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Abstract

The purpose of this study is to investigate the relationship of the vertical deformation between the scaled-down pavement test and full-
scale pavement structure according to the theory of similitude-based analysis procedure. Finite element analysis used to investigate and
establish the relationship between the scaled-down and full-scale models. Four scaled-down models with scaling factors of 0.9, 0.75, 0.6,
and 0.45 with two types of constitutive models of asphalt concrete materials, elastic and viscoelastic, are considered. The results show
that the vertical deformation in the full-scale model achieved by applying a vertical shift to the vertical deformation in the scaled-down
model. The vertical shift factor varies linearly in normal and logarithm scale with the scaling factor from 0.9 to 0.45 for linear elastic and
viscoelastic material, respectively. Moreover, this study proposes a systematic analysis procedure to determine the testing temperature in
the SALS test at a specific loading speed by using the time–temperature superposition principle. This study contributes considerably to
preliminary understanding of the relationship between the scaled-down tester in the laboratory and the full-scale model according to the
theory of similitude.
� 2018 Chinese Society of Pavement Engineering. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: The theory of similitude; APT (Accelerated Pavement Testing); SALS (Scaled Accelerated Loading Simulator); Finite element analysis;
Viscoelastic; Scaled-down model
1. Introduction

Accelerated Pavement Testing (APT) [1] is a useful tool
for evaluating long-term pavement performance in labora-
tory testing. Full-scale APT involves the controlled appli-
cation of a prototype wheel load to a prototype
https://doi.org/10.1016/j.ijprt.2018.03.004
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pavement system to determine pavement response and per-
formance for an accelerated accumulation of damage in a
compressed period. Full-scale APT facilities have been
developed to simulate the service conditions of pavement
in the field. Such facilities apply load and tire pressures
equal to the load experienced by the pavement in the field.
These pressures are adjustable to apply a wide range of
loads experienced by the pavement in the field. Usually, a
test section or several test sections are prepared using one
or several mixes, and the full-scale load is applied continu-
ously until test sections of the pavement fails. The test sec-
tions are generally instrumented with strain gauges
and pressure sensors, and continuous data acquisition is
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performed. The data acquired are later analyzed for deter-
mining pavement performance, for example, in terms of
fatigue and rutting characteristics. For many years, pave-
ment engineers have successfully used accelerated full-
scale pavement testing to evaluate material and pavement
performance for developing and verifying design
procedures.

Heavy vehicle simulators (HVSs), which are full-scale
loading equipment, apply load and tire pressures equal to
the load experienced by the pavement in the field. Harvey
et al. discussed the results obtained from HVS tests which
evaluated the fatigue performance of asphalt concrete
mixes and influence of several parameters, such as mix pro-
portions and air void contents, on the fatigue life of asphalt
concrete. The designated thickness of hot mixed asphalt
(HMA) was adequate in terms of permanent deformation
performance but inadequate in terms of fatigue perfor-
mance [2]. In 1991, the linear facility LINTRACK [3]
was developed by the Road and Railroads Research Labo-
ratory at the Delft University of Technology. Groenendijk
et al. investigated the performance of 150- and 70-mm-
thick HMA pavements in the field using LINTRACK.
The behavior of the strain gauges under the LINTRACK
wheel track was reported, and the measured strain distribu-
tion showed that the magnitude of transverse strains was
higher than that of the longitudinal strains. Moreover,
the study reported that temperature corrections are neces-
sary to account for strains arising from temperature varia-
tion during the test [3]. The Texas Mobile Load Simulator
(TxMLS), launched in 1995, was used in the TxMLS pro-
gram in Texas to investigate the load damage equivalency
and remaining life of a field pavement [4]. Hugo et al. [4]
presented an overview of the program and discussed two
rehab strategies developed for the TxMLS in 1995 and
1996. The findings provided conclusive results on the rela-
tive performance of the rehab strategies and learning
acquired during the test program. The study concluded
that pavement rutting was contributed to by the effects of
temperature, material properties, pavement structure, and
applied load. The total rutting occurred mainly in the top
rehab layer and immediately in the original sublayer.

The value of performing full-scale pavement testing is
without a doubt; however, it is very costly to maintain
and operate the system. Thus, one of the alternative means
is to use scaled-down APT devices such as the Model
Mobile Load Simulator (MMLS), which can be used to
investigate asphalt mixture behavior under a repeated
scaled traffic load [5,6]. The MMLS and MMLS3 are
1:10 and 1:3 scaled-down APT devices, respectively, for
use in a controlled environmental chamber. They are used
for testing pavements in the laboratory with scaled-down
structures. The MMLS was originally developed as a
demonstration model for the TxMLS and was later mech-
anized for 1:10 APT. The MMLS comprises loading equip-
ment and a mold for preparing a scaled model of
pavement. The mold has a size of 3000 � 1100 � 20 mm3.
The loading device uses a wheel load of 200 N with double
bogie and solid 25-mm-wide tire. It has a maximum veloc-
ity of 1.1 m/s and can provide 10,000 passes per hour of the
unidirectional wheel load. It was concluded that the
MMLS 1:10 model can be successfully used for investigat-
ing the structure response for various loading parameters,
provided appropriate scaling was performed. However,
many practical difficulties were experienced when scaling
down the material properties and thickness of the model
pavement layers by 1:10 [5]. To overcome some of the scal-
ing constraints experienced and facilitate a wider spectrum
of applications, a new model of the device using a 1:3 scale
of the full-scale pavement geometry and load was devel-
oped. This model, the MMLS3, has been used successfully
in the field to monitor the rutting and fatigue potential of
mixes. This device comprises a larger mold and loading
equipment. It can be used in the field by placing it directly
on pavements or in the laboratory on a model scaled lay-
ered pavement structure of 2744 � 915 � 305 mm3. The
loading equipment has four bogies, one axle per bogie,
and one wheel per axle. It has four tires, each 80-mm wide,
with maximum inflatable pressure of 800 kPa, and axle
load of 1.9–2.7 kN. The nominal wheel load application
rate is 7200 single-wheel load repetitions per hours (7200
swlr/h) at a nominal speed of 2.5 m/s [7].

However, for a scaled-down structure, the validity of the
test is a concern. The theory of similitude provides a scaling
principle for determining variables such as material proper-
ties, geometries, model parameters, and testing configura-
tion in a scaled-down model; the response of the scaled-
down test is comparable with that of the full-scaled test.
This theory is extensively utilized in structural engineering
to solve the scaling problem. Simitses and Rezaeepazhand
et al. investigated the structural response of the flat lami-
nated plates subjected to transverse loads, buckling, and
free vibration [8–10]. Ramu et al. extensively deduced the
physical phenomena such as the cantilever beam subjected
to a transverse point load and the flat elastic plate with free
transverse vibrations [11]. In terms of the application of the
theory of similitude in pavement engineering, Bhattachar-
jee et al. (2004) performed a 3D static finite element analy-
sis (FEA) to investigate the stress–strain behavior in the
MMLS3 test. The study concluded that the finite element
model of MMLS3 successfully described the behavior of
MMLS3 observed in laboratory in terms of effect of varia-
tion of pavement thickness and relative magnitude of
strains in different directions [12]. Although the Scaled
Accelerated Loading facilities have already widely used to
evaluate the pavement and material performance in pave-
ment engineering, few studies have examined the applica-
tion of the theory of similitude in pavement engineering.

Therefore, the objective of this study is to investigate the
relationship of the vertical deformation between the scaled-
down pavement structure and full-scale pavement structure
under tire loading according to the theory of similitude-
based analysis procedure using FEA. First, the theory of
similitude is introduced and validated for a two-layer struc-
tural system. Full-scale and scaled-down FE models are
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constructed and the numerical results of vertical deforma-
tion, octahedral stresses and strains were compared
between two FE models to conduct the validation of the
theory of similitude. Second, full-scale and scaled-down
FE models are developed for field pavement structures
and Scaled Accelerated Loading Simulator (SALS) facili-
ties, respectively. The vertical deformation of the full-
scale and scaled-down models is compared, and the trans-
fer functions (d) for vertical deformation between scaled-
down and full-scale model can be developed. To conduct
a preliminary investigation of material effect on scaling
problem, this study considers asphalt concrete as homoge-
nously elastic and time–temperature dependent viscoelastic
material. Third, this paper proposes a procedure for deter-
mining the optimal testing temperature according to the
time–temperature superposition principle.
2. Theory of similitude and FE verification

In this section, the concept and derivation of the theory
of similitude was first presented and scaled-down and full-
scaled finite element pavement models were constructed
based on the principle of similitude. The responses from
both models were used to verify the theory of similitude.
2.1. Theory of similitude

Scaled down models are widely used for experimental
investigations of huge structures because of the limitation
in the capacities of testing facilities and the efficiency of
experiment. To achieve this goal, the concept of similitude
is often used so that measurements made one system in the
laboratory environment (scaled-down model) can be used
to describe the behavior of other similar system in field
(full-scale model). Construction of a scaled-down model,
however, must be accompanied by an analysis to determine
what conditions it is tested under. According to the theory
of similitude, all fundamental physical variables, such as
length, time, and mass, can be expressed in dimensionless
form, and other variables can be derived and reproduced
at exactly the same proportions in the scaled-down model
as in the full-scale model. The Buckingham p theorem
was introduced for dimensional analysis in the theory of
similitude. According to the Buckingham p theory, the
physical variables in the dimensional domain can be
expressed as Eq. (1), whereas all variables can be trans-
ferred in the dimensionless p domain shown in Eq. (2).

F ðx1; x2; x3 . . . ; xnÞ ¼ 0 ð1Þ
Gðp1; p2; p3 . . . ; pn�rÞ ¼ 0 ð2Þ
where F is the physical domain in the dimensional form, G
represents the dimensionless p domain based on the Buck-

ingham p theorem, xi represents the ith physical variables, pi

represents the dimensionless physical variables, n is the
total number of physical variables, and r is the number
of fundamental variables. In the dimensionless p domain,
the physical variables are reduced from n to n� r terms
using the dependency of dimensions.

For the mechanical problem, the most common physical
variables are geometric parameter (H), material modulus
(M), loading force (F), deformation variable (U), stress
(r) and strain (e) as shown in Eq. (3).

F ðH ;M ; F ;U ; r; eÞ ¼ 0 ð3Þ
In Eq. (3), because the selected fundamental variables

must be independent from other variables, the fundamental
variables H and M are selected as fundamental variables in
this research. The dependent variables such as F, U, r and e
can be represented by fundamental variables H and M

shown as Eqs. (4)–(7). Thus, the dependent variables in
dimensionless domain G can be shown as Eq. (8).

F ! MH 2 ð4Þ
U ! H ð5Þ
r ! M ð6Þ
e ! 1 ð7Þ

GðF ;U ; r; eÞ ! G
F

MH 2
;
U
H
;
r
M

; e

� �
¼ 0 ð8Þ

In Eq. (7), since the strain in dimension domain F is
already dimensionless, the strain term in dimensionless
domain G is as same as it in dimension domain. The dimen-
sionless domain G of scaled-down and full-scale model can
be formed as Eqs. (9) and (10), respectively.

GSðpS1; pS2; pS3; pS4Þ ¼ GS
F S

H 2
SMS

;
US

HS
;
rS

MS
; eS

��
¼ 0 ð9Þ

GF ðpF 1; pF 2; pF 3; pF 4Þ ¼ GF
F F

H 2
FMF

;
UF

HF
;
rF

MF
; eF

��
¼ 0

ð10Þ
where subscripts S and F indicate the scaled-down and full-
scale model in dimensionless domain, respectively. Accord-
ing to the Buckingham p theory, the dimensionless terms pi

must be equal between the scale-down and full-scale
dimensionless domain such as pSi ¼ pFi. The equations of
each p terms are shown in Eqs. (11)–(14).

pS1 ¼ pF 1 ! F S

H 2
SMS

¼ F F

H 2
FMF

ð11Þ

pS2 ¼ pF 2 ! US

HS
¼ UF

HF
ð12Þ

pS3 ¼ pF 3 ! rS

MS
¼ rF

MF
ð13Þ

pS4 ¼ pF 4 ! eS ¼ eF ð14Þ
From Eq. (11), the relationship between F S and F F can

be derived shown as Eq. (15).

F S ¼ H 2
SMS

H 2
FMF

F F ð15Þ
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Assuming that the scaling factor of geometric parameter
(H) between the scaled-down and full-scale models is N,
and the same material properties (M) are used in scaled-
down and full-scale model. The Eq. (15) can be yield as:

F S ¼ N 2F F ð16Þ
where N ¼ HS

HF
and MS

MF
¼ 1. Similarly, the relationship

between the full-scale and scaled-down models of the
deformation, stress and strain can be derived shown as
Eq. (17).

US ¼ HS

HF
UF ¼ NUF ;

rS ¼ MS

MF
rF ¼ rF and

eS ¼ eF

ð17Þ

The relationships of all involved physical phenomena are
summarized in Table 1.
2.2. Verification of the theory of similitude

To verify the theory of similitude, the full-scale and
scaled-down models are compared using FEA. Two 3D
FE models are constructed using commercial software
ABAQUS to represent the full-scale and scaled-down sec-
tions. The FE analysis domain in length and width are both
Table 1
Relationships of physical phenomena of the two-
layer pavement system.

Physical phenomenon Relationship (F:S)

Geometric variable (H) 1:N
Material modulus (M 1:1)
Loading force (F 1:) N2

Deformation (U 1:) N

Stress (r 1:1)
Strain (e 1:1)

Fig. 1. Finite element configurations of the (
1000 mm for scaled-down and full-scale model. Thus,
length and width dimensions were kept the same between
two models. The full-scale model comprises two layers of
100 mm thickness, whereas the scaled-down model with
scaling ratio N = 0.6 comprises two layers of 60 mm thick-
ness. An identical loading pressure of 690 kPa is applied to
the center of the surface. The element size is 1 mm � 1 mm
� 1mm for scaled-down and full-scale FE model. The
material properties for each layer are shown in Fig. 1.
The comparison of stress and vertical deformation between
the full-scale and scaled-down models is evaluated to verify
the theory of similitude. Fig. 2 shows the vertical deforma-
tion U 3 contours of the full-scale and scaled-down FE
models. In order to compare the response between
scaled-down and full-scale model in three-dimension
domain, this research employ the octahedral invariant for
stress and strain. In terms of the octahedral normal and
shear strains of the models shown in Fig. 3, the behavior
of the two models is comparable along with the normalized
depth. According to the theory of similitude, if the models
are subjected to the same level of loading pressure, both
models should have the same strain responses. These
results confirm the conclusion of the theory. Fig. 4 shows
the comparison results of the octahedral normal and shear
stresses for the full-scale and scaled-down models. The
results show that the octahedral stresses within the full-
scale model coincide with the stresses within the scaled-
down model. These results validate the conclusion of the
theory of similitude between the full-scale and scaled-
down models for a two-layer system.

In most engineering applications, complete similitude
may be impossible for every engineering variable [13].
However, the use of the scaled-down model can still be
valid for the measured variables if the improperly scaled
variables do not exert a marked effect on the measured
variables. Because SALS are designed for evaluating rut-
ting, this study uses vertical deformation (U3) as the mea-
sured variable. Moreover, the pavement structure is a
multilayer system generally comprising the asphalt, base,
a) full-scale and (b) scaled-down models.

https://doi.org/10.1016/j.ijprt.2018.03.004


Fig. 2. Contours of the (a) full-scale and (b) scaled-down models.
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subbase, and subgrade layers. Because it is not easy to
develop a SALS device with same multilayer system of real
pavement structure in the laboratory, the SALS device in
this research is designed as a two-layer structure system
with asphalt and neoprene layers. Moreover, the thickness
of asphalt layer and loading pressure is scaled down for the
SALS facility based on the theory of simulative. The FEA
with different scaled-down ratio N will be conducted, and
the transfer functions (d) between the full-scale and
scaled-down models can be determined on the same basis
of the material properties and the thickness of the neoprene
layer.
3. Development of SALS configuration according to the

theory of similitude

This section presents an analytical approach to develop-
ing the relationship between the full-scale pavement and
SALS device according to the theory of similitude. The
commercial FE software ABAQUS is employed to con-
struct the full-scale and SALS FE models. The full-scale
pavement model is considered a four-layer system, whereas
the SALS model comprises two layers. Two properties of
the asphalt layer material, elasticity and viscoelasticity,
are considered in analyzing the effect of different asphalt
materials. Subsequently, the SALS testing temperature
time–temperatureand loading speed according to the
superposition principle are determined.

This study uses FEA to simulate structural responses
and compare the calculated results to determine the accu-
racy of the SALS facility compared with the full-scale
model. The full-scale FE model is constructed to represent
the actual pavement structure; moreover, the SALS FE
model is developed according to the geometry and bound-
ary condition of the SALS facility.

3.1. Full-scale FE model

The full-scale model represents a pavement section com-
prising the asphalt, base, subbase, and subgrade layers. The
thickness of the asphalt and base layers is 100 mm, whereas
that of the subbase layer is 400 mm. The subgrade layer is
modeled as an infinite layer. The full-scale FE model with
element type C3D20R (a 20-node quadratic brick, reduced
integration) for all layers is constructed in the quarter
model by applying the symmetric boundary condition on
the length and width direction according to the symmetric
geometry. The loading pressure is considered 690 kPa. The
asphalt concrete material is assumed to have two proper-
ties, elasticity and viscoelasticity, whereas the other layers
are assumed to have elastic properties. The details of mate-
rial properties are shown in Table 2.

https://doi.org/10.1016/j.ijprt.2018.03.004
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3.1.1. Determination of contact area in the full-scale model

This study uses the real tire print to measure the actual
tire-pavement contact area. The measured tire print is ellip-
tical, and the geometry of the tire print can be modeled by
a rectangle and two semicircles, as shown in Fig. 5(a). The
length and width of the tire print can be denoted L and 0.6
L, respectively [17]. PCA (1984) simplified the real tire print
into a rectangle with an equivalent area. The length and
width of the rectangle are transformed to 0.8712 L and
0.6 L, respectively, as shown in Fig. 5(b) [18]. The contact
area AC and length L can be derived using Eqs. (18) and
(19), respectively. To model the element size conveniently,
this study further simplified the aspect ratio to 3:2, as
shown in Fig. 5(c). The error of the total contact area
between two aspect ratios was less than 0.1%. The trans-
formed length and width of the tire print were 210 and
140 mm, respectively, and the transformed contact area
will be used in FE model to represent the tire contact area
in full-scale model.

AC ¼ pð0:3 LÞ2 þ ð0:4 LÞð0:6 LÞ ¼ 0:5227 L2 ð18Þ
L ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
AC

0:5227

r
ð19Þ
3.1.2. Determination of analysis domain for Full-Scale model

For efficient FE analysis, it is necessary to reduce the
number of elements in the model without losing the accu-
racy of the calculation results. The sensitivity of the FE
domain is analyzed by comparing the convergence of the
octahedral strain between different FE domains to avoid
boundary effects. The analysis considers the domain of
the x–y plane and the finite domain of the subgrade in
depth. The FE domain in the x–y plane is analyzed by com-
paring the cases with different ratios of the tire contact
area, as demonstrated in Fig. 6. The element size is consid-
ered as 15 � 14 � 25 mm3 for each FE model. Fig. 7 shows
the comparison results for different FE domains in the x–y
plane. The results show that increasing the FE analysis
domain from 4 to 6 considerably affects the normal and
shear octahedral strains. However, increasing the domain
from 6 to 7 does not influence the octahedral strain consid-
erably. Therefore, the FE domain in the x–y plane is set to
six times the tire contact area. Fig. 8 shows the analysis
results of the normal and shear octahedral strains of the
finite FE domain in the subgrade layer. The results show
that increasing the finite FE analysis domain in depth does
not considerably affect the calculation results of the normal
octahedral strain. Nevertheless, the octahedral shear strain

https://doi.org/10.1016/j.ijprt.2018.03.004


Table 2
Properties and thicknesses of typical provincial highways in Taiwan.

Material propertiesThickness (mm)Pavement layer Material type

Elastic (100Asphalt concreteSurface m ¼ 0.3; E = 2070 (MPa)) or Viscoelastic (Table 4)
100Asphalt treated baseBase m ¼ 0.35; E = 690 (MPa)
400Crushed gravelSubbase m ¼ 0.35; E = 180 (MPa)
InfiniteSoilSubgrade m ¼ 0.45; E-61.62 (MPa)

Fig. 5. (a) Real tire print (PCA, 1966), (b) simplified tire print (PCA, 1984), and (c) simplified tire print in this study.

Fig. 6. Surface area of the quarter model for (a) four, (b) five, (c) six, and (d) seven times the length and width of the tire contact area.
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changes with an increase in the finite FE domain from 500
to 600 mm, whereas the range from 600 to 700 mm does
not affect the results considerably. Therefore, the finite
FE range of the subgrade is selected as 600 mm in the
full-scale model, which is shown in Fig. 9. The geometry
of the quarter full-scale FE model has 420-mm in length,
630-mm in width and 1200-mm in depth.

3.2. SALS FE model

Considering the workability and safety of the SALS
facility in the laboratory, the scaled-down pavement system
is designed as a two-layer system with asphalt and neo-
prene layers. The neoprene layer with 25 mm thickness rep-
resents an equivalent layer of all layers underneath the
asphalt layer in the full-scale pavement. Neoprene was used
to model the supporting layers underneath the asphalt con-
crete surface and it is expected that the comparable defor-
mation distribution of the full-scale and scaled down FE
models can be achieved based on the theory of similitude.
The dimensions of the asphalt concrete slab and neoprene
layer were 800 � 400 mm2 in the tire-contact plane.
According to the theory of similitude, the tire pressure is
maintained at the same level as the pressure in the full-
scale model, that is, 690 kPa, and the asphalt material
properties are the same for both the full-scale and scaled-
down models. The two-layer system (asphalt concrete slab
and neoprene layer) is fixed by the precast cement concrete.

https://doi.org/10.1016/j.ijprt.2018.03.004
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Fig. 10 depicts the FE model of the SALS facility. The ele-
ment type C3D20R is used for the asphalt material and
C3D20RH (a 20-node quadratic brick, hybrid, linear pres-
sure, reduced integration) is used for the neoprene material.
Table 3 lists the material properties such as neoprene, steel
and cement concrete of the SALS FE model, and the
asphalt material properties is in Tables 2 and 4 for elastic
and viscoelastic properties, respectively.
3.3. Development of the transfer functions (d) between

scaled-down and full-scale model according to FEA

This section presents FEA for developing the relation-
ship between the full-scale pavement and scaled-down
model for different scaling factors N. The asphalt material
is considered elastic and viscoelastic in this study. Four
cases of the scaled-down FE model with scaling factor N
= 0.9, 0.75, 0.6, and 0.45 are investigated. Subsequently,
this study provides a method based on the time–tempera-
ture superposition principle for determining the optimal
SALS testing temperature.
3.3.1. Elastic material under static loading
The simulation under static loading is implemented to

investigate the vertical deformation of the asphalt layer
with elastic material property. The vertical deformation

U 3 of the scaled-down model is denoted UN
3 . Fig. 11 shows

the comparison of the vertical deformation within the
asphalt concrete layer between the full-scale and scaled-
down models. It is observed that the thicker the AC layer,
the higher stiffness and the less deformation. Moreover,
from Fig. 11, the deformation curve of the full-scale model
could be represented by a vertical shift of the deformation
curve of the scaled-down model. Therefore, a vertical shift
factor deN can be obtained by minimizing the gap of vertical
deformation between scaled-down and full-scale model.
The vertical shift factor deN of various scaling factors N is
shown in Fig. 12. A linear relationship can be observed
between the scaling factor and the shift factors. The rela-
tionship between the full-scale and different scaled-down
models can be expressed using Eq. (20). Fig. 13 shows that
the U 3 distribution of the scaled-down model with vertical
shifting deN can represent the vertical deformation of the
full-scale model. The errors between the full-scale and
scaled-down models after shifting were less than 0.63%.

F i ¼ SNi

N
þ deN ð20Þ

where F i is the U 3 of the full-scale model and SNi is the U 3

of the scaled down model with scaling factor N, the sub-

https://doi.org/10.1016/j.ijprt.2018.03.004


Fig. 9. Full-scale FE pavement model in (a) plane, (b) cross, and (c) 3D views.

Fig. 10. Schematic of the 3D scaled-down FE model.

Table 3
Properties of the SALS’s setup material.

Hyperelastic behavior

Hardness (Shore A)Quality

60 ShoreC60Neoprene

Elastic Behavior

Poisson’s ratioYoung’s modulus (GPa)

0.3200Steel
0.220Cement Concrete

Table 4
Parameters of the Prony series used in this study.

n Coefficient of Prony series Dn Retardation time(1/MPa) kn (s)

0.0014.53398E-051
0.012.22757E-052
0.14.20462E-053
10.0001550184
109.31608E-055
1000.0001847716

D0 =1.56956E-05
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Fig. 11. UN
3 of the scaled-down models along the normalized depth.
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script i is the location of the variable within the layer. For
example, i = 0 represents the variable on the top of the
surface.

3.3.2. Viscoelastic material under step loading

According to the measurements of the asphalt material
under an applied load, the asphalt material response is
time-dependent. Therefore, the viscoelastic properties of
the asphalt concrete layer were employed to further com-
pare the full-scale pavement and scaled-down model. By
applying a stress r, the viscoelastic strain can be repre-
sented by Eq. (21).

eðtÞ ¼ rDðtÞ ð21Þ
where r is the applied stress and DðtÞ is the creep compli-
ance in time domain. The Boltzmann superposition princi-
ple calculates the response of complex loading histories for
linear viscoelastic materials. The mathematical formulation
of viscoelastic behavior is derived on the basis of the Boltz-
mann principle. The generalized form is expressed by Eq.
(22), and the reduced time wt is formulated using Eq. (23).

eðtÞ ¼ D0r
t þ

Z t

�1
DDðwt � wsÞ dðr

tÞ
ds

ds ð22Þ

wt ¼
Z t

0

dn
aT

ð23Þ
where D0 and DD are the instantaneous elastic and tran-
sient compliances, respectively, and aT is the time–temper-
ature shift factor. The transient compliance DD is described
using the Prony series, as shown in Eq. (24).

DDwT ¼
XN
n¼1

Dnð1� e�knw
t ðÞ 24Þ

where Dn and kn are the nth coefficient of the Prony series
and retardation time, respectively.

thestandard,testT342-11AASHTOtoAccording
dynamic modulus test for asphalt concrete was conducted
at five temperatures (5, 15, 25, 40, and 55 �C) and six load-
ing frequencies (25, 10, 5, 1, 0.5, and 0.1 Hz); the diameter
and height of the asphalt concrete sample were 10 and 15
cm, respectively [19]. The measurements of dynamic mod-
ulus D* are shown in Fig. 14. The master curve is obtained
through the horizontal shifting of the curves at different
temperatures to the curve at the reference temperature
according to time–temperature superposition principle.
Fig. 15 shows the master curve in frequency domain, and
Fig. 16 shows the relationship between the time–tempera-
ture shift factor and temperature. The measurements of
dynamic modulus jD�j and phase angle d are employed to
calculate the storage modulus D0 ¼ jD�jsind and loss mod-
ulus D00 ¼ jD�jcosd. Then, the Prony series shown in Eq.
(25) is used to fit each the experimental measurements.

https://doi.org/10.1016/j.ijprt.2018.03.004


-2.5
-2

-1.5
-1

-0.5
0

0.5
1

1.5
2

0 10 20 30 40 50 60

L
og

 a
T

Temperature ( )

Fig. 16. Temperature shift factor aT in the logarithmic scale.

Fig. 18. Asphalt strains with respect to time induced by a 3500-kg static
wheel load for various loading velocities [15].
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The error function shown in Eq. (26) is minimized to fit the
data.

D0ðxÞ ¼ D0 þ
XN
n¼1

DN

ðsnxÞ2 þ 1

D00ðxÞ ¼
XN
n¼1

DiðsnxÞ
ðsnxÞ2 þ 1

ð25Þ

ERR ¼ D0
model

D0
exp

� 1

" #2

þ D00
model

D00
exp

� 1

" #2

ð26Þ

Once the Prony series coefficients are determined in the
frequency domain, the series is formulated in terms of com-
pliance as a function of time as in Eq. (24). The Prony ser-
ies coefficients in Eq. (24) are listed in Table 4. These
coefficients are the inputs in the FE analysis to simulate
the viscoelastic behavior of the asphalt layer. This study
uses the Pavement Analysis Using Nonlinear Damage
Approach (PANDA) user material subroutine developed
in the Advanced Research Consortium (ARC) project of
the Texas A&M University research team to simulate the
viscoelastic material behavior.

Because the material is time-dependent, the loading sim-
ulation must consider the time effect such as moving load-
ing. However, the simulation of accurate moving loading is
time-consuming. To overcome this difficulty, this study
employs a strip loading with an equivalent loading time
approach. The strip loading is a simplified representation
of the moving loading path, and the equivalent loading
time approach is mounted each loading pass duration to
a continuous time span [14]. Fig. 17 presents the schematic
of the simulated loading assumptions.
Loading Area

Equivalent 

Loading

Fig. 17. Schematic of the simulat
The trafficking in the full-scale model is simulated at 60
km/h. However, the maximum loading velocity of the
SALS is 1.25 km/h, which is considerably slower than the
desired loading velocity. The difference in loading history
between the full-scale and scaled-down models consider-
ably affects the asphalt material viscoelastic response. To
consider this difference, this study employs the time–tem-
perature superposition principle, which states that the
asphalt material response at a loading frequency (loading
speed) and temperature can be represented by another
loading frequency at a specific temperature through time–
temperature shifting. Losa and Natale et al. [15] and Mol-
lenhauer et al. [16] have investigated the pulse spectrum of
the strain induced by a traffic load. When a load moves
over the pavement at a constant loading speed and temper-
ature, the pavement exhibits a certain strain pulse fre-
quency spectrum, as shown in Fig. 18. The loading
speeds are determined for the full-scale and scaled-down
models in this study, and the simulated temperature of
the full-scale model is set as 50 �C. Therefore, a tempera-
ture for the scaled-down model is expected to be deter-
mined such that the material properties of the scaled-
down model are equivalent to that of the full-scale model.
Fig. 19 shows the schematic of this approach. The fre-
quency f F and temperature T F in the full-scale model can
be determined, and the modulus of the asphalt material is
then obtained from the experimental measurement shown
in Fig. 15. The testing temperature T s of the scaled-down
model can be determined through time–temperature shift-
Loading time approach

ed loading assumptions [14].
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Fig. 19. Schematic of the approach for the scaled-down model to achieve
identical material behavior of the full-scale model.
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ing to the same modulus with the scaled-down loading fre-
quency f s. A systematic approach was adopted as follows
to determine the test temperature of scaled-down model.
Fig. 20. U 3 (mm) contours of the full-scale FE quarter model after being
subjected to 1000 cycles of an equivalent strip load.

Fig. 21. U 3 (m) contours of (a) N = 0.9, (b)N = 0.75, (c) N = 0.6, and (d) N =
equivalent strip load.
curvethe dynamic modulus master1. Develop
(DMMCF�T Þ for pavement service temperature (T F ) of
the full-scale pavement scenario (e.g., 50 �C).

2. Calculate the representative loading frequency of the
full-scale pavement scenario f F ¼ f ðV F ; T F Þ.

3. Identify modulus stiff of the full-scale pavement scenario
EF ¼ Eðf F ) at the corresponding representative loading
frequency from dynamic modulus master curve.

4. Select the trial test temperature T i for SALS test.
5. Develop the dynamic modulus master curve

(DMMCS�T iÞ for testing temperature of the SALS (T i).
6. Calculate the representative loading frequency of the

SALS pavement scenario f S ¼ f ðV S ; T iÞ.
7. Identify modulus stiff of the SALS pavement scenario

ES ¼ Eðf S) at the corresponding representative loading
frequency from dynamic modulus master curve.

8. Repeat step 5 to step 7 to minimizing the difference
between EF and ES to obtain the optimized scaled-
down model testing temperature T i.

By employing the aforementioned procedure, the tem-
perature of the scaled-down model is determined to be
20 �C. After the viscoelastic properties, loading types,
and temperature of the full-scale and scaled-down models
are determined, the two models can be compared through
numerical simulation.

Figs. 20 and 21 show the contours of the vertical defor-
mation U 3 between the full-scale and scaled-down FE
models subjected to 1000 cycles of an equivalent strip load.
A similar distribution was observed between the full-scale
and scaled-down models. The highest compressive
deformed areas were observed under the tire loading areas,
and the tensile deformation (the heave) occurred along the
side of the strip load, as observed in the field pavement. In
addition, the deformation distribution in the lower scaling
factor models was wider than that in the higher scaling fac-
tor models.
0.45 of the scaled-down models after being subjected to 1000 cycles of the
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Fig. 22 shows the comparison between the scaled-down
and full-scale models. The results show that a gap exists
between the vertical deformations U 3 of the full-scale model

and UN
3 of the scaled-down model. Fig. 23 shows the differ-

ence between log(U 3) and log(UN
3 ). The difference in the ver-

tical deformations between the full and scaled-down models
has an approximated logarithmic trend-line, and the differ-
ence in the vertical deformation for each scaling factor N

can be applied through a vertical shift dveN . Therefore, the
viscoelastic shift factor dveN for each scaling is calculated sim-
ilarly to the elastic shift factor deN ; Fig. 24 presents the
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Fig. 22. U 3 of the full-scale model and UN
3 of the scaled-down model with

adapted neoprene thickness with respect to the number of loading NL.
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Fig. 25. UN
3 neoprenethe optimalwithmodelscaled-downtheof

thickness HN after applying the viscoelastic shift factor dveN .
results of the viscoelastic shift factor dveN and scaling factor.
The relationship between the U 3 of the full-scale model and

the UN
3 of each scaled-down model is derived, as shown in

Eq. (26). The vertical shift factor dveN can be calculated using
a regressive equation, as shown in Fig. 24.

log F i ¼ log
SNi

N
þ 0:0445lnNL þ dveN ð27Þ

where NL is the number of loading. Fig. 25 shows the result

of the UN
3 for each scaling after shifting. The results show a

good agreement between the variables of the full-scale and
scaled-down models; the average error between the models
after shifting is approximately 2.8%, and the maxima error
is approximately 6%.

4. Conclusion

An analysis procedure for determining the relationship
between the scaled-down pavement structure and the full-
scale pavement structure was presented. The theory of
similitude is validated by comparing the FEA between
the scaled-down and full-scale models for a two-layer sys-
tem. The results show that the theory can be used to effi-
ciently scale down a full-scale model with the same
number of layers and boundary condition. However, con-
sidering the ease of developing the SALS in the laboratory,
completely scaling down the full pavement section is diffi-
cult. Therefore, this study employs the theory of similitude
to determine the applied pressure, material properties, and
conversion of the vertical deformation between the full-
scale and scaled-down models. A full-scale FE model is
developed to represent a complete section of the pavement
structure, whereas the SALS facility is modeled using a
scaled-down finite element model. The calculated vertical
deformations are used to investigate the relationship
between the SALS and the pavement section. Two proper-
ties of the asphalt material, elasticity and viscoelasticity,
are considered. The results reveal that the vertical deforma-
tion in the scaled-down model can be shifted to that in the
full-scale model for both elastic and viscoelastic materials.

The equivalent surface deformation of the full-scale
model can be achieved by adapting the various neoprene
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thickness and the shifting factors based on the vertical
deformations. The result shows that the combination of
optimal neoprene thickness HN and shift factor of each
scaled down models varies linearly with respect to scaling
factor from 0.90 to 0.45. From the result of the research,
the scaling N = 0.75 was employed for the SALS test con-
figuration. Since with the scale, the 75 mm asphalt concrete
slab is easy to construct in the laboratory and the 25 mm
neoprene is commercially available.

Moreover, the loading simulation in this study is
assumed as a strip loading with an accumulation loading
duration. More realistic loading simulations, such as
moving-loading simulation, will be performed in the future
research.
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