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New directions in the design of 
unbound granular layers in road pavements
INTRODUCTION
Pavement engineering has evolved over 

many years since the invention of the 

wheel to the point where it may be de-

scribed as a fairly well developed but far 

from perfect technology. As with all other 

engineering disciplines, scientifi c know-

ledge has to be utilised to design a facility 

that will perform a certain required func-

tion. Such an engineering facility will fail 

to perform its function when the demand 

(loading) exceeds the supply (capacity) of 

the facility. In geotechnical and structural 

engineering the loading (demand) usually 

consists of a few high-magnitude load in-

crements and failure is often catastrophic 

when the capacity of the structure is sud-

denly exceeded. In these cases, the stress 

imposed by the external load approaches 

or exceeds the strength of the material.

In the case of pavement engineering 

on the other hand, the loading consists 

of millions of stresses of relatively small 

magnitude, causing the gradual or 

incremental deterioration of the pave-

ment until the level of service becomes 

unacceptable. The stress imposed by the 

external load is normally well below the 

strength of the material and causes the 

gradual deterioration of the functional 

Pavement structure:

• Functional capacity

• Structural capacity
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and structural levels of service provided 

by the road. This incremental charac-

teristic of pavement deterioration poses 

its own design challenge as it is difficult 

to simulate accurately the accumula-

tion of infinitesimally small amounts 

of damage that occur under individual 

wheel loads. Although the performance 

of a road is not only a function of the 

design as illustrated in Figure 1, but is 

also underpinned by the quality of con-

struction and subsequent maintenance, 

adequate design is a prerequisite for an 

economically viable life-cycle cost.

Structural pavement design is a 

process whereby the structural capacity 

of the pavement is matched with the 

traffic demand placed on the pavement 

for the given environment, assuming 

that the design assumptions will be met 

during construction and that a proper 

maintenance schedule will be followed. 

Structural design therefore requires 

two components: first, a method of 

calculating the traffic demand in nu-

merical terms, and secondly, a method 

of estimating the structural capacity 

of a potential pavement design. The 

South African Mechanistic-Empirical 

Design Method (SAMDM) for f lexible 

pavements is such a method which has 

been used in South Africa since the 

late 1970s and early 1980s (Theyse et al 

1996). This method relies on the combi-

nation of a number of different models, 

each applicable to the different material 

types that are combined in the pave-

ment to form the pavement structure, as 

illustrated in Figure 2.

South African pavement engineering 

diff ers from European and North 

American practice in the sense that 

unbound granular layers form the major 

component of our pavement struc-

tures in combination with thin asphalt 

wearing courses or surface seals, espe-

cially in the moderate to dry climatic 

regions. Crushed stone base layers sup-

ported by stabilised subbase layers have 

provided excellent service in the past and 

are still being specifi ed on the majority 

of the high-traffi  c-volume roads in South 

Africa. Th e materials used in the upper 

structural (i.e. base and subbase) layers 

of a pavement are, however, subjected to 

high stress conditions as they are located 

close to the tyre-pavement interface. 

Unfortunately, the design model for 

unbound base and subbase layers used by 

the SAMDM is the model that has prob-

ably elicited the most criticism (Jooste 

2004) against the method.

Recent research has again confirmed 

the fundamentals of the approach used 

for unbound layers since the inception 

of the SAPDM (South African Pavement 

Design Method) but has shown that the 

method was applied incorrectly by not 

considering the actual effective stress 

condition in pavement layers. This 

article highlights the deviations from 

the past approach to the mechanistic-

empirical design of unbound pavement 

layers that are now recommended for 

implementation in a revised SAMDM 

for f lexible pavements.

DAMAGE MODELS FOR UNBOUND 
GRANULAR PAVEMENT LAYERS
Th e dominant mode of distress for unbound 

granular pavement layers is the permanent 

deformation or plastic strain of the material, 

resulting in ruts on the road surface.

Plastic strain evolution under repeated loading
Th e plastic shakedown theory is often 

used to describe the general plastic 

strain behaviour of pavement materials 

and pavement layers subjected to re-

peated loading. Th e shakedown theory 

makes a distinction between three 

types of plastic strain behaviour, i.e. 

plastic shakedown, plastic creep and 

incremental collapse. Th e occurrence of 

each of these behavioural types is associ-

ated with the level of stress imposed on 

the material demarcated by the plastic 

shakedown and plastic creep limits. At 

stress levels below the plastic shakedown 

limit, it is assumed that the incremental 

plastic strain will become less and less 

with increasing load cycles, with the re-

sult that no additional plastic strain will 

occur in the long term after the initial 

bedding-in deformation of the material. 

Loading above the plastic shakedown 

limit, but below the plastic creep limit, 

results in a stable, linear increase in the 

long-term plastic strain with increasing 

load repetitions. Above the plastic creep 

limit, incremental collapse occurs with 

increasing load repetitions, resulting in 

an exponential increase in plastic strain.

Th eyse (2008a) extended the plastic 

shakedown theory to the two extremes 

shown in Figure 3 that eff ectively bound 

the plastic behaviour of material under 

repeated loading. Th ese bounds exist at 
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1  The necessary structural capacity of a 

pavement is achieved through adequate design, 

construction quality and maintenance to enable 

it to fulfil the demand placed on the facility

2  Layered road pavement structure
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zero stress loading and at the static yield 

strength of the material. At zero stress 

loading there is no increase in the plastic 

strain, regardless of the number of load 

repetitions. At the static yield strength of 

the material, large plastic strain occurs 

under one single load application at the 

yield strength of the material.

Although the plastic shakedown 

theory provides a valid description of 

the plastic strain behaviour of materials 

under repeated loading, it is not useful as 

a design model unless criteria are set for 

the shakedown and, more importantly, the 

plastic creep limit.

Signifi cant variables that  
aff ect the level of plastic strain
Other than classical solid mechanics 

theory, a positive compressive stress con-

vention is used in pavement engineering 

and the remainder of the discussion in this 

article is based on this convention. Maree 

(1978) introduced the Factor of Safety 

(FoS) defi ned by Equation 1 as a measure 

of the applied stress in relation to the yield 

strength of unbound granular pavement 

layers. Th e FoS formulation is based on 

deviator stress and the K-parameter in the 

model makes provision for diff erent mois-

ture conditions, eff ectively reducing the 

shear strength of the material under wet 

conditions. Maree proceeded to set design 

criteria for the FoS to prevent incremental 

collapse based on repeated load tri-axial 

test results. 

FoS = 
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where

φ = angle of internal friction (°)

C = cohesion (kPa)

σ
1
y = yield strength (kPa)

σ
1

a = applied major principal stress (kPa)

σ
3
 = minor principal stress (kPa)

K =  constant: 0,65 for saturated condi-

tions, 0,80 for moderate moisture 

conditions, 0,95 for normal mois-

ture conditions 

Using a slightly diff erent formulation, 

Th eyse (2008a) defi ned the Stress Ratio 

given by Equation 2 as a measure of the 

stress levels in unbound granular pave-

ment layers. Th e results from repeated load 

tri-axial tests again confi rmed the relation-

ship between the Stress Ratio (or FoS) and 

plastic strain observed by Maree (1978). 

Figure 4 shows a typical plot of the number 

of load repetitions that can be sustained 

before a predefi ned level of plastic strain 

(11% in this case) is reached at diff erent 

Stress Ratio levels. Th e dominant eff ect of 

the degree of saturation of the material, in 

addition to the eff ect of the Stress Ratio, is 

shown in Figure 4 with high Stress Ratios 

having a much higher impact on wet 
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specimens (HS) than on dry specimens 

(LS). Although at fi rst glance density (high 

density, HD, and low density, LD, combina-

tions were tested) does not appear to have 

a signifi cant eff ect on the plastic strain 

behaviour, it must be remembered that 

density plays a signifi cant role in deter-

mining the shear strength of the material 

and is therefore indirectly accounted for in 

the Stress Ratio.

SR =
 

 σ1
a

σ1
y

= 
σ1

a

σ3 tan2 ⎛⎜⎝45 +̊ 
φ
2

⎛⎜
⎝

+2C tan⎛⎜⎝45 +̊ 
φ
2

⎛⎜
⎝

 (2)

Th e plastic strain results by Maree (1978) 

and later by Th eyse (2008a) showed a 

defi nite relationship with the Stress Ratio. 

Yet, when models based on this relation-

ship were implemented in the SAMDM, 

counter-intuitive and inadmissible stress 

conditions were calculated in unbound 

granular pavement layers, resulting in 

the design model predicting almost im-

mediate failure of the pavement layers. 

However, these designs were being built in 

industry and were providing good service 

for many years without any problems. Is 

this another case of the theory and prac-

tice not matching or was it rather a case 

of the theory being incorrectly interpreted 

and implemented? How is it possible that 

a relationship that is found repeatedly in 

the laboratory does not work in a design 

application? It is the authors’ opinion that 

design models based on the Stress Ratio 

(and FoS) approach are indeed valid but 

that the calculation of the stress condi-

tion in unbound pavement layers is in 

fact incorrect. Until fairly recently the 

FoS and Stress Ratio were based only on 

the stresses associated with the external 

wheel load in design calculations as these 

stresses were thought to cause plastic 

strain under repeated loading. Although 

this argument is correct, it must be kept 

in mind that the eff ective stress regime 

within which these external stresses are 

applied will determine how these external 

stresses aff ect the material behaviour.

EFFECTIVE STRESS ANALYSIS
The mechanical behaviour (stiffness 

and strength) of unbound granular 

material is determined by the effec-

tive stress to which the material is 

subjected. The concept of “effective 

stress” is often interpreted in terms 

of positive pore water pressure under 

saturated conditions resulting in the 

reduced shear strength of the material. 

While complete saturation of unbound 

granular pavement layers is possible at 

times, these layers mostly operate under 

partially saturated conditions. Full satu-

ration is by itself an undesirable design 

situation and the design focus is on the 

shear strength and plastic deformation 

of the material in a partially saturated 

condition. It is the authors’ opinion 

that the implementation of the Stress 

Ratio approach in a design procedure 

will be successful only if an effective 

stress approach is used, based on the 

following stress components illustrated 

in Figure 5:

Vertical overburden stress in combina- ■

tion with residual horizontal compac-

tion stress

Equal, all-round internal suction pres- ■

sure resulting from matric suction in the 

partially saturated granular material

Th e three-dimensional stress condition  ■

associated with the external wheel load. 

Th e motivation for this statement is 

explained in Figure 6. Past design calcula-

tions based only on the stress associated 

with the external stresses often resulted 

in the inadmissible stress condition re-

presented by the dotted Mohr stress circle 

shown in Figure 6. Given the defl ection 

of the pavement under external loading, 

the base and more often the subbase layer 

underwent tensile stress in the bottom 

half of the layer, as calculated from multi-

layer, linear-elastic theory. Th e Mohr 

stress circle therefore originated to the 

left of the shear stress axis and intersected 

SR-N data for the Sterkspruit sandstone
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4  Relationship between the Stress Ratio 

and the number of load repetitions that can 

be carried to a given level of plastic strain

5  Stress components and effective 

stress condition in a compacted, partially 

saturated, unbound granular material

6  Inadmissible and effective stress conditions 

in unbound granular pavement layers
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and exceeded the failure envelope at some 

point. According to the design calcula-

tion, this material would have failed under 

a single load repetition, yet no such prob-

lems occurred in practice. If the eff ective 

stress condition based on the three stress 

components listed above is considered, 

the whole Mohr stress circle represented 

by the solid line is shifted to the right 

(well below the failure envelope), a low 

Stress Ratio is calculated and a much 

more realistic load-carrying capacity is 

predicted for the unbound granular layer.

Th e successful implementation of such 

an eff ective stress approach in a design 

procedure will depend on the availability 

of models to estimate each of the stress 

components, i.e. vertical overburden in 

association with residual compaction 

stress, suction pressure and the stress as-

sociated with the external load.

Residual compaction stress
The first question that comes to 

mind when introducing the concept 

of residual compaction stress in a design 

procedure is whether it is at all valid. 

The mere fact that some force is re-

quired to extract compacted specimens 

from compaction moulds is already 

qualitative evidence that some level of 

residual compaction stress must exist. 

Certainly the force used to extract the 

compacted specimen is required to 

overcome friction between the speci- 

men and the sidewall of the mould, but 

the mere presence of friction depends 

on a force normal to the friction plane, 

therefore a residual compaction stress in 

the horizontal direction.

Dehlen (1958) provided experimental 

confi rmation of residual compaction 

stress and Uzan (1985) developed a 

theoretical procedure to calculate the 

magnitude of residual compaction stress. 

Th e procedure developed by Uzan is 

based on static equilibrium during the 

application of the compaction stress and 

after removal of the compaction stress, as 

illustrated in Figure 7. Two scenarios are 

allowed for by the Uzan model. If the ma-

terial is of relatively low quality, the Mohr 

stress circle will meet the failure line on 

removal of the compaction load and will 

translate along the failure line until static 

equilibrium is achieved with the vertical 

overburden stress. In a good-quality 

material, the minor principal stress will 

reach the overburden stress before the 

failure envelope is encountered and the 

residual compaction stress will theo-

retically remain at the level of horizontal 

stress that occurred during compaction.

The Uzan model for calculating 

the residual compaction stress will be 

validated by means of experimental 

work during subsequent revisions of the 

SAMDM, but it provides a convenient 

starting point for the incorporation of 

residual compaction stress in the design 

procedure. Previously, if not totally 

ignored, the stress condition before 

external loading was calculated using 

the lateral earth pressure coefficient at 

rest by a limited number of pavement 
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analysis packages which introduced 

stress-dependent behaviour in unbound 

granular pavement layers. Given that 

the stress condition after compaction is 

in fact a passive stress condition, with 

the horizontal residual compaction 

stress far exceeding the vertical over-

burden stress, such an approach results 

in a significant underestimation of the 

horizontal stress. 

Suction pressure
Consider the element of partially satu-

rated material illustrated in Figure 8, 

consisting of solid soil particles with 

the interparticle voids being filled with 

water and air. A regular shape is used 

to illustrate the air void but in general 

the shape of the air void can be highly 

irregular. The water is retained in the 

soil matrix by capillary forces that have 

to counter the effect of gravity. The 

capillary force therefore “sucks” water 

into the element of soil, while gravity 

attempts to “pull” the water away from 

the soil. The air pressure inside the air 

void also attempts to “expel” the water 

from the soil. 

Matric suction is a measure of the 

tenacity with which soil holds capillary 

water and is defi ned as the diff erence 

between the air and water pressure ac-

cording to Equation 3. Th e suction pres-

sure is in turn related to the matric suc-

tion through the Bishop parameter.

Matric suction = (ua
–u

w
) (3)

where

u
a
 = air pressure (kPa)

u
w
 = water pressure (kPa)

Partial saturation of unbound granular 

material results in negative pore water 

pressure exerting an equal all-round 

internal suction which increases the eff ec-

tive stress, stiff ness and shear strength of 

the material. While it may be argued that 

the increased stiff ness and shear strength 

under partially saturated conditions 

cannot be relied on for design purposes, 

the interpretation of material behaviour 

and test results, as well as the modelling 

of the behaviour and performance of 

unbound material, are problematic if the 

suction pressure is ignored. Trends in ma-

terial behaviour and response are clouded 

to a certain extent if the eff ect of the 

suction pressure is not isolated, thereby 

making the interpretation of the response 

measurements and subsequent modelling 

more diffi  cult.

Although the concepts of matric 

suction and suction pressure are well 

understood and applied in geotechnical 

engineering (Fredlund 1985; Vanapalli 

et al 1996a; Vanapalli et al 1996b; 

Vanapalli & Fredlund 1999; Vanapalli & 

Fredlund 2000), the authors are aware 

of only a few cases where these concepts 

have been carried over to pavement 
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7  Static equilibrium models for calculating 

the residual compaction stress in partially 

saturated unbound granular pavement layers
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engineering studies. Oloo (S Y Oloo, 

personal communication, 1999) was 

the fi rst to introduce the concept of 

suction pressure in the modelling of 

unbound granular pavement material 

in South Africa. Th is was followed by 

the introduction of suction pressure in 

a study on modelling the behaviour of 

unsaturated granular pavement material 

in California, USA (Heath et al 2002; 

Heath 2002). Th e mechanistic-empirical 

design method (NCHRP 2004) on which 

the latest revision of the AASHTO 

design guide is based utilises matric suc-

tion, not for modelling of the eff ective 

stress, stiff ness and strength of unbound 

granular material, but to estimate the 

equilibrium moisture content of the 

unbound material. Locally, a more com-

prehensive eff ort to introduce suction 

pressure in modelling the stiff ness and 

strength of unbound granular pavement 

layers for South African road building 

material was done by Th eyse (2008a). 

Th e work by Th eyse was extended 

as part of recent research funded by the 

South African National Roads Agency 

Limited (SANRAL) to develop a revised 

design procedure for fl exible and rigid 

pavements (SAPDM). Predictive matric 

suction models were developed by this 

study (Th eyse 2008b), based on the 

grading and Atterberg Limits indicators 

of the material. Th e predictive matric suc-

tion models are linear approximations of 

the soil-water characteristic curve over a 

range of saturation levels that are appro-

priate to pavement moisture conditions, 

and the models may be used to derive 

suction pressure estimates for design 

purposes. Th ese predictive matric suction 

models will be verifi ed by means of expe-

rimental work during subsequent phases 

of the revision of the design method, but 

already serve as a starting point for design 

implementation.

External load
The integral transformation solution of 

a multi-layer, linear-elastic system is the 

analysis method of choice for modelling 

the stresses and strains in a pavement 

system under external loading, as illus-

trated in Figure 9. For many years this 

method based on linear-elastic theory 

was suspected of causing all the prob-

lems associated with the mechanistic-

empirical design of unbound granular 

pavement layers. The linear-elastic 

theory allows tensile stress to occur and 

places no limit on the strength of the 

material, which is clearly in contrast 

to the properties of unbound material. 

These characteristics were therefore 

perceived as the main causes of the 

failure of the FoS and Stress Ratio when 

applied in a design procedure. For this 

reason many attempts were made at 

adapting this solution to mimic stress-

dependent behaviour. 

However, thinking about the problem 

logically indicates that pavement layers 

must be operating well below the shear 

strength of the material in a region 

where the behaviour could be approxi-

mated by linear elasticity. If not, large 

plastic strains would have occurred on 

the majority of pavements within a few 

load applications. If an eff ective stress 

approach is followed, the results from 

the multilayer, linear-elastic solution are 
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put into perspective, as the Mohr stress 

circle is well below the failure envelope 

and the material is essentially behaving 

in a linear-elastic manner.

Although the need for plasticity (e.g. 

elastic–perfectly plastic) models may be 

eliminated when using the recommended 

eff ective stress approach, the resilient 

response behaviour of unbound granular 

pavement layers is undoubtedly still stress 

dependent. Th e stiff ness of this material 

tends to increase under increasing con-

fi nement pressure and decrease under in-

creasing shear stress. Such behaviour can 

still be approximated by a linear-elastic 

material model in an iterative solution.

CONCLUSIONS AND RECOMMENDATIONS
Th e use of the Factor of Safety or Stress 

Ratio as an indicator of the level of plastic 

strain in unbound granular material 

under repeated loading has been proved 

in the laboratory by many research 

studies. Unfortunately, the application of 

this approach in a mechanistic-empirical 

design model for unbound granular pave-

ment layers has not been successful. It is 

the authors’ opinion that this failure is not 

a result of the Stress Ratio approach being 

invalid in full-scale pavements, but rather 

that it stems from the incorrect assess-

ment of the stress condition in unbound 

pavement layers. Th e use of an eff ective 

stress approach is proposed, taking into 

consideration:

overburden in combination with re- ■

sidual compaction stress

suction pressure ■

the stress caused by external loading. ■

Preliminary models for the analysis of 

the residual compaction stress and suc-

tion pressure have been formulated for 

design application. Th ese models will be 

validated and refi ned during subsequent 

research, but have already shown po-

tential when applied to modelling of the 

behaviour of unbound granular pavement 

layers under accelerated full-scale loading 

using the Heavy Vehicle Simulator. Early 

indications are that the multilayer, linear-

elastic model may indeed be suffi  cient for 

general pavement design when using this 

approach. Analysis of the complex stress 

conditions at the tyre-pavement interface 

may, however, require more advanced 

analysis techniques to account for mate-

rial non-linearity, especially in bitumi-

nous layers at elevated temperatures and 

at low strain rates under slow-moving 

heavy traffi  c.
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