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Abstract: The paper addresses the determination of a stiffness-temperature correction model
for the use in a mechanistic overlay design method, developed at the Department of Highway and
Railway Engineering, Budapest University of Technology and Economics. Eleven models are
selected and evaluated based on 215 laboratory stiffness test results at various temperatures of 47
different AC22 binder course type mixes. As the results showed, for the rough temperature
correction of Hungarian binder course mixes for the use in the proposed design method; the
model used by the AASHTO 1993 pavement design method is most accurate based on the
standard error of the estimate of the selected models.
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1. Introduction

In the past decades there have been large-scale developments on the primary road
network in Hungary as compared to the previous period. This sharp development of the
road network is expected to lead to a change of focus from the design and construction
of new roads to the maintenance, design and construction of overlays of the existing
ones. The methods provided by the current standard for pavement and overlay design
[1] - however once state of the art - have become outdated since their development, as
they cannot consider advances in technologies and materials, thus cannot objectively
compare the differences between given overlay designs. This often leads to
uneconomical - over-designed - solutions at new pavement designs and overlay designs
as well. As these problems have been recognized by governmental professionals, the
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94 Z. S00S

work on an alternative, analytically based design method for new pavements has begun
[2]. The official development of a modern overlay design guide is yet to come, despite
the experiences of some previous research, indicating there is in fact a need for it. The
work that originally begun within the commission of MAUT (Hungarian Road Society)
resulted in a detailed design method, being able to assess a high variety of technologies
and materials currently used in Hungary [3]. Researchers at the Department of Highway
and Railway Engineering, Budapest University of Technology and Economics have
been focusing on overlay design for several years. Fi and Szentpéteri developed a
method based on the multilayer linear elastic theory, capable to assess the mechanical
properties of the existing structure and the overlay as well [4], [5]. The method
presented by the author and colleagues of the current paper uses a similar approach, but
offers a simpler solution, which is based on the linear elastic multilayer theory, utilizing
the Method of Equivalent Thicknesses (MET). It is proposed for pavement structures
that consist of a relatively thick asphalt layer with considerable remaining fatigue life
and a base layer with good bearing capacity, i.e. primarily for the overlay design of
highways and primary roads [6], [7]. However some solutions used in the proposed
method, require further research to justify the use of bibliographic data and/or to
develop new correlations valid for the Hungarian environment. The aim of the design
method in question is to consider the actual material performance - stiffness, fatigue,
remaining fatigue life - of the overlay and the existing pavement structure. The design
process is shown in Fig. I, where the existing pavement, as the initial state is shown by
part a). The method assumes that the existing layers and the overlay will work together,
resulting in the critical strain with regard to fatigue failure to be at the bottom of the
total asphalt layer. Accordingly the mechanical function of the overlay will be to reduce
the strains at this depth to a tolerable extent, that is, to fulfill the fatigue criterion.

Existing
asphalt layers

4 ses W 4
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a) b) ©)

Fig. 1. a) Existing pavement, b) 3-layer model, ¢) method of equivalent thicknesses

To consider the strains occurring at the bottom line of the overlaid asphalt layer and
to assess various properties of given overlay technologies a three layered model is used,
which consists of an infinite half-space - as a subbase -, a base layer and an asphalt layer
with the overlay. The layers are defined using their thickness, stiffness and Poisson’s
ratio, as it is shown in Fig. 1b. After the merging of the layers stresses and strains at
arbitrary depths below a specified load can be calculated according to the Boussinesq
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equations, for various overlay technologies, enabling the verification of the fatigue
criterion at the bottom line of the asphalt layer. For the calculations all layers above the
base layer - existing asphalt and overlay - must be merged. To do this, amongst several
available methods the one proposed by Pronk was suggested, which is based on the
equivalence of the EJ bending moment of the virtual layer and the original layer, as
shown by Eq. (1) [8].

1
_| A*+4N-A3+6.N-AZ+4AN +N? 3
(A+1)-(A+N)

heq (hl+ hz)’ (1)

where A=hy/h ;N =E|/E, ; h;is the thickness of the layers (1-upper, 2-lower layer)
[mm], &, is the total equivalent thickness with moduli E, [mm]; E; is the modulus of
layer i [MPa].

The merging of layers simplifies the original multi-layered model and results in a
system as it is shown in Fig. Ic, which meets the boundary conditions of the Boussinesq
equations, which may be then used to calculate stresses and strains. As Fig. I and
Eq. (1) show, the correct determination of layer stiffness is important not only for the
definition of the model, but also for the solution to be computable using MET. At the
same time it is trivial, and also proven in Hungarian research, that temperature has a
severe effect on the stiffness of asphalt mixes, which is determinative of the pavement
life [9], [10]. This effect is primarily due to the temperature [11], [12], [13] and
frequency [14], [15] performance of the bitumen used as binder. Based on various
considerations, input moduli values required for modelling are suggested to be
determined using back-calculation of Falling Weight Deflectograph (FWD) data. As the
temperature of the asphalt layer and at given depths can be various during the
measurements, the introduction of a correctional factor is required, which considers the
effect of temperature on the stiffness, or measured deflection, and transforms measured
values to a given reference temperature.

2. Possibilities to consider the effects of temperature

The equivalent temperature was chosen as reference, which is a virtual value
developed for pavement design. The equivalent temperature is calculated considering
various pavement temperature-traffic combinations, according to Miner’s cumulative
damage law. For its value, Fi and Pethd found 17.7°C based on Hungarian data [16].
Later Pethd extended the original research with the analysis of the temperature profile
of the structures given in the Hungarian pavement catalogue, and stated that the use of
20°C as equivalent temperature, as according to the current standard, is adequate for
design purposes [2]. The temperature of the whole asphalt layer, with a minor error for
the sake of safety, will supposedly be defined by the temperature at the median of the
existing asphalt layer, and accordingly the stiffness of the asphalt layer will be defined
by the value valid for this temperature.
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As previously stated the input moduli are determined by back-calculation of FWD
data. There are basically two options to consider temperature (and naturally, other
environmental factors) during the processing of FWD data, as it is shown in Fig. 2.

Option 1) Correction of Back-calculation
~ the deflection of the deflection = Input moduli '—
basin basin - -
[—FW D measurements Multilayer linear

-
1 elastic model
Back-calculation - 1 _———l
. Correction of -
= of the deflection | . = Input moduli g
. the moduli
Option 2) basin —

Fig. 2. Options to consider corrections at the determination of the input moduli

Option 1) is to correct the deflection basin itself that is, to correct the value of the
deflections measured to a reference temperature, and use the corrected values for further
calculations. This option is currently used by the Hungarian standard. The effect of
temperature on asphalt layers thinner than 100 mm is proven to be negligible [17], while
the temperature correctional factor for asphalt layers thicker than 100 mm, to a
reference temperature of 20°C, it is shown by Eq. (2), according to the standard [1],

or =1.3-0.015 Ty, 2)

where cr is the temperature correctional factor [-]; Ty, is the temperature of the
pavement surface at the time of the FWD measurement [°C].

It must be noted that in spite that the relevant COST 336 report suggests that
temperature should be in fact measured at the median of the asphalt layer [18], in the
Hungarian, similarly to most international practices only the surface temperature of the
pavement is registered, although the temperature profile along depth is only partly
dependent on the surface temperature [19], [20], [21], [22]. As the current Hungarian
overlay design method is based on the center-of-load deflections, the correction shown
in Eq. (2) cannot be used to correct the other sensors.

In the proposed design method the authors suggested the required moduli values to
be determined using back-calculation of the deflection basin, and for this the correction
of all sensor measurements would be required. There are several known corrections
regarding the deflection basin. E.g. the research of Wagberg incorporating a
representative number of FWD measurement in Sweden resulted in an empirically
based correctional factor for the first 600 mms of the deflection basin to a reference
temperature of 20°C, considering the thickness of the asphalt layer [23]. Jansen
suggested correctional factors based on the temperature at 50 mms below pavement
surface, for ‘high’ (>20°C) and ‘low’ (<20°C) temperatures, based on temperature and
the measured deflections [20]. A research conducted within the Strategic Highway
Research Program (SHRP) resulted in correctional factors for ‘strong’ and ‘weak’ sub-
bases, based on the temperature and the thickness of the asphalt layer [24]. As
previously stated there is no acknowledged Hungarian method to correct the whole
deflection basin, and the available international models, without proper control
measurements and validation, cannot be directly used. Until the required research is
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done, in the proposed design method Option 2) is suggested in which the deflections
measured under various environmental conditions are directly used for the back-
calculation of the layer moduli, and corrections are carried out thereafter. This paper
refers to the correction of asphalt layers’ moduli. For this a stiffness-temperature model
must be used, of which the most well-grounded ones are presented in Section 3.

3. Temperature correction of the stiffness modulus

The paper presented by Garcia and Castro gives a comprehensive presentation of the
main models developed for the temperature correction of asphalt mixes [25]. The
majority of the available models correct the stiffness measured at a given temperature to
a reference temperature; however some researchers developed general temperature-
stiffness functions. The correctional factors presented in the following equations have
been transformed to the form shown by Eq. (3),

Eref

fref = 3)

b
E meas

where f,,r is the temperature correctional factor [-]; E, is the stiffness at the reference
temperature [MPa]; E,,., is the stiffness measured at an actual temperature [MPa].
The f,.r values calculated according to cited researches are shown in Eqs. (4)-(13):

Ullidtz & Peattie [26],

B 1
1-1.384-1og(T)/ T, )

Sref ) Tref =15°C, (4)

Johnson & Baus [27],

_ . 1.886 _+1.886
fref -10 0.0002175 (Tref T ) , Tref — ISOC, (5)
Baltzer & Jansen [28],
fref _ 10—0.018-(Tref =T) i Tref =20°C , (6)

AASHTO 1993 [29],

1.92544
106‘45 1235-0.00016467-T}pf

"  Trep =68°F, ()
! 106'451235_0'00016467'Tref1'92544 ref
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Kim et al. [30],

—0.0153(T,or -T) o
Fref =10 o Trep =68°F

RDO-Asphalt 09 [31],

(discrete modulus values for given temperatures),

Stubstad et al. [32],

1
1-2.2-10g(T/ T, )

fref = ) Tref =25°C,

Lukanen etal. [33],

fref _ 10—0.0195~(Tref =T) ’ Tref =20°C,

Chen et al. [34],

s = (18- Ty + 324462

T =25C,
(18-T+32)24462 7

Chang et al. [35],

frp =1 (7002822 (T =T
ref —

, Tyop =25°C,
EVERCALC [36],

_ ] 2 42
frof =10 0.000147362(Tye > ~T7)

where T is the test temperature [°C]/[°F]; T,,is the reference temperature [°C]/[°F].

, Tyep =TT°F ,

®)

9

(10)

(1)

(12)

(13)

Due to length issues of the current paper methods cannot be introduced in detail.
Reference temperatures are also shown, as the presented models have been developed
with the consideration of a specific reference temperature, e.g. the one used by the given
country for pavement design, and were found valid only for the given condition (values

in brackets are chosen for general models).

Fig. 3 shows correctional factors transformed for the reference temperature of 20°C,
ie. T,,~T,=20°C, as used by the current Hungarian standard and as suggested in the
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proposed design method. On the graph the temperature interval of +5°C...+30°C,
allowed for dynamic deflections by the current Hungarian standard is also shown [37].

10

: o EVERCALC
Allowed temperatures for deflection measurements

+5%C ... 30°C | . ==-=--- RDO-Asphalt 03

20°C)

-=-==- lohnson & Baus
-+=-= AASHTO 1993
- === Stubstad etal.

— = Kim et al.

Chang et al.

Chen et al.

Lukanen et al.

fref correctional factor (Tref:

Baltzer&lJansen

=+ = Ullidtz&Peattie

0 5 10 15 20 25 30

Temperature [°C]

Fig. 3. Fref values for various methods, calculated for Tref=20°C

As it has been shown, the values according to some methods having different
original reference methods have slightly changed. The model used by EVERCALC, the
RDO-Asphalt 09, the corrections developed by Johnson and Baus, and the model given
by the AASHTO design guide suppose the highest stiffness reductive effect of high
temperatures, whereas the other models provide a factor between 2.5-4.5 at the test
temperature of 40°C. As there is no possibility to perform a high number of laboratory
tests during the development of the proposed design method, the presented models are
analysed for use.

In the proposed design method the temperature of the asphalt layer, to the sake of
safety, is defined by the temperature estimated - or measured - at the median of the
existing asphalt layer, as it is shown on part in Fig. I. Accordingly, the presented
models are tested based on the laboratory tests of an asphalt mix typically found at this
depth, AC22 binder course. Section 4 presents laboratory tests and results.

4. Laboratory tests

The asphalt mix first used for validation was sampled from a mixing plant, thus a
good homogeneity can be assumed. Gyrator specimens were prepared for the bulk
density, according to the standard [38], with 120 mm height and 150 mm diameter, from
which 40 mm thick specimens were cut. Bulk density was repeatedly tested for the
specimens. Three specimens were selected with the closest densities for further testing,
with an average of 2556 kg/m”’, st.dev. 10.3, and spread 26 kg/m’. Followed by adequate
conditioning, IT-CY stiffness was tested according to MSZ EN 12697-26:2012 [39], at
0, 10, 20, 30, 40°C, which covers the allowed temperature interval for FWD
measurements. Fig. 4 shows results conducted on three specimens.
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2000 Temperature| Stiffness | St.dev.
° 0y
5000 —o— AG2 [°cl [MPa] 1%]
2000 0.0 32560 1.7
2000 10.0 19 695 3.0
2000
5000 20.0 9845 2.7
2000
30.0 5051 3.2
5000
40.0 2238 9.5
0 10 20 30 40 50
Temperature [°C] 0.0 32912 19

Fig. 4. Stiffness moduli of selected specimens at various temperatures

A control measurement was performed at 0°C at the end to check whether the
measurement would cause permanent deformations of the specimens. As it could be
seen the stiffness test resulted in low Relative Standard Deviations (RSD) at all
temperatures thus the results may be accepted. The value of RSD grew with
temperature, indicating that the repeatability of the test is better at low temperatures.
Control test results at 0°C verify results shown by Pethd, stating that stiffness can be
tested on multiple temperatures, and on the same specimens, and can be also repeated
[40]. As there was no possibility to perform additional tests during the development of
the design method, previous test results, conducted also at the Pavement Laboratory at
the Department of Highway and Railway Engineering were used. Analysis presented in
Section 5 are based on the IT-CY stiffness test results of 47 and 27 different AC22
binder course mix types for 0-30°C and 0-40°C, respectively, altogether 215 test results
have been assessed.

In his research Pethd published IT-CY stiffness test results of several asphalt mix
types, tested between -20°C and +55°C, including two binder courses mixes [2]. T6th
tested mixes having various gradations, binder types and binder contents (all conform
standard) on multiple temperatures between 0-30°C, including 18 different types of
AC22 binder course mixes [41]. In her research work Avar tested IT-CY stiffness of
several mixes between 0-40°C, of which 6 types of AC22 binder course were selected
[42]. Another high volume work conducted by Szentpéteri involved IT-CY tests of 18
types of AC22 mixes, at temperatures between 0-40°C [43]. The test results have been
collected and assessed for the validation of the presented models.

Detailed properties of the selected mixes are intentionally left out of the analysis, as
the goal of the research is to give a rough, but well-founded estimation. Furthermore the
mixes found in layers at the depth in question in existing pavement structures are
similarly, of wide variety.

5. Analysis of the presented models
Based on laboratory tests the model best suitable for use in the proposed design

method can be chosen. The model best suited would estimate stiffness from back-
calculated FWD measurements at various test temperatures between 5-30°C, to the
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reference temperature of 20°C, having minimal error. Using the presented corrections,
reference stiffness was estimated based on the stiffness measured at various
temperatures, and accuracy was evaluated in light of the actually measured temperature.
The chosen model for use in the design method is the one which has the lowest standard
error of the estimate, calculated as it is shown by Eq. (14),

40
S SEE =
=0

where SEE is the Standard Error of the Estimate; Y; is the " measured value; Y; is the
i estimated value for a given measured value; i=1..N is the number of analyzed asphalt
mixes; ¢ is the analyzed temperatures; =0, 10, 30, 40°C. Fig. 5 shows SEE values for
the selected models.
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Fig. 5. Sums of calculated SEE values for various methods

As it can be seen most models become sensitive at higher differences from the
reference temperature, while less sensitive within the +/- 10°C range. The method given
by Chen and colleagues [34] supposes extremely high stiffening effect to low
temperatures, whereas the correction given by Ullidtz and Peattie [26] is the most
balanced. The sums of the SEE values for each model are shown by the right side graph
in Fig. 5. As it can be seen the most accurate model is the one used by the AASHTO
1993 design guide [29], and similar accuracy was found for the correction given by
Johnson and Baus [27]; the presented SEE values are acceptable.

6. Example of the use of the correction
Fig. 6 shows deflection basins measured at given moments throughout a day at the

same section using Dynatest FWD. Testing device was moved between measurements,
to allow the pavement to heat and cool as normally. As it can be seen, there are
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significant differences between deflections measured at various parts of the day,
according to the changes of temperature within the asphalt layer, as expected, primarily
in the case of the sensors closer to the centre-of-load [14], [44]. The pavement structure
at the section of the measurements consisted of a 19 cm thick asphalt layer, 20 cm
hydraulic base and 20 cm granular base. To estimate the temperature at given depths
within the asphalt layer, the model used by the German analytical pavement design
method was previously suggested, as it is shown in Eq. (15) [31],

Tnig = a- 10001 2+ 1)+ Ty r (15)

where T, is the asphalt temperature at depth z [°C]; z is the depth below carriageway
surface [mm]; T, is the surface temperature [°C]; a is the parameter as a function of
Tru [']

’fFor purposes of the design method the temperature is to be estimated at the median
of the layer, i.e. z=9.5 cm. T,,, temperatures at this depth are calculated based on Eq.
(15) and the temperature measured on the surface of the pavement at the time of the
deflection measurements. Stiffness correctional factors f, are calculated according to
the AASHTO model [29], as it is shown in Eq. (7). Eventually the estimated moduli for
the reference temperature 7,=20°C, determined using the back-calculation of the
deflection basin measured at different temperatures, corrected according to the
AASHTO model [29] are shown in the last column of Table I.

Distance from loading plate [mm]

300 600

—e—Time: 7:04 Pavement: 15.2°C Air: 11.5 °C
—a—Time: 10:07 Pavement: 28.3°C Air: 18.3 °C
—o—Time: 13:07 Pavement: 35.9°C Air: 21.9 °C
——Time: 16:03 Pavement: 38.1°C Air: 23.5 °C
—+—Time: 19:01 Pavement: 26.3°C Air: 21.0 °C

Measured deflection [um]

Fig. 6. Deflection basins measured at various moments in a single section

As it is shown in Table I there are considerable differences in the moduli estimated
for the reference depth. As the value of correctional factor is well-grounded, this is due
to the estimation of the temperature at depths within the asphalt layer, which only
considers pavement surface temperature, whereas the total absorbed energy is
determinative. In this field further research is to be done. However detailed data is hard
to register and was not available for the current research. Altogether, moduli presented
are adequate for pavement design purposes.
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Table 1

Calculation of the input moduli used for overlay design

no

Time Tt a Thia Moduli frer Input moduli
7:04 | 15.2°C 04 | 15.5°C 59.8°F 5623 MPa | 0.756 | 4253 MPa
10:07 | 28.3°C -4.0 | 25.6°C 78.1°F 2461 MPa | 1.481 | 3644 MPa
13:07 | 35.9°C -8.5 | 30.2°C 86.4°F 2204 MPa | 2.117 | 4666 MPa
16:03 | 38.1°C -8.5 | 324°C 90.4°F 1901 MPa | 2.542 | 4832 MPa
19:01 | 26.3°C -4.0 | 23.6°C 74.5°F 2903 MPa | 1.281 | 3717 MPa

7. Conclusions

For the use in the overlay design method the required temperature-stiffness
correctional model for asphalt mixes was determined - instead of conducting a high
number of laboratory tests - based on models published in professional literature,
validated mostly on previous laboratory test results on Hungarian mixes, made at the
Laboratory of the Department. The selected models have been originally developed,
mostly, for the correction of stiffness of asphalt mixes from arbitrary temperatures to a
specific reference temperature, and with specified boundary conditions. To determine
the model that best suits the design method, IT-CY test results conducted at
temperatures between 0-40°C, were assessed covering the allowed pavement
temperature for FWD measurements of +5...+30°C. Altogether some 47 AC22 binder
course mix types, 215 laboratory tests have been assessed.

Based on test results, stiffness for the reference temperature were estimated from
stiffness measured on various temperatures, using the presented models. Accuracy was
evaluated by calculating the standard error of the estimate for each model. It can be
stated, based on a total of 215 laboratory IT-CY stiffness tests at various temperatures,
that for the use in the overlay design guide proposed by the author and colleagues, the
model given by the AASHTO 1993 pavement design guide is best for use, amongst the
selected models, for the temperature correction of stiffness of asphalt mixes having a
nominal particle size of 20-22 mm.

Naturally a new, Hungarian correctional model should be developed, for the best
approximation of the moduli of Hungarian asphalt mixes, as further research to be done.
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