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Abstract:  The French pavement design method provides a very comprehensive,
probability-based design approach. It also provides a fairly
sophisticated method for establishing the equivalent pavement
temperature, which has been used worldwide for different applications.
The objective was to analyse the applicability of the French method for
calculating the equivalent pavement temperature for Hungarian
climatic conditions. It considers the thickness of the pavement structure
and facilitate pavement temperature distribution. It was found that the
French method provides a comprehensive approach and can facilitate
variable climatic conditions and pavement temperature distribution
while considering the thickness of the pavement structure. This
provides fit for purpose solutions and eliminates the overly simplified
approach to use a single equivalent pavement temperature for variable
climatic and pavement conditions. Real pavement temperature data
provided crucial input into the accuracy of the methodology. Asphalt
modulus values and asphalt fatigue properties at different temperatures
were estimated using an internationally well accepted method. The next
focus item of this research work will be to refine the calculations based
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on asphalt modulus master-curves and fatigue data collected from
laboratory testing at different temperatures.

Keywords: pavement design; climatic conditions; equivalent temperature

1. Introduction

Strains and deformations of any asphalt pavement is influenced by the distribution
of the pavement temperature. Pavement engineers and researchers have been trying
to describe the temperature dependency of a given pavement structure by an easily
manageable index which provides an equivalent pavement temperature.

For both full depth asphalt pavements and concrete pavements, the environmental
impact should be considered at the design phase, which has been proven as a very
complex task. The international practice usually simplifies the complex
environmental impact to two items, namely the temperature and precipitation [1] [2].

The temperature influences the properties and performance of the materials mixed
with bituminous binders, while the precipitation and moisture have an impact on the
unbound granular pavement layers. This impact should be considered at the time of
the pavement design [3]; also, the impact on the mix design of hot mix asphalt [4].
and on the mix design of base layers treated with bitumen [5] should be carefully
considered.

Due to limited access to real temperatures in the pavement structure in the past, it
was also important to derive the in-depth temperature from air temperature readings.
Capturing air temperature is relatively simple by established and widely used
weather stations; measuring pavement temperatures is becoming less expensive,
therefore access to such a dataset is becoming more common [6]. However,
establishing such a weather station for pavement in-depth temperatures still remains
difficult especially when the probes have to be placed under traffic into a road
pavement in service.

In order to overcome the difficulties and minimise computing volumes, various
methods have been developed since the early 1960s to use equivalent pavement
temperatures [7]. This approach uses the core of the Miner’s hypothesis [8];
accordingly, the effective stress generated in a given pavement structure
characterised by a single pavement temperature is equivalent to the cumulative stress
generated in the same pavement structure under variable temperature conditions. The
calculation can be performed according to Equation (1).
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where

Neft = the effective loading cycles at the effective single temperature applied
for the design according to Miner’s hypothesis,

Ni = the actual allowed loading cycles calculated on the basis of various
temperatures,

n = the number of temperature brackets.

The French pavement design method provides a very comprehensive, probability-
based design approach. It also provides a fairly sophisticated method for establishing
the equivalent pavement temperature, which has been used worldwide for different
applications [6] [9].

The objective of this paper is analysing the applicability of the French method for
calculating the equivalent pavement temperature for Hungarian climatic conditions.
The input data is the measured pavement temperature distribution for the region of
Budapest. It is expected that this methodology would provide more accurate
pavement design outcomes for different climatic conditions within Hungary. This
way using the overly simplified average pavement temperature models would be
discontinued and the new method would provide an optimised pavement structure
for a given climatic condition.

2. The Equivalent (Design) Temperature in the French Pavement
Design Method
Detailed calculation for the equivalent temperature is provided in Laboratoire

Central des Ponts et Chausees [10]. The equivalent temperature is defined according
to Equation (2), which is based on the Miner hypothesis.

Yiamnitdp=1 (2
where
N = the number of equivalent axle passages undergone by the pavement,
di = the elementary damage.

The elementary damage is expressed in Equation (3).

di = 3)

i
where

di = the elementary damage,
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Ni = the number of loadings causing fatigue failure at a strain level g(@;).
By combining Equations (2) and (3), Equation (4) follows:
L=t ()

i=1 N_l
Pavement structural design is performed at a constant temperature, referred to as
the equivalent temperature Geq. This temperature is such that the cumulative damage
undergone by the pavement over a year, for a given temperature distribution, is equal
to the damage that the pavement would undergo with the same traffic but for a
constant temperature 0eq [10]. The equivalent temperature is determined by Equation
(5), which is the Miner hypothesis written in a different format (Equation (2)).

ni(0;) _ Xini(6;)
D 2T 5
levi(ei) N(6eq) ®)
where
Ni (6)) = isthe number of loadings causing failure due to fatigue for the strain
level &),
ni (6)) = isthe number of equivalent axle passes undergone by the pavement at
a temperature (),
N(6eq) = is the number of loadings causing failure due to fatigue for the strain
level &(Beq),
Oeq is the equivalent temperature.

Equation (6) is derived from Equation (5) after re-organising the parameters.

N(;eq) = zint(ei) [0 {ﬁ}] ©)

Loading cycles N;(6;) which cause failure can be deduced from the pavement
response at a temperature £(6;) and the laboratory test results ,(6;) according to
Equation (7).

1
M6 = {240} 100 ™
where
€(0;) = pavement response at a given temperature,
g (0;)) = fatigue properties from laboratory test results.

The reciprocate of N;(6;) as defined in Equation (7) equals, by definition, the
elementary damage d(68;) at the strain level £(8;) (Equation (8)).
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L _ g9y = {200} 1976 (8)

N6 =(00)

Equation (9) be derived by the combination of Equations (6) and (8).

=T [zini(ea{w}l/b'm] (9)

N(Beq) ~ Tini(6)) (8

The total elementary damage at different temperatures (right side of Equation (9))
is calculated; the equivalent temperature (design temperature) 6, is the temperature

where the elementary damage for !
N(Beq)
different temperatures [10] [11].

equals to the total elementary damage at

The value of g,(68) can be obtained from laboratory testing or by using the
correlation Equation (10) at 10° loading cycles (EN 12697-24-2012) [12].

IgV) = a+ () 1g(@) (10)
where
N = number of load cycles,
a = constant,
b = slope of fatigue line,
€ = strain (microstrain).

Table 1 illustrates an example used for the calculation according to Laboratoire
Central des Ponts et Chausées (1997) [10]. The temperature distribution, expressed
in 5 °C intervals, and with the relative duration of the designated temperature is
shown in the table.

Table 1. Example calculation of the equivalent temperature
Source: Laboratoire Central des Ponts et Chausees (1997) [10]

0; (°C) 5|0 5 (10| 15| 20 25 30
Duration (%) 10 | 12 | 18 | 14 | 18 | 18 8 2
£, (x 10°) — pavement response (microstrain) | 24 | 27 | 32 | 40 | 51 | 68 98 | 149
£6(0;) (x 10°) - fatigue performance 95 | 95 [ 94 | 92 | 96 | 100 | 110 | 121
(microstrain)

The sum of the weighted elementary damage d(6;) is 0.15 in this example. The
equivalent temperature is determined by interpolation, where the single elementary
damage is equal to this value; this results in an equivalent pavement temperature of
18.7 °C in this example.
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The above calculation for the equivalent pavement temperature is based on
fundamental mechanics and considers real pavement structure responses and asphalt
fatigue properties. The calculation requires detailed input on the pavement
temperature distribution. When real and accurate data can be obtained for the
pavement structure for a certain climatic environment, it could provide reliable input
into the mechanistic pavement design as described in the rest of this paper.

3. Calculating the Equivalent Temperature for Hungary using
the French Method

3.1. Data collection

The vertical temperature distribution of the pavement structure depends on
weather conditions and the properties of the subgrade, subbase and upper pavement
layers [13]. In order to capture the full extent of the variation, a weather station was
established on a private road in Budapest. Sensors were established in a full depth
asphalt pavement following completion of the roadworks. The device measured the
temperature of the pavement at 0, 2, 7, 14, 29 and 49 cm at a frequency of every
10 minutes. The internal resolution of the temperature sensors were 0.0625 °C and
the accuracy of the output was 0.1 °C. Over a period of one year this provided 52,560
data point for each depth, which is considered fairly detailed characterisation of a
pavement structure [14].

3.2. Data input

The calculation of the equivalent temperature using the French method was carried
out on for two full depth asphalt pavement structures with different thicknesses. One
pavement structure was complying with the Hungarian pavement design catalogue
[15] for loading class R (extremely heavy traffic) and the other one for loading class
D (medium volume traffic). The individual layer thickness, the asphalt moduli and
the total pavement thickness is summarised in Table 2. In these calculations it was
considered that the subgrade has a consistent support of 50 MPa (surface modulus).
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Table 2. Layer moduli for different pavement temperatures — input into the models

Asphalt layer type | Thickness | Relative temperature distribution in the pavement structure (%)

(mm)
Traffic -5 0 5 10 15 20 25 30
category
R D Modulus at the pavement temperature bracket (MPa
AC11 wearing 40 | 40 |21,900|17,700|13,800 | 10,400 | 6,640 | 3,980 | 2,320 | 1,200
(50/70) (heavy duty)
AC22 intermediate | 80 | 80 |24,000 | 19,700 | 15,900 | 12,500 | 9,160 | 5,790 | 3,520 | 2,070
(35/50) (heavy duty)
AC22 base (50/70) | 190 | 90 |22,700 | 18,500 | 14,600 | 11,000 | 7,230 | 4,460 | 2,670 | 1,440
(heavy duty)
Subgrade N/A|N/A| 50 50 50 50 50 50 50 50

Total pavement 310 | 210
thickness (mm)

The asphalt fatigue properties (ee)) for the Hungarian asphalt pavement catalogue
were established using the BANDS software. In these calculations the asphalt base
layer fatigue performance was predicted at the equivalent temperatures of 10 °C and
10 Hz. It should be noted that since the catalogue was developed a number of
modifications were suggested to these parameters; however, these modifications
have not been implemented. Also, type testing of asphalt is carried out at
significantly different test conditions. In order to remain consistent with the
catalogue, for these calculations. The fatigue properties were established using the
BANDS software (Shell) and this value returned 100 microstrain (10 °C, 10 Hz).
This value was also converted to the various temperature brackets as outlined in
Table 2. The BANDS software (Shell) was also used for establishing the various
asphalt layer moduli; the properties in Table 3 were used for calculating the
properties in Table 2.

Table 3. Layer moduli for different pavement temperatures — input into the models

Asphalt layer Bitumen volume of the | Poisson’s ratio
asphalt mix (%)
AC11 wearing (50/70) (heavy 12.8 0.35
duty)
AC22 intermediate (35/50) 114 0.35
(heavy duty)
AC22 base (50/70) (heavy duty) 11.0 0.35

3.3. Asphalt Fatigue Properties at a Given Equivalent Temperature

Although in metropolitan France the equivalent temperature of 15 °C is used,
Laboratoire Central des Ponts et Chausees [10] provides a general approach which
can be utilised at any selected temperatures. This methodology can be used over a
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fairly broad range of positive temperatures, based on the calculation that the
approximate value for the dependency of the modulus E and the strain € can be
obtained from Equation (11).

g6(0) X E(6)™ = constant (11)
where
g (0) = fatigue resistance of the asphalt mix, determined at 10° loading
cycles at the equivalent temperature 9,
E() = stiffness of the asphalt material at the equivalent temperature 0,
n = material constant.

In the absence of results of fatigue tests for a given material at different
temperatures, a mean value of 0.5 can be selected for n and the equation can be re-
organised as in Equation (12).

° E(10°C;10Hz)
£6(0,) = £5(10°C; 10Hz) X /Wmﬂz (12)

Equation (12) provides a model and estimation of the fatigue properties at different
temperatures. By using Equation (12), the fatigue properties at any given equivalent
temperatures could be readily calculated, given that the standardised fatigue test and
a temperature-frequency sweep for stiffness has been completed.

Bodin et al. [16] presented a series of fatigue tests at different temperatures, using
two different asphalt materials, which provides validation of the above model. For
another validation of the model, flexural fatigue tests were carried out on an
Australian EME2 mix at 10, 20 and 30 °C and 10 Hz using four-point bending test.
It was found that the fatigue properties at different temperatures can be reliably
estimated for Australian test conditions by using Equation (11) with n=0.5. By using
a value of n=0.5, Equation (11) can be reorganized as shown in Equation (12) [9].

For the analysis in this paper, it is assumed that the value of n=0.5 is valid for the
Hungarian test conditions and Equation (12) is used. In this equation E(#) is the
modulus of the asphalt layer at the given temperature. This is summarised in Table 2;
for a more accurate analysis these values need to be established in the laboratory
through testing; however, for this paper, the estimated moduli values were used.

The method of calculation is summarised in Tables 4 and 5; the methodology is
visualised in Figs. 1 and 2, respectively.
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Table 4. Input into calculations for pavement model

in the traffic loading category R

a°C) 5 0 5 0 ] 15 | 20 | 25 | 30
Tempera‘“{;;’i“”b”“o” 13 | 125 | 162 | 113 | 91 | 187 | 162 | 147
()
E (6; 10 Hz)
Aca2 22,700 | 18,500 | 14,600 | 11,000 | 7,230 | 4,460 | 2,670 | 1,440
&6), &i), n=0.5 70 77 87 100 12 157 203 276
s
&) (x107) 560 | 66.0 | 81.0 | 101.0 | 142.0 | 2100 | 314.0 | 501.0
- paVement response
; i
&(6), &) (<107) 70 | 77 87 | 100 | 123 | 157 | 203 | 276
- fatigue performance
i 6°
d (6)) (x10°) 0337 | 0459 | 0.708 | 1.051 | 2.022 | 4275 | 8.860 | 19.571
- elementary damage
ementary dan
d (6) (x10°) - weighted | 4 50, | 057 | 0115 | 0.119 | 0.184 | 0.800 | 1.433 | 2.885
elementary damage
d (8i) (x10°) - total 5.60
d (6,i) (x108) — weighted
clementary damage | 0.004 | 0.062 | 0176 | 0.295 | 0.479 | 1.280 | 2.712 | 5597
(cumulative)

Table 5. Input into calculations for pavement model in the traffic loading

category D
4(°C) -5 0 5 10 15 20 25 30
Temperat“(re‘)jis”ib”“o” 13 | 125 | 162 | 113 | 91 | 187 | 162 | 147
E (6; 10 Hz)
(ACD2 base) 22,700 | 18,500 | 14,600 | 11,000 | 7,230 | 4,460 | 2,670 | 1,440
&6), &(i), n=0.5 70 77 87 100 12 157 203 276
6
&1 (x107) 560 | 660 | 81.0 | 1010 | 142.0 | 2100 | 314.0 | 501.0
- pavement response
H 6°
d (6J) (x10°) 0337 | 0459 | 0.708 | 1.051 | 2.022 | 4275 | 8.860 | 19.571
- elementary damage
. oLy Sl
d (6l (x10°) —weighted | 504 | 0057 | 0115 | 0.119 | 0.184 | 0.800 | 1.433 | 2.885
elementary damage
d (8i) (x10°) - total 560
d (6,i) (x108) — weighted
elementary damage | 0.004 | 0.062 | 0.176 | 0.295 | 0.479 | 1.280 | 2.712 | 5597
(cumulative)
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Figure 1. Establishing the equivalent temperature based on the calculation of
elementary damage — traffic loading category R
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Figure 2. Establishing the equivalent temperature based on the calculation of
elementary damage - traffic loading category D

The equivalent temperature (design temperature) 0eq i the temperature where the
elementary damage equals to the total elementary damage at different temperatures;
this is calculated by interpolating the data set. For the pavement structure for traffic
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loading category R this value was calculated as 22 °C and for traffic loading category
D this was 20.5 °C. By using the average monthly air temperature values the
weighted mean annual pavement temperature (WMAPT) was calculated with the
SPDM 3.0. software [17] as 17.7 °C.

4. Summary of the Calculations and Practical Application of the
Methodology

The current Hungarian pavement design catalogue [15] was developed by
Nemesdy et al. in 1992 [18]. Nemesdy et al. utilised the BANDS nomographs for
the asphalt types used in the 1990s; the methodology described in this paper utilised
the same approach, i.e. using the BANDS nomographs; however, supported by a
computer software. Since the asphalt compositions significantly changed since the
1990s, in this work the asphalt moduli were determined based on the combined
aggregate grading, bitumen content and air voids contents as outlined in the current
Hungarian asphalt specification [19].

The calculations were conducted at 5°C intervals between -5 and +30 °C; the
calculated bitumen and the asphalt moduli values are summarised in Table 6.
Unmodified binders were selected for this analysis that the BANDS nomographs can
be used. While 35/50 binder is not commonly used in Hungary, this was selected in
line with best practice that intermediate layers should have a higher rutting
resistance.

Table 6. Bitumen and asphalt moduli of the various asphalt types as a function of

temperature
Temperature AC11 wearing AC22 intermediate AC22 base
(°C) (heavy duty) (heavy duty) (heavy duty)
Binder type 50/70 35/50 50/70

Sbinder Easphah Sbinder Easphah Sbinder Easphah
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
-5 604 21,900 700 24,000 604 22,700
0 387 17,700 455 19,700 387 18,500
5 229 13,800 286 15,900 229 14,600
10 124 10,400 169 12,500 124 11,000
15 60.7 6,640 90.1 9,160 60.7 7,230
20 28.8 3,980 44.9 5,790 28.8 4,460
25 13.1 2,320 21.1 3,520 13.1 2,670
30 5.05 1,200 9.37 2,070 5.05 1,440

Based on the above calculations the results were different for the two different
traffic loading categories of R and D, resulting in equivalent temperature values of
22 °Cand 20.5 °C respectively; for practical considerations it is recommended using
20 °C as a starting point for the new Hungarian pavement design methodology. At
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this temperature the asphalt moduli and parameters are summarised in Table 7,
where the values are rounded to the nearest 100 MPa for practical reasons.

Table 7. Suggested asphalt moduli and parameters for pavement structural design

Asphalt layer Asphalt moduli at Bitumen volume of Poisson’s
equivalent the asphalt mix (%) ration
temperature of 20°C
(MPa)
AC11 wearing (50/70) (heavy 4,000 12.8 0.35
duty)
AC22 intermediate (35/50) 5,800 114 0.35
(heavy duty)
AC22 base (50/70) (heavy 4,500 11.0 0.35
duty)

The above described methodology can be refined and updated based on long-term
temperature measurement in different Hungarian regions. Considering the
differences in different climatic regions within the country, the pavement structure
may be further optimised and refined. This way the pavement structures in the
different climatic regions would be designed based on real data and not on average
values established for the entire country.

The above methodology provided the basis for a fundamental research work. As a
result, a new mechanistic pavement design approach was developed for Hungary,
which also considers the realistic bearing capacity of the locally available subgrade
and base layers. This provided an avenue to further optimise pavement structures in
a holistic way, with considering the local climatic conditions and local material
availability. It also provides pathways for new and innovative technologies by
incorporating the mechanistic properties of newly developed potential materials and
technologies. The research work, methodology and outcomes are described in details
by Primusz and Toth [20], where the material parameters described in Table 7 were
applied for the calculations.

5. Summary and conclusions

The French pavement design method provides a very comprehensive, probability-
based design approach. It also provides a fairly sophisticated method for establishing
the equivalent pavement temperature, which has been used worldwide for different
applications. The objective of this paper was analysing the applicability of the
French method for calculating the equivalent pavement temperature for Hungarian
climatic conditions. It was found that the French method provides a comprehensive
approach and can facilitate variable climatic conditions and pavement temperature
distribution while considering the thickness of the pavement structure. This provides
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fit for purpose solutions and eliminates the overly simplified approach to use a single
equivalent pavement temperature for variable climatic and pavement conditions.

Real pavement temperature data provided crucial input into the accuracy of the
methodology. Asphalt modulus values and asphalt fatigue properties at different
temperatures were estimated using an internationally well accepted method. The
next focus item of this research work will be to refine the calculations based on
asphalt modulus master-curves and fatigue data collected from laboratory testing at
different temperatures.
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