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1 INTRODUCTION 

The goal when designing a pavement is to find the most economical combination of pavement material and 

thickness by also considering the local climatic and ground conditions in such a way that the pavement is capable 

of bearing the traffic over its design lifetime without restricting its functionality. Failure of the pavement or 

restriction of its functionality can be caused by fatigue cracking or excessive rutting. It is crucial to reduce rutting 

in order to offer long service life and safe pavement structures, since besides of the serviceability rutting is 

considered as a major safety issue for vehicles. In international literature, rutting caused by loading can originate 

from asphalt due to insufficient compaction or improper asphalt mix composition, or it can be soil-related, 

resulting from cumulative permanent deformations in the soil under repeated loading. In domestic literature, 

rutting refers to deformations occurring within the asphalt layers only, while soil-related compressions are 

termed pavement subsidence. My research focuses on soil-related pavement deformations and settlements; 

the undesirable compression of asphalt layers is not considered in the calculations. 

1.1 Topicality 

In the case of geotechnical structures, meeting the serviceability limit state is often more challenging than 

satisfying the load-bearing requirements. For reliable, efficient, and economical operation, it is essential to 

accurately estimate the deformations of the structures, understand the subsoil's response to repeated or 

dynamic impacts, and gain as precise an understanding as possible of the influencing factors. 

The impact of road transportation on the economy and society is undeniable. In Hungary in 2023, nearly 70% of 

freight transport and almost half of intercity public passenger transport were conducted by road (KSH, 2024). 

Despite this, excluding highways, 44% of the national road network was still rated as poor (category 5) in terms 

of pavement condition in 2023, with an additional 9% classified as inadequate (category 4). The roughness 



3 

grades assess the roads' waviness and rutting. From this perspective, the road network presents a somewhat 

more favorable picture than in terms of surface integrity. A total of 15,000 kilometers, or half of the national 

network excluding highways, was rated as good or adequate, while 32% (10,000 kilometers) fell into the poor or 

inadequate categories. The length of particularly dangerous sections with ruts 17 mm or deeper, which pose a 

significant accident risk, was nearly 1,200 kilometers in 2023, accounting for 4% of the entire network managed 

by Magyar Közút (Magyar Közút, 2024). 

The research field of soil compression beneath flexible pavement structures is a neglected area, as the current 

practice of road pavement design does not thoroughly address this issue. In domestic practice, the prevailing 

attitude is that if the prescribed quality and construction standards are adhered to during implementation, the 

vertical compression of the subgrade is not expected to pose a critical load for the lifespan of the pavement 

structure. The relevance of the topic is further emphasized by the ongoing global climate change, which 

necessitates replacing previously well-functioning empirical correlations with scientifically grounded models 

that help understand the impact of changed boundary conditions on the built environment. 

When we look at international road engineering standards, even one of the most modern, the RDO (RDO -

Asphalt 09, 2009), addresses rutting in a relatively simple manner. If the prescribed allowable vertical stress at 

the top of the subgrade is maintained, significant damage due to rutting is not anticipated. However, the RDO 

does not quantify rut depth, and we cannot determine deterioration over the pavement's lifespan (Zeißler, 

2021). Similar to the German standard, the Belgian CRR research institute (Verstraeten et al., 1982) examines 

the tendency for rutting by limiting deformation at the top of the subgrade, but it also does not quantify it. The 

mechanical-empirical design method developed by domestic researchers (Tóth and Primusz, 2020)also uses the 

CRR institute's formula to assess rutting. The Australian standard (Austroads, 2019) specifies the allowable 

number of standard axle (8 t) passes without excessive rutting, which has been proven effective in practice under 

Australian environmental conditions according to the design guide. 

The literature is also not consistent regarding the origin of ruts. According to a recent review (Albayati, 2023), 

ruts form exclusively in the asphalt layer, with the underlying granular layers not contributing to permanent 

deformations. Consequently, several recent studies have focused on describing the rheological properties of 

asphalt (Gajári, 2019; Gajári et al., 2021) and emphasizing the resistance of asphalt mixtures to rutting (Aljbouri 

and Albayati, 2023; Bharath et al., 2023; Toth et al., 2024; Zhang et al., 2023). In contrast, field studies conducted 

by AASHTO revealed that 68% of permanent deformations occur not in the asphalt but in the underlying base 

and subbase layers, as well as in the subgrade (Morris, 1973)). A more recent study (White et al., 2002)published 

similar findings. Based on these results, when examining rutting in pavement structures, research and 

computational methods should focus more on the soils rather than the asphalt. 

1.2 Aim of the research 

According to a recent literature review (Singh and Sahoo, 2021), there is currently no widely recognized, 

validated, and practical computational method that adequately describes the long-term behavior of soils under 

pavements when subjected to cyclic loading. Certain methods (Werkmeister, 2003) focus exclusively on the base 

and subbase layers, thus neglecting the influence of the subgrade. Other studies (Uzan, 2004) appear very 

promising, but the calibration of material constants is not described, making them unusable under different 

boundary conditions. Some research (Qi et al., 2022; Zhou et al., 2022) determines the permanent deformations 

of soils beneath pavement structures using a creep-like material model and 3D finite element analysis. However, 

the material model was calibrated using only 1,000 cycles of triaxial testing, which raises doubts about its validity 

for pavement structures, where it is often necessary to examine several (tens of) millions of axle passe 

The objectives of my doctoral research were as follows: 

• Develop a universal calculation method that operates effectively under varying boundary conditions to 

determine the accumulating permanent deformations in granular soils beneath flexible pavement 

structures due to repeated traffic loading. 

• Describe the spatial and temporal progression of the resulting deformations and settlements. 

• Determine the stress and deformation conditions prevailing in the soil layers due to preloading during 

construction. 

• Investigate the impact of different granular subgrade types and traffic load classes on the resulting 

deformations and settlements. 
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• Clarify the extent to which each structural layer (base, subbase, subgrade) contributes to the total 

pavement settlement. 

• Examine the effects of changes in other boundary conditions, such as temperature, axle load, subbase 

layer thickness and material, on the resulting settlements. 

• Compare the expected pavement settlements of typical domestic pavement structures with those of 

similar empirically-based pavement structures from other nations. 

Since my research field lies at the intersection of multiple disciplines—specifically road engineering, geotechnics, 

and mechanical material modeling—my goal with this dissertation is to spark further discussion among experts 

and researchers from these fields, fostering a better mutual understanding of each other's work 

2 METHODOLOGY 

2.1 HCA-model 
In the case of high-cycle loading, implicit methods that directly calculate deformations are not effective because 

with each loading cycle, we accumulate and carry forward material model and computational (integration) 

errors. As a result, these methods can only be reliably used for up to about N < 50 cycles (Niemunis, 2003). 

Therefore, explicit solution methods are preferred, which empirically determine the relationship between the 

number of cycles and residual deformation (N − ε𝑎𝑐𝑐). One of the most well-documented material models of 

this type, verified by numerous laboratory tests for determining residual deformations resulting from repeated 

loading, is the High-Cycle Accumulation (HCA) model, published by (Niemunis et al., 2005) and validated through 

various model experiments in Wichtmann's doctoral dissertation (Wichtmann, 2005). The model is thoroughly 

presented in Wichtmann's habilitation Wichtmann, 2016); here, I will only outline the most important 

computational steps for 

The basic principle of the HCA model is to combine the increment-based (𝜎̇ − 𝜀̇) advanced implicit material 

model and the cycle number – permanent deformation (𝑁 − 𝜀𝑎𝑐𝑐) explicit model, whis is presented in 2.1. 

Figure.  

 

2.1. Figure: a) pure implicit method b) mixed method of the HCA model (Wichtmann, 2016) 

In the first step, the strain amplitude εampl is determined due to qampl in a traditional implicit way, which is to be 

interpreted as the vector sum of the vertical and horizontal strains . Then,  using the strain amplitude as input 

parameter, the incremental residual deformation is determined with the explicit model (2.1). In the case of 

drained conditions, if the mean stress does not change and no plastic deformation occurs in the static sense, 

equation (2.1) directly provides the increment of plastic deformation 

𝜀̇𝑎𝑐𝑐 = 𝑓𝑎𝑚𝑝𝑙 𝑓𝑁̇ 𝑓𝑒  𝑓𝑝 𝑓𝑌  (2.1) 

The incremental residual deformation resulting from the ΔN cycle package, given a constant εampl, is provided by 

equation (2.2). Since changes occur over the long term in the soil structure and state characteristics, the explicit 

calculation is occasionally interrupted. During these so-called control cycles, the implicit analysis is repeated to 

continue the explicit calculation with the updated value of εampl for additional ΔN cycle. 

Δ𝜀𝑎𝑐𝑐 = 𝜀̇𝑎𝑐𝑐 ∙ ΔN 
(2.2) 

The HCA model gives the rate of accumulation as a vector quantity, so in addition to the scalar magnitude of the 

strain, a flow rule is also needed to specify the direction of accumulation (m), i.e. to specify the deviatoric εq and 

volumetric εv parts of the strain. These can be used to determine the vertical strain components needed for the 

settlement analysis. 
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𝜺̇𝒂𝒄𝒄 = 𝜀̇𝑎𝑐𝑐𝒎 
(2.3) 

In my research, I applied the MCC flow rule to the subgrade according to the findings of (Wichtmann et al., 

2014b). Investigations on crushed stone base layers (Wichtmann et al., 2010) have shown that, unlike sand, the 

material behaves anisotropically under compaction, so the MCC flow rule does not apply. For the crushed stone 

base layer and the improvement layer, we used the anisotropic flow rule presented in those studies. 

The scalar part of the accumulated deformation increment vector described by equation (2.1) is given as the 

product of 5 empirical functions fi. These functions describe the main influencing parameters in the following 

order: the (elastic) strain amplitude 𝑓𝑎𝑚𝑝𝑙 , the number of cycles or the cyclic strain history 𝑓𝑁̇, the void ratio 𝑓𝑒,  

the mean normal stress 𝑓𝑝 and the stress state 𝑓𝑌. The aforementioned 5 functions fi can be described with 7 

material constants Ci. Additionally, for the description of the flow rule and 𝑓𝑌 one needs the critical friction angle 

𝜑𝑐𝑐  which does not necessarily match the critical friction angle 𝜑𝑐  computed from a monotonic CU triaxial test. 

For determining the critical friction angle 𝜑𝑐𝑐  for the cyclic flow rule, we used the recommendations provided in 

(Wichtmann et al., 2014) 

I determined the HCA parameters according to the simplified calibration procedure presented in (Wichtmann et 

al., 2015; Wichtmann and Triantafyllidis, 2015), which applies to clean, subgranular quartz sand-gravel soils. The 

correlations are valid within the following limits: 1.5 < CU < 8.0 and 0.1 mm < d50 < 3.5 mm, with a maximum 

number of cycles of Nmax = 2 106.. The 2 million cycles applied in the laboratory are considered the upper limit 

for technical reliability. However, pavement structures may experience higher numbers of repetitions. Since we 

do not know the soil behavior beyond 2 million cycles, any conclusions about this range should be treated with 

appropriate caution and scrutiny, as we cannot be certain that the Ci parameters remain valid for N >  2 106.. 

The HCA parameters for the crushed stone base layer and the improvement layer were selected according to  

(Wichtmann et al., 2010). 

2.2 Calculation method 

In my research, I examined the settlements of pavement structures using a layered calculation method. The 

simplified calculation model discretizes the soil by dividing it into sublayers, analogous to conventional 

settlement calculation methods. We first determine the stress distribution resulting from the axle and wheel 

loads and establish the additional vertical stress on each sublayer, Δσ1,i. Using this, along with the average 

normal stress, compaction, and deformation-dependent non-linear stiffness, we calculate the deformations 

εi
ampl at the midpoint of each lamella (as the average of the lamella's upper and lower parameters). 

Subsequently, using εi
ampl as an input parameter, we determine the accumulated deformations εi

acc for each 

sublayer. The settlements for each sublayer are then computed using its thickness and the cyclic flow rule as 

s1,i
acc = m1 * εi

acc i*di. The total settlement is the sum of the settlements for all sublayers, Σs1,i
acc . The principle of 

the layered method calculation is illustrated in Figure 2.2. Comparative finite element studies show that the 

simplified calculation method provides sufficiently accurate and reliable results for both elastic and residual 

deformations. At the end of the service life, the expected residual settlements show a difference of at most 2-

7% between the simplified method and the finite element calculation method, depending on the subsoil and 

load class. 

 

2.2. Figure: The main calculation steps of the simplified layered model (Vámos and Szendefy, 2023a) 
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2.3 Investigated pavement structures 

The goal of this research was to determine the accumulated permanent strains and settlements in the 

standardized pavement cross-section according to (e-UT 06.03.13:2005, n.d.) shown in 2.1. Table due to 

repeated passes of a standard axle. The cross-sections are composed of 4 layers (sand and gravelly sand 

subgrade course, granular subbase course, crushed stone base course and asphalt course). The subgrade 

comprises quartz sand and gravelly sand of subangular particles; particle size distribution is shown in 2.3. Figure, 

and it was assumed to have a relative compaction of R.C.=93%. The subgrade is overlain by a subbase course of 

20 cm thickness, which has a relative compaction of R.C.=95%. The subbase is overlain by an unbound well 

graded crushed stone base course of 20 cm thickness. Particle size distribution of the pavement layers is shown 

in 2.3. Figure, whereas their properties are summarized in 2.2. Table. The base course is overlain by an asphalt 

course of traffic load class-dependent thickness. 

2.1. Table Standardized pavement cross-sections accordig to (e-UT 06.03.13:2005) 

Traffic load class 

A B C D E K R 

Design traffic (million axles) 

0,03-0,1 0,1-0,3 0,3-1 1-3 3-10 10-30 30 felett 

Cross secvtion with crushed stone base course  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4 Investigated soils and their material properties 

For the subsoil, I selected sands and sandy gravels. The reason for this choice is that reliable literature data for 

HCA parameters is most readily available for these types of soils. In my research, I examined 5 different subgrade 

types, which cover the spectrum of soils that can be investigated using the simplified calibration procedure 

presented in (Wichtmann et al., 2015; Wichtmann and Triantafyllidis, 2015). I investigated the effect of the mean 

grain diameter using soils with "Subgrade 1", "Subgrade 2", and "Subgrade 3" grain size distributions, where I 

varied the d50 value (0.2 mm, 0.6 mm, and 2.0 mm) while keeping the inequality index constant (CU = 3). The 

effect of the coefficient of uniformity was examined using soils named "Subgrade 3", "Subgrade 4", and 

"Subgrade 5", where I varied CU values between 3.0, 5.0, and 8.0, while keeping d50 constant at 0.6 mm. The 

grain size distribution diagrams of the examined soils are shown in Figure 2.3. 

 
2.3. Figure: Particle size distribution of the pavement layers 
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2.2. Table: geotechnical parameters of the modelled layers 

Layer d50  
(mm) 

Cu  
(-) 

emin  
(-) 

emax  
(-) 

ρd
max 

(g/cm3) 
e0  

(-) 
υ  
(-) 

Subgrade 1 0,2 3,0 0,540 0,920 1,75 0,627 0,33-0,36 

Subgrade 2 2,0 3,0 0,491 0,783 1,81 0,577 0,33-0,36 

Subgrade 3 0,6 3,0 0,474 0,829 1,83 0,559 0,33-0,36 

Subgrade 4 0,6 5,0 0,394 0,749 1,93 0,478 0,35-0,38 

Subgrade 5 0,6 8,0 0,356 0,673 1,98 0,439 0,36-0,40 

Subbase 2,0 11,9 0,364 0,513 2,06 0,340 0,40 

Base 6,3 100,0 0,230 0,440 2,30 0,188 0,40 

In my research, for implicit calculations, I considered the subgrade as nonlinearly elastic, taking into account the 

average normal stress, void ratio, and small strains. I determined the maximum shear modulus Gmax and the 

compressibility modulus using correlations dependent on d50 and Cu, as described in (Wichtmann and 

Triantafyllidis, 2009) and (Wichtmann and Triantafyllidis, 2010). The degradation curve was established using 

CU-dependent relationships outlined in (Wichtmann and Triantafyllidis, 2013). Since the stiffness (G, E, M, υ) 

also depends on average normal stress and deformation, it must be determined for each sublayer, in every cycle 

package, and for each load increment, as it continuously changes. Additionally, the actual strain increment and 

the corresponding actual stiffness must be determined through iteration for each loading step. The stiffness of 

the crushed stone base layer and improvement layer was considered with the resilient modulus based on Table 

5-30 from (AASHTO, 2002). 

2.5 Calibration and comparison of own results with other methods 

In the first step, I conducted comparative studies using the Plaxis finite element software to obtain input data 

regarding the distribution of horizontal strains and stresses, and to verify the adequacy of the cyclic strain 

amplitude resulting from my own calculation procedure. Following this, I examined the effect of the HS-Small 

material model's 0,7 parameter and then conducted investigations into the construction of the laminar method. 

Finally, I presented the validation of the residual settlements determined by the computational procedure, 

comparing them with other methods. Through this process, I confirmed that the calculation procedure I 

developed shows good agreement with finite element comparative calculations for both resilient strains and 

accumulated residual deformations. The comparative studies revealed that the embankments of the examined 

standard cross-section, especially in higher loading classes, do not meet international standards. Consequently, 

it is anticipated that excessive pavement structure settlements may occur, particularly in higher loading classes. 

Comparative settlement calculations show that, despite slightly differing boundary conditions, the results of my 

settlement calculations align well with other methods. The orders of magnitude are nearly identical, and the 

nature of the curves is quite similar. 

3 NEW SCIENTIFIC RESULTS 

1. New scientific result 

In my research, I developed a simplified layered calculation procedure in Excel, which first determines for 

granular soil layers beneath the flexible pavement structures the cyclic strain amplitude εampl using an implicit 

calculation method. Then by using using an explicit method with the HCA model my calculation procedure 

determines the accumulated residual strains εacc and settlements sacc induced by cyclic traffic loads. To provide 

input data for my calculation procedure regarding the distribution of horizontal strains and stresses, and to verify 

the adequacy of the cyclic strain amplitude resulted from my own method, I conducted comparative studies 

using the Plaxis finite element software. 

1.1. New scientific result 

I found that the loads from construction traffic and compaction significantly exceed the operational loads, 

resulting in overconsolidated soils beneath the pavement structures, with OCR >> 1, consequently, Kxy ≠ K0
NC. 

Based on finite element calculations, I determined the stress distributions in the crushed stone base layer, 

subbase layer, and subgrabe beneath the standard cross-sections of traffic load class "A"-"R". Using these 

results, I established the spatial distribution of the Kxy earth pressure coefficient as a function of depth and 

load magnitude, taking into account the overconsolidation due to construction conditions. I provided 

recommendations indicating that the earth pressure coefficient in the crushed stone base layer can be 

described using the function (3.1) and the parameters specified in Table 3.1. 
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𝐾𝑥𝑦
𝑏𝑎𝑠𝑒(𝑧) = 𝐾𝑥𝑦,𝑚𝑎𝑥

𝑏𝑎𝑠𝑒 − (𝑧
𝐾𝑥𝑦,𝑚𝑎𝑥
𝑏𝑎𝑠𝑒 −𝐾𝑥𝑦,𝑚𝑖𝑛

𝑏𝑎𝑠𝑒

𝑑𝑏𝑎𝑠𝑒
)  (3.1) 

3.1. Table: Earth pressure coefficient at the top (𝐾𝑥𝑦,𝑚𝑎𝑥
𝑏𝑎𝑠𝑒 ) and at the base (𝐾𝑥𝑦,𝑚𝑖𝑛

𝑏𝑎𝑠𝑒 ) of the crushed stone base 

course 

Coefficient of earth pressure Independently of traffic load class 

𝐾𝑥𝑦,𝑚𝑎𝑥
𝑏𝑎𝑠𝑒  0,85 

𝐾𝑥𝑦,𝑚𝑖𝑛
𝑏𝑎𝑠𝑒  0,10 

I made recommendations that the earth pressure coefficient in the subbase layer can be described using the 

constants specified in 3.2. Table: 

3.2. Table: Coefficient of earth pressure (Kxy
sb) in the subbase course in the function of traffic load class and 

wheel load 

Traffic 
load class 

Load step 

0 t 2 t 4 t 6 t 8 t 10 t 

𝐾𝑥𝑦
𝑠𝑏 

A 6,55 2,33 1,06 0,52 0,26 0,23 

B 6,14 2,66 1,19 0,63 0,32 0,19 

C 6,02 2,51 1,34 0,79 0,47 0,28 

D 5,90 2,95 1,74 1,11 0,74 0,50 

E 5,93 3,26 2,13 1,51 1,11 0,84 

K 5,11 3,43 2,41 1,79 1,38 1,08 

R 5,65 3,55 2,62 2,03 1,63 1,33 

I made recommendations that the earth pressure coefficient in the subgrade can be described using the 

function (3.2) and the parameters specified in Table 3.3. 

𝐾𝑥𝑦
𝑠𝑔
 (𝑧)  =

{
 
 

 
 𝐾𝑥𝑦,𝑡𝑜𝑝

𝑠𝑔
− [(𝑧 − 𝑑𝑏𝑎𝑠𝑒 − 𝑑𝑠𝑏)

𝐾𝑥𝑦,𝑡𝑜𝑝
𝑠𝑔

− 𝐾𝑥𝑦,𝑚𝑎𝑥
𝑠𝑔

1,0
] ,  𝑑𝑏𝑎𝑠𝑒 + 𝑑𝑠𝑏 ≤ 𝑧 ≤ 𝑑𝑏𝑎𝑠𝑒 + 𝑑𝑠𝑏 + 1,0

𝐾𝑥𝑦,𝑚𝑎𝑥
𝑠𝑔

− [(𝑧 − 𝑑𝑏𝑎𝑠𝑒 − 𝑑𝑠𝑏 − 1)
𝐾𝑥𝑦,𝑚𝑎𝑥
𝑠𝑔

−𝐾𝑥𝑦,𝑏𝑜𝑡𝑡𝑜𝑚
𝑠𝑔

𝑑𝑠𝑔 − 1
] ,  𝑑𝑏𝑎𝑠𝑒 + 𝑑𝑠𝑏 + 1 < 𝑧

 

(3.2) 

3.3. Table: Coefficient of earth pressures in the sand subgrade 

Coefficient of earth pressure Regardless of load class 

𝐾𝑥𝑦,𝑡𝑜𝑝
𝑠𝑔

 0,55 

𝐾𝑥𝑦,𝑚𝑎𝑥
𝑠𝑔

 0,94 

𝐾𝑥𝑦,𝑏𝑜𝑡𝑡𝑜𝑚
𝑠𝑔

 0,62 

The earth pressure coefficients Kxy in the crushed stone base layer and subbase layer, as determined by finite 

element calculations, and their approximations according to equation (3.1) and Table 3.1, are illustrated in Figure 

3.1. The earth pressure coefficients Kxy in the subgrade, as determined by finite element calculations, and their 

approximations according to equation (3.2) and Table 3.3, are illustrated in Figure 3.2. 
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a) traffic load class „A”  

 
b) traffic load class „C”  

 
c) traffic load class „E”  

 
d) traffic load class „R”  

3.1. Figure Coefficients of earth pressure in the base and subbase courses asobtained from the finite element 
modelling and approximation of them 

 
a) „A” traffic load class  

 
b) „C” traffic load class 

 
c) „E” traffic load class 

 
d) „R” traffic load class 

3.2. Figure Coefficients of earth pressure in the subgrade as obtained from the finite element modelling and 
approximation of them 

 



10 

1.2. New scientific result 

Based on finite element calculations, I determined the strain conditions in the crushed stone base and subbase 

layer, and subgrade beneath the standard cross-sections "A"-"R". Using these results, I calculated the ratio of 

horizontal to vertical strains as a function of depth and load magnitude. Finite element calculations confirmed 

that the typical behavior observed for conventional soil masses is only approximately valid for the subgrade, 

with significant deviations in the crushed stone base and subbase layers, which can be explained by the plate-

like behavior of these courses. I made recommendations that the ϑ factor can be described using the function 

(3.3) and the parameters specified in Table 3.4. 

𝜗(𝑧) =

{
 
 
 

 
 
 𝜗𝑚𝑎𝑥,𝑏𝑎𝑠𝑒 + (𝑧

𝜗𝑚𝑎𝑥,𝑏𝑎𝑠𝑒 − 𝜗𝑚𝑖𝑛,𝑏𝑎𝑠𝑒
𝑑𝑏𝑎𝑠𝑒

) ,            𝑧 ≤ 𝑑𝑏𝑎𝑠𝑒   

𝜗𝑚𝑎𝑥,𝑠𝑏 + ((𝑧 − 𝑑𝑏𝑎𝑠𝑒)
𝜗𝑚𝑎𝑥,𝑠𝑏 − 𝜗𝑚𝑖𝑛,𝑠𝑏

𝑑𝑠𝑏
),     𝑑𝑏𝑎𝑠𝑒   < 𝑧 ≤ 𝑑𝑠𝑏 + 𝑑𝑏𝑎𝑠𝑒

𝜗𝑚𝑎𝑥,𝑠𝑔 + ((𝑧 − 𝑑𝑏𝑎𝑠𝑒 − 𝑑𝑠𝑏)
𝜗𝑚𝑎𝑥,𝑠𝑔 − 𝜗𝑚𝑖𝑛,𝑠𝑔

0,75
) , 𝑑𝑏𝑎𝑠𝑒  +  𝑑𝑠𝑏  < 𝑧 ≤ 0,75 + 𝑑𝑠𝑏 + 𝑑𝑏𝑎𝑠𝑒  

𝜗𝑚𝑖𝑛,𝑠𝑔 ,    𝑧 > 0,75 + 𝑑𝑠𝑏 + 𝑑𝑏𝑎𝑠𝑒

 

(3.3) 

3.4. Table: Maximum and minimum values of the horizontal and verticalstrain ratio 

Layer 𝜗𝑚𝑎𝑥  𝜗𝑚𝑖𝑛 

Base 0,850 -0,450 

Subbase -0,300 -0,800 

Subgrade -0,050 -0,325 

The deformation ratios ϑ according to the finite element calculations, as well as their approximations using 

function (3.3) and Table 3.4, are illustrated in Figure 3.3. 

  

3.3. Figure: The calculated and fitted ϑ functions with depth a) in the base and subbase courses b) in subgrade 
for traffic load class C 

1.3. New scientific result 

I conducted investigations into the required number and arrangement of sublayers. By varying the number of 

sublayers, I revealed that the necessary and sufficient numbers of sublayers for the base and subbase courses, 

and subgrade layers are 4, 4, and 11, respectively. Increasing the number of sublayers beyond these numbers 

does not lead to a significant improvement in accuracy (see Figure 3.4). For the subgrade, I demonstrated 

through parameter studies that, with the same number of sublayers, more accurate results are obtained by 

concentrating the lamellae in the upper sections rather than distributing them evenly, while using thicker 

sublayers for the deeper sections. 
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3.4. Figure: The calculated settlements as the function of number of sublayers, (a) For the subgrade and (b) 
for subbase and base courses. 

1.4. New scientific result 

The resilient behavior should be considered using a nonlinear elastic material model for soils. For the subgrade, 

the effects of compaction, average normal stress, and the small strains must be taken into account. For the 

crushed stone base and subbase layers, it is sufficient to use a pressure-only nonlinear elastic k−Θ model. By 

varying the number of load increments, I determined that the necessary and sufficient number of load steps 

is i=40 (see Figure 3.5). 

3.5. Figure The calculated relative error as the function of the number of load steps (a) at the depth of 0.5 m and 

(b) at the depth of 2.5 m. 

Comparative calculations confirmed that the laminar calculation method I developed, which relies solely on 

literature-based input data (d50, CU, k1, k2), provides sufficiently accurate input data for cyclic strain amplitude 

εampl even without finite element calculations (see Figure 3.6). According to comparative settlement 

calculations for the "C" traffic load class, the difference in the final values of residual deformations ranges 

from 3-7%, depending on whether the input data for the HCA model come from my own calculation procedure 

or from finite element calculations (see Figure 3.7). 
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3.6. Figure: The calculated "ampl-z function with the simplified layered model for five different subgradesand 
with finite element model (a) Traffic load class “A”; (b) Traffic load class “C”; (c) Traffic load class “E”; (d) Traffic 
load class “R” 

 
3.7. Figure: Calculated rutting depths for traffic load class “C” obtained by the simplified procedureand the 

finite element model for three different subgrades. 

Related publications: (Vámos and Szendefy, 2023a, 2023b) 

2. New scientific result 

Using the presented calculation method, I determined the expected residual settlements on the top of the base 

layer due to the the repeated standard axle over the service life for the standard cross-sections according to  

e-UT 06.03.13. I examined the effect of grain size distribution parameters (CU and d50) on settlements for 5 

different subgrade types. I assessed and illustrated the percentage contribution of each soil layer (base, subbase, 

subgradel) to the total settlements. 

 



13 

2.1. New scientific result 

I calculated and illustrated in figures the settlements for each traffic load class at the surface of base layer for 

5 different subgrade, as a function of the number of cycles. This provided the complete spectrum and temporal 

evolution of the expected settlements. I demonstrated that the subsoil has a decisive impact on the 

settlements, and I evaluated the settlement ratios between different subsoils in Table 3.5: 

3.5. Table: Total settlements and their ratio for subgrades with the lower and upper bound particle size 
distributions 

Traffic load class Total settlement (mm) „Subgrade-5” / 
”Subgrade-2” 

„Subgrade-1” / 
”Subgrade-2” „Subgrade-1” „Subgrade-2” „Subgrade-5” 

A 11.0 5.8 20.6 3.6 1.9 

B 12.5 6.4 25.2 3.9 2.0 

C 15.5 7.2 35.0 4.9 2.2 

D 22.8 9.1 45.6 5.0 3.2 

E 33.8 16.1 56.6 3.5 2.1 

K 47.1 27.4 67.5 2.4 1.7 

R 50.4 32.1 68.2 2.1 1.6 

The accumulted settlements determined for the 5 different subgrades are illustrated for the "D" load class in 

Figure 3.8, using a selected example. 

 

3.8. Figure: The effect of subgrade on settlements on the top of the base layer in the case of traffic load class „C” 

My calculations have shown that, with a constant d50, increasing CU significantly increases the cumulative 

settlements. Furthermore, I found that with a constant CU, increasing d50 has a beneficial effect on 

settlements. 

2.2. New scientific result 

I calculated and illustrated in diagrams the pavement structure settlements for each traffic load class at the 

surface of the base course, as a function of the number of cycles, for the different subsoil types. The determined 

accumulated settlements as a function of the number of cycles for the "Subgrade 3" are shown in Figure 3.9. 
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3.9. Figure: The relationship between settlement and cycle number in the case of „Subgrade-3” 

I found that the calculated settlement at the end of the service life increases with the traffic load class. I 

demonstrated that, with unchanged boundary conditions (e.g., subgrade type) and the same number of 

cycles, the different traffic load classes experience proportionally larger settlements relative to the thickness 

of the asphalt layers, according to the relationship given in (3.4), as the normal settlement curves nearly 

coincide (Figure 3.10). 

𝑠𝑖,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(𝑁) = 𝑠𝑖(𝑁)/ (
𝑑𝑎𝑠𝑝ℎ𝑎𝑙𝑡,𝑖

𝑑𝑎𝑠𝑝ℎ𝑎𝑙𝑡,𝑅
)

1.3

 (3.4) 

Where,  𝑠𝑖,𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑(N) normalized settlements 

 𝑠𝑖(𝑁) calculated settlements 
 𝑑𝑎𝑠𝑧𝑓𝑎𝑙𝑡,𝑖  thickness of asphalt in the traffic load class „i” 

 𝑑𝑎𝑠𝑧𝑓𝑎𝑙𝑡,𝑅  thickness of the asphalt in the traffic load class „R” 

 

 

3.10. Figure: Normalized settlements on the surface of the base layer with the thickness of the asphalt 

2.3. New scientific result 

I calculated, plotted, and evaluated the percentage contribution of each course to the total settlements for 

the A-C-E-R traffic load classes and for the “subgrade 1”-“ subgrade 2”-“ subgrade 5” subsoil types. I found 

that a significant portion of the settlements originates from the subgrade (75% - 98%). I established that by 

the end of the load, the proportion of the subgrade in the total settlements decreases, and generally decreases 

with increasing traffic load class. I also found that soils with better gradation and easier compactability 

contribute more to the settlements than soils with steep particle size distributions. 
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The contribution ratios of the individual structural layers to the total settlements for the A-C-E-R traffic load 

classes, specifically for “subgrade 5” and “subgrade 2,” are illustrated in Figures 3.11 and 3.12. 

 

 

3.11. Figure: The contribution of each layer to the total settlement as a function of the number of cycles –
„Subgrade-5” 
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3.12. Figure: The contribution of each layer to the total settlement as a function of the number of cycles—
“Subgrade-2”. 

Related publications: (Vámos and Szendefy, 2024a) 

3. New scientific result 

To determine the relative settlement differences of the pavement structure and the maximum additional tensile 

strains that could potentially arise in the asphalt from the deformed soil, I conducted an analyzis and calculated 

the settlement depression and the planar extent of settlements interpreted at the surface of the base course. 

For this purpose, using the HCA model, I determined the accumulated strains and settlements in cross-sections 

that differ from the wheel's symmetry axis, while also taking into account the interaction with neighboring tires. 

3.1. New scientific result 

I analyzed the settlement depression curve interpreted at the surface of the base layer for the "C" traffic load 

class and the representative "subgrade 1" - " subgrade 2" - " subgrade 5" soil types, and computed the relative 

settlement differences of the pavement structure. Calculations confirmed that the impact of the subgrade on 

the relative settlement differences of the pavement structure is significant, and the trend regarding 

settlements calculated at the wheel axis remains consistent, although the ratios between different soil types 

are slightly balanced, see Figure 3.13 and Table 3.6. 
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3.13. Figure: Settlement depressions for traffic load class „C” and „Subgrade-1”, „Subgrade-2” and „Subgrade-5” 

3.6. Table: Rut depth and settlement difference calculated for traffic load class „C” 

Subgrade D0 ( x = 0 m) 
(mm) 

D (x = -1,0 m) 
(mm) 

Relative settlement 
difference (mm) 

Subgrade 1 16.30 3.11 13.19 

Subgrade 2 7.51 1.15 6.36 

Subgrade 5 37.40 13.06 24.34 

3.2. New scientific result 

I determined the settlement depression curves interpreted at the surface of the base course for the A-C-E-R 

traffic load classes and a specified subgrade, and computed the relative settlement differences of the 

pavement structure (Figure 3.14). I found that the settlement increase in the A-C-E traffic load classes, but 

despite a significantly increasing absolute settlement in the R class, there is no substantial increase in the 

relative settlement difference. I concluded that this is due to the better load distribution effect of the thicker 

asphalt layer. 

 

3.14. Figure: The calculated depression curves for different traffic load classes in the case of „Subgrade-1” 

3.7. Table: The calculated rut depth for different traffic load classes in the case of „Subgrade-1” 

Traffic load 
class 

D0 ( x = 0 m) 
(mm) 

D (x = -1,0 m) 
(mm) 

Relative settlement 
difference (mm) 

„A” 11.37 2.19 9.18 

„C” 16.30 3.11 13.19 

„E” 35.26 17.53 17.73 

„R” 52.12 34.09 18.03 

3.3. New scientific result 

The settlement depression curve can be described using the function for deformation measurement proposed 

by (Primusz and Tóth, 2009). I have demonstrated that the possible maximum strain of the asphalt edge, 



18 

derived from the calculated plastic deformations, significantly exceeds the stresses resulting from elastic 

deformation. Recommendations have been made for the shape factors of the settlement depression curve 

for different load classes and soil types (Tables 3.8 and 3.9): 

3.8. Table: Calculated possible maximum asphalt strain, curvature radii, and settlement depression curve 
shape factors for the 'C' load class 

Subgrade εxx 
(microstrain) 

R0 (m) c (-) 

Subgrade 1 10.798 6,95 0,397 

Subgrade 2 6.587 11,39 0,526 

Subgrade 5 15.672 4,79 0,251 

Resilient 142 526,59 0,255 

3.9. Table Calculated possible maximum asphalt strain, curvature radii, and settlement depression curve shape 
factors for „subgrade 1” 

Traffic load 
class 

εxx 
(microstrain) 

R0 (m) c (-) 

„A” 7.046 7,09 0,557 

„C” 10.797 6,94 0,397 

„E” 14.496 7,58 0,168 

„R” 13.867 10,45 0,083 

3.4.  New scientific result 

I developed a simplified sizing procedure that estimates the possible maximum additional asphalt 

elongation and the structural settlement differences resulting from plastic deformations. The procedure 

for this sizing method is illustrated in Figure 3.15: 

 

3.15. Figure: Simplified sizing procedure for determining possible maximum additional asphalt stresses and 
structural settlement differences resulting from subsequent soil compression 

Related publications: (Vámos and Szendefy, 2024b) 

4. New scientific result 

4.1. New scientific result 

I conducted investigations on the standard cross-section 'C', with axle loads varying between 2-4-6-8-10-12 tons, 

and calculated the expected spectrum of settlements on the surface of the base layer as a function of the 

number of cycles, as shown in Figure 3.16. 
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3.16. Figure: Settlements as a number of cycles for different axle loads in the case of traffic load class „C” and 

„Subgrade-1”(Vámos and Szendefy, 2024b) 

I demonstrated that reducing the axle load decreases the depth of the subsoil zone affecting the settlements. 

I also showed that, with a constant number of cycles, the calculated settlements increase directly in 

proportion to the axle load (Figure 3.17). 

 

3.17. Figure: Calculated settlement as a function of the axle load for different cycle numbers (Vámos and 
Szendefy, 2024b) 

I determined for various 2-4-6-8-10-12 ton axle loads the required number of cycles for a settlement 

equivalent to the standard axle load and design traffic (Table 3.10). 

3.10. Table: Cycle numbers causing the same amount of settlement as the standard axle load and their ratio 

Axle load (t) 2 4 6 8 10 12 

Nrequired 13 750 000 4 450 000 1 850 000 1 235 000 650 000 385 000 

Ni/N10to 21,15 6,85 2,85 1,90 1,00 0,59 

I provided an equation for the required number of cycles for a given axle load causing settlements equivalent 

to the standard axle load, with R² = 0.971 

𝑁𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑒
16.884 − 

𝑎𝑥𝑙𝑒 𝑙𝑜𝑎𝑑 (𝑡)
2.826  (3.5) 

Where,   𝑁𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  the required number of axle passes 

  e the Euler number 

 

4.2. New scientific result 

I examined the effect of the thickness of the subbase layer on the settlements calculated at the wheel axle on 

the surface of base layer for the 'E' load class and subgrade 1. My calculations demonstrated to what extent 

increasing the thickness of the subbase layer can reduce the accumulated settlements (Figure 3.18)." 
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3.18. Figure: Settlement as a function of cycle number for different subbase thicknesses in the case of traffic 
load class „E” and „Subgrade-1” 

I established that from an economic perspective, a thickness greater than d=0.8 m does not achieve a 
significant reduction in settlements (Figure 3.19): 

 
3.19. Figure: Calculated settlements as a function of the subbase thickness for different cycle numbers 

I performed an analysis on the impact of the material and the quality characteristics of the aggregate shape 

of the subbase on settlements. I examined crushed stone aggregate, naturally rounded aggregate, and a 

50%-50% mixed ratio material. My calculations revealed that the quality of the subbase has a significant 

effect on settlements, with nearly twice the difference in settlements between crushed and rounded 

aggregates (Figure 3.20): 

 
3.20. Figure: Calculated settlements as a function of the subbase thickness for the analysed materials 
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A subbase with rounded material experiences greater settlements even at a thickness of d=1.05 meters 

compared to the d=0.2 meter thick crushed stone aggregate. Based on this, I recommended that, for effective 

reduction of settlements and relative settlement differences, not only the thickness of the subbase layer but 

also the use of high-quality crushed stone aggregate with angular grain shape is essential. 

4.3. New scientific result 

I carried out studies on the effects of seasonal temperature fluctuations on the settlement on the surface of the 

base course with varying stiffness. In this study, I examined the "C" load class and the subgrade 1. In the 

calculations, I first analyzed the "pure" cases, meaning I considered the strain amplitude characteristic of each 

season as fixed throughout the entire lifespan. This allowed me to determine the settlement ranges of asphalt 

stiffness depending on seasonal temperature fluctuations, as shown in Figure 3.21. 

 
3.21. Figure: Calculated settlements on the surface of the base course in different seasons  

I demonstrated through calculations that the settlements resulting from a fixed strain amplitude, based on 

the annual average temperature's corresponding asphalt stiffness, are of the same magnitude as those 

calculated by considering the deformation amplitudes for the winter-spring-summer-autumn seasons as 

successive cycle packages.  

The settlements calculated based on the reference asphalt stiffness values determined in laboratory settings, as 

found in the literature, are approximately 15% greater than those calculated based on the annual average 

temperature. I recommended that when accurately determining settlements due to repeated traffic loads, it 

is advisable to consider asphalt stiffness based on the annual average temperature. 

I examined the impact of the sequence of cycle packages, specifically whether the timing of when the road is 

opened to traffic matters, and whether it makes a difference when the road experiences the higher stresses 

associated with the softer summer asphalt. In this study, I varied the sequence of cycle packages based on 

possible seasonal combinations and evaluated the results. My calculations showed that the sequence of cycle 

packages only has a significant impact until the end of the first year. As the number of cycles increases, the 

initial differences disappear, and the curves converge. By the end of the lifespan, the difference is less than 

2% (Figure 3.22): 
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3.22. Figure: The effect of the order of cycle packages on the settlement: a) in the first year in a linear scale, b) 
over the entire design lifetime in a semi-logarithmic scale 

4.4. New scientific result 

I compared the load-bearing requirements of the standard pavement cross-sections specified in the Hungarian 

e-UT06.03.13 with those of international empirically-based design methods. In doing so, I found that there is no 

significant difference in load-bearing requirements for either the subgrade or the crushed stone base layer. I 

also compared the cross-section of the Hungarian e-UT06.03.13 traffic load class "D"  with the German RstO 

category "III"  for the same design traffic. I found that the German specification is much stricter regarding both 

the crushed stone base layer and the asphalt thickness. 

My calculations showed that the settlements at the surface of the base course directly beneath the wheel 

axle, given identical subgrade properties and an equivalent traffic load of 2 million repetitions, are 1.96 times 

greater with the cross-section prescribed by the Hungarian e-UT06.03.13 "D" traffic load class than with the 

cross-section calculated according to the German RStO "III" category (Figure 3.23). 

 
3.23. Figure: Settlements of the standard cross-sections of class „D” of hungarian e-UT06.03.13 in comparion 

of category „III” of RStO 

Related publications:  (Vámos and Szendefy, 2024b, 2024c, 2024d) 

4 FUTURE RESEARCH POSSIBILITIES 

The thesis presents a calculation method for determining soil-originated settlements in flexible pavement 

structures and provides a comprehensive overview of the main influencing factors. With the method presented, 

expected settlements on the top of the base layer can already be estimated during the design phase, allowing 

for appropriate measures to prevent limitations in the usability of the road structure. Hopefully, the findings of 

this dissertation will inspire research that leads to significant improvements in the quality of the national road 

network. Personally, I consider the most important outcome of this research to be the results related to the 
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thickness and material quality of the subbase layer, as these are the most effective in reducing potential 

settlements. 

The determined settlements and settlement depression curves may initially seem somewhat exaggerated. This 

is due to certain simplifications made in the calculations to enhance safety, which I intend to refine in the future. 

The first factor to highlight is the role of temperature-dependent asphalt stiffness. During the research, I found 

that the reference asphalt stiffness measured in the laboratory does not align with the actual asphalt stiffness 

calculated based on the annual average temperature. As a result, the settlements presented in the thesis are 

approximately 15% greater than what might be expected under actual conditions. Secondly, it is important to 

note that in my calculations, I assumed a fixed axle spacing of 2.0 meters and that the wheel positions in the 

cross-section remain unchanged. In reality, vehicle axle spacings vary, and individual passes do not always occur 

along the symmetry axis of the lane. If we assume that individual vehicles pass with some variation around the 

centerline of the lane, the calculated maximum settlements would be smaller, while the settlements at points 

located at a distance of x from the wheel axle would be larger. Accordingly, the absolute settlements of the 

pavement structure and the relative settlement differences would show more realistic values. 

In the calculations, I also assumed that the load was always identical to the standard axle load. In reality, 

however, vehicles in different vehicle classes have varying and typically smaller loads. I consider it advisable that 

in the future, calculations should account for the actual axle loads of vehicles participating in traffic, for example, 

based on statistical data. 

The final settlements are influenced by the distribution of stress and deformation resulting from preloading. In 

my research, I used practical experience to determine the value of preloading during construction. I plan to 

conduct further research on the effects of different preloading values. 

In my research, I did not examine the adverse effects arising from the wetting of the embankment. Since actual 

damage often results from inadequate drainage leading to wetting and the subsequent deterioration of stiffness, 

I consider it important to investigate this effect in the future. 

Lastly, I would like to emphasize that the reliability of the results heavily depends on the input HCA parameters 

for the soils, which I determined solely through literature correlations. I consider it advisable to conduct 

laboratory tests on materials that conform to domestic road construction practices in the future, which would 

allow for more accurate estimation of the HCA parameters. 
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