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Abstract:  The bearing capacity of a road decreases greatly during spring 
thaw, when the previously frozen road begins to thaw. The extent of this 
decrease can be evaluated by making Falling Weight Deflectomter (FWD) 
measurements on the road, measuring the deflection of the road when an 
impact load is applied to it. The bearing capacity of the road can then be 
evaluated by backcalculating the layer modules with backcalculation 
programs, or through more simple calculations based on the deflection basin 
indices. Both analyses were carried out in this thesis with data from FWD 
measurements which were carried out on county road Lv 126 in Southern 
Sweden during the year 2010. The temperature and moisture content of the 
road were monitored during the same time. The aim with the thesis was to 
compare the two ways of analyses, and to find out if there is some relationship 
between them and the measured environmental data. The results showed that 
the base course layer and subbase decreased in stiffness during spring thaw 
about 50% while the decrease in the subgrade was 20%, compared to the 
backcalculated summer and autumn value. The results of the simple 
calculations from the deflection basin indices were well comparable to the 
backcalculation results. By comparing the backcalculated stiffness values to 
the moisture content measurements it was stated that the stiffness decreased 
as the moisture content increased.  

KEY WORDS:  Falling Weight Deflectometer (FWD), multilayer elastic theory, 
backcalculation, deflection basin indices, EVERCALC, spring thaw 
weakening, bearing capacity of roads, moisture content, temperature. 
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Sammanfattning:  Vägens bärförmåga minskar markant under 
tjällossningsperioden, då den tidigare frusna vägen börjar tina. Omfattningen 
av minskningen kan utvärderas genom fallviktsmätningar, där vägens 
deformation mäts då den blir utsatt för en pålagd last. Bärförmågan bedöms 
genom att bakberäkna lagers moduler med bakberäknings program, eller 
genom mer enklare beräkningar baserad på deflektionsindexen. Båda dessa 
analyser har tillämpats i detta examensarbete med data från 
fallvikstmätningar från länsväg 126 i södra Sverige utförda under år 2010. 
Vägens temperatur och fukthalt kontrollerades under samma period. Syftet 
med examensarbetet var att jämföra de två analysmetoderna och se om det 
finns något samband mellan dem och uppmätt klimatdata. Resultaten visade 
att bär- och förstärkningslagrets bärförmåga minskade med 50% under 
tjällossningen, medan minskningen i terrassmaterialet var 20%, detta jämfört 
med bakberäknade sommar- och höstvärden. Resultaten av de enkla 
beräkningarna från deflektionsindexen stämde väl överens med 
bakberäkningsresultaten. En jämförelse mellan de bakberäknade 
styvhetsvärdena och fukthaltsmätningarna visade att styvheten minskade då 
fukthalten steg.

NYCKELORD:  Fallviktsdeflektometer, linjär elasticitetsteori, bakberäkningar, 
EVERCALC, deflektionsindex, tjällossningsperiod, vägens bärförmåga, 
fukthalt, temperatur. 
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1.  Introduction 

Spring thaw is a critical time for road structures in colder regions that have 
frost-susceptible subgrade. When the frost is leaving the unbounded layers 
they become wet, and partly lose their stiffness. The bearing capacity of the 
road is at minimum, and it is during this time of year that the road’s lifetime is 
most substantially reduced comparing to the other seasons (Ovik et al., 2000). 
When a heavy truck travels on a road that has a frost-susceptible subgrade that 
has begun to thaw, the weak subgrade is pressed aside, and a deformation 
develops. The severity of the deformation depends on the amount of traffic, 
and can be quite considerable (Simonsen and Isacsson, 1999). 

The objective of the presented research is to analyze a road’s bearing 
capacity during spring thaw with the Falling Weight Deflectometer method, 
and study the relationship between the road’s stiffness, its moisture content, 
and the deflection basin indices. The end goal is to increase understanding of 
pavement behavior during spring thaw.  

Measurements of a road’s bearing capacity were made with a Falling 
Weight Deflectometer (FWD) from February to October 2010 on county road 
Lv 126 near Torpsbruk in Southern Sweden. This included measurements 
when the road structure was completely frozen, partly frozen and thawed. An 
FWD measures the deflections that are caused by a load that simulates 
dynamic axle loads. The deflections obtained with an FWD were used to 
backcalculate the resilient moduli for different layers. One temperature rod 
was installed in the road structure and four moisture content probes in the 
unpaved road shoulder. These parameters were monitored over the spring 
thaw period to study their relationship with the road’s stiffness. Indices, 
obtained straight from the FWD measurements, were calculated and compared 
to the previously stated parameters as well as the backcalculated stiffness. 
What is unique about these measurements is that the moisture content was 
being monitored over the period when the FWD measurements were carried 
out. 

The results indicated, as expected, that the road’s stiffness decreased 
substantially during spring thaw. The moisture content increased substantially 
in the beginning of spring thaw, while the stiffness values were reaching their 
minimum values. The curves of the deflection basin indices fit well to the 
curves of the backcalculated stiffness for all the three layers observed and the 
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deflection basin indices therefore give a good estimation of the road’s bearing 
capacity, but to obtain accurate stiffness values of certain layers, a 
bakcalculation needs to be made. 

The thesis is made up of six chapters. Chapter 2 provides an overview of 
the significant literature published on the topic. Chapter 3 discusses the theory 
of backcalculations, and the theory necessary to understand the behavior of a 
road structure in a frozen state as well as in all stages of thawing. Chapter 4
describes the site where the measurements were made and presents the data 
that were collected. Chapter 5 presents the chosen cross sections of the road 
for use in the backcalculation program, the results of the calculated deflection 
basin indices and of the backcalculations, as well as comparisons of these 
results. Chapter 6 discusses the results.  
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2.  Literature Review 

The effect that spring thaw has on a road structure is very complicated and 
not fully understood, although it has been studied for a long time. The effect 
differs from one region to another resulting in unique measures and analysis 
being required in each region. 

The intention of this review is to give an overview of significant literature 
published on the topic. 

2.1  Nondestructive Testing of Pavements 

Nondestructive testing (NDT) of pavements is an effective way to test a 
pavement without causing any damage to the pavement itself (Das and Goel, 
2008). Other testing techniques available for testing pavement’s structural 
capacity are full-scale accelerated pavement testing (APT), and destructive 
methods. APT is mainly used in academia and destructive methods are limited 
to pavements that already show severe evidence of distress. Of these three 
methods the NDT is most commonly used. The NDT methods are both 
convenient and efficient, and are more cost effective than the other two types 
of methods. By using NDT methods, fewer traffic interruptions are caused, 
less damage is inflicted upon the pavement, and the measurement accuracy, as 
well as its reliability is high. The results of NDT are normally used to 
determine proper maintenance and rehabilitation strategies for a road, such as 
overlay design thickness, load restrictions, load transfer across joints in 
concrete pavements, void detections and remaining structural life (Li, 2004). 
NDT is usually divided into two main categories, depending on the type of 
load applied to the pavement; the deflection-basin methods and the wave 
propagation methods (Das and Goel, 2008). This thesis focuses solely on the 
deflection-basin methods.  

Deflection-basin methods measure vertical directions at previously defined 
points on the surface of the pavement due to an applied load (Das and Goel, 
2008). These types of methods are used for asphalt pavements to 
backcalculate the elastic moduli of various layers, which is, according to 
Lytton (1989), the most common property found by the NDT methods. For 
concrete pavements the deflection-basin methods are used to estimate the load 
transfer across joints and cracks, and to determine the voids under the concrete 
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slabs. The deflection-basin method includes three methods which differ in the 
load applied to the pavement. These methods are: the static loading method, 
the steady state loading method, and the dynamic impulse loading method, 
which is the most common one.  

2.1.1  Static Loading Method 

According to Li (2004), this method is nowadays only used in Europe. The 
most commonly used device to perform this test is the Benkelman beam which 
was developed during the WASHO (Western Association of State Highway 
Officials) Road Test. The basic components of the beam are shown in Figure 1 
below.  

Figure 1.  The basic components of the Benkelman Beam (Li, 2004)

The beam, which was developed in the fifties, is a simple hand-operated 
device and consists of a probe beam hinged to a reference beam supported on 
three legs. The tip of the probe beam is placed between dual tires of a loaded 
truck of 80 kN single axle load, where the rebound or upward deflection is to 
be measured. Several readings are taken by a gauge at different distances from 
the tip of the probe while the truck drives slowly away, giving the deflection 
basin. The Benkelman Beam test is very time-consuming and has limited 
usage when it is done on stiff pavements due to the placement of the reference 
beams’ legs which are within the deflection basin area. The slowly moving 
loads also do not represent the transient or impulse loads imposed on 
pavements. Consequently, they require extensive empirical correlation before 
being applied directly to any mechanistic method of pavement design and 
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evaluation (Huang, 2004; Li, 2004). Other devices in this category are the 
French type of Benkelman beam, the LaCroix Deflectograph, and the 
Curviameter (Lytton, 1989). 

2.1.2  Steady State Loading Method 

The most commonly known devices for the steady state loading method are 
the Dynaflect and the Road Rater. The deflections impose a sinusoidal 
dynamic force over a static force generated by vibratory devices. The steady-
state vibration can either be electro-mechanical or electro-hydraulic. Newly 
developed in the same category is the Rolling Dynamic Deflectometer (RDD) 
which measures continuous deflection profiles instead of deflections of 
predetermined points like Dynaflect and the Road Rater. The advantage of 
using continuous deflection profiles is that sections with large or anomalous 
deflections can quickly and easily be identified. The disadvantage using this 
method is that loads which are applied to the pavement are in the form of a 
large static load, not a steady-state vibration, and could affect the behavior of 
stress sensitive materials (Huang, 2004).  

2.1.3  Dynamic Impulse Loading Method 

The Falling Weight Deflectometer (FWD) is the most common device of 
the devices which apply impulsive transient load. Other devices are the Light 
Falling Weight Deflectometer (LFWD) and the Heavy Weight Deflectometer 
(HWD) (Das and Goel, 2008). The load delivered to the pavement is a 
transient impulse load and the following pavement deflections are measured 
using either geophones or seismometers (Li, 2004). The FWD device is a 
widely used and accepted tool for deflection measurements and can be used on 
all types of pavements (Doré and Zubeck, 2009). Further description of the 
FWD device is in Chapter 3.3. The impact load is relatively small for the 
LFWD, and the device is mainly suitable during road construction. 
Conversely, the HWD is used to simulate aircraft loads or heavier vehicles 
(Das and Goel, 2008).  

According to Li (2004) it is hard or even almost impossible theoretically to 
compare FWD to other deflection devices, each one having different types of 
loads applied. In practice it is possible to convert measurements done by one 
device to another with a correlation equation. It should also be considered that 
a correlation equation for one pavement structure might not work for a 
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pavement structure elsewhere due to different materials and climate (Huang, 
2004). Das and Goel (2008) compared the different types of devices mainly 
based on their loads. They also pointed out the advantage of using RDD 
instead of FWD, due to the continuous measurements of the device. Using 
FWD the measuring vehicle has to stop for each measurement, which gives 
less statistical confidence than making the measurements continuously.  

2.1.4  Factors that Influence the Measured Deflections 

The load’s magnitude, pulse shape, and duration, as well as the type of 
NDT device, can all have an impact on the measured deflections (Li, 2004). 
The most important one is the load applied to the pavement. Depending on the 
type of the NDT device it can either simulate the design load or not. Some 
devices can simulate the design load’s magnitude but not the frequency and 
duration (Huang, 2004). The best device to simulate the design load together 
with its duration and frequency among the available NDT devices is according 
to Lytton (1989) the Falling Weight Deflectometer. Huang (2004) strongly 
recommends using an NDT device that develops a heavy load from the 
beginning, because the extrapolation from lighter loads to heavier ones often 
leads to significant error. Research carried out at the Royal Institute of 
Technology (1980, cited in Li, 2004, p. 411) showed that deflections, 
measured with different devices vary when the load magnitude is held at a 
constant value. It was also shown that by using the same type of equipment 
with the load magnitude at a constant value and the load pulse shape and 
duration at different values, the measured deflections also varied.  

Other factors having great impacts on the deflections include the climate 
and the condition of the existent pavement. Temperature and moisture are the 
two climate factors that affect the deformation of the pavement. The 
temperature differs between seasons and the greatest differences are in the 
cold regions, with the spring thaw as the most critical time of year (Huang, 
2004). When a frost-susceptible road material freezes, the moisture moves to 
the freezing front and ice lenses forms. During spring thaw, the ice lenses 
starts to thaw, causing increase in moisture content, leading to decreased 
bearing capacity of the road. The U.S. Department of Agricultural Service 
(USFS) started monitoring moisture content directly to analyze when it is safe 
to resume hauling without causing damage to the pavement. The analysis 
showed a high correlation between the moisture content and the partial basin 
area, which corresponds to the resilient modulus. For the test site analyzed, a 
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moisture content of 32% represented when it was safe to resume hauling. This 
number differs between soil types (Kestler, 1999). Jung and Stolle (1992) 
presented results from a research done on various highway test sites in Ontario 
showing that backcalculated moduli from weak sections on the road were 
lower than from stronger sections. Huang (2004) also states that pavements 
with cracking and rutting areas normally have bigger deformations than 
pavements with no such areas.  

Due to limited dimensions and variations of a pavement structure it is 
important to always make the deflection measurements at the same locations 
on the road. To get a good comparison of a pavement’s condition, for example 
between years, the measurements need to be made at similar times each year, 
at approximately same temperature. In cold areas, where the pavements 
structures are subject to spring thaw, the recommended time to make 
measurements is during the spring thaw, when the deflections are at a 
maximum (Li, 2004).�

2.2  Flexible Pavements 

A typical flexible pavement consists of one or more bounded layers, 
usually made up of bituminous materials above unbounded granular layers 
(Huang, 2004). Figure 2 illustrates two cross sections of typical pavement 
structures.  

Figure 2.  Cross sections of typical pavements for  a) low volume of traffic 
and  b) high volume of traffic (based on Dawson (2009). 

Figure 2 a) shows a typical cross section of pavements having a low traffic 
volume. The top layer is a thin asphaltic coating, usually less than 30 mm 
thick. The base and subbase are considered to be one layer, made up of 
unbounded material. The subgrade is at the bottom, consisting of either natural 

Thin asphaltic “chip-seal” (<30 mm) 
Unbound aggregate layer(s) 
= base & subbase 

Natural or imported (fill) 
subgrade 

Asphaltic or concrete 
surfaceing & base layers 

Unbound aggregate subbase 

Soil improvement layer 
(Capping) 

Natural or imported (fill) 
subgrade 

a) b)
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or imported filling material. Figure 2 b) shows a cross section of a road with a 
high traffic volume. The first layers, including the base layer, consist of 
bituminous materials. The subbase is a special layer and below it there is a soil 
improvement layer. The pavement structures in the Nordic countries, the 
emphasis of this thesis, are usually of the type showed in Figure 2 a), though 
normally with asphalt layer thickness of 6 – 7 cm. 

The requirements of each of these layers are different and the material 
quality decreases down to the foundation. The top layer, here the asphalt 
concrete (AC), protects the structural layers beneath. It distributes the traffic 
load to the layers below and limits water infiltration. The base course (BC) is 
made up of untreated strong material and has to distribute the traffic load 
down to the weaker layers, the subbase and the subgrade. The subbase (Sb)
consists of weaker material than the base course, and distributes stress from 
the higher layers of the pavement structure down to the foundation. The 
subbase can also have a frost protection role, which prevents that the frost 
penetrates the subgrade (Sg). The bottom layer, the subgrade (Sg) or the 
foundation, consist either of natural ground or is a filling material and is the 
weakest layer in a pavement structure (Dawson, 2009). 

2.3  The History of the Falling Weight Deflectometer (FWD) 

Isada, from the U.S., reported on the use of a falling mass device to study 
the seasonal changes in stiffness of flexible pavements in 1966. A year later, 
Bonitzer from France described the use of a Falling Weight Deflectometer and 
in 1972 Bohn et al. described the use of a similar device. However, the 
Frenchmen decided to stop developing the FWD and focused instead on the 
development of the Lacroiz deflectograph, the French type of the Benkelman 
Beam. Based on the experiment results from France, the first Falling Weight 
Deflectometer was marketed in Denmark in the late 1970’s by Dynatest. 
Today, over 300 FWDs are used worldwide (COST Action 336, 2005). 

Many improvements have been done through the years since the first FWD 
device was put on the market, resulting in more accurate measurements and 
therefore more accurate results. Collection of the data by computers was first 
introduced in 1981, and a year later the FWD was fully computerized. New 
features have constantly been added to the FWD with improving technology. 
It is now possible to display and record the time history of the load pulse, 
deflection signals have been added along with air and pavement temperature 
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measurements, electronic distance measurements can be done, and the device 
is equipped with a GPS (Global Position System) (Irwin, 2006).  

2.4  Errors in FWD Data 

Irwin et al., (1989) discuss the three basic sources of errors that affect the 
backcalculated moduli. These errors are seating errors, systematic errors, and 
repeatability errors.  

Rough texture and loose debris is a frequent cause of seating errors in 
particular when the pavement in question is surfaced with asphalt concrete. To 
reduce seating errors it is recommended to do one or two drops at each test 
location before starting collecting data. The vibrations from these drops help 
to adjust the sensors for the following drops, giving better measurements of 
the deflections. Reducing, and almost eliminating, systematic errors can be 
done through calibration. The accuracy of most FWDs is specified with an 
accuracy of ± 2% or ± 2>?� depending on whichever is larger. Most FWDs 
have an accuracy of ± 2% or ± 2>?�, combining the systematic error (± 2%) 
and the repeatability error (± 2>?�), whichever is larger. Systematic errors can 
be limited by calibrating the FWD device regularly. Repeatability errors, 
which are random, can be in the order of ± 2 microns. This error is probably 
sprung from the deflections’ conversions from analog-to-digital. The 
repeatability errors can be reduced by making multiple drops of the weight at 
the same height and location, and averaging the deflection readings for each 
sensor. 

2.5  Backcalculations during Spring Thaw 

Irwin (2006) defines backcalculation as following: 

The procedure to determine Young’s modulus of elasticity 
for pavement materials using measured surface deflections by 
working elastic layer theory “backwards” is generally called 
backcalculation.

According to Irwin (2006) backcalculations are popular these days because 
of three important advances in the field of pavement engineering. First is a 
realization that developed from 1935 to 1960, that strong pavements have 
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small deflections and weak pavements have large deflections, including that 
pavement performance might be related to how big the deflections are. Second 
is a development of mechanistic theories from 1940 to 1970 that present 
relationships between fundamental material properties and the stresses, strains, 
and deflections in a layered system. Third is the development of instruments 
used to measure the deflections of the pavement, spanning the period from 
1955 to 1980. In addition to these improvements the development of high 
speed digital computers since 1960 until nowadays, has reduced the time 
required for the computations considerably. 

2.5.1  History of Backcalculations 

Boussinesq published a theory for one-layer elastic system in 1885 and in 
1925, Westergaard published a theory for an elastic plate on a dense, liquid 
subgrade (Irwin, 2006). Burmister (1945) introduced the general theory of 
stresses and displacements for a two-layer system in 1943, and extended his 
work to a three-layer system in 1945. Foster and Ahlvin (1954) introduced 
charts to determine the vertical, radial, tangential, and shear stresses, as well 
as vertical deflection, in a one-layer system. In 1962 Schiffman presented a 
general solution for an n-layer system based on Burmisters’ work (Irwin, 
2006).  

The first computer programs based on Schiffman’s solution were 
developed in the mid 1960’s. Backcalculations made with these programs had 
to be done manually and the process was very time consuming. Nowadays, 
many computer programs that automate the process are available, and the 
main programs used commercially are ELMOD, BOUSDEF, MODULUS, 
WESDEF, MODCOM and EVERCALC (Irwin 2006; Erlingsson, 2010a). 
Using an iteration scheme to find the set of layer elastic moduli that best 
matches the computed theoretical deflections with the measured pavement 
deflections, the programs model the pavement structure with a layered elastic 
system (Chou and Lytton, 1991). 

2.5.2  Changes in Resilient Modulus over Time and Space 

Irwin (2006) discusses one of the most interesting aspects of 
backcalculations, the ability to analyze the seasonal variations of the stiffness 
of a pavement structure, which is not constant over time and space. 
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In colder climates one might think that the bearing capacity of a pavement 
structure is at maximum when the structure is completely frozen. This does 
not always apply to late in winter, since the upper part of the pavement 
structure can thaw temporarily due to absorbed solar radiation by the asphalt 
layer, followed by re-freezing later the same day. Changes in temperature and 
moisture content in pavement structures are not only limited to colder areas, 
changes occur also in areas where there is little or no freezing, resulting in 
increased deflection and decreased bearing capacity. The temperature changes 
affect the resilient modulus of the asphalt layer while changes in moisture 
content affect the subgrade modulus. Weather conditions before and on the 
day the FWD measurements are made, affect the backcalculated moduli. 
When the measurement days are preceded by rain it gives rise to higher 
measured deflections and therefore lower backcalculated modulus, than if it 
had been dry the days before. The resilient modulus backcalculated from 
FWD measurements are only representative for the condition of the pavement 
structure that particular day when the FWD measurements were made. It is 
therefore important to make measurements at different times of the year to be 
able to discover when the road’s bearing capacity is at its minimum. 

It cannot be assumed that deflections or backcalculated moduli are constant 
over space. A pavement structure has different layer thickness along a road, 
depending on the contractor’s quality control in obtaining the designed layer 
thickness, and the local topography. Water near a pavement structure can have 
great impacts on the moisture content at that particular part of the road. The 
layer material varies internally due to different gradation, angularity and 
compaction. A part of the road can be reached by sunlight while other parts 
can be shaded by trees. All these factors can affect the backcalculated 
modulus significantly (Chou and Lytton, 1991; Irwin, 2006). 

2.5.3  The Pavement Model 

An important part of the backcalculating process is setting up the best 
available pavement model for the intended backcalculation program. The 
pavement model includes the thickness of the layers, their Poisson’s ratios, 
and their initial moduli. Other parameters needed by the program are the error 
tolerance, the maximum number of iterations, and the depth to bedrock if it is 
in place. Chou and Lytton (1991) indicate that all these parameters, except for 
the Poisson’s ratio, have significant effects on the values of the backcalulated 
moduli. The selections of these parameters therefore depend a lot on the 
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experience and engineering judgment of the individual(s) performing the 
backcalculations. 

The most sensitive modulus is the one of the surface layer, followed by 
those of the base layer and the subgrade. Ullidtz, (1987) as cited in Chou and 
Lytton (1991), pointed out that by determining the wrong subgrade modulus, 
very large errors can be obtained in other layers of the pavement model. This 
is due to the fact that the subgrade usually contributes the majority of the total 
center deflection. 

Since it is not suitable to divide the pavement structure into many thin 
layers, it can be necessary to combine a thin layer to a thicker layer. A thin 
layer can be too thin for its modulus to have much influence on the surface 
deflections, causing that the measured deflections cannot be used to determine 
the resilient modulus of the layer. To determine if a layer is too thin to be a 
separate layer in the pavement model, the depth of the layer has to be taken 
into account and the stiffness of the surrounding layers. When two layers are 
combined into one layer, the backcalculated stiffness for the combined layer is 
a parameter of the combined layer, not a characteristic of the material (Chou 
and Lytton, 1991; Irwin, 2006).  
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3.  Theory 

There are various methods available to determine the elastic modulus of a 
pavement layer. The methods are based on a multilayered elastic theory. 
Following are descriptions of these different methods for one-, two-, three- 
and multi-layer systems, where the last named system is the one used in the 
thesis. The seasonal variation of the stiffness of the roadbed materials is an 
important topic due to the effects it has on the roads’ damage. The mechanism 
behind these changes and the reason why they are such an important topic in 
pavement engineering in colder regions are discussed. The function of a 
Falling Weight Deflectometer is described along with the backcalculation 
process as well as other parameters that can be potentially calculated from the 
measurements. 

3.1  Response Analysis 

3.1.1  One-Layer Systems 

In 1885 Boussinesq published a theory for one-layerd elastic systems with 
a concentrated load applied to the surface of an elastic half-space. One can use 
the theory to determine stresses, strains, and deflections in the subgrade. A 
homogenous half-space under an axisymmetric load, #, with a radius, �, is 
shown in Figure 3 below.  

Figure 3.  The stress components at depth, @, and horizontal distance, A, when 
an axisymmetric load, B, with radius C, is applied on the surface.  
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Figure 3 shows a small cylindrical element located at a distance, ., beneath 
the surface and at a distance, %, from the axis of symmetry. Due to the axis of 
symmetry there are only three normal stresses and one shear stress imposed 
upon the element where <2� is equal to <�2 (Huang, 2004). 

Assuming that the material in the half-space is homogeneous, isotropic and 
linearly elastic, it is possible to describe the relationship between the vertical 
deflection on the surface of the half-space, /0, and the resilient modulus, ��. 
For a point load, ", applied on the surface this relationship is: 

/0 D EFG�� $H I 6�&         [1] 

where % is the radial distance from the center of the load and 6 is the Poisson 
ratio. For a uniformly distributed load, #, on the surface at the radial distance % D J, the relationship becomes: 

/0 D �KFG�* $H I 6�&         [2] 

where � is the radius of the loaded area.  

If the deflections are measured under a known load these equations can be 
used to estimate the elastic modulus for the half-space (Irwin, 2006). 
According to Irwin (2006) Equation [2] gives better results calculating the 
modulus than Equation [1] especially when using larger radius. This is due to 
a mismatch between the theoretical assumptions and the actual boundary 
conditions. The latter equation assumes that the load is point load when the 
load used to acquire the data is actually a uniformly distributed load. 

Solutions for a single layer system 

Foster and Ahlvin introduced in 1954 charts to determine the vertical, 
radial, tangential, and shear stresses as well as the vertical deflection. Using 
these parameters from the charts one can compute the strains from following 
formulas (Foster and Ahlvin, 1954): 

12 D :G� L92 I 6$9� M 9�&N        [3] 

1� D :G� L9� I 6$9� M 92&N        [4] 

1� D :G� L9� I 6$92 M 9�&N        [5] 
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where �� is the resilient modulus, 6, is the Poisson ratio, 92, 9�, and 9� are 
the vertical, radial, and tangential stresses respectively.  

3.1.2  Axisymmetric Solutions 

The loads that are applied to pavements over a single circular loaded area 
can either be simulated by a flexible or a rigid plate. It is necessary to account 
for the critical deflections, stresses and strains in the design. The location of 
these design parameters is under the axis of symmetry (Huang, 2004).  

Flexible plate 

A load applied by a rubber tire can be modeled as a flexible plate. The flexible 
plate is assumed to have a radius, �, and a uniform pressure, #, as shown in 
Figure 4.  

Figure 4.  The pressure distribution and deflection basin of a flexible plate 
(Huang, 2004) 

One can determine the stresses and strains under the circular area with the 
following formulas (Huang, 2004):  

92 D # OH I 2P$*QR2Q&STUV         [6] 

9� D K� OH M WX I �$:R+&2$*QR2Q&YTU M 2P$*QR2Q&STUV       [7] 

12 D $:R+&KG� OH I WX M �+2$*QR2Q&YTU M 2P$*QR2Q&STUV      [8] 

1� D $:R+&K�G� OH I WX I �$:R+&2$*QR2Q&YTU M 2P$*QR2Q&STUV      [9] 

  

q



16 

The vertical deflection is: 

-� D $:R+&K*G� Z *$*QR2Q&YTU M :[�+* L$�� M .�&T\ I .N]   [10] 

Equation [10] can be simulated by assuming that the Poisson ratio, 6, is 
equal to 0.5 resulting in: 

-� D ^K*Q�G�$*QR2Q&YTU       [11] 

When z is equal to 0 (or at the surface of the half space) the expression 
becomes:  

-� D �_:[`QaK*G�         [12] 

Rigid plate 

When a load is applied to a rigid plate, like the one used in a plate loading 
test, the deflections at all points of the loaded area are the same. Unlike the 
flexible plate, the pressure is not uniform. This has been discussed by many 
authors, including Foster and Ahlvin (1954). The pressure distribution and 
deflection basin of a rigid plate can be seen in Figure 5.  

Figure 5.  The pressure distribution and deflection basin of a rigid plate 
(Huang, 2004)

The pressure distribution, #$%&, can be determined for a rigid plate by 
(Foster and Ahlvin, 1954): 

#$%& D K*�$*Q[�Q&YTU       [13] 

q(r)
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The pressure is at minimum at the center of the plate and infinite at the 
edges as illustrated in Figure 5. The following deflection can be obtained by 
integrating a point load over the area: 

-� D F_:[+QaK*�G�         [14] 

Higher pressure at the center results in greater surface deflection at the 
center. By comparing Equations [14] and [12] one can see that the obtained 
surface deflection for a rigid plate compared to the one obtained from a 
flexible plate will only be 79% (Huang, 2004). The forenamed equations are 
based on a homogeneous half-space but the predefined factor can nevertheless 
be used on a layer system (Yoder and Witczak, 1975). 

3.1.3  Layered Systems 

Flexible pavements are layered systems typically having stiffer materials 
on top and less engineered materials underneath. Burmister introduced the 
general theory of stresses and displacements for a two-layer system in 1943, 
and extended this work to a three-layer system in 1945 (Burmister, 1945). In 
1962 Schiffman presented a general solution for an n-layer system based on 
Burmisters’ work. An n-layered system is shown in Figure 6 below.  

Figure 6.  An n-layer system subjected to a circular load, b, with radius, c. 
The bounded layer has an elastic modulus, d, and the unbounded layers have 
a resilient modulus, ef. Each layer has a Poisson’s ratio, g. All layers have a 
finite depth, hi, except for the lowest one, which has infinite depth.  
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There are five basic requirements that need to be satisfied in an n-layer 
system. The first one is that every layer is homogeneous, isotropic, and 
linearly elastic with a specified Poisson ratio, 6, and resilient modulus, ��. 
Second, the material has no weight and an infinite area. Third, each layer has a 
finite thickness, �j, except for the bottom layer which has an infinite 
thickness. The fourth is that the circular load, #, which is a uniform pressure 
with a radius �, is applied on the surface. The fifth and final requirement is 
that continuity conditions must be satisfied at the layer interfaces. This must 
be in accordance with the continuous vertical stress, shear stress, vertical 
displacement, and radial displacement. The continuity of shear stress and 
radial displacement is replaced by zero shear stress at each side of the 
interface when the interface is frictionless (Burmister, 1945; Huang, 2004).  

Two-layer systems 

A two-layer system consists of a thick HMA layer placed on a subgrade 
layer. The vertical stress on the top of the subgrade is an important parameter 
in pavement design. A smaller vertical stresses on the subgrade, causes 
smaller deformations and less damage (Huang, 2004). For determining 
vertical stresses in a two-layer system Huang (1969b, cited in Huang, 2004) 
uses the resilient modulus ratio, ��:5���, and the thickness ratio, �5�:, to 
determine the stress value from proper charts.  

Another parameter used as a criterion of pavement design is the vertical 
surface deflection. Burmister (1945) introduced the following formula for the 
deflection for a two-layer system, using flexible plate: 

-� D :T\K*G�Q ��        [15] 

Here F2 is the deflection factor which is determined from chart using the 
resilient modulus ratio, ��:5���, and the thickness ratio, �:5�. The Poisson 
ratio, 6, is assumed to be 0.5 for all layers and by setting the modulus ratio 
equal to 1, the equation reduces to the Boussinesq solution.  

Three-layer systems 

In 1945 Burmister extended his two-layer system to a three-layer system, 
with two interfaces between layers. The stresses at the interfaces are the 
vertical stresses at each interface, 92: and 92�, the radial stresses at bottom of 
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the first layer, top and bottom of the second layer and at top of the third layer, 9�:, 9�:; , >9��, and 9��;  respectively. 

Using Equations [3] and [4] above with Poisson ratio 6 D JTk the following 
equations for the vertical and radial strains can be obtained (Burmister, 1945): 

12 D :G� $92 I 9�&       [16] 

1� D :�G� $9� I 92&       [17] 

Combining Equation [16] and [17] yields: 

1� D IW12        [18] 

Huang (2004) presents two different ways to determine stresses and strains 
in three-layer system, the Jones’ tables and the Peattie’s Charts. The details of 
these methods are beyond the scope of the thesis.  

Multilayer systems 

The backcalculation program used in the thesis uses the multilayer system 
solutions to determine the resilient modulus for each layer. The stress 
function, =, is assumed for each layer. It has to satisfy the governing 
differential equation: 

lm= D J        [19] 

For systems with an axially symmetrical stress distribution the governing 
equation will be: 

lmD n oQo�Q M :� oo� M oQo2Qp n oQo�Q M :� oo� M oQoqQp     [20] 

where % and . are cylindrical coordinates for radial and vertical directions. The 
stresses and displacements can be calculated by the following equations: 

92 D oo2 O$W I 6&l�= I oQro2QV      [21] 

9� D oo2 n6l�= I oQro�Qp       [22] 
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9� D oo2 n6l�= I :� oro�p       [23] 

<�2 D oo� O$H I 6&l�= I oQro2QV      [24] 

- D :R`G� O$H I W6&l�= M oQro2Q M :� oro�V     [25] 

( D I:R`G� n oQro�o2p       [26] 

Equations [19] and [20] are fourth-order differential equations and 
therefore the stresses and displacements determined will consists of four 
integration constants. These constants have to be determined from the 
boundary and continuity conditions between the layers. 

Figure 6 is used to explain these conditions together with the stress 
function for the ith layer which satisfies Equations [19] and [20]. It is assumed 
that 4 D ��5�, where �� is the thickness of the ith layer and � is the distance 
from the pavement surface to the upper boundary of the lowest layer. The 
stress function is: 

=� D sPtu$vw&vQ x���[v$yz[y& I ���[v$y[yz{S& M ���4�[v$yz[y& I>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>
��4�[$y[yz{S&N     [27] 

where � is a parameter ranging from 0 to rather large positive value, �|, is a 
Bessel function of the first kind and order 0, ��, ��, ��, and 
� are integration 
constants, and 7 is equal to %5�, where r is the cylindrical coordinate for radial 
direction as previously stated. 

Starting with the boundary conditions for the top layer, where } D H and 4 D J, the stress in vertical direction and the shear stress can be expressed as 
following: 

$92~&: D I��|$�7&       [28] 

$<�2~ &: D J        [29] 

This results in two equations: 
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��[vyS H�[vyS IH� ��:�:� M �I$H I W6:&�[vyS H I W6:W6:�[vyS W6: � ��:
:� D ZHJ]  [30] 

The solutions of the layered systems presented above do assume that the 
layers are fully bounded and that they have the same vertical stress, shear 
stress, vertical displacement, and radial displacement. The continuity 
conditions when 4 D 4� are: 

$92~&� D $92~&�R:        [31] 

$<�2~ &� D $<�2~ &�R:       [32] 

$-~&� D $-~&�R:       [33] 

$(~&� D $(~&�R:        [34] 

and results in four equations: 

���
�HHHH>>>

��I����I��>>>
I$H I W6� I �4�&W6� M �4�H M �4�I$W I �6� I �4�&>>>

$H I W6� M �4�&��$W6� I �4�&��I$H I�4�&��I$W I �6� M �4�&����
�� �������
�� D

>>>>>>>>>>>>>>>���
� ��R:��R:����R:����R:>>>

HIH��I��>>>
I$H I W6�R: I �4�&��R:$W6�R: M �4�&��R:$H M �4�&����R:I$W I �6�R: I �4�&����R:>>>

H I W6�R: M �4�W6�R: I �4�I$H I�4�&��I$W I �6�R: M �4�&����
�� ���R:��R:��R:
�R:�

          [35] 

where: 

�� D �[v$yz[yz{S&       [36] 

�� D �z�z�S :R`z�S:R`z         [37] 

As 4 approaches infinity the stresses and displacements approach zero. 
Therefore the following result can be determined from Equation [27] for the 
lowest layer where } D !: 

�j D �j D J        [38] 



22 

Having an n-layer system the constants of integration are in total 4n. Two 
of them are stated in Equation [38], the remaining constants can be determined 
from Equations [30] and [35]. To simplify the calculations a transformation of 
Equation [35] was done:  

�������
�� D O
������%}�V �

��R:��R:��R:
�R:�      [39] 

This can be simplified by multiplications to following equation: 

�������
�� D O
��W���%}�V ��j
j�       [40] 

Substituting Equation [40] into Equation [30], two equations with two 
unknowns are acquired, and the parameters �j and 
j can be obtained. To 
determine constants for the remaining layers, the solved constants with �j D �j D J are substituted into Equation [39], which is then solved for each 
unknown layer (Mork, 1990; Huang, 2004). 

The theory for the multilayered systems has been implemented into 
computer programs, which facilitate the backcalculation of the pavement 
material’s stiffness to estimate the road’s bearing capacity. Backcalculations 
are discussed further in Chapter 3.5. 
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3.2  Seasonal Variation of Stiffness 

Spring thaw in pavements can be defined as the state when a thaw 
penetrates frozen pavement structure, causing the ice in the structure to begin 
to melt. This causes a weakening of the pavement materials and the subgrade 
soil, causing the bearing capacity of the road to be at a minimum at this time 
of year (Doré and Zubeck, 2009). The essence of the problem lies in the 
migration of moisture, which transfers from the water sources underground up 
to the freezing front and form ice lenses. The freezing front moves downwards 
as the thaw increases, resulting in the water draining upwards due to the 
frozen layers below (Kestler et al., 1999). As the moisture content decreases, 
the pavement structure recovers and obtains its former bearing capacity (Doré 
and Zubeck, 2009). Figure 7 illustrates the seasonal variation of stiffness in a 
pavement structure. 

Figure 7.  The seasonal variation of stiffness in a pavement structure. The 
figure shows the two periods that usually undergo loss in bearing capacity, a 
short period during winter time, and during spring. The figure illustrates the 
freezing period when the pavement increases its bearing capacity, the thawing 
when the bearing capacity is at minimum, and the recovering time, when the 
pavement is regaining former strength (based on Erlingsson, 2010b). 

As illustrated in Figure 7, the loss in a road’s bearing capacity mainly 
occurs during the spring thaw, when the ice-rich subgrade is thawing. A loss 
in bearing capacity can also occur for short periods during winter time or in 
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early spring, in which case it affects the granular base and the subbase 
(Charlier et al., 2009). The thesis focuses on the loss of bearing capacity 
during spring thaw. Erlingsson et al. (2002) published results of analysis of a 
seasonal variation in stiffness in Iceland in 1999. The results are shown in 
Figure 8. 

Figure 8.  The seasonal variation of stiffness in a pavement structure in 
Iceland year 1999 (Erlingsson et al., 2002).

As illustrated in Figure 8, the road’s stiffness decreases substantially during 
the spring thaw, with more decrease in the base and subbase than in the 
subgrade. The stiffness in the base and subbase is at a minimum in the middle 
of April, while the subgrade stiffness keeps on decreasing until the beginning 
of May. This is followed by a recovery period, which ranges from one to three 
months. The road has obtained its former strength in all layers at the end of 
July. While the layers strength is decreasing, the moisture content in all layers 
increases. In a similar fashion, the moisture content decreases when the layers 
are obtaining their former strength. 
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3.2.1  Water in Pavements 

Water can have a great negative impact on a road, in context of the road’s 
bearing capacity, the traffic safety, and the operational cost. The water enters 
the pavement mainly through three sources. First is the runoff from 
precipitation. Second is hinterland water, coming from the environment 
around the road. The third is remote water, for example rivers, lakes, and 
groundwater flow that cross the road (Erlingsson et al., 2009a). 

Water in a road structure can be classified into two zones; the vadose zone 
which covers the upper part of the structure, and the saturated zone being the 
lower part. These zones are separated by the groundwater table as illustrated 
in Figure 9. 

Figure 9.  The relation between a road structure and water (Erlingsson et al., 
2009a).

The water content and groundwater flow differs between the two zones. In 
the saturated zone, the pore spaces are completely filled with water and the 
groundwater flow is nearly horizontal, while for the vadose zone the pores are 
partially filled with water and the groundwater flow is primarily vertical. The 
vadose zone is further divided into three zones; the capillary zone right above 
the groundwater table, the intermediate vadose zone where the water is held 
by capillary forces, and the surface water zone, which is closest to the road’s 
surface. Under the saturated zone is a layer of low permeability, called 
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confining bed. The existence of this layer is necessary, without it there would 
not be any saturated zone (Erlingsson et al., 2009a). 

The layers in the pavement structure, except for the surface layer, can be 
assumed to be permeable. The layers are made up of different materials, each 
having different grain size distribution and pore space openings, which 
determine the water flow behaviour in each layer (Erlingsson et al., 2009a). A 
grain size distribution is used to determine the effective size of a granular soil, 
which is the diameter in the distribution curve corresponding to a specific 
percentage of fines. The parameters are D10, D30, and D60, representing 10%, 
30%, and 60% of fines respectively (Das, 2006).  

Soils are three-phase systems consisting of soil solids, water, and air as 
shown in Figure 10. 
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Figure 10.  a) An element of soil with the volume � and the weight �.  b) The 
element is divided into three phases, air phase, water phase, and solid phase 
(Erlingsson et al., 2009a).

The void ratio, �, porosity, !, and degree of saturation, ', are the three 
volume relationships commonly used for the three phases. These relationships 
can be expressed as follows (Das, 2006):  

� D ����         [41] 

! D ���          [42] 

' D ����          [43] 

a) b)
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where )+, )�, and )  are the volume of voids, solids, and water, respectively. ) is the total volume of the soil element. 

The volumetric moisture content, 3, is defined as the ratio of the volume of 
water, ) , to the total volume, ).  

3 D ���          [44] 

Another moisture content measurement available is the gravimetric 
moisture content, defined as the ratio of mass of the water of an element, � , 
to the mass of the solids, �� (Erlingsson et al., 2009a): 

- D v�v�         [45] 

Readings from a gravimetric moisture content probe over a seven month 
period is shown in Figure 11. The moisture content was measured in a 
subgrade at a depth of 25 cm.  

Figure 11.  The gravimetric moisture content in a subgrade at a 25 cm depth 
over a seven month period, from autumn to spring (Erlingsson et al., 2009b). 

As shown in Figure 11, the moisture content decreases when the subgrade 
freezes. In the winter thaw in January, and during the spring thaw, the 
moisture content increases substantially.  
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3.2.2  The Formation of Ice Lenses 

Frost heave occurs in pavement structures with a frost-susceptible subgrade 
when the frost penetrates the subgrade during wintertime. The reason for frost 
heave is not the 9% volume increase which occurs when water freezes; it is 
the formation of ice lenses that causes this big increase (Huang, 2004). How 
big the frost heave becomes depends on the road’s cross section, the material 
used, the availability of subsurface water, and the magnitude and duration of 
frost. Frost heave can lead to surface cracking and forming of rough surfaces 
during wintertime, causing unnecessary discomfort for road users 
(Hermansson & Guthrie, 2005).  

As previously stated frost heave is caused by the formation of ice lenses. 
Ice lenses form when water in the larger soil voids freezes. The lack of water 
in the upper frozen layers, where the freezing originates, leads to the ice lenses 
attracting water from the lower, unfrozen layers. The ice lenses grow, 
resulting in frost heave. The ice lens-formation moves downward as the 
freezing front shifts deeper into the pavement layers. While the ice lenses have 
unlimited access of water and the temperature is below 0�C, the ice lenses 
formation continues (Hermansson et al., 2009). The formation of ice lenses is 
illustrated in Figure 12. 

Figure 12.  Ice lens formation in a pavement structure (WSDOT, 1995b). 
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Due to greater potential for vertical water movement in soils that have 
smaller grain size, frost heave occurs mainly in soils that have high percentage 
of fines. According to WSDOT (1995b), silty soils are the greatest problem. 
Without undermining the problems that arise with frost heave, a much bigger 
problem arises when the ice lenses start to melt during spring thaw. The 
increased water content in the pavement’s layers usually leads to big losses in 
the road’s bearing capacity (Hermansson et al., 2009) 

3.2.3  Damage during Spring Thaw 

The spring thaw is often considered to be the most important damage factor 
for pavements in colder regions (Doré and Zubeck, 2009). Sources do not 
agree upon the extent of damage to the pavement structure during spring thaw. 
A damage model made by Kestler et al. (1999), indicates that 40% of the 
damage to road system occurs during spring thaw, but Janoo and Shepherds’ 
(2000) studies indicate damage of up to 90% during the same period.  

There are many factors that affect the extent of the spring thaw damage. 
These factors are mainly of two types, soil properties, such as frost 
susceptibility and the condition of the subgrade, and climate factors, such as 
groundwater condition, temperature and precipitation. The road structure and 
the traffic are two other important factors; a newly paved road deteriorates less 
than an old gravel road with similar traffic load (Simonsen and Isacsson, 
1999).  

When a load is applied on the surface of a road structure a deflection basin 
is formed. The size of the deflection basin depends on the load, the contact 
pressure, the deformation characteristics, and the thickness of the layers. 
When the load is removed, most of the deformation returns to its previous 
state. The remaining deformation becomes permanent due to an increase in 
materials’ density, redistribution of the material, or break-down of materials in 
non-stable layers. 

The water in the pavement structure during spring thaw either enters the 
pavement through the surface, or is the result of melting ice that was already 
present in the structure. In the early stage of thawing when an unfrozen layer, 
having high water content, is on top of a frozen layer, the water can be trapped 
in the pavement structure, as shown in Figure 13. The only way for the water 
to drain is therefore up through the pavement surface, resulting in high risk of 
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permanent deformations, especially for roads having thin bituminous layers 
(Simonsen and Isacsson, 1999). 

Figure 13.  Early stage of thawing. The upper layers are thawed (they 
therefore have a high water content) and the lower layers are frozen. When 
the shoulders are covered in snow and the dark surface absorbs solar 
radiation, the thaw is greatest at the center of the road section (Doré and 
Zubeck, 2009).

Under these circumstances, damage can appear in the bounded layers. A 
base layer containing high percentage of fines is prone to water saturation. 
The contact pressure that occurs when a wheel passes increases the pore water 
pressure. The base layer becomes unstable and pieces of the asphalt layer can 
ultimately break loose. The process of the damage caused by the water-
susceptible base layer is illustrated in Figure 14.

Figure 14.  Damage in early spring caused by a water-susceptible base layer. 
a) The base layer becomes water-saturated being a fine-grained material.      
b) When a load is applied on the structure, the load is transferred through the 
water which can only drain through the surface.  c) An increase in the pore 
water pressure causes an upward pressure towards the bounded layer.  d) The 
pressure causes a portion of the asphalt layer to break loose (Simonsen and 
Isacsson, 1999). 

a) b) c) d)
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If the base layer’s material has low percentage of fines, the damage appears 
later in the spring thaw. The thaw reaches the subgrade causing an increase in 
the pore water pressure, and the subgrade becomes water-saturated. When a 
load is applied on the surface, the subgrade material is pressed aside and a 
deformation develops. With repeated loading the deformation reaches the 
upper layers, as illustrated in Figure 15.  

Figure 15.  Damage in late spring thaw.  a) The thaw has not yet reached the 
subgrade and the bearing capacity is high.  b) The subgrade starts to thaw, 
causing a decrease in strength.  c) The subgrade is pressed to the sides and 
deformation develops in the subgrade layer.  d) The deformations reach the 
upper layers under repeated loading (Simonsen and Isacsson, 1999).

The deformations caused by the weakening subgrade can become 
considerable and cause a significant decrease in the road’s bearing capacity. 
The percentage of loss of the road’s bearing capacity is assumed to be on the 
range of 20 – 50% for silty-clayey gravel and sand, and in the range of 30 – 
70% for silt (Doré and Zubeck, 2009).  

3.3  Falling Weight Deflectometer (FWD) 

The Falling Weight Deflectometer (FWD) is a non-destructive testing 
device used for structural testing for pavement rehabilitation projects, 
research, and detection of pavement structure failures. The FWD test is used 
for all types of pavement structures (Erlingsson, 2010a). The FWD method is 
widely used and over 300 FWD devices are used worldwide (COST Action 
336, 2005).  

The FWD equipment is mounted on trailers or in test vehicles and the 
illustration of the device is illustrated in Figure 16. 

a) b) c) d)
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The Falling Weight Deflectometer used in Sweden is of type KUAB. The 
measurements on county road Lv 126 were done with a KUAB 50 owned by 
VTI. The equipment is shown in Figure 18.  

Figure 18.  VTI’s Falling Weight Deflectometer device of type KUAB 50 
(Erlingsson, 2010a). 

The first KUAB was made in 1976 for the Swedish Transport 
Administration with the aim to “improve available nondestructive deflection 
testing equipment at that time”. Three models are available in the KUAB 
series differing from each other in the loading capacity. The KUAB 50 is the 
lightest one having a load range from 13 – 62 kN. Over eighty KUABs have 
being made over the years and are used around the world (Engineering and 
Research International Inc., 2010).  

It is possible to carry out two types of analyses using the deflection data 
from the FWD measurements. The first one is the backcalculation of the 
pavement layer modulus, and the second one includes simple calculations 
based on the deflection basin indices (Erlingsson, 2010a).  

  



34 

3.4  The Deflection Basin 

A deflection basin is typically reproduced by using only the maximum 
deflection for each sensor, as illustrated in Figure 19. 

Figure 19.  A deflection basin for an FWD measurement with 7 sensors, their 
deflections, Di, and the distance to the center of loading, ri. The maximum 
deformation is obtained where the load, F, is applied, at distance r0 = 0 
(based on Erlingsson, 2004). 

How many geophones are used along with their precise distance from the 
center of the loading plate can vary. In this study the amount of sensors was 
seven and the distances to the center of loading are shown in Table 1 below.  

Table 1:  The locations of sensors and their distances to the center of loading. 

Sensor no [i] 0 1 2 3 4 5 6 
Distance r [cm] 0 20 30 45 60 90 120 

Simple deflection basin indices are frequently used to provide an indication 
of the structural characteristics of pavement structure. These indices together 
with their formulas are summarized in Table 2 (Erlingsson, 2010a). 
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Table 2:  Deflection basin indices and their formulas (based on Erlingsson, 
2010a).

Deflection Basin Index Formula 

Maximum deflection 

Surface Curvature Index '�	 D 
 I 
�
Base Curvature Index ��	 D 
\ I 
�
Base Damage Index �
	 D 
� I 
m
Normalized basin area ���� D H
�L$
�[: M 
�& � $%� I %�[:&N�[:

��:

 is the maximum deflection recorded and it is indirectly proportional to 

the overall stiffness of an elastic half-space. '�	 is the curvature of the inner 
portion of the basin and indicates the stiffness of the top part of the pavement. 
Conversely, ��	 is the curvature of the outer portion of the basin, indicating 
the stiffness of the bottom part of the pavement or the top part of the subgrade. �
	 is the curvature of the middle part of the basin, and therefore indicates the 
stiffness of the layers in the middle of the pavement, that is the bases. Finally, ����, is considered a good indicator of overall pavement strength during 
spring thaw (Erlingsson, 2010a; Doré and Zubeck, 2009). 

According to Doré and Zubeck (2009), 
, '�	, and ��	 are good indices 
for a preliminary assessment of weak zones along a highway section. All the 
indices in Table 2 were determined for the highway section analyzed in the 
thesis, and the results are presented in Chapter 5.
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3.5  Backcalculation of the Pavement Modulus 

The backcalulation procedure is based on comparing the load deflection 
data with the elastic theory, which makes it possible to determine stresses, 
strains, and deflections at any point in the pavement structure. For a given 
FWD test in a location with known layer thickness, one can assume 
reasonable Poisson’s ratios, 6, and through iteration backcalculate the resilient 
modulus, ��, from the deflection profile (Doré and Zubeck, 2009). 

There are many computer programs available to use for backcalculations 
which differ from each other in the iterative approaches that they are based on, 
and they therefore have a different level of sophistication (Doré and Zubeck, 
2009). In this thesis the program EVERCALC, which uses an iterative method 
based on the least square method to determine the layer’s moduli, is used. The 
layered elastic theory calculations are based on WESLEA, layered elastic 
computer software developed by Waterways Experiment Station, U.S. Army 
Corps of Engineers. WESLEA uses a modified augmented Gauss-Newton 
algorithm for the optimization (WSDOT, 1995a). With maximum layers of 
five, EVERCALC can handle up to ten deflection sensors and twelve load 
drops per station (WSDOT, 2005). 

When using EVERCALC, one first needs to enter the number of layers and 
their thickness, the number of sensors and their positions, and the radius of the 
loading plate. Thereupon the layer properties are determined and entered. For 
layers that do not have predetermined layer moduli, it has to define a range of 
reasonable moduli for that particular layer along with an initial modulus, the 
so-called seed modulus. The seed modulus is a rough estimate of the layer 
modulus, later computed by the program. At last the deformations measured 
with the FWD are entered together with the load applied. Before starting the 
backcalculations one has to determine the maximum amount of iterations, 
RMS tolerance, and modulus tolerance. The backcalculation process stops 
when one or more of the aforementioned requirements are within the set limits 
(Doré and Zubeck, 2009; WSDOT 1995a). According to WSDOT (2005) a 
deflection and modulus tolerance of 1%, and ten iterations, are typically used. 
The program calculates the deflection for each sensor and computes the error 
between calculated and measured deflections. How well the calculated 
deflections fit the measured ones, the "goodness of fit", is computed using the 
root mean square (RMS) error for each sensor. The set of moduli with the best 
fit between calculated and measured moduli is the output given by the 
program (Doré and Zubeck, 2009). 
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It has to be kept in mind that the most important assumption made, as well 
as the most limiting one, when using backcalculations, is that all materials 
behave as linear elastic materials. This assumption helps to reduce the 
complexity of the problem and decreases the computation required. It has to 
be kept in mind that this might induce error in the modulus estimation as well 
as causing some convergence problems. This is particularly prevalent in 
problems where pavement materials exhibit significant non-linear or time 
dependent behavior such as the viscous behavior of an asphalt-bounded layer 
at a high temperature or the highly non-linear behavior of an unbound layer 
during spring thaw (Erlingsson, 2010a; Doré and Zubeck, 2009). 

The number of layers used in this thesis was three to four. The sensors 
were 7 with 3 drops per station, at a total of 23 stations. At the time of the first 
load drop at each station, the deflection sensors tends to not sit well enough on 
the road due to a rough road surface. The vibrations from the first drop help to 
adjust the sensors for the following drops, giving better measurements of the 
deflections. The second drop was therefore used in the backcalculations in this 
thesis. The deflection data for all the 23 stations were plotted against the 
sensor distances to determine which 16 stations should be used for the 
backcalculations. Generally the first 16 FWD measurements were used in the 
backcalculations. If single measurements did not conform to other 
measurements made on the same day, they were left out to not skew the 
results of the backcalculations.  

The backcalculations are sensitive to the choice of modulus but less 
sensitive to the Poisson’s ratio. These parameters are different from one 
material to another. Typical values for elastic modulus and Poisson’s ratio for 
pavement materials are summarized in Table 3. In the table the elastic moduli 
for bounded materials are indicated by �, and the resilient moduli for 
unbounded materials are indicated by ��. 
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Table 3:  Typical values for elastic modulus and Poisson’s ratio for pavement 
materials (based on Erlingsson, 2010a).

Material 
Young's elastic 

modulus (� or ��) 
[MPa] 

Poisson's 
ratio ( ) 

Asphalt concrete (uncracked)           0°C 13500 - 35000 0.25 - 0.30 
                                                        20°C 2000 - 3500 0.30 - 0.35 
                                                        60°C 150 - 350 0.35 - 0.40 
Portland cement concrete (uncracked) 20000 - 35000 0.15 
Crushed stone or gravel base 
(clean, well-drained) 150 - 600 0.35 

Uncrushed gravel base 
     Clean, well-drained 70 - 400 0.35 
     Clean, poorly-drained 20 - 100 0.40 
Cement stabilized base 
     Uncracked 3500 - 13500 0.20 
     Badly cracked 300 - 1400 0.30 
Subgrade 
     Cement stabilized 350 - 3500 0.20 
     Lime stabilized 150 - 1000 0.20 
Subgrade (drained) 
     Gravelly and/or sandy soil 70 - 400 0.40 
     Silty soil 35 - 150 0.42 
     Clayey soil 20 - 80 0.42 
Dirty, wet, and/or  
poorly - drained materials 10 - 40 0.45 - 0.50 

Intact bedrock 2000 - 7000 0.20 

The stiffness of an asphalt layer can be determined by (Erlingsson, 2010c): 

�� D ����� � �[¡$�[����&      [46] 

where �� is the elastic modulus of the asphalt layer at certain temperature �, ����� is the reference modulus of the asphalt layer at the reference 
temperature, ���� D HJ¢�, resulting in reference modulus of 6500 MPa, and �
is a constant equal to 0.065.  
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4.  Torpsbruk Test Site 

The FWD measurements were done near Torpsbruk in Southern Sweden. 
To get the most reliable results, and to be able to understand when and why 
the bearing capacity in roads decreases during spring thaw, it is important to 
make other measurements alongside the FWD measurements, such as 
collecting of environmental data.  

This chapter includes a description of the measurement site, the 
assumptions made to be able to simulate the real conditions as best as 
possible, and the collection of the environmental data. 

4.1  County Road Lv 126 

The measurements were done on county road Lv 126 in Southern Sweden 
in the spring of 2010, the location is shown in Figure 20. Reference 
measurements were done during winter time, summer, and fall. Dates of the 
measurements are listed in Table 4. 

Table 4:  The days the FWD measurements were carried out in 2010. 

Month Date 
February 12th

March 24th, 26th, 29th, 30th

April   1st, 6th, 15th

May   6th

July   7th

October 12th
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Figure 20.  Location of Torpsbruk in Southern Sweden, marked with a 
triangle. In the detailed figure, the measurement site is marked with a circle.  

Torpsbruk is located in Småland in Southern Sweden, near Alvesta. County 
road Lv 126 is shown in Figure 21 below. 
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Figure 21.  County road Lv 126 near Torpsbruk (VTI, 2010).

The road was opened to traffic on 1st of July 1985. The road is of type 8, 
with 3.5 m wide lanes and 0.5 m wide shoulders. The total width of the road is 
8.0 m. According to traffic measurements made in 2001, the AADT was 1195 
in both directions were 14.56% was heavy traffic, thus 174 heavy vehicles per 
day and lane (Göransson, 2010). The road's structure is illustrated in Figure 
22. 
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Figure 22.  The road structure of county road Lv 126 in Torpsbruk consists of 
4 layers on top of bedrock. 

The bounded layer is an old 40 mm asphalt layer (AC) made of a hot mix 
asphalt concrete with 16 mm grain size and soft binder with penetration 
180/220 (MABT16). 24 mm repaving was carried out in 2001 with MABT16. 
The total thickness of the bounded layer was therefore 6.4 cm when the FWD 
measurements were made during the spring 2010. The base course is a 16.0 
cm layer of crushed gravel and the subbase is a 30.0 cm layer of natural sandy 
gravel. The subgrade is sandy silt which varies in thickness (Göransson, 
2010). 

The FWD measurements were made on a 22 m long part of the road, one 
every 1 m, with total measurements each day of 23. The load was dropped 3 
times at each of these 23 stations. Figure 23 describes the locations of the 
FWD measurements, the four moisture content probes, MC(n), and the 
temperature rod. 
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Figure 23.  Locations of the FWD measurements marked with 1, 2, 3, … , 22, 
and 23. The four moisture content probes are marked in the figure as MC and 
are aside the road. The temperature rod is in the road structure. The figure is 
not to scale. 

4.2  The Environment Data. 

Along with the FWD measurements, the temperature and moisture content 
were recorded to be able to study the relationship between the measured 
deflections, the backcalculated stiffness and the temperature and moisture 
content.  

Four moisture content probes were used to measure moisture content every 
half an hour during the spring thaw period. The probes were placed 20 cm 
below the surface and in each tube there were 4 sensors at various depths. The 
sensors were placed at a depth of 50 cm, 90 cm, 120 cm, and 150 cm for 
probes MC1 and MC2, at 50 cm, 90 cm, 130 cm, and 160 cm for probe MC3, 
and at 50 cm, 90 cm, 120 cm, and 140 cm for probe MC4. Recorded data from 
the three moisture probes MC1, MC2, and MC3, where used in the thesis. The 
MC4 was considered to be too far away from the road. The moisture content 
probes are of type EnviroSCAN (previously EnviroSMART) manufactured by 
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Sentek Pty Ltd in Australia. This specified type of probe is recommended for 
measurements where accuracy is essential and when measurements are done at 
more than 80 cm depth. The sensors can be placed on an arbitrary depth, 
making the probes suitable for this application (Campbell Scientific, 2007). 
Figure 24 shows when the VTI employees installed the moisture content 
probes at county road Lv 126 during the summer 2009. 

          

          

Figure 24.  Installation of the moisture content probes. Figure a) shows 
the size of a moisture content probe, and the location of probes MC3 and MC4 
(white). Each moisture content probe was placed in a tube, shown in Figure 
b), which was closed and insulated as shown in Figure c). The moisture 
content probes were connected to a data receiver, shown in Figure d) (VTI, 
2010). 

The moisture content in the road section from November 2009 to August 
2010 is shown in Figure 25. 

a) b)

c) d)



45 

Figure 25.  The moisture content at different depths in the road section from 
November 2009 to August 2010. The moisture content is from probe MC3.  

According to Figure 25, the moisture content decreased at a slow rate in 
November, and was at a minimum when the road was frozen at the beginning 
of December. The moisture content increased significantly from the middle of 
December, possibly due to winter thaw. The same happened in late February 
and March, due to spring thaw. The moisture content obtained its maximum 
value at the beginning of February and decreased after that, then became 
stable around the middle of April. The two upper placed sensors had similar 
curves, though the sensor placed at depth 50 cm had more extreme peaks. 
These peaks could be explained by the fact that the probes were newly 
installed at that time, and gaps may still have been present for the water to 
trickle along the probe. The two lower sensors had similar curves to each 
other, obtaining maximum values later than the upper sensors. The moisture 
content values were usually lowest at the depth of 50 cm and highest at the 
depth of 90 cm.  

One 2.0 m long temperature rod was installed in the road section. The rod 
was produced and developed at VTI and is based on Pt100 sensors. The rod 
measured the temperature at every fourth hour from February to March, and 
every second hour from April to May, at every 5 cm on the interval from 0 m 
down to 2 m. The data was then transmitted using the internet (Charlier et al., 
2009). The most significant data from temperature measurements is whether 
or not the road is in a frozen state. Figure 26 shows the temperature at 
different depths during winter and spring 2010. 
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Figure 27.  The temperature in the pavement structure at a depth of 20 cm. 
Gaps in the graph denote missing data.

As shown in Figure 27, the material was frozen until around the 20th of March. 
As the material starts to thaw, the temperature increases rapidly. The material 
undergoes larger daily temperature changes during spring thaw than during 
winter time. 
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5.  Test Results 

An important part of the backcalculation process is the selection of cross 
sections to use in the backcalculation program, EVERCALC. The cross 
sections need to represent the real condition as good as possible at each time. 
The same applies for other parameters like Poisson’s ratios and the initial 
modulus. A stiff layer on a shallow depth can have great effects on the 
backcalculated stiffness of the layers above. It is therefore important to verify 
if a stiff layer is present at a shallow depth, and that its impacts are negligible.  

Backcalculations were done for all the measuring days listed in Table 4 (p. 
39), total 11 measurements. The results of the backcalculations and the 
deflection basin indices are presented, as well as the results from the 
deflection basin indices.  

5.1  Selections of Layer’s Thickness 

The cross sections chosen for EVERCALC were based on the measured 
temperature and moisture content. These values were the daily means when 
the FWD measurements were taken. The moisture content was a daily mean of 
moisture content probes MC1, MC2, and MC3. The depths of their sensors 
were assumed to be on average 50 cm, 90 cm, 120 cm, and 150 cm. Out of the 
total 11 FWD measurements, 3 were made when the road structure was 
completely or partly frozen. The rest of the measurements were done when the 
structure had thawed.  

The cross section used for EVERCALC to backcalculate the road’s 
stiffness, when the structure was completely frozen, is illustrated in Figure 28. 
The mean temperature and moisture content are shown as well.  
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Figure 28.  The pavement structure used for EVERCALC to backcalculate the 
roads’ stiffness when the road was frozen down to 100 cm on 12th of February. 

The road was frozen down to 100 cm with the lowest temperature at -5°C. 
The moisture content was between 10 – 16%, lowest in the freezing layer and 
highest under the freezing front. The modulus of the 6.4 cm thick asphalt layer 
was determined as 17100 MPa by Equation [46], with the mean temperature 
of the asphalt layer as -5°C. The road was frozen down to 100 cm depth and 
from there the subgrade was assumed to have an infinite depth. The modulus 
of the frozen layer was backcalculated to 2800 MPa. This stiffness value was 
used in the backcalculations were the road structure included a frozen layer.  

The cross section used for the backcalculations of the FWD measurements 
made on 24th of March, as well as the mean temperature, and moisture content, 
are illustrated in Figure 29. 
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Figure 29.  The pavement structure used for EVERCALC to backcalculate the 
road’s stiffness 24th of March, based on measured temperature and moisture 
content in the pavement.  

The stiffness of the asphalt layer was determined as 8600 MPa using 
Equation [46], with 5.7°C as the mean asphalt temperature. The base and 
subbase layers were combined, having a thickness of 38.6 cm. The freezing 
front was at 45.0 cm depth, resulting in that a part of the subbase and the 
subgrade were frozen down to 120 cm. For simplification it was assumed that 
the frozen layer was infinite in depth. The moisture content was at its 
maximum, 24%, at 120 cm depth. 

The cross section used for EVERCALC to backcalculate the road’s 
stiffness for the measurements made on 26th of March, as well as the mean 
temperature, and moisture content, are illustrated in Figure 30. 
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Figure 30.  The pavement structure used for EVERCALC to backcalculate the 
roads’ stiffness 26th of March, based on measured temperature and moisture 
content in the pavement.  

The pavement structure had an asphalt layer with stiffness of 7900 MPa, 
determined by Equation [46] and asphalt mean temperature of 7°C. The base 
and subbase layer were combined, having their total thickness of 46 cm. The 
freezing front was at 65.0 cm depth, causing a 12.6 cm depth unfrozen 
subgrade. As for the former case, the frozen layer was assumed to be infinite 
in depth for simplification, despite that the subgrade was unfrozen from 110 
cm. The moisture content was at its maximum, 22%, at 120 cm depth. 

For comparison to the cross sections when the road structure was partly 
frozen, the cross section, mean temperature, and moisture content for a 
completely thawed road are shown in Figure 31. The temperature and 
moisture content measurements are from 15th of April.    
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Figure 31.  The pavement structure used for EVERCALC to backcalculate the 
roads’ stiffness when the road had completely thawed. The temperature and 
moisture content measurements shown here are from 15th of April. Below the 
subgrade, on 2.7 m depth, there was a stiff layer with infinite depth.  

The asphalt layer was, as previously stated, 6.4 cm. The base and subbase 
were combined, having a thickness of 46 cm. The subgrade was assumed to be 
infinite in depth from 52.4 cm. The stiffness of the asphalt layer varies with 
the measured temperature at each time. Table 5 provides an overview of the 
determined stiffness of the asphalt layer, for the backcalculation days.  

Table 5:  Stiffness of the asphalt layer, determined by Equation [46], for each 
day of the backcalculations. 

Date (2010) Temperature [°C] Stiffness � [MPa] 
February 12th -4.9 17100 
March 24th, 26th, 29th, 30th 5.7, 7.0, 8.3, 8.8 8600, 7900, 7300, 7000 
April 1st, 6th, 15th 6.6, 6.7, 9.9 8100, 8100, 6600 
May 6th 10.0 6500 
July 7th 24.7 2500 
October 12th 11.2 6000 
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As Table 5 summarizes, the stiffness increases with lower temperature in 
the asphalt layer, resulting in the highest stiffness in the winter time. The 
stiffness reached its lowest value during the summer time and had increased 
again in October.  

Table 6 gives an overview of the Poisson’s ratios, modulus range, and the 
initial modulus used for each layer in the backcalculations. 

Table 6:  Poisson’s ratio, modulus range, and initial modulus for each layer 
in the backcalculations. 

Layer Poisson’s 
ratio [£] 

Modulus range 
[MPa] 

Initial modulus 
[MPa] 

Asphalt layer 0.35 – Table 5 
Base course & subbase 0.35 120 - 700 180 
Subgrade 0.40 30 - 300 80 
Bedrock 0.30 – 50000 

The values in Table 6 were chosen in terms of Table 3. A frozen layer was 
assumed to have a predetermined modulus of 2800 MPa. 

5.2  Depth to a Stiff Layer 

Stiff layer close to the pavement structure can have a great impact on the 
backcalculated stiffness of the upper layers. Stiff clay layers, bedrock, shallow 
water tables or layers that are completely frozen can all have these effects. 
When a stiff layer is more than 12 m below the road’s surface an assumption 
is made that the stiff layer has little or no impact on the backcalculated 
stiffness (Irwin, 2006). 

When a point load is applied on the surface of a half-space, Equation [1] 
can be used to estimate the depth to the stiff layer. Using the relationship 
between the deflection, /0, and the radial distance, %, the deflection 
approaches zero when the radius approaches infinity. The deflections are 
plotted against H5%, and trendlines are fitted to the points. If the intercepts are 
not zero or negative, a stiff layer is probably at shallow depth. Therefore, it is 
assumed that the radial distance to the point where the deflection is zero and 
the depth of the stiff bottom layer are closely related (Irwin, 2006).  
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Figures 32 and 33 show the results of plotting the deflections measured on 
the 7th of July 2010 and the 12th of October 2010 versus c5¤, where c is the 
plate radius of size 150 mm and used to nondimensionalize the reciprocal of ¤. 
These two measurements from the 7th of July and the 12th of October were 
selected to make these observations because at that time the road was assumed 
to be at its best condition. The depth to bedrock is very susceptive to the 
number of sensors used in the regression. Considering the pictures from the 
observation’s site, and the results of using the two and four outermost sensors, 
it was decided to use all the six sensors for both regressions. 

Figure 32.  The depth to a stiff layer. Observations for the measurements done 
on the 7th of July 2010. 

The intercepts in Figure 32 are positive and therefore it is likely that a stiff 
layer, probably bedrock, is at shallow depth. To estimate the depth to the 
bedrock the mean of all intersections with the x-axis was calculated and it then 
multiplied by the plate radius, 150 mm, which resulted in depth of 3.2 m.  

Figure 33 shows similar results for the measurement done on the 12th of 
October 2010.  
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Figure 33.  The depth to a stiff layer. Observations for the measurement done 
on the 24th of October 2010.   

As in Figure 32, the intercepts in Figure 33 are also positive and therefore 
it is likely that bedrock is at shallow depth. The calculated depth was 2.3 m. 
The depth to the bedrock for use in the backcalculations was estimated to be 
the mean value of these two depths, or 2.7 m.  
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5.3  The Deflection Basin Indices 

The results of the deflection basins are presented in Figure 34. 

Figure 34.  The deflection basins for county road Lv 126, Torpsbruk.  
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Figure 34 shows the deflection basin indices and the measured temperature 
at a depth of 20 cm as a function of time. All the indices, except ����, were 
at a minimum when the structure was frozen and increased when the spring 
thaw started in March. 
, '�	, and �
	 all obtained their maximum values on 
the 1st of April, while ��	 obtained its maximum on the 15th of April. This 
conforms to the theory. ��	 indicates the stiffness of the bottom part of the 
pavement or the top part of the subgrade soil, which is the part of the 
pavement that thaws the latest, and therefore obtains its minimum value later 
compared to the other parts of the structure. The other indices; '�	, which 
represents the stiffness of the top part of the pavement, and �
	, representing 
the stiffness of the bases of the pavement, recover earlier. This conforms to 
the theoretical assumptions, which indicate that the freezing front moves 
downwards from the top of the pavement.  

����, which is a good indicator of the overall pavement stiffness during 
spring thaw, had its maximum value when the structure was frozen. ����
reached its minimum value at the very beginning of the spring thaw and from 
that point the value increased to the 12th of October. This indicates that the 
stiffness was highest in the autumn, except for the time when the structure was 
completely frozen. The other indices gave different results with the highest 
stiffness in July. The curve for the measured maximum deflection, 
, was at 
a minimum when the road was completely frozen. The deflection increased in 
March but started to increase again in April, obtaining its maximum value in 
July.  

All indices were compared to the backcalculated stiffness of the layers and 
the results are presented in Chapter 5.5. 

5.4  The Backcalculated Road’s Stiffness 

Figure 35 presents the backcalculated stiffness of the road’s base course, 
subbase, and subgrade for the FWD measurements made from February to 
October 2010. A correction needed to be carried out to obtain the most 
essential value for the backcalculated stiffness on the 24th of March, when a 
part of the subbase was frozen, and on the 26th of March, when a part of the 
subgrade was frozen. The correction resulted in higher stiffness values than 
backcalculated, giving more accurate results. 
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Figure 35.  The stiffness of the base course and the subbase (BC&Sb), and the 
subgrade (Sg), illustrated separately. 

As shown in Figure 35 the stiffness was very high during the winter, here 
from February to March, and decreased substantially during the spring thaw in 
the middle of March. The stiffness of the base course and the subbase was in 
most cases higher than the stiffness of the subgrade, which only overcame the 
stiffness of the base course and the subbase when the subgrade was 
completely or partly frozen. The base course and subbase had high moisture 
content due to the frozen water that had just thawed. The water was trapped in 
the layers, due to the frozen layer beneath. This caused a loss in stiffness. 
When the subgrade started thawing, the moisture content increased causing 
the same effect; its stiffness decreased. 

The recovery started earlier in the base course and subbase than in the 
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backcalculated stiffness for the measurements made in October, gave a 
decrease in stiffness, but a possible cause might have been heavy raining the 
days before the measurements were made. 

The loss of stiffness in the base course and subbase (BC&Sb) during spring 
thaw, when the bearing capacity was at minimum, had a backcalculated 
stiffness of 155 MPa. If compared to the summer and autumn values at 354 
MPa and 278 MPa, the bearing capacity loss was 56% and 44% respectively. 
The summer and autumn stiffness values for the subgrade (Sg) were 141 MPa 
and 129 MPa, resulting in loss of bearing capacity of 23% and 16% 
respectively, compared to the spring thaw stiffness of 108 MPa. The results 
are summarized in Table 7. 

Table 7:  The layers’ stiffness values during summer, autumn, and spring 
thaw, and the respective percentage loss in bearing capacity. 

Layer Summer 
value [MPa]

Autumn   
value [MPa]

Spring thaw 
[MPa] 

Loss in bearing 
capacity [%] 

BC & Sb 354 278 155 44 – 56 % 
Sg 141 129 108 16 – 23 % 

As summarized in Table 7 the loss in the bearing capacity was much more in 
the base course and subbase than in the subgrade. This is possibly due to more 
water accumulation in the upper layers, especially when the subgrade layer 
was still frozen beneath. The values in Table 7 can be compared to values 
presented by various authors that are summarized in Doré and Zubeck (2009). 
The base course and subbase, which consist of crushed gravel and natural 
sandy gravel, respectively, can be expected to have a bearing capacity loss up 
to 50%, with a typical value of 35%. The subgrade of sandy silt can be 
expected to have 30 – 70% bearing capacity loss, with a typical value of 50%. 
The loss in the bearing capacity is, according to these values, a bit higher than 
expected for the upper layers, while the loss is much lower than expected for 
the subgrade. A part of the reason could be that the materials which Doré and 
Zubeck (2009) used in their comparison are not similar enough to the 
materials in county road Lv 126. It also needs to be kept in mind that the 
stiffness value obtained for the combined layer of base course and subgrade, is 
a parameter of this combined layer, not a property of the material. Another 
reason for the difference in the estimated value of the loss of bearing capacity 
for the subgrade, compared to the observed value, can possibly be explained 
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by a low sampling rate. This might introduce the possibility for the lowest 
value to land in between observed values.  

5.5  Comparison of Results 

The backcalculated stiffness for the layers, the temperature, and the 
moisture content were compared to the respective deflection basin indices. 
The temperature was hardly comparable due to lack of data, but the data only 
extend from February to the beginning of May. The moisture content values 
are obtained from probe MC3. The moisture content for the base course and 
the subbase was shown at depth 50 cm, but for the subgrade the mean value of 
the moisture content values at depth 90 cm, 130 cm, and 160 cm, was shown. 
To be able to get a better comparison of the stiffness values to the deflection 
basin indices, a few values of the backcalculated stiffness when the road was 
at its stiffest condition were left out. The results for the backcalculated 
stiffness of the base course and subbase (BC&Sb) are presented in Figure 36 
and the results for the subgrade (Sg) in Figure 37.
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Figure 36.  The comparison of the temperature, the moisture content at depth 
50 cm, the backcalculated stiffness of the base course and subbase (BC&Sb), 
and the respective deflection basins for county road Lv 126, Torpsbruk. 
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As shown in Figure 36 the backcalculated stiffness decreased when the 
temperature and the mean moisture content increased, during spring thaw. The 
highest backcalculated stiffness, seen in Figure 35, was observed in February 
while the moisture content was around 13%, though it increased a few days 
later up to 25%. The backcalculated stiffness proved to be at its normal 
summer and autumn values when the moisture content was about 12%. The 
comparison for the subgrade is presented in Figure 37. 

Figure 37.  The comparison of the temperature, the mean moisture content in 
the subgrade, the backcalculated stiffness of the subgrade (Sg), and the 
deflection basins for county road Lv 126, Torpsbruk.  
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As illustrated in Figure 37 the backcalculated stiffness decreased when the 
temperature and the mean moisture content increased. The moisture content 
started to decrease substantially when the subgrade was subject to decrease in 
stiffness. The highest backcalculated stiffness, seen in Figure 35, was 
observed in February while the moisture content was around 21%, and a few 
days later it had increased up to 35%. The backcalculated stiffness reached its 
normal summer and autumn values when the moisture content was about 20%. 
As shown both in Figures 36 and 37, the deflection basin indices had similar 
curves as the layer that they are assumed to represent and therefore they 
conform well to the layers. For both comparisons the ���� index did not 
conform noticeably to either of the layers. 

The relationship between the stiffness and the moisture content is 
illustrated further in Figure 38. The ratio of the backcalculated stiffness to the 
optimum summer stiffness is on the x-axis, while the difference between the 
measured moisture content and the optimum moisture content is on the y-axis. 
The optimum moisture content, ¥¦§¨, is assumed to be the daily mean over a 
monthly period over June and July.  

Figure 38.  The relationship between the stiffness and the moisture content. 
The points on the right side of the zero on the horizontal axis indicate a wet 
state of the material, while the left side of the graph indicates a dry state of the 
material. 
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maximum. If more data were obtained, both for the material at wet and dry 
state, it should be possible to fit the trendline much better to the data. This 
would result in more accurate results and would give further information 
about the relation between these two variables.  

To further analyze the relationship between the stiffness of each layer and 
the respective deflection basin indices, the backcalculated stiffness of each 
layer was plotted as a function of the respective indices. The result for the 
subgrade layer is illustrated in Figure 39.  

Figure 39.  The relationship between the backcalculated stiffness of the 
subgrade (Sg) and the deflection basin index ©ª«. 

Different trendlines were fit to the data and their equations used to 
calculate a new stiffness value, as a function of the ��	 value. The best line 
was chosen by calculating the deviation of the new stiffness value from the 
backcalculated stiffness. For this particular data, the power function had the 
smallest mean deviation of 23%. When the road structure was completely or 
partly frozen, the mean deviation was 78%, while it was down to 3 % when 
the road structure had completely thawed. 

The same method was used on the deflection basin indices representing the 
upper layers of the pavement structure, and the results are illustrated in Figure 
40.  
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Figure 40.  The relationship between the backcalculated stiffness of the base 
course and subbase (BC&Sb) and the deflection basin indices ¬, ª«, and ©¬«. 
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power function, with mean deviation of 17%. Finally the data for the base 
damage index, �
	, was fit with a polynomial of 2nd order, which indicated a 
deviation of 15%. The base curvature index, ��	, previously analyzed for the 
subgrade layer, did not conform with the base course and subbase layer, 
although it should give a good estimation of the bottom of the pavement as 
well as the upper part of the subgrade layer. This might be due to that the 
subbase layer is combined with the base course, resulting in higher stiffness 
values than otherwise. 

For all the aforementioned indices the mean deviation was highest when 
the road structure was partly or completely frozen, or from 43 – 64%. When 
the road structure had completely thawed, the mean deviation was down to 4 – 
9%. The approximations for these particular data therefore give quite good 
results when the pavement structure is unfrozen, but can give misleading 
results when the structure includes frozen layers. 
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6.  Discussions and Conclusions 

The objective of this thesis was to analyze the bearing capacity of a road 
during spring thaw by doing deflection measurements with a Falling Weight 
Deflectometer (FWD), paying a certain attention to the relationship between 
the road’s stiffness, its moisture content, and the deflection basin indices. The 
FWD measurements were made on county road Lv 126 in Southern Sweden 
during spring 2010 and reference measurements were made during winter, 
summer, and autumn. A temperature rod was installed in the pavement 
structure and moisture content probes in the unpaved road shoulder, for 
monitoring the temperature and the moisture content in the road. From the 
FWD measurements’ data it is possible to carry out two types of analyses, a 
backcalculation of the pavement layer modulus and simple calculations based 
on the deflection basin indices. Both analyses were carried out and their 
results compared. The results from the FWD measurements were compared to 
the monitored environmental data and the deflection basin indices, with the 
aim of finding a proper relationship between them and thereby be able to 
simplify the process of the FWD measurements. 

The results clearly indicated that the bearing capacity of the road decreased 
substantially in the beginning of the thawing period but then recoverd, and 
eventually obtained its former summer value. All layers of the pavement 
structure underwent a decrease in stiffness during the spring thaw period, with 
more decrease obtained in the base course and subbase layer than in the 
subgrade. The mean decrease in the stiffness turned out to be around 50% for 
the base course and subbase layer, while it was around 20% in the subgrade. 
When compared to theoretical values, the decrease in the base course and 
subbase were higher than expected while the values for the subgrade, on the 
other hand, gave lower values than expected. The results from the deflection 
basin indices gave similar results as the backcalculated stiffness; high values 
during winter which decreased during spring thaw. The relevant deflection 
basin indices represented their layers well, indicating that the upper layers 
started recovering sooner than the lower layers. The deflection basin indices’ 
relation to the road’s stiffness was analyzed further by plotting the layer’s 
stiffness as a function of the respective deflection basin index. The results 
illustrated that there was a good correlation between the measured deflection 
basin indices and the backcalculated stiffness, giving more accurate results 
when the road structure was completely thawed, than if it included frozen 
layers.  
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There is evidently a correlation between the backcalculated stiffness, ��, 
and the moisture content, 3. When the moisture content was at a minimum 
during winter, the stiffness was at a maximum, both in the base layer and the 
subgrade. The moisture content increased substantially in the beginning of 
spring thaw, but when the layers were reaching their lowest stiffness values 
the moisture content had decreased again and was approaching its summer 
value. The same results were obtained when the stiffness was plotted as a 
function of the moisture content and the data fit with a polynomial. To get 
more accurate results and a better estimate of this relationship, data have to be 
collected over a longer period. Notice should be taken to the fact that the 
moisture content probes were installed in the unpaved road shoulder. This 
might increase inaccuracy in assuming the moisture content in the wheel path 
of the road.  

The advantage of obtaining these relationships between the road’s stiffness 
and the moisture content on one hand, and the road’s stiffness and the 
deflection basin indices on the other hand, is that they would minimize the 
backcalculation process drastically. The FWD measurements would be less 
time consuming, and due to less complicated calculations it should be possible 
to decrease the number of geophones and simplify the FWD equipment.  

VTI will repeat the FWD measurement procedure during the spring 2011 
on county road Lv 126 and the objective is to make more measurements with a 
higher sampling rate. To be able to get the best results out of the 
measurements, it is important to have deflection data when the road begins to 
thaw, when the road’s bearing capacity is at minimum, as well as the length of 
the recovery period. VTI plans to apply three various loads to the road; of 
magnitude 30 kN, 50 kN, and 65 kN. Special notice will be taken to the 
monitoring of the temperature and the moisture content, trying to prevent gaps 
in the data to obtain more accurate results. The objectives of these further 
measurements are to add to the understanding of a roads’ behavior during 
spring thaw, and to find a proper relationship between the moisture content 
and the behavior of a road’s stiffness.  
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