis was to use these main
attributes to predict other continuous attributes, such as the opti-
mal cost of the pavement structure (Cost,s), the optimal pavement
type (TYPE), the total thickness of asphalt layer (d,s, or dgs plus dgp)
and the total thickness of the unbound layer (d, + ds,). Before
applying the predictive model, the dataset was divided into a train-
ing dataset (odd indexed samples) and a checking dataset (even
indexed samples). The “exhsrch” function included in MATLAB
was used to perform an exhaustive search within the available
inputs to select the set of inputs that have the greatest impact on
the optimal cost of the pavement structure and the thickness of
layers. For the “exhsrch” function, the predictive models were built
for each parameter combination and trained for an epoch; the
achieved performance was then reported. The leftmost input vari-
able in Fig. 8 is the most relevant in terms of output, while it has
the lowest root-mean-square error (RMSE). The RMSE is defined
as follows:

RMSE = (14)

where X; are the predicted values and x; are the values obtained by
the optimization procedure (Costgs, TYPE, dgsp, dp + dsp). The predic-
tion models are often subject to the problem of overfitting. How-
ever, in this simple prediction model, it can be seen that the
training and checking errors are comparable, which means that
there is no overfitting. It should be noted that the main objective
of this prediction model is to find the inputs that have the greatest
impact on the output, not to build the prediction model with min-
imum training error. To achieve a higher accuracy in the prediction
model, more neurons should be included in the neural networks,
but this increase in neurons could lead to an overfitting problem.

Table 5
Optimal designs of pavement structures with depth of frost penetration h,, = 100 cm and site conditions fs = 0.8.
TYPE Th CBR hn fir dasp as dap dp dsp COSTgs
(=) (%) (cm) (-) (cm) (cm) (cm) (cm) (cm) (€/m?)
B1U2(R) 1.0E + 04 3 100 0.8 8 0 8 27 55 58.62
B1U2(R) 1.0E + 05 3 100 0.8 8 0 8 27 55 58.62
B2U2(R) 1.0E + 06 3 100 0.8 13 4 9 26 51 67.3
B2U2(R) 1.0E + 07 3 100 0.8 22 4 18 28 40 83.38
B2U1(R) 1.0E + 08 3 100 0.8 36 4 32 54 0 111.14
B1U2 1.0E + 04 4 100 0.8 8 0 8 27 55 55.02
B1U2 1.0E + 05 4 100 0.8 8 0 8 27 55 55.02
B2U2 1.0E + 06 4 100 0.8 13 4 9 26 53 64.36
B2U2(R) 1.0E + 07 4 100 0.8 22 4 18 28 40 83.38
B2U2(R) 1.0E + 08 4 100 0.8 36 4 32 31 27 109.7
B1U2 1.0E + 04 5 100 0.8 8 0 8 27 55 55.02
B1U2 1.0E + 05 5 100 0.8 8 0 8 27 55 55.02
B2U2 1.0E + 06 5 100 0.8 13 4 9 26 51 63.7
B2U2 1.0E + 07 5 100 0.8 22 4 18 28 43 80.77
B2U2(R) 1.0E + 08 5 100 0.8 36 4 32 31 23 108.38
B1U2 1.0E + 04 6 100 0.8 8 0 8 27 55 55.02
B1U2 1.0E + 05 6 100 0.8 8 0 8 27 55 55.02
B2U2 1.0E + 06 6 100 0.8 13 4 9 26 51 63.7
B2U2 1.0E + 07 6 100 0.8 22 4 18 28 40 79.78
B2U2(R) 1.0E + 08 6 100 0.8 36 4 32 31 23 108.38
B1U2 1.0E + 04 7 100 0.8 8 0 8 27 55 55.02
B1U2 1.0E + 05 7 100 0.8 8 0 8 27 55 55.02
B2U2 1.0E + 06 7 100 0.8 13 4 9 26 51 63.7
B2U2 1.0E + 07 7 100 0.8 22 4 18 28 40 79.78
B2U2 1.0E + 08 7 100 0.8 36 4 32 31 28 106.43
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Fig. 5. Proportion of optimal pavement types among 400 defined parameter
combinations.

It also examines the combination of two inputs that have the great-
est influence on the output. The result of the parametric analysis
clearly shows that the most important parameter for the optimal
cost of a pavement structure is the total number of ESALs (T,). This
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is followed by the equally important depth of frost penetration (h;,),
site conditions (f) and California Bearing Ratio (CBR).

The total number of ESALs is also most relevant for determining
the optimal type of pavements and thicknesses of the asphalt layer,
while the depth of frost penetration is most relevant to the total
thickness of the unbound layers. The parametric analysis also
shows that the “total number of ESALs” and the “depth of frost
penetration” form the optimal combination of two inputs that
are most relevant to the optimal cost: the optimal pavement type
structure and the optimal thickness of the asphalt layer. However,
the combination of “depth of frost penetration” and “hydrologic
conditions at the site” is most relevant for determining the total
thickness of the unbound layers.

5. Case study

To illustrate the usefulness of the optimization model presented
in this article, an example is given for determining the cheapest
possible pavement structure and finding an optimal design for
the given design parameters. The design data are based on practi-
cal design project of road near village Sv. Ana, Slovenia [34]. The
subgrade strength was determined from 15 CBR tests and the mean
value of the CBR for a 3 km section of road was determined to be
4.3%. The total daily equivalent traffic-load in the cross section of
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Fig. 7. Optimal pavement types and the thickness

the pavement Ty was determined on the basis of the planned aver-
age daily number of motor vehicles in the first year of the pave-
ment. The total number of ESALs T, = 2.56 - 10® was calculated
by considering the total daily equivalent traffic load, the number
of traffic lanes, lane widths, the longitudinal inclination of the
pavement, additional dynamic impacts and the increasing traffic
load due to traffic growth over its lifetime (n = 20 years). This cal-
culation was performed using local technical specifications for
roads [25] based on AASHTO [29] and European guidelines. The
design data requires the depth of frost penetration h,, = 80 cm,
unfavorable site conditions f; = 0.7, the width of the pavement
structure covered with an asphalt layer B, = 7 m, the width of
the verge B,. = 1 m and the length of the road section L = 3 km.
All the other data involved in the optimization model were
adopted from Table 3.

The results show that the optimal pavement structure for the
given project data leads to a self-manufacturing cost of about
463.62 €/m, while the whole road section of 3 km costs 1.39 mil-
lion €. The degree of utilization of each condition shows (see
Table 8) that for the optimum design of the pavement

of layers for very unfavorable site conditions (fg = 0.8).

10

structure for the selected example, all constraints have been fully
utilized.

The results show that the optimal pavement structure for the
given design data is the pavement structure type B2U1 (R). Due
to the low CBR value of 4.3%, an engineer would intuitively choose
a pavement structure consisting of an unbound sub-base layer to
increase the CBR value of the ground, but the results show that
such a pavement structure is not optimal. The material and con-
struction costs are 463.62 €/m for the optimal pavement type
and are 17% lower than if the engineer chose design type B1U2.
The utilization ratio for pavement thickness-index and frost resis-
tance shows that at least one of the conditions is almost fully uti-
lized and a compromise must be found between the frost
resistance and pavement thickness-index. Although the B1U1 (R)
design type provides better utilization of the pavement
thickness-index and frost resistance conditions, the price of a
single-layer asphalt pavement proves to be less cost-effective in
this case study. The percentage of cost difference A (%) shows
the importance of choosing the right pavement type, even though
each pavement type was subjected to optimization.
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Table 6
Optimal pavement types with the cost and thickness of layers for favorable site conditions. (f. = 0.7).
fr=07 hy =100 cm hy, = 80 cm hy, = 60 cm hy, =60 cm
CBR (%)  Ta Type dp (cm) dsp (cm)  Type dp (cm) dgs (cm)  Type dp(cm)  dgp (cm)  Type dp (cm) dsp (cm)
(-) ()" (=) ()" (=)
3 1.0E + 04 6 27 35 1 48 0 1 34 0 5 21 0
1.0E + 05 6 27 35 1 48 0 1 42 0 5 29 0
1.0E + 06 3 57 0 7 43 0 7 35 0 7 35 0
1.0E + 07 7 48 0 7 45 0 7 45 0 7 45 0
1.0E + 08 7 51 0 7 51 0 7 51 0 7 51 0
4 1.0E + 04 6 27 35 1 48 0 1 34 0 1 28 0
1.0E + 05 6 27 35 1 48 0 1 38 0 5 26 0
1.0E + 06 8 26 31 3 48 0 7 32 0 7 32 0
1.0E + 07 8 28 27 7 42 0 7 42 0 7 42 0
1.0E + 08 7 47 0 7 47 0 7 47 0 7 47 0
5 1.0E + 04 2 27 43 1 48 0 1 34 0 1 27 0
1.0E + 05 2 27 43 1 48 0 1 35 0 5 24 0
1.0E + 06 8 26 31 3 44 0 7 30 0 7 30 0
1.0E + 07 8 28 21 7 38 0 7 38 0 7 38 0
1.0E + 08 7 43 0 7 43 0 7 43 0 7 43 0
6 1.0E + 04 2 27 35 1 48 0 1 34 0 1 21 0
1.0E + 05 2 27 35 1 48 0 1 42 0 5 29 0
1.0E + 06 4 26 35 3 43 0 7 35 0 7 35 0
1.0E + 07 8 28 20 7 36 0 7 45 0 7 45 0
1.0E + 08 7 40 0 7 40 0 7 51 0 7 51 0
7 1.0E + 04 2 27 35 2 27 28 1 34 0 1 21 0
1.0E + 05 2 27 35 2 27 28 1 34 0 5 29 0
1.0E + 06 4 26 31 3 43 0 7 29 0 7 35 0
1.0E + 07 3 48 0 7 34 0 7 33 0 7 45 0
1.0E + 08 7 37 0 7 37 0 7 37 0 7 51 0
*1=B1U1, 2 = B1U2, 3 = B2U1, 4 = B2U2, 5 = BIU1(R), 6 = BIU2(R), 7 = B2U1(R), 8 = B2U2(R).
Table 7
Optimal pavement types with the cost and thickness of layers for very favorable site conditions. (fg = 0.6).
fr=06 hy, = 100 cm hy, =80 cm hm = 60 cm hy, =40 cm
CBR(%)  Ta Type  dp(cm)  dsp(cm)  Type  dp(cm)  dsp(ecm)  Type  dp(cm)  dyp(cm)  Type  dyp(cm)  dgp (cm)
(-) (=) (=) (=) (=)
3 1.0E + 04 1 52 0 1 40 0 1 30 0 5 21 0
1.0E + 05 1 52 0 1 42 0 5 29 0 5 29 0
1.0E + 06 3 52 0 7 35 0 7 35 0 7 35 0
1.0E + 07 7 45 0 7 45 0 7 45 0 7 45 0
1.0E + 08 7 51 0 7 51 0 7 51 0 7 51 0
4 1.0E + 04 1 52 0 1 40 0 1 28 0 5 21 0
1.0E + 05 1 52 0 1 40 0 5 28 0 5 29 0
1.0E + 06 3 48 0 7 35 0 7 32 0 7 35 0
1.0E + 07 7 42 0 7 42 0 7 42 0 7 45 0
1.0E + 08 7 47 0 7 47 0 7 47 0 7 51 0
5 1.0E + 04 1 52 0 1 40 0 1 28 0 1 27 0
1.0E + 05 1 52 0 1 40 0 1 35 0 5 24 0
1.0E + 06 3 47 0 7 35 0 7 30 0 7 30 0
1.0E + 07 7 38 0 7 38 0 7 38 0 7 38 0
1.0E + 08 7 43 0 7 43 0 7 43 0 7 43 0
6 1.0E + 04 1 52 0 1 40 0 1 30 0 5 21 0
1.0E + 05 1 52 0 1 40 0 1 29 0 5 29 0
1.0E + 06 3 47 0 3 41 0 7 35 0 7 35 0
1.0E + 07 7 38 0 7 36 0 7 45 0 7 45 0
1.0E + 08 7 40 0 7 40 0 7 51 0 7 51 0
7 1.0E + 04 2 27 28 1 40 0 1 28 0 5 21 0
1.0E + 05 2 27 28 1 40 0 1 30 0 5 29 0
1.0E + 06 4 26 28 3 37 0 7 25 0 7 35 0
1.0E + 07 7 38 0 7 33 0 7 33 0 7 45 0
1.0E + 08 7 37 0 7 37 0 7 37 0 7 51 0

*1=B1U1, 2 = B1U2, 3 = B2U1, 4 = B2U2, 5 = B1U1(R), 6 = BIU2(R), 7 = B2U1(R), 8 = B2U2(R).

6. Conclusion

Optimizations were performed 3200 times to obtain an optimal
pavement design for different ESALs, CBR, depth of frost penetra-
tions and site conditions (materials and hydrology). The results
of this study provide engineers with important information on
what type of pavement to select for different project data to min-

11

imize pavement construction costs. Since the optimization model
was developed in a general form, engineers can assign their own
values to the terms in the equations to adapt the parameters to
their specific site conditions and economic environment. The
results of the study allow a direct comparison between geosyn-
thetically reinforced and unreinforced flexible pavement struc-
tures once they are optimized. The following conclusions can be



Primoz Jelusic, R. Varga and B. Zlender Ain Shams Engineering Journal 14 (2023) 101840

THICKNESS OF TOTAL THICKNESS OF

OPTIMAL TYPE OF
COST PAVEMENT ASPHALT LAYER, Ao UNBOUND LAYER dy+dg
10 o 12 12 l 15 1
< 8 10 A 10 / 1 /
13 . = / _
z / Z s § s / § 10
» - / ~ d
o6 / S P / @
2 // u:J 6 g 6 / g
4 4 » w w
1 (%] %)
% Z 4t = 4 = 5
2 4 J x
@ 24 2l 2 /
/
-~
0 oy 0 0 & 0 =
= £ = % == % .CE = " .:E % = - == % -
O 8] o Q
10 12 12 ]
e 2 l o
P A -
5 / 10 =t 10 r ——
NE / = // R
z T 5 s / 13
o6 / g " :"J ® 1
= { = o f <3
» / o 6 £ 6 / =
24 / [%2] I;J) / %
w / & 4 = 4 / 2 5.
g / i / g
2
o —
,,,/ B 2 /
—_ &%
0 = = = 0 0 0
E = = £ = P = g & & E &= £ = = = £ E @
- o < o »_ o o o - . = &
S8 gk S8 e o8 gy g8
[ o © == @4 o < o o o ST
Fig. 8. Influence of each input variable on the optimal cost of a pavement structure and the utilization of geotechnical conditions.
Table 8
Optimal design of a pavement structure - case study.
TYPE dasb das dab db dsb Dtatal/Dreq htotal/hreq COST (€/1T1') A
(cm) (cm) (cm) (cm) (cm) (%) (%) (%)
B1U1 16 0 0 54 0 99 80 516.42 10.2
B1U2 16 0 0 29 25 99 59 558.42 17.0
B2U1 0 4 12 52 0 99 82 481.22 3.7
B2U2 0 4 12 27 50 99 60 523.22 114
B1U1 (R) 16 0 0 40 0 96 100 491.62 5.7
B1U2 (R) 16 0 0 29 25 99 80 518.02 10.5
B2U1 (R) 0 4 12 40 0 93 100 463.62 0.0
B2U2 (R) 0 4 12 27 25 99 82 482.82 4.0

mining the asphalt layer thickness and the type of pavement
design. Only the thickness of the unbound layer thickness is
governed by the frost penetration depth (h,).

- The combination of ESALs and frost penetration depth has the

drawn from the performed multiparametric optimization based on
3200 optimized pavement designs:

- For lower CBR values (up to 4%), pavement designs with geosyn-

thetic reinforcement predominate as the optimal solution. The
cost of geosynthetic reinforcement has been shown to be less
expensive than a thicker unbound base course or unbound sub-
base due to savings in material volume and excavation.

- Geosynthetic reinforcement also allows for more cost-effective
pavement designs at higher ESALs (greater than 1 - 107 ESAL).

- Flexible pavements reinforced with geosynthetics are a more
cost-effective solution, especially when site conditions are
favorable (f; = 0.6/0.7) with frost resistant materials, good
hydrological conditions and with a thickness of the pavement
structure that is determined by the pavement thickness-index
rather than the required frost depth. At shallower frost depths
(hy = 40 cm, 60 cm), the required total thickness of the base
and sub-base layers decreases and the pavement thickness-
index becomes a critical factor in pavement design, favoring
the use of geosynthetic reinforcement.

- The sensitivity analysis showed that the most important param-
eter for the optimal cost of a pavement design are ESALs (T;,).
The ESALs (T,) are also the most important parameter in deter-

greatest influence on optimum cost, type of pavement design
and asphalt layer thickness. The total thickness of the unbound
layer is mainly influenced by the combination of frost penetra-
tion depth and site conditions (materials, frost resistance and
hydrological conditions).

The parametric study also revealed that at the most unfavorable
design parameters, the optimal cost of the pavement was
133.87 €/m?, while for the most favorable design parameters
it was 36.87 €/m>.

The case study results show that selecting the optimal pave-
ment type reduces pavement costs by 17%, even though each
pavement type was subjected to optimization.

The current study is based on an empirical method for pave-

ment design. However, an improved optimization model based

on

mechanical-empirical (M—E) design methods should be devel-

oped that can accurately represent the stress-strain formation in
the pavement layers and geosynthetic reinforcement. While this
study only considers the optimization of pavement construction

12
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costs, the objective function can also be extended to the carbon
footprint.
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