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Abstract

Heavy axle loads may induce rapid and severe pavement damage. Seasonal variations further affect pavement capacity as material 
properties change with temperature and moisture. Traditional design methods using Equivalent Standard Axle Loads (ESALs) may 
not properly represent actual damage, as they convert all traffic loads to a single reference load, obscuring the effects of varying 
stress magnitudes. This study presents an approach based on the shakedown range (SDR) concept to more accurately identify 
pavement damage thresholds. Using repeated load triaxial (RLT) and extra-large wheel tracking (ELWT) tests, the SDR behavior 
of a well-graded crushed rock aggregate was investigated. The European standard (EN 13286-7) criteria for SDR classification 
were evaluated and found adequate. Based on these criteria, a methodology was developed to estimate seasonal load limits using 
the pavement analysis software ERAPave, combined with a permanent deformation (PD) model. A case study of a typical pavement 
structure and a heavy vehicle under spring and summer conditions showed that during the spring-thaw period, the gross vehicle 
weight should be reduced to avoid severe damage, while higher loads may be permitted at other times. Thus, the methodology 
provides a practical tool for determining limiting loads under varying seasonal conditions.
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1. Introduction

The primary functions of pavements are to protect the subgrade from excessive deformation and to provide a 
smooth riding surface. Pavements are designed to withstand a specific amount of traffic over their intended service 
life. To achieve this, suitable material combinations and layer thicknesses are selected so that deformation in each 
layer remains within acceptable limits. Excessive deformation in any layer reduces performance and can ultimately 
cause pavement failure. To minimize such risks, restrictions are placed on the maximum gross weight of vehicles 
permitted on roads. In Sweden, roads are classified into four bearing capacity classes (BK1, BK2, BK3, BK4), each 
defined by its maximum allowable gross vehicle weight (Transportstyrelsen, 2023).

Material properties of pavements vary with seasons. For example, during the spring the asphalt concrete (AC) 
layer is stiffer due to lower temperature, but the unbound layers are weak due to the high-water content from thawing. 
On the other hand, during the summer, the AC layer is weaker due to the higher temperature while the unbound layers 
are stiffer due to the lower water content. These lead to fluctuations in the overall structural capacity of pavements 
throughout the year. As a result, load restrictions may need to be considered in some seasons to prevent damage. 

Traffic loading is dynamic and repetitive that causes accumulation of permanent deformation (PD) in the different 
layers. Thus, load level lower than the static failure loads of the different pavement layers may cause large 
deformations due to repeated applications. Many repetitions may render the pavement unusable. Accumulation of PD 
in the unbound layers of pavements manifest as rutting which also accelerates other failure modes. The accumulation
of PD is dependent on the applied stress level. Usually, for pavement design, all traffic loads are converted to 
equivalent single axle loads (ESALs). For Sweden, this is the equivalent number of passes of a 100 kN standard axle
(Trafikverket, 2011). With this approach, pavements are designed so that the deformations are within limit during the 
design life of pavements under the expected number of ESALs. However, this method does not properly consider the 
excess damage caused by heavier loads or during the time when the pavement is weak. For estimating damage from 
heavy loads and various seasons, and to determine allowable loads in different seasons, other approaches are 
necessary.

Pavement materials are known to demonstrate different types of shakedown behavior depending on loading
(Werkmeister et al., 2001). Various researchers have investigated the shakedown behavior of pavement materials and 
proposed criteria to identify the different shakedown ranges (SDR) (Werkmeister et al., 2001; Xiao, et al., 2018; 
Alnedawi et al., 2019; Liu, et al., 2022; Liu et al., 2023; Yang et al., 2025). The criteria proposed by Werkmeister, et 
al. (2001) have been included in the European standard (EN 13286-7) (CEN, 2004a). Thus, the shakedown theory can 
be one method to identify the traffic load limits of pavements in various seasons to complement pavement design. If 
these range boundaries can be modelled or predicted, load limitations during different seasons can be estimated. 
Hence, it is necessary to find an appropriate and practical approach to implement the SDR theory in pavement design
and modelling.

In this study, the SDR behavior of unbound granular materials (UGMs) in pavements was investigated, and the 
criteria specified in the European standard were evaluated through laboratory experiments. Furthermore, a method for 
applying the SDR criteria to pavement structures and full vehicles, in order to determine load limitations, was 
explored. 

2. The SDR concept

UGMs demonstrate shakedown behavior based on the imposed loading. For relatively small stress levels, 
accumulation of PD with load applications stops at some point or the accumulated amount becomes insignificant. This 
is termed Range A behavior which should be permitted to occur in pavements. Range B behavior is when the stress 
level is such that the accumulation of PD continues at a significant rate. This stress level may be permitted in 
pavements for a certain number of repetitions as long as the PD is within acceptable limits. When the stress level is 
even higher, PD occurs very rapidly that may lead to failure.  This is termed Range C behavior that should not be 
permitted to occur. These three shakedown range (SDR) behaviors are shown schematically in Fig. 1. 
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Fig.1.  Typical PD behavior of UGMs in different SDR classes, depending on the stress level.

The European standard EN 13286-7 suggests the following criteria for identifying the SDR of a PD curve obtained 
from a RLT test:

• Range A:  (𝜀𝜀𝑝̂𝑝5000 − 𝜀𝜀𝑝̂𝑝3000) < 0.045 × 10−3

• Range B: 0.045 × 10−3 < (𝜀𝜀𝑝̂𝑝5000 − 𝜀𝜀𝑝̂𝑝3000) < 0.4 × 10−3 (1) 
• Range C: (𝜀𝜀𝑝̂𝑝5000 − 𝜀𝜀𝑝̂𝑝3000) > 0.4 × 10−3

where 𝜀𝜀𝑝̂𝑝3000 and 𝜀𝜀𝑝̂𝑝5000are accumulated permanent strains at 3000th and 5000th load cycles, respectively. Equation 
(1) is based on single-stage (SS) RLT tests. In this study, the criteria were investigated for multistage (MS) loading 
conditions also where stress history effect comes into play. The investigation was further extended to wheel tracking 
tests in order to approximate field conditions. The primary objective of this study was to identify the loading conditions 
that induce SDR-C behavior in pavements, with the aim of providing insights to help avoid its occurrence in practice
(Werkmeister, et al., 2001).

3. Experimental study

The SDR behavior of UGMs was investigated through RLT tests in the laboratory. Extra-large wheel tracking tests 
(ELWTs) were also conducted to simulate field conditions. In this project various types of UGMs were tested.
However, due to page limitations, this article presents results for only one material commonly used in Sweden. The 
selected material is a well-graded crushed rock (granite) with a maximum particle size of 32 mm. Its optimum water 
content and the maximum dry density were 6% and 2.26 Mg/m³, respectively, as obtained from Modified Proctor tests 
in accordance with the European standard (CEN, 2004b). The experimental procedures are described in the following 
subsections.

3.1. RLT test

The RLT tests were conducted mainly in accordance with the European standard (EN 13286-7) with specimen size 
of 150 mm diameter and 300 mm height. For all the tests presented here, a constant confining pressure of 70 kPa was 
applied using compressed air. Cyclic deviator stresses (haversine pulses) of 6 different magnitudes were applied with 
a frequency of 5 Hz. Each stress path was applied for 50,000 cycles. Both SS and MS RLT tests were conducted. For 
the SS RLT tests, separate but identical specimens were used for each stress path. Thus, the accumulation of PD was 
free from the effect of stress history. The drawback of this approach is that the tests are time consuming and are prone 
to be affected by specimen-to-specimen variability. In the MS RLT tests, all the stress paths were applied sequentially
to the same specimen in the order of increasing stress magnitude. In this test method, the accumulation of PD during 
the application of a particular stress path is affected by the application of the previous stress paths. Thus, this method 
enables the study of the effect of stress history. Furthermore, it is free from the effects of specimen-to-specimen 
variability and less time consuming because a single specimen is used.

All the specimens were prepared to be identical and compacted using the vibrocompaction method. The degree of 
compaction was 95% of the maximum dry density (modified Proctor value). For the SS RLT tests, the specimens were 
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prepared with the optimum water content of 6%. The MS RLT tests were conducted at water contents of 3.5% and 
6%, as well as under a nearly saturated condition.

3.2. ELWT test

The ELWT test more closely simulates in-field material behavior than the RLT test, as it incorporates effects such 
as vertical shear stresses and principal stress rotation that are not captured in RLT testing. The ELWT test was 
performed on a slab specimen measuring 50 cm × 70 cm × 9 cm, compacted to the same density as the RLT test 
specimens. Compaction was carried out with a vibrating hammer at the optimum water content of 6%. Loading was 
applied using a wheel with an inflation pressure of 500 kPa, moving back and forth (without lateral movement) over
the slab along the longitudinal direction at a maximum speed of 5 km/h. The wheel load was applied in increments 
after every 15,000 repetitions, simulating MS loading conditions. Surface stresses induced by the wheel were 
measured and calibrated with a soil pressure cell. The loading sequence began at 3 kN (≈100 kPa surface stress). 
After 15,000 passes, it was increased to 6 kN (≈300 kPa), and after another 15,000 passes, to 9 kN (≈400 kPa). In 
the next phase, the slab was nearly saturated by adding water, and testing continued under the 9 kN load. Surface 
rutting was recorded at regular intervals at three positions along the wheel path using laser interferometry. The 
ELWT test setup is illustrated in Fig. 2.

Fig. 2. The ELWT test setup: (a) prepared specimen and the loading wheel; (b) rut formation after several thousand load repetitions.

4. Analysis of SDR behavior

The SDR behavior of the material was evaluated based on the accumulation of PD observed in the laboratory tests 
and was classified into the corresponding SDR categories. Since the behavior of UGMs is significantly influenced by 
the stress history, both SS and MS RLT tests were compared. Fig. 3 (a) shows the results from the SS RLT tests where 
the accumulated PDs of the separate identical specimens for different stress levels are shown. Fig. 3 (b) presents the 
results from the MS RLT test. Here, the PDs of a single specimen corresponding to the different stress paths are shown 
separately for the individual stress paths. For the MS RLT test, the deviator stresses were applied in steps of increasing 
magnitude after every 50,000 cycles.

The SS RLT tests show the increase in PD with increased stress levels. Since for each stress level, a virgin specimen 
was used, there was a rapid development of PD in the early stage in all cases. This may be attributed to the stabilization 
of the specimens and post compaction. After the rapid initial accumulation, PD slowed down at different rates 
depending on the stress level. 

The MS RLT test showed the impact of stress history as higher stress level did not always show higher PD, for 
instance, the 240 kPa and 300 kPa stresses induced lower PD than that induced by the 200 kPa stress. but it implied 
additional accumulation of PD due to increased stress level. However, when the stress levels were much higher than 
the first stress path, the PDs became greater. Comparing the PDs for the same stress levels, those were lower for the 
MS RLT test than the SS RLT tests. If the initial post compactions of the SS RLT tests are disregarded, the slopes of 
the PD curves for the same stress levels become identical to those of the MS RLT test. Hence, in this study, the 
development of PD after the initial post compaction phase (application of the first stress level) in the MS RLT test 
was considered for the analyses.

(a) (b)
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Fig. 3. Accumulation of PD: (a) SS RLT test (w = 6%); (b) MS RLT test (w = 6%); (c) MS RLT test (w =3.5%); (d) MS RLT test (saturated).

Fig. 3 (c) and 3(d), show the accumulation of PD in MS RLT tests in relatively dry condition (w = 3.5%) and nearly
saturated condition, respectively. For the tests with w = 3.5% and w = 6%, accumulation of PD stabilized after about 
10,000 load cycles at stress levels of 200 kPa, 240 kPa and 300 kPa. The accumulated PDs after 50,000 load cycles 
were less than 0.2%. According to the definition of SDR behavior of UGMs, this response may be classified as SDR 
A or B. The PD between 2,500 and 5,000 load cycles (referred to here as slope) varied between 0.018% and 0.027%. 
According to the European standard criteria (Equation 1), this corresponds to SDR B behavior, although the 
accumulation of PD was very low. For the 350 kPa stress, PD continued to accumulate at a significant rate and after 
50,000 load cycles, it was more than 0.2%. According to definition, this is clearly SDR B behavior. The slopes were 
0.03% and 0.04%, respectively for w = 3.5% and w = 6% which also indicate SDR B according to Equation 1. For 
the 400 kPa and 600 kPa stresses, PD continued to accumulate at much faster rates leading to larger deformations 
(>0.4% after 50,000 load cycles). By definition and according to Equation 1, these fall in SDR C (the slopes were 
>0.07%). For the saturated state, the 240 kPa stress caused rapid accumulation of PD that continued at a significant 
rate ending up at >1% after 50,000 load cycles. By definition, this was SDR C behavior, and the slope was 0.16% that 
Equation 1 classifies this as SDR C. When the 300 kPa stress cycles were applied after that, the additional PD was > 
0.4% and the 350 kPa stress caused rapid failure of the specimen. For this material in nearly saturated state, SDR C 
behavior was obtained for all stress levels. The impact of water is apparent here as the 240 kPa stress level did not 
cause much PD for w = 3.5% and w = 6%, but induced SDR C behavior for the saturated specimen. 

The PD and SDR behavior of this material was further studied using the ELWT test as presented in Fig. 4. Results 
show that at the lower stress level of 100 kPa, PD almost stabilized and with increased stress level of 400 kPa, PD 
continued to accumulate in response to load applications. This observation agrees with the RLT test results at optimum 
water content. Again, when the material was saturated, the PD increased abruptly showing the same behavior as in 
the RLT tests. At this stage, the rutting was very high (60 mm), which was considered a failure of the specimen. From 
the ELWT test, it appears that the RLT test may adequately represent the material behavior in the field. However, it 
should be noted that the confining pressure was not measured in the ELWT test which may have varied with the 
magnitude of the wheel load. On the other hand, in the RLT test, 70 kPa constant confining pressure was applied. 
Both test methods showed the impact of saturation and sudden failure which resembles the spring-thawing conditions. 
The 400 kPa stress did not cause much damage in optimum water content but led to failure (SDR C behavior) when 
the water content reached close to saturation. This shows the importance of load restrictions during the spring-thaw 
period to prevent damage.
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Fig. 4. Surface rutting with load applications in the ELWT test.

5. Application of the SDR criteria

The RLT and ELWT tests showed that the criteria in Equation 1 worked well to identify the SDR behavior of the 
material. Thus, it may be implemented to determine the stress levels in different layers of a pavement structure that 
will incur the different SDR behaviors. From those stress levels, load limitations on vehicles can be imposed to avoid 
damage. In this study, the pavement analysis tool ERAPave (Erlingsson and Ahmed, 2013) was used to calculate 
stresses in different layers due to vehicular loading and to predict the PD behavior. The following model (Rahman et 
al., 2022) is used in ERAPave to predict the PD of the unbound layers:

𝜀𝜀𝑝̂𝑝(𝑁𝑁) = 𝑎𝑎𝑁𝑁𝑏𝑏𝜀𝜀𝑟𝑟𝜀𝜀𝑟𝑟 (2)

where 𝜀𝜀𝑝̂𝑝(𝑁𝑁) is the accumulated permanent strain after N number of load cycles and 𝜀𝜀𝑟𝑟 is the resilient strain during 
the N-th load cycle, and a and b are material constants. The material constants can be evaluated from RLT tests. When 
𝜀𝜀𝑟𝑟 is calculated for a certain load at a certain depth of a pavement, and the material constants are known from RLT 
tests,  𝜀𝜀𝑝̂𝑝(𝑁𝑁) can be calculated using Equation (2). From the plot of 𝜀𝜀𝑝̂𝑝(𝑁𝑁), the SDR of the layer due to that load can 
be evaluated using Equation 1. Based on this methodology, a case study is presented below.

A typical Swedish pavement structure, shown in Fig. 5(a), was adopted for the study. Analyses were performed for 
two critical seasons: the spring thaw period and summer. Material properties of the pavement layers were estimated 
from laboratory tests and recommended values by the Swedish Road Administration (Trafikverket, 2011), as 
summarized in Table 1. The average temperatures of the asphalt concrete layers were assumed to be 10 °C in spring 
and 25 °C in summer.

The vehicle considered was a typical A-double truck–trailer combination with a gross weight of 64 t, as shown in 
Fig. 5(b). A tire inflation pressure of 9 bar was assumed for all wheels. The vehicle speed used in the analysis was 45 
km/h, which influences the viscoelastic response of the asphalt concrete layers. The axle-load distribution and wheel 
configurations are summarized in Table 2.

Using the layer thicknesses and material parameters of the structure as inputs in ERAPave, the strain responses (εr) 
in the different layers due to the passage of the vehicle were calculated. The plots in Fig. 6 show the vertical strain 
responses at the top of the subgrade.

The peak strain at the top of the subgrade was 0.000235 in summer and 0.000452 in spring. Using these strain 
levels in the PD model (Equation 2), the accumulation of PD with load repetitions was calculated, and the 
corresponding SDR slope (Equation 1) was determined. The results indicate that the subgrade exhibits SDR B 
behaviour in summer and SDR C behaviour during the spring thaw. This suggests that the vehicle should be restricted 
during the spring-thaw period, while the number of allowable passes may need to be limited in summer. Based on 
trial-and-error calculations assuming a uniform reduction in axle loads, achieving an SDR A response in the subgrade 
would require limiting the vehicle load to approximately 70% of the total weight (45 t) in summer and 40% (26 t) 
during the spring-thaw period.

A similar analysis of peak strains in the base and subbase layers showed that the base layer remains in SDR B in 
both seasons, while the subbase exhibits SDR A behaviour in summer and SDR B in spring. Since the vehicle induces 
SDR B behaviour in most layers and SDR C behaviour in the subgrade during spring thaw, it may be permitted for a 
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limited number of passes depending on the acceptable deformation criteria, but should be restricted during the spring-
thaw period. If year-round operation is required, the pavement structure would need to be redesigned.

Fig. 5. (a) the pavement structure; (b) the vehicle (distances in mm, S = single wheel, D = dual wheel).

Table 1. Material properties of the different layers of the structures.

Layer AC wearing course AC base course Crushed rock 
base

Crushed rock 
subbase

Subgrade

Sp
rin

g

Elastic modulus 
[MPa]

- - 200 100 35

Viscoelastic 
parameters

(Ahmed and 
Erlingsson, 2017)

D0 0.0000505 0.000051 - - -

D1 0.000445 0.000583 - - -

m 0.346 0.312 - - -

PD model 
parameters

(Rahman et al., 
2022)

a - - 2.5 3.0 15

b - - 250 250 250

Su
m

m
er

Elastic modulus 
[MPa]

- - 300 150 100

Viscoelastic 
parameters

(Ahmed and 
Erlingsson, 2017)

D0 1.47E-07 0.0000506 - - -

D1 0.00127 0.00155 - - -

m 0.312 0.337 - - -

PD model 
parameters

(Rahman et al., 
2022)

a - - 1.5 2.0 10

b - - 250 250 250

Table 2. Distribution of tire types and axle loads.

Axle no. 1 2 3 4 5 6 7 8 9 10 11

Wheel type Single Dual Dual Single Single Single Single Single Single Single Single

Axle load, kg 5876 5908 5908 5929 5929 5929 5091 5091 6116 6116 6116

(a) (b)



Shafiqur Rahman  et al. / Transportation Research Procedia 99 (2026) 144–152 151

Fig. 6. Vertical strain on top of the subgrade.

6. Conclusions

In this study, the three types of SDR behavior of a well-graded crushed rock aggregate were observed using RLT 
tests. To better approximate field conditions, ELWT tests were also performed. The results showed that the criteria 
defined in the European standard appropriately classified SDR behavior when the accumulation of PD under different 
stress levels was evaluated according to the SDR definitions. The impact of water content on the SDR behavior was 
also apparent from the tests. Moreover, RLT and ELWT tests were consistent in their classification of the material’s 
SDR behavior. The influence of stress history was investigated by comparing SS RLT and MS RLT test results which 
indicated that after the post compaction, the slopes of the PD curves became identical and thus the MS RLT test may 
be used for the determination of the SDR. Based on the SDR criteria from the European standard, a method was 
proposed to calculate the load levels that induce different SDR behaviors in pavements. This approach enables the 
determination of limiting pavement loads that may not be apparent when using the conventional ESAL concept. A 
case study with a heavy vehicle on a typical pavement illustrated this methodology. The results showed that during 
the spring-thaw period, the gross vehicle weight induced SDR C behavior in the subgrade, while under other seasonal 
conditions, SDR B behavior prevailed. This finding highlighted the necessity of imposing seasonal load restrictions 
for that pavement, particularly during spring. 

The study presented here is based on laboratory investigations. The RLT test simplifies field stress conditions, as 
it does not consider principal stress rotation due to moving traffic loads and does not generate vertical shear stresses 
because confinement is applied through air. Although the ELWT test better represents field conditions than the RLT 
test, it also remains a simplified approach, as only a single thin isolated UGM layer was tested under a single wheel 
load. The model used was also based on laboratory testing with simplified stress conditions. Thus, although the study 
provides indications of load levels inducing different SDR behaviors, the findings should be verified using in-situ 
measurements. Furthermore, materials other than the crushed rock aggregate considered in this study should be tested. 
Once validated and refined, this methodology could serve as a practical tool for determining limiting loads for 
pavements under varying seasonal conditions, and pavement design could be adapted accordingly to prevent 
premature damage.
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