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ABSTRACT 

Construction of roads is usually made by stripping the top soil (600 to 1000 mm), which 

often contains organic materials, and replacing it with a layer of subgrade material 

(crushed stones, well-graded sand). One of the main design requirements is that the 

subgrade material must be compacted up to a minimum of 95% of the Proctor maximum 

dry density, as determined from laboratory test results (AASHTO T99). This requirement 

is usually specified as a norm in any contract document involving field compaction.      

Soils can be compacted by repeated, systematic application of high energy using 

hammer. The imparted energy is transmitted from the ground surface to the deeper soil 

layer by propagating shear and compression waves types, which force the soil particles 

into a denser state (R. Massarsch, 1999) 

Research in this field has been directed to establish relationships between the 

water content, the dry density and the compacting effort, the type of soils which allow a 

higher level of compaction, and to develop field equipment and techniques which would 

be more effective in performing field compaction. Nevertheless, there are reports to 

confirm that achieving 95 % of the Proctor maximum dry density in the field compaction 

is impossible in some cases. The role of the surrounding soils, in particular the underlying 

layer, in determining the level of compaction, is a paramount parameter in achieving high 

level of compaction.  
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This thesis presents a plane-strain numerical model using PLAXIS computer 

software to simulate shallow compaction of a subgrade layer underlain by a deep deposit 

of various stiffness levels. The compaction effort is applied by means of repeated loading 

on the ground and modeled as a static load applied to the soil through a rigid plate having 

similar properties of roller material. Based on the results obtained in this study, it can be 

stated that the level of compaction achieved in the field depends on the thickness of the 

subgrade layer, stiffness of the lower layer, the number of load cycles, and the magnitude 

of the load applied.  

The results of this study are presented in the form of compression curves of the 

subgrade and lower layer, and accordingly, the level of compaction for a given 

soil/load/geometry conditions can be predicted. Design guidelines are presented for 

practitioners.   
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CHAPTER 1 

INTRODUCTION  

1.1 General 

Soil surface compaction is perhaps the simplest and the oldest method of ground 

improvement. Compaction improves the soils bearing capacity, decreases settlement and 

reduces water seepage. Compaction of soil is an essential component in building road and 

highways. The term ñcompactionò is known to explain the phenomena of increasing in 

the dry density of soil by reducing the void volumes over a very short period of time. The 

compaction process can be accomplished by rolling, tamping, vibration or by impact 

forces. Shallow compaction of soil can be done using different compaction machinery or 

techniques.   

 

1.2 Problem Statement 

In practice, shallow compaction of soil is achieved by applying repeated loading. The 

result depends on the magnitude of the load applied, type of the soil, number of loads 

passes, area of the load applied, depth of the soil layer, and the strength of the lower 

layers. This research is directed to develop a numerical model capable to simulate the 

case of compaction of a cohesionless thin layer overlying a deep weak deposit.  The 

objective is to examine the effect of the lower layers strength and stiffness properties on 

the achieved compaction level achieved in the top layer.  

 



14 

 

1.3 Boundary Conditions 

Often compaction parameters to be used on field are pre-determined using laboratory 

compaction test called Proctor. The Proctor compaction test is a laboratory method of 

experimentally determining the optimal moisture content at which a given soil type will 

become most dense and achieve its maximum dry density. Proctor (AASHTO T99) 

testing procedures can be followed to determine the moisture density relationship of soil 

for highway construction projects. Predicting the compaction is a major problem itself, 

and there has recently been a controversy in the soundness of prediction of compaction 

using laboratory proctors test due to boundary differences. 

In Proctors compaction test the soil sample is generally assumed to be strained 

one dimensionally in the mold, and on the other hand in the field the soil is undoubtedly 

subjected to three dimensional strains caused by the dynamic loads from the compaction 

equipment. This is partly due to the scaling difference between a field compaction 

situation and its corresponding laboratory Proctors compaction test and mainly due to the 

boundary conditions (the bottom plate, and the radial wall) imposed from the Proctors 

mold. However, the radial or vertical restrains of proctors mold wall could be neglected 

because number of passes and coverages in the field can compensate for this effect, thus 

the main problem of concern herein is the query of compatibility of representation of a 

lower layers of soil with proctors 100% stiff bottom plate. 

It is clear that there is a fundamental difference in the mechanism of boundary 

conditions of both the field and Proctors compaction test. This in turn would bring about 

different ways that energy waves would propagate through the soil and thus causes 

significant discrepancies in the results were they could be seemingly blamed on the 

http://en.wikipedia.org/wiki/Moisture_content
http://en.wikipedia.org/wiki/Soil
http://en.wikipedia.org/wiki/Density
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random behavior of the equipment and non-linearity of the soil, whereas the chief reason 

is believed to be the considerable difference between the field and the laboratory Proctors 

compaction test boundaries. 

The differences in boundary condition between laboratory Proctor test and field 

compaction can be seen in the figure 1.1 below. 

 

 

 

 

 

 

 

 

 

 

1.3 Surface Compaction 

Field compaction is usually achieved by applying mechanical energy by means of rolling 

and kneading and ramming. The types of field equipment employed for such process 

include rammers, rollers and vibrators. The rammers transfer the compaction energy to 

the ground by dropping weights. The rollers consist of smooth wheel, pneumatic, and 

sheep-foot. The vibrators consist of out-of-balance type or pulsating hydraulic type 

mounted on plate rollers.  

Proctor 

hammer 

impact 

100% stiff bottom plate causing 

reflection of impact wave energies 

and thus resulting in over 

representation of site conditions. 

Compaction effort 

Soil layer to be compacted 

Underlying soil layer with stiffness lower 

than that of proctors mold bottom plate 

E1 

E2 

Figure 1.1 Boundary conditions of Proctor test and field compaction 
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1.3.1 Smooth Drum Rollers 

A roller, figure 1.2, is a compacting device having a drum (roll or horizontal cylinder) 

used to dense/compact soil, asphalt or other materials through employing the effect of 

static force (weight of the drum) to increase the strength and thus the load-bearing 

capacity of the surface. Many factors contribute to the success of compaction using 

rollers, factors such as roller dimensions, roller weight, number of load passes, type of 

soil, and the depth of soil layers.  

 

 

Figure 1.2: Smooth drum roller, static, and or vibratory (from Sandström, Å, 

1994).   
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1.4 Research Motivation 

The academic and experimental field of research on compaction are mostly studying on 

the mechanical characteristics of soil compaction. Research are conducted on controlling 

parameters such as moisture content, compaction energy, soil grain size characteristics, 

and other parameters related to the nature of the soil. There has been little or perhaps 

none research on the significant role that the surrounding material may play on the level 

of compaction that can be achieved. Often on construction sites involving compaction of 

a subgrade layer this phenomenon is neglected and it could lead into ill compacted 

foundation for road constructions. This is believed to be a major contributing factor for 

such conditions and thus it is the motive of this research to take into account the influence 

of an underlying layer on level of compaction that can be achieved on top layer subgrade. 

1.5 Objective of this Thesis 

1. To develop a numerical model capable to simulate the case of a thin soil layer 

overlying a deep weak deposit subjected to repeated loading 

2. To conduct parametric study to examine the effect of the strength of the 

underlying layer, the thickness of the layer, load magnitude and number of passes 

on the level of compaction, which can be achieved for a given 

soil/geometry/loading conditions. 

3. To develop design procedure to be recommended for predicting the level of 

compaction to be attained in a thin layer subjected to repeated loading.  
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CHAPTER 2 

LITERATURE REVIEW  

2.1 General 

In the literature, studies are mainly focused on equipment development and laboratory 

testing. Furthermore, there are very few reports dealing with site-dependent factors such 

as the role of the underlying soil. 

2.2 Effect of L ift Thickness 

Howeedy et al. (1975) carried out field vibratory roller tests on a poorly graded medium 

to fine sand, the lift thicknesses varied from 0.14 to 0.3m, and it was observed that the 

final relative density of this type of soil did not vary as the lift thickness varied in their 

field test range. Henrich (1987) gives recommendations for lift thickness for surface 

compaction using vibratory rollers. He suggested lift thicknesses of less than 400mm. 

2.3 Effect of Number of Passes or Coverage 

Howeedy et al. (1975) showed through their field experiments that the final relative 

density of a poorly graded medium to fine sand, compacted by vibratory roller, has a 

direct relationship with the number of coverages, however they also observed that the rate 

of increase beyond six coverages was smaller than that from three to six coverages. Sleig 

et al. (1977) realized through their study that as the number of roller passes increase then 

compaction effort per pass can increase. They further explain that progressive passes of 

roller increase the soil stiffness, and also by employing same frequency above resonance 

for a scenario with more passes will result in greater roll vertical displacement 
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(comparing to one with less number of passes) and thus a greater dynamic component of 

compaction will be generated while the static component (generally the weight of the 

drum) will remain unchanged. Sleig et al. (1980) conducted laboratory experiments to see 

the effects of number of passes while the generated dynamic force from the drum either 

remained constant, decreased, or increased progressively after each pass.  They observed 

that decreasing dynamic force resulted in highest rate of compaction for the first four 

passes, but only a small increase after that. They further detected that employing a 

constant dynamic force results in smaller amount of compaction however it continues to 

increase up to 12 passes. And for the increasing dynamic force per pass they realized that 

the amount of compaction achieved was well below that of the other two cases. Their 

results indicated that the amount of compactive effort subjected to the ground during the 

first few passes is a dictating factor in determining the total amount of compaction that 

will be achieved after appropriate number of passes.  

2.4 Effect of Rolling Speed 

Howeedy et al. (1975) showed through their field experiments that the final relative 

density of a poorly graded medium to fine sand, compacted by vibratory roller, decreases 

as the rolling speed increases. The author employed rolling speeds of 1.5 to 4.5 mph. 

Sleig et al. (1977) illustrated in their research, through field experiments, that an 

increase in roller speed will cause decrease in compaction per pass. They explain that an 

increase in speed will not noticeably affect the soil stiffness, and as a result the roll 

vertical displacement will not change. As the speed increases, the oscillation per distance 

will decrease provided that frequency is kept constant, and thus the dynamic component 
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of compaction will also decrease, and since the static component of compaction is 

unchanged, then the net effect is decreased in total. The authors suggest that in general 

any increase in roller speed, when using vibratory compactors, will cause a decrease in 

the amount of compaction. They further recommend that in order to offset this decrease 

in compaction, additional coverages will be required. Moreover the authors believe that 

the best productivity will be obtained at the slowest practical speed which normally 

ranges between 1 and 4 mph. 

Henrich (1978) explains by the figure 2.1 below that speed of the machine affects the 

action and the layout of the impact of drum on the material. 

 

Figure 2.1: Difference in compaction when 

speed is different (from Henrich, 1978) 

 

As the authors further suggest, the slower the speed, the higher the number of 

vibrations per unit area, and where the speed is too high relative to the vibration 



21 

 

frequency, the intervals between the individual vibrations are too great and thus the entry 

of the compaction energy into the material is diminished, so that more passes would be 

necessary. The author recommends speeds of 3 km/h to 4 km/h for surface compaction 

using vibratory rollers. 

2.5 Effect of the Drum Static Weight 

Howeedy et al. (1975) conducted field tests on poorly graded medium to fine sand and 

suggest that the compaction using a vibratory roller increases as the total force per unit 

width of the roller also increases. Their data show an increase in relative density for a 

total force of 156 to 207 kN, and additional increase in the total force up to 285 kN did 

not cause any further change in the soils relative density. Sleig et al. (1977) consider the 

total compaction achieved under a vibratory roller the product of two components, 

namely the static component and the dynamic component (additional compaction 

achieved when vibration of drum is turned on), and static component represents that part 

of compaction produced by the roller when operated with no vibration, thus as the weight 

of the drum increases so does the static force on ground under roll, and in turn this 

increases the static component of the compaction which simply means partially 

increasing the net amount of compaction. Henrich (1987) recommends the use of lighter 

vibratory compactors for the purpose of surface compaction, and he suggests rollers with 

weights less than 9 tones. 

2.6 Effect of Frequency 

Lewis (1961) suggests that for well graded sand, dry density increases as frequency 

increases up to 2,400 cycles per minute and then it decreases as frequency is further 
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increased. Howeedy et al. (1975) used frequencies in the range of 1,200 to 1,800 cycles 

per minute in their investigation of vibratory roller compaction on poorly graded medium 

to fine sand at numerous test fills. Each lift in these fills received six coverages from 

compactors rolled at speed of 2.4 km/h. It was observed that the final relative density 

increases as the frequency of the compactor increases. They further confirmed their 

results by comparing to previous research data by DôAppolonia et al. (1969) which 

indicates that the increase in operating frequency up to 1,200 cycles per minute causes an 

increase in relative density for medium to fine sand. Henrich (1987) also gives 

recommendations for surface compaction of cohesionless soils employing vibratory 

rollers. He suggests using high vibration frequencies in the range of 35 to 45 Hz. 

Sleig et al. (1977) conducted field and laboratory tests together with analytical 

and numerical analysis to provide a unified theory for multiple lift compaction. The 

authors explain that at resonant frequency the efficiency and compaction increases, since 

maximum energy would be utilized. And their research together with past experience 

shows that values of resonant frequency are affected by both the soil and machine 

properties. Moreover they explain that an increase in frequency above the resonance may 

produce a decrease in compaction, and this is because the generated dynamic force would 

increase but not the transmitted force to the soil. The authors recommend that if in such a 

case the operator is not getting enough compaction, he should decrease frequency to get 

better results. They also found out that if the operating frequency is far enough beyond 

resonance, then any further increase in frequency will cause decrease in compaction. And 

when the operating frequency is well below resonance, an increase in frequency will 
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result in compaction increase simply because both frequency and oscillation per unit 

length increase. 

2.7 Roll Vertical Displacement Calculation 

Sleig et al. (1977) conducted mathematical modeling for roll vertical displacement 

calculation based on the linear two-degree of freedom system of representation of the 

problem. Using such a model they represented the behavior of the mechanical system by 

the following figure 2.2. 

     

Figure 2.2: Linear two-degree of freedom system representing soil-roller problem (from 

Sleig et al. 1977) 
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They further used their mathematical model data and showed graphically (figure 2.3) the 

trends of roll vertical displacement when system parameters were varied one at a time. 

They showed that an increase in the mass of the roll, the suspension system damping, and 

the soil damping, decreases the roll displacement. In contrast, an increase in suspension 

system stiffness, soil stiffness, and generated dynamic force increases the roll 

displacement. And change in frame weight has no effect as long as the suspension system 

stiffness is constant. 

 

Figure 2.3: parametric study by E.T. Sleig et al. (1977), showing 

trends of roll vertical displacement 
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2.8 Parametrical Relationships 

Howeedy et al. (1975) carried out field tests at Ludington, Michigan, a site consisting of 

poorly graded medium to fine sand. Test were carried out to obtain data to evaluate 

variables that affect the final relative density of the compacted sand, variables such as lift 

thickness, number of coverage, total force applied by the compactor, frequency, and 

rolling speed. Furthermore relationships between the final relative density and one factor 

expressing variations in compaction procedure, compactor characteristics, and properties 

of soil are established. Total number of 663 tests was performed in the test fills. Lift 

thickness varied from 0.14 to 0.3m, towed vibratory rollers of heavy to very heavy static 

weight with speeds from 1.5 to 4.5 mph and up to six coverages were used in this study. 

The operating frequency of the compactors use varied between 1100 and 2500 

vibrations/min. They performed statistical analysis to come up with a dimensionless 

relationship between Dr and these variables, and they plotted these variations on a log-log 

scale, and came up with the following general relationship: 

Dr = KŬ
a  

 

Where óKô and óaô are constants, with values 50 and 0.07 respectively, obtained 

from the log-log scale curve of Dr and Ŭ, where 

 

  ‌
   

  ȟ  
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Yoo, et al. (1979) carried a parametric study to investigate the effects of different system 

parameters and also the effects of parameter interactions on the system response. They 

concluded that a heavier frame and lighter drum will convey more compactive effort to 

the soil for the same static weight, so they believe that a frame heavier than the drum 

should be utilized if it is desired to produce a heavier compactor without losing the 

dynamic capability of the vibratory roller. Authors, through studying the effect of 

variation in suspension damping, recognized that the increase in suspension damping 

causes decrease in displacement amplitudes and the transmitted force, occurring mainly 

around the two resonant frequencies, and in most of the other frequency ranges the effect 

of suspension damping was seen to be negligible. 

2.9 Compaction of Sands by Repeated Shear Straining 

Youd (1972) reports that shear strain is the primary factor resulting compaction of 

granular materials. He explains that in order to increase the density of granular system, 

the particles have to be rearranged into denser states, and for this to happen, the 

particulate structure of the granular system must be distorted. He further points out that 

except if the system is distorted, particle rearrangements are not possible without them 

crushing. Furthermore, he states that because distortions are composed of strain 

components, consequently the primary factors directing compaction would be volumetric 

and shear strains; however the author further explains that published data show that the 

function of shear strain on compaction is governing over that of volumetric strain. 

The author further sheds light on vibratory compaction, and presents the 

phenomenon from a qualitative and not quantitative point of view. The author through 

studying previous literature considers the case of a 12.5 kip (55.6 kN) vibratory roller 
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compacting a dune sand, and explains that appreciable amount of stress and acceleration 

fluctuations are propagated throughout a region that extends to several feet deep down 

below the roller, and further reports that within this depth the following three distinct 

compactive zones should exist: 

1) A zone of over-vibration in which the soil is loosened by chaotic motion. 

2) A zone of compaction due to repetition of free-fall followed by an impact 

3) A zone of compaction due to stress fluctuations without the soil ever 

experiencing free-fall  

As suggested by the author, these zones are better understood if one looked at the 

distinctly different shear strain conditions found in each zone as depicted in following 

figure 2.4 

 

 

Figure 2.4: (a) Diagrammatic illustration of zones under vibratory roller; 

(b) Qualitatively predicted density profile (from Youd, 1979) 
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2.10 Laboratory compaction of a subgrade layer overlaying a deep soil 

deposit 

Hanna (2003) emphasizes on the lack of consideration and/or room to account for the 

effect the underlying soil has on the compaction of a subgrade layer. The author explains 

that depending on the stiffness of the underlying soil layer, some portion of the applied 

compaction energy is dissipated due to its transmission to the deeper compressible layers. 

The remaining energy is not always sufficient enough to produce the desirable density.  

The author has demonstrated the significance of this matter by conducting an 

experimental investigation. Laboratory tests were carried out on a prototype set-up which 

consisted of a steel tank (1x1x1.25m3) filled with first layer (at minimum of four times 

the thickness of the upper layer) representing the weak underlying soil deposit, and the 

upper layer (150 or 250mm) representing the subgrade layer. Material used was well-

graded silica with specific gravity of 2.70. By conducting modified proctor test, the OMC 

and maximum dry density of the soil was found to be 4.6% and 19.89 kN/m
3
. The water 

content of the upper layer remained at the optimum value obtained from the modified 

proctor test. The upper layer was subjected to a uniform surface compaction by means of 

a hand-held air compactor. The compaction energy was equivalent to modified proctor 

test, which is 600kJ/m
3
. Using three density cans placed at predetermined location in the 

tank, the moist unit weight was taken and the value of dry density was calculated 

(experimental results). The vertical displacement of the upper and lower layers was 

measured by using linear variable displacement transducers (LVDT). The developed 

prototype test was carried out using 3 different stiffness criteria (loos, medium, and 

dense). The results from this experiment show that the compression of the upper layer 

increases simultaneously if the lower layerôs stiffness increases.  
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In order to integrate the influence of the lower layer stiffness on the level of compaction 

achieved in the upper layer, the author has conducted a laboratory test set-up. In this test 

the upper layer of silty clay representing the thin subgrade layer, and a spring to represent 

the lower layer (figure 2.5) with an equivalent coefficient of stiffness of k was employed. 

The surface of the upper layer was subjected to a compaction effort equivalent to 

modified proctor test. The dry unit weight and the vertical displacement of soil and spring 

were measured in the same manner done in the experimental investigation. In total this 

test was carried out three times using three different k values for the spring in order to 

accommodate the effect of changes in lower layer stiffness. The results show the same 

trend as of the experimental investigation (steel tank and silica sand) 

 

Figure 2.5: Experimental set-up (from Hanna, 2003)  
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Furthermore, numerical model was developed using finite element program 

CRISP in order to duplicate the experimental set-up. In this model, the soil was modeled 

as a non-linear elasto-plastic, with stress-and moisture-dependent properties, with strain 

softening, and irreversible load compression response. The constitutive law used to model 

the soil was Mohr-Coulomb. The surface of the upper layer was subjected to harmonic 

loading (500-2100kPa) through the nodal points in order to simulate the field compaction. 

The results of this numerical model compared well with the experimental results. The 

author provided a guideline in the form of a figure. Provided that the initial stiffness of 

the lower layer is known and the top layer is relatively thin and kept at its optimum 

moisture content, then the maximum compaction of the top layer can be determined using 

the following figure 2.6: 

 

Figure 2.6: determination of maximum compaction given lower layer 

stiffness and the load applied, (from Hanna 2003). 
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2.11 Analytical Models 

Generally vibration of an object on a medium can be represented by the lumped 

parameter vibrating system, in which the mass of the object is represented by a lumped 

mass, and   stiffness and damping characteristics of the medium are presented by a string 

and a dashpot respectively. In such systems, however, depending on the degrees of 

freedom, and the nature of vibration (free or forced), the equation of motion would be 

formed differently and as the consequence the system would behave differently.  

The problem of vibratory roller on soil surface can also be represented by lumped 

parameter system. Many authors have simulated the vibratory roller compacting granular 

soils by employing a simple system of representation of linear, two degree of freedom of 

lumped masses, springs and dashpots. Furthermore, some authors (R. Sanejouand et al, 

1980) believe that the behavior of a vibratory roller-soil response is not as simple as that 

represented by a linear-two degree of freedom, lumped-parameter, and spring-dashpot 

model representation of the problem.  

Yoo et al (1979) represented the motion of vibratory roller-soil system via a 

simple two degree of freedom model. They further carried out a series of field tests under 

different operational and test conditions with several rollers and further announced the 

validity of their theoretical model. They explain that soil stiffness and damping values are 

ought to be determined indirectly from back calculations using their model. They show 

that the key roller characteristic is the magnitude of drum displacement during vibration. 

They also recommend that intuition and experience with a particular type of roller should 

not be used as a reliable basis of predicting the expected effects if any parameters are 

changed.  
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Following figure 2.7 is the analytical representation of the roller-soil system employing 

linear lumped parameters as depicted by Yoo et al (1979): 

 

 

Figure 2.7: Analytical representation of the roller-soil 

system (from Yoo et al, 1979) 

 

The generated dynamic force FD, applied to the drum is represented by F0sinɤt, in 

which F0=Meɤ
2
, and Me is the eccentric moment of the unbalanced mass which is the 

product of calculated unbalanced rotating mass me, and the moment arm e. the authors 

simplify their vibration model by considering only vertical motion, even though the 

motion of compactors with single rotating mass usually has an elliptical drum orbit 
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consisting of also horizontal movement component. They further simplify their model by 

assuming that stiffness and damping parameters of the suspension are to be constant for a 

given eccentric moment, and independent of frequency. Moreover their model also 

presumes that the drum remains in contact with the ground during vibration. The authors 

express the equations of motions for both drum and frame respectively as following: 

ά ὼ ὧ ὧὼ Ὧ Ὧ ὼ ὧὼ Ὧὼ ὊίὭὲ‫ὸ 

 

and 

άὼ ὧὼ Ὧὼ ὧὼ Ὧὼ π 

 

In the above equations xd and xf are the drum and frame displacements, respectively, and 

the dot notations imply differentiation with respect to time. The solution for these 

equations, with the initial displacement and velocities zero, is expressed in terms of the 

drum and frame displacement amplitudes and phase angles, and is as following: 
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▀ɲ and █ɲ are phase lags between the generated dynamic force and the drum 

displacement and generated dynamic force and the frame displacement, respectively. 
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The model has 2 degrees of freedom so it also has two natural frequencies and thus two 

undamped natural frequencies given by: 
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The authors explain that when damping is relatively small so that stiffness would 

be the primary resistance to the system motion, then these undamped natural frequencies 

would be a good representation of the system resonant frequencies. The authors further 

introduce the notion of transmission ratio RT , and they express it as the ratio of the 

transmitted force Fs to the generated dynamic force FD , in the form of the following 

expression: 
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In which the transmitted force, FS, by the compactor to the soil is the vector sum of the 

soil spring (stiffness) and damping forces, and is expressed by the authors as the 

following: 

 

Ὂ Ὧὼ ὧὼ Ⱦ  

 

The authors further suggest that the value of this transmission ratio is an indication of 

how efficiently the compactor generated dynamic force is transmitted to the soil. 

2.12 Issues Related to Analytical Modeling 

The problem with analytical modeling is that the simulation would either become too 

simplified or very sophisticated and complicated to solve. The reason is that the behavior 

of the soil skeleton is oversimplified and assigned a linear elastic solution, assuming that 

all the soil compression is recoverable upon removal of the roller, and also the current 

analytical models do not consider the effect of any underlying layer. The problem at the 

soil part is assumed to be a single finite layer. For this reason the solutions for the soil 

part would not be appropriate and accurate enough to represent the soil behavior under 

such circumstances. Another approach, a more sophisticated one, is to use combination of 

elastic springs and dampers to represent this dynamic problem. Two layers can be 

modeled, with the first layer having both elastic and plastic properties. Elastic property 

represented by an elastic spring, and the plastic property represented by an elastic spring 

restrained by horizontal clicks to mimic a portion of subjected energy every time the 
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elastic spring is deformed. Thus in the next cycle of loading the elastic spring can only be 

deformed so far that the plastic spring was on the previous cycle. A good example of this 

approach can be pointed out by looking at the work done by D. Pietzsch and W. Poppy 

(1993). 

a. As the authors explain, solving the mechanics behind vibratory roller-soil 

interaction requires a mathematical description of the interdepencies of the state 

of roller operation and the state of compaction of the building material. They 

further point out that the mathematical model of this interaction requires 

analytical model comprising: 

b. An analytical model for the roller; 

c. A mathematical model describing the qualities of the soil, relevant to compaction. 

 

The primary demand of their model is to describe the plastic and elasto-plastic 

compressions inherent in the system. They suggest that an increase in plastic compression 

(compaction) of the soil can only be achieved by increasing the effective force, and that 

this force must depend on the displacement of the soil and, in order to transform energy, 

counteract the effect of the loading velocity. The authors justify this law by introducing a 

spring model consisting of three springs as shown in the figure 2.8 below: 

 



37 

 

 

Figure 2.8: Soil-roller system (from D. Pietzsch and W. Poppy , 1993)  

 

 

 

Figure 2.9: Analytical soil-roller interaction model (from D. Pietzsch and 

W. Poppy, 1993) 
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As it can be seen in the above figure 2.9, two springs kpl and kplô click into place at the 

points of maximum compression at each cycle of loading. For this reason any further 

plastic compression or compaction can only occur if the elastic spring kel is deformed to 

the point that the maximum displacement of the previous loading is reached again. 

Consequently, a continually increasing portion of the kinetic energy of the drum is 

attained only by the elastic spring because after progression of each cycle the plastic 

spring is being incrementally deformed and it stays at its position, thus causing the elastic 

spring also to deform more and also return back a continually increasing portion of the 

received kinetic energy to the drum during relieving or unloading. 

The plastic springs which click into place can be defined as having lateral guides 

allowing irreversible motion in only one direction. If these springs are compressed, the 

guides cause the springs to be kept in position, which would be the maximum 

compression of that cycle. The energy compressing the springs is thus stored therein. 

During compaction, the state of roller motion is differentiated into three modes; a 

downward moving contact position, an upward moving contact position, and a bounced 

off position because the drum leave the ground when the vibrations exceed a certain 

intensity. Authors further explain that the state of drum motion at a certain time is 

dependent on the compaction force, which is the transmitted force to the contact area 

between the drum and the soil. The division of drum motion into the three different 

modes is depicted in figure 2.10 as illustrated by the authors. 
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Figure 2.10: The division of drum motion into three different modes (from 

D. Pietzsch and W. Poppy ,1993) 

 

 

As shown above in figure 2.10, during contact mode two different states of soil 

compression exist: 

1. Contact operation 1: Elasto-plastic compression is present, during which 

all springs of the soil model are under load. The springs kpl and kplô are 

irreversibly and spring kel is reversibly deformed. 

2. Contact operation 2: elastic compression is present, during which the 

spring kel is deformed, while springs kpl and kplô have already reached their 

maximum compression at the previous stage, the downward moving 

contact mode.  
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In the contact operation 2 the soil plastic springs are shown to be shortened, well this is 

simply because the soil has been deformed in the operation 1, which some of the 

compression is plastic and some is elastic, and also at operation 1 the kinetic energy 

subjected to elastic spring is partly consumed by the lateral guides of the plastic springs 

and stored within, and at operation 2 the remaining kinetic energy in elastic spring is send 

back to the drum.  

During bounce operation following contact operation 2, the drum is lifted off the 

soil. The masses of drum and soil are no more in contact and therefore no more 

compaction is achieved at this level of motion. Then the next contact operation which is 

operation 1 would begin with an impact between drum and soil which again causes 

further compression of plastic springs. This is repeated until no more space is left for the 

lateral guides of plastic springs to be compressed. 

The authors explain that the defined modes of drum motion and the types of soil 

compression associated with each contact operation are present during vibratory roller 

compaction, each with different duration and frequency. Furthermore they state that in 

order to calculate the non-linear drum motion and soil compression for the duration of 

compaction it is necessary to skip mathematically between the equations of motion of 

operation modes. And at the same time the transfer and the boundary conditions between 

the equations of motion has to be taken into account. The authors have solved this 

mathematical problem using calculation programs such as FORTRAN.  
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The authors have described the equations of motion in the form of matrix as written 

below: 

Contact operation 1: 
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In the above equation, the inputs are the masses, spring stiffness, damping, and 

the excitation force, and the outputs are the displacement, velocity and acceleration. It has 

to be noted that zs=zd , but only in the downward motion, since whatever the drum travels 

down the soil also does the same, and zs is the total displacement and it includes both 

elastic and plastic compression, thus in the next matrix solution the actual plastic 

compression has to be defined which would be a function of this total displacement. 
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Contact operation 2: 
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In the above matrix, the inputs are again the masses, springs and dampers, and the 

excitation force, and a new parameter which is zv , and is an indication of soil plastic 

compression of compaction. But it has to calculate through the obtained outputs of the 

operation 1. 
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Bounce operation (roller): 

ά π

π ά

ᾀ

ᾀ

Ὠ Ὠ

Ὠ Ὠ

ᾀ

ᾀ

Ὧ Ὧ

Ὧ Ὧ

ᾀ
ᾀ

άὫ
ά Ὣ

π
Ὂ

 

 

Bounce operation (soil): 
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Where ▓ᶻ ▓▄■ ▓╪ 

 

As mentioned by the authors, a closed form solution for these equations is not possible 

simply because of the variable changes in the dynamic behavior of the soil/drum system. 

They further explain that such dynamic behavior can be solved numerically by skipping 

between the equation systems by introducing transfer conditions using computer 

programs. The input parameters of the machine could be easily obtained from roller 

technical data of a specific machine or, if a new machine is designed, the parameters can 

be chosen freely. On the other hand,  since the soil parameters related to model 

parameters are hard to determine from known soil properties, thus the soil model 

parameters must instead be calculated from measurable characteristics of roller/soil 

system, such as static soil compression, natural frequency or time responses of the drum 

and frame acceleration.  
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The authors show the trend of drum motion in the figure 2.11 below, and it is evident that 

there is contact and bounce present in the system behavior. 

 

 

Figure 2.11: Simulated displacements of drum, frame and soil (f = 30 HZ, f 

ratio= 3.0, natural f of roller/soil = 15 Hz), from D. Pietzsch and W. Poppy 

,1993 

 

The problem with this approach is that it requires a whole lot of assumptions and 

mathematical formulations and it overpasses the limits of this study. However it would be 

interesting to see if the same trends can be realized if an underlying layer is also present, 

and to see the influence of the stiffness of underlying layer on the behavior of system 

through such formulations. 
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2.13 Differences between Laboratory compaction and field 

Compaction 

Ping et al, (2002) undertook an experimental study to assess field and laboratory 

compaction characteristics and also studied various laboratory techniques for laboratory 

simulation of field compaction of A-3 sandy soil. They carried out experiments in two 

roadway construction projects, namely; Thomasville road project and Sun Coast Parkway 

project. The authors point out the primary goal of their field tests was to develop field 

compaction curves and to further compare these curves with those obtained in the 

laboratory.  The authors evaluated and compared the field and laboratory results from 

both of the projects, employing 4 methods of laboratory simulation of field compaction, 

namely; standard proctor, modified proctor, vibratory compaction, and gyratory 

compaction. The authors present their results in figures 2.12, and it can be concluded that 

using modified proctor test the maximum dry density achieved was quite similar to that at 

the Sun Coast Parkway project, however this density was achieved in the field after 4 to 6 

passes of compactor at a much lower water content than suggested by the modified 

proctor test. Also they observed that much higher densities of magnitude 17.3kN/m
3 

could be achieved in the field after few more passes (10 to 12 passes) of the compactor, 

whereas 98% of the modified proctor density would 16.3 kN/m
3
. Furthermore, their 

results obtained from the Thomasville road project indicate that the field densities were 

much higher than those obtained employing modified proctor test. As the authors suggest 

that based on the detected inconsistencies between field and laboratory compaction curve 

results the laboratory impact compaction technique is not a representative way of 

specifying field water content-density requirements for sandy soils. The authors so far 

have shown the limitation of such impact tests on determining field density requirements 
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for A-3 sandy soils, thus there are spaces left for skepticism on the same trends for 

different types of cohesionless soils. Moreover, they fail to depict in any manner the 

importance of the underlying layers in achieving density figures. 

 

Figure 2.12 Comparison of field and laboratory test results: a) Thomasville 

b) Sun Coast, (from Ping et al, 2002) 
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 Martinez (2008), in University of Concordia, conducted laboratory Proctor test and 

intended to duplicate the laboratory results by numerical modeling. The following tables 

2.1 -2.5 present the results from both laboratory and numerical modeling. Tables 2.1, 2.2 

and 2.3 show deformation results, and tables 2.4 and 2.5 show percentage difference 

between proctor test and two numerical models, a model confined laterally but free to 

deform downwards, and a model for field compaction simulation.  

Table 2.1 Vertical deformation of Proctor model, (Martinez 

(2008) 

 

 

 

 



48 

 

Table 2.2 Vertical deformation at point of impact for laterally confined model, 

(Martinez (2008) 

 

Table 2.3 Vertical deformation at point of impact for field model, (Martinez 

(2008) 

 


