
 

 

 

 

THE EFFECTIVENESS OF GROUTED 

MACADAM AT INTERSECTIONS –  
A LIFE-CYCLE COST PERSPECTIVE 

 

 

 

 

SOFIE JACOBSEN 

 

 

 

 

 

Degree Project in Highway Engineering 
Stockholm 2012  



 

 

 

 

 

 

 

 

 

 

 

 

Sofie Jacobsen 
sofiejac@kth.se 

The Effectiveness of  Grouted Macadam at Intersections –  
A Life-cycle Cost Perspective 

Cementstabiliserad dränasfalts effektivitet som beläggning i korsningar –  
Ett livscykelkostnadsperspektiv 

 

Division of  Road and Railway Engineering 
Department of  Transport Science (TSC) 

Royal Institute of  Technology (KTH) 
S-100 44 Stockholm, Sweden 

 

TSC-MT 12-011



i 

ABSTRACT 
Intersections often experience severe rutting in the asphalt concrete layers due to 
slow moving, high loads, acceleration, deceleration and turning. This thesis aims to 
investigate the effectiveness of  grouted macadam, open graded asphalt with its 
voids filled with cement grout, as a pavement material at intersections. This was 
done by investigating the properties of  grouted macadam through a literature 
review and performing a life-cycle cost analysis comparing grouted macadam and 
asphalt concrete as pavement materials at an intersection. 

Grouted macadam is found to be similar to asphalt concrete concerning the 
relation between stiffness and temperature and frequency as well as fatigue 
behaviour. The main differences are that grouted macadam is stiffer, stronger and 
not prone to rutting. Thus it would be suitable to address rutting problems. The 
main drawbacks are that construction demands extra time and precision and that 
it is expensive compared to asphalt concrete. 

The life-cycle cost analysis showed that assuming that the grouted macadam has a 
service life of  twenty years and rehabilitation of  the asphalt concrete in the form 
of  mill and refill takes place every fourth year the life-cycle costs are 
approximately the same. A sensitivity analysis was performed that showed that 
local variations can have large impact on the life-cycle costs. 

The main conclusion is that grouted macadam can be effective as a pavement 
material at intersections that experiences severe rutting and frequently reoccurring 
rehabilitations. 
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SAMMANFATTNING 
Spårbildning som uppstår i de bitumenbundna lagren är vanligt i korsningar på 
grund av stora, långsamma laster samt accelererande, inbromsande och svängande 
fordon. I det här examensarbetet undersöks om cementstabiliserad dränasfalt, 
dränasfalt med hålrummen fyllda med cementslamma, kan vara ett effektivt 
beläggningsalternativ vid korsningar. Detta har gjorts dels genom att 
cementstabiliserad dränasfalts materialegenskaper undersökts i en litteraturstudie, 
dels genom att en livscykelkostnadsanalys gjorts som jämför cementstabiliserad 
dränasfalt med asfaltbetong som beläggningsmaterial i korsningar. 

Litteraturstudien visade att cementstabiliserad dränasfalt liknar asfaltbetong i 
många avseenden så som utmattningsegenskaper och relationen mellan styvhet 
och temperatur respektive frekvens. De största skillnaderna är att 
cementstabiliserad dränasfalt är styvare och starkare än asfaltbetong samt saknar 
benägenhet för spårbildning. Nackdelar är att det är dyrt samt komplicerat och 
tidskonsumerande att lägga jämfört med asfaltbetong. 

Livscykelkostnadsanalysen visade att om den cementstabiliserade dränasfalten har 
en livslängd på 20 år och asfaltbetongen renoveras var fjärde år med fräsning och 
nytt slitlager så blir livscykelkostnaderna approximativt lika. En känslighetsanalys 
gjordes och visade att lokala variationer kan ha stor effekt på livscykelkostnaden. 

Den huvudsakliga slutsatsen är att cementstabiliserad dränasfalt kan vara effektiv 
som beläggning vid korsningar med kraftig spårbildning som ofta måste 
renoveras. 

 

 

NYCKELORD: cementstabiliserad dränasfalt, livscykelkostnadsanalys, LCC, spårbildning, 
korsningar. 
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1 INTRODUCTION 
At intersections where many vehicles start and stop at the same place, severe 
rutting often occurs in flexible pavements. This is partly due to the fact that slow 
moving traffic generates higher stresses in the pavement structure. Additionally, 
acceleration, deceleration and turning also generate locally higher stresses. The 
problems with rutting are several: First and foremost it is safety since water is 
accumulating in the ruts during rain and spring thaw, thus increasing the risk for 
hydroplaning and splash and spray of  water onto other drivers’ windscreens 
impairing their view. In winter, the snow removers have trouble removing the 
snow from the ruts, having therefore time to turn to ice under traffic. There is also 
a severe problem that the ruts pull the tyres into them which may become a 
security risk whenever crossing or moving out of  a rutted lane. Finally, rutting is 
also a comfort problem and the increased roughness of  the pavement may also 
lead to increased fuel consumption, vehicle wear and emissions. 

Rutting is currently considered a failure criterion for pavements. The City of  
Stockholm, for example, has a 20 mm rutting depth as a limit for when 
maintenance should be performed. For areas that are exposed to low speeds in 
combination with accelerating, decelerating and turning vehicles this might lead to 
the need for maintenance as often as every other year. 

The areas with this type of  problem are often intersections with very high 
amounts of  traffic and it is generally not desirable to close them down for 
maintenance any more than is absolutely necessary. With frequently reoccurring 
rutting the result is not just a pavement that is of  poor quality a large amount of  
the time, there are also frequent shut offs due to maintenance. 

Thus, what is needed is a pavement material that has good resistance to rutting 
and will maintain a high standard without frequent maintenance and rehabilitation. 
It must also be economically viable in a life cycle perspective. This thesis 
investigates the pavement material grouted macadam in this perspective. Grouted 
macadam consists of  open graded asphalt with its pores filled with cement grout 
and has semi-flexible properties. 

The rutting mechanisms at bus stops are similar to those at intersections and in 
Stockholm the rutting problem has been addressed for bus stops. In the 1990s 
Stockholm City started using Portland cement concrete pavements for the bus 
stops but new problems arose with this solution and therefore grouted macadam 
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was introduced. Today it has been used at around 100 hundred bus stops in 
Stockholm City, with the first installed in 2001. None of  these have needed 
maintenance yet. 

1.1 Object 
The objective of  this master thesis is to evaluate the use of  grouted macadam at 
intersections with respect to life cycle costs. The idea is to address the rutting 
problem common at intersections with the use grouted macadam, thus making the 
pavement resistant to rutting and decrease the amount of  maintenance needed. 
Grouted macadam has higher construction cost than asphalt concrete but in a 
lifetime perspective it might be less expensive since it require less maintenance and 
have longer service life which will make the future costs for the pavement smaller. 

Usually in life cycle cost analysis for roads not only agency costs for construction 
and maintenance are included but also user costs such as vehicle operation costs 
(VOC) and delay costs. Even accidents and environmental issues such as increased 
emissions may be included. This socioeconomic view is justified from the 
perspective of  the whole society, but from the agency’s point of  view it may be of  
interest to consider the agency costs exclusively, for budgetary reasons if  nothing 
else. 

This thesis is carried out in Stockholm and focuses on the Swedish conditions in 
general and Stockholm in particular. 

1.2 Scope 
To reach the objective of  this thesis, firstly a literature review has been performed. 
It is divided into three parts focusing on (1) the rut mechanisms at intersections 
and various possible solutions to this, (2) a material study of  grouted macadam 
and (3) a review of  the execution of  life-cycle costs analyses of  roads and 
pavements, respectively. Furthermore a life-cycle cost analysis was performed on 
the use of  grouted macadam at intersections with a reference of  asphalt concrete. 
For this part of  the study a material model of  grouted macadam was made for the 
pavement design tool PMS Objekt and then used to design a pavement for a 
typical intersection with rutting problem. The grouted macadam was compared to 
asphalt concrete in the life-cycle cost analysis, with a focus on finding threshold 
values for rehabilitation intervals. 

1.3 Methods 
The literature review in this thesis was performed through databases held available 
through KTHB (the library at KTH) as well as in KTHB’s catalogue and on the 
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internet through the Google search engine. Peer-reviewed articles, PhD and MSc 
theses and agency reports comprise the main part of  the reviews. 

The methods of  the life-cycle cost analysis and pavement design are described in 
chapter 5. 
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2 RUTS AT INTERSECTIONS AND POSSIBLE 
SOLUTIONS 

In this section the mechanisms of  ruts in general and at intersections in particular 
are examined. The main investigated solution in this thesis, grouted macadam, is 
thoroughly examined in the next section, but other possible pavement solutions 
are presented and shortly described in this section.  

2.1 Ruts at Intersections 
A rut is a surface depression (see Figure 2.1) in the wheel path originating in any 
of  the pavement layers (Huang 2004). It is a common distress in flexible 
pavements and is often considered a failure criterion. 

 

Figure 2.1 Flow rutting in Athens (Photo: N. Kringos 2003). 

Rutting has several shapes and causes and often is the result of  a combination of  
mechanisms. Depending on where in the pavement structure the ruts are 
originating the mechanisms are different. 

Deformations originating in the unbound layers, including the subgrade are called 
structural or mechanical deformation (Rosenberger and Buncher 1999, 
Verstraeten 1995). This type of  deformation is due to that the pavement structure 
fails to distribute the loads, so the stresses exceed the bearing capacity of  for 
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example the subgrade which is then compacted and the deformations are reflected 
on the surface. The appearance of  this type of  ruts is wide depressions without 
humps on the surface which can be seen in all underlying layers down to the layer 
in which the ruts originated. 

Deformations in the asphalt layers have two underlying mechanisms, densification 
(or consolidation) and flow rutting (Sousa et al. 1991). Densification takes place 
shortly after construction and is usually due to poor compaction resulting in that 
the asphalt concrete in the wheel paths is compacted by the traffic loads. The 
volume of  the layer in which the densification takes place is decreased and the 
density thus increased. The resulting ruts are depressions on the surface with no 
humps on the sides (Rosenberger and Buncher 1999). 

Flow rutting (or plastic flow) is the primary deformation mechanism when 
densification has finished (Sousa et al. 1999). At this stage, rutting increases with 
constant volume by displacement of  material due to load induced shear stresses 
(Said et al. 2011). The resulting ruts generally have humps on the sides, i.e. the 
displaced material, see Figure 2.1 and Figure 2.2. In Sweden flow rutting is usually 
due to relatively high temperatures (up to 50ºC) and relatively soft bitumen 
binders. Rutting is mainly caused by this mechanism (Sousa et al. 1991). 

Finally, rutting may also be due to surface wear. In Sweden surface wear because 
of  surface abrasion of  studded tyres in the winter is common (VTI rapport 543). 
In the year 2000 a total amount of  110 000 tonnes of  pavement material were 
abrased by studded tyres. The resulting ruts look much like the ones originating 
due to densification. Internationally this type of  rutting is referenced to only as 
wear. 
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Figure 2.2 Flow rutting at bus stop at Gullmarsplan. 

There are several reasons that rutting problems occur more often at intersections; 
the loads are different from normal loads in the respect that the vehicles slow 
down, stop, accelerate and turn. This creates higher tangential stresses in the tyre-
pavement contact area, increasing flow rutting (Verstraeten 1995). In the 
intersection the crossing roads average daily traffic (ADT) add to each other and 
at spots the loading may be up to twice the size of  the intersections legs (Walker 
and Buncher 1999). 

The slow speeds and stopping does not only increase the time of  loading and 
surface stresses; it also makes the asphalt less stiff  (Walker and Buncher 1999). 
The viscous properties of  the asphalt make it sensitive to the frequency of  the 
loading meaning that the stiffness of  the asphalt decreases when the loading time 
is increased. This can be measured with the Superpave Frequency Sweep at 
Constant Height (FSCH) test. This test has shown that the complex shear 
modulus went from over 100 MPa to close to 10 MPa when the duration of  the 
loading cycle went from 0.1 s to 100 s. This shows that for slow moving and 
stopped vehicles the asphalt becomes less stiff  and therefore more prone to 
rutting. Another way to view this is by creep; the gradual deformation of  a 
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material exposed to static loading for a long time (Mårtensson and Wilén 2007). 

An additional effect of  slow speeds and stopping is an increased exposure of  the 
pavement to oil and fuel drippings as well as to heat exhaust from the vehicles 
(Walker and Buncher 1999). This has a softening and ultimately deteriorating 
effect on flexible pavement decreasing the pavements lifetime. 

In 2007 Mårtensson and Wilén made an inventory of  urban intersections in the 
city of  Malmö in the south of  Sweden. They found that the approaching leg is the 
part of  the intersection with the most severe rutting, especially 5 – 10 m ahead of  
the stop line (Figure 2.3). They also concluded that the ruts continued into the 
intersection and they also found indications of  rutting at spots inside the 
intersection where traffic from different legs crossed each other’s paths. 

 

Figure 2.3 Rutting at intersection at Fridhemsplan, Stockholm. 

The safety problems with rutting are several. Firstly, water is accumulating in the 
ruts during rain and spring thaw, thus increasing the risk for hydroplaning, 
especially at high speeds (Sousa et al. 1991). At low speeds the risk of  splash and 
spray of  the accumulated water onto other drivers’ windscreens impairing their 
view can be dominant (Mårtensson and Wilén 2007). In winter, the snow 
removers have trouble removing the snow from the ruts where it turns to ice 
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(Verstraeten 1995). In addition to this there is also a severe problem that the ruts 
pull the tyres into them which may become a security risk whenever crossing or 
moving out of  a rutted lane. Finally, rutting is also a comfort problem and the 
increased roughness of  the pavement may also lead to increased fuel 
consumption, vehicle wear and emissions (Islam and Buttlar 2012). Surface wear 
owing to studded tyres has the effect that it generates particles which are known 
to have negative health effects which also may be regarded as a safety problem 
related to rutting. 

In Stockholm the usual method to address rutting at intersections today is to do a 
so-called box milling1. About 30 cm of  the pavement before the intersection is 
milled away and replaced with high standard asphalt macadam (bitumen bound 
base), a binding course and a wearing course. 

2.2 Possible Pavement Material Solutions 
To address the problem of  rutting at intersections there are many possibilities. 
This thesis focuses on grouted macadam but some other approaches are listed and 
described shortly below. 

2.2.1 Concrete Block Pavement (CBP) 
Concrete block pavements consists of  relatively small concrete blocks laid on 
bedding sand, see Figure 2.4. The mechanical properties are similar to flexible 
pavements but the resistance to high dynamic loads is closer to that of  concrete. 
The small size of  the blocks makes the flexural stresses negligible and the risk for 
cracking almost non-existent. It is also surprisingly impermeable to water. 

It is generally more economical than concrete pavements and for some cases may 
be more economical than flexible pavements according to Ishai (2003). 

The concrete blocks can be laid either manually or with mechanical pavers if  the 
area is large. 

CBP is used for many different areas and loads. It is used for airports as well as 
areas where the aesthetic properties are the most important. This is since CBP can 
have different colours and forms that will create different patterns. Coloured 
blocks may also be used to make road markings that will last as long as the 
pavement since the pigmentation is in the concrete itself 

                                                      
1 Rosenblad, Christer and Hellberg, Hans, City of  Stockholm, Office of  Traffic, meeting 
2011-12-12. 
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PCB is only usable for low velocities (under 60 km/h) since higher speeds create 
too much noise and vibrations. The noise and vibrations can be useful though, 
when one wants to make drivers aware of  something such as an upcoming 
intersection or crossing. 

 

Figure 2.4 CBP at bus stop at Gullmarsplan. Note failure of  asphalt concrete at the transition 
joint. 

CBP is probably not as resistant to rutting as Portland cement concrete pavement 
(PCCP) since structural rutting may show in the surface. Movements in the 
subgrade (and thus the base) seem to be taken up by the joints though and 
distributed over a larger area than what would have been the case with a flexible 
pavement thus making the effect less noticeable. This has made CBP a good 
choice for poor subgrade conditions with for example swelling clays or collapsing 
silts. It suggests it might also be good for freeze/thaw problems. 
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Another advantage of  CBP is that it is easy to access subsurface utilities. The 
pavers are simply removed where you need access and easily replaced when 
finished. In a similar manner the pavers are completely recyclable since they are 
not destroyed when removed and thus can be reused at a different location. This 
is also an advantage in maintenance; if  some pavers are destroyed these can be 
replaced by new ones without creating ugly patches or having to replace the entire 
stretch. 

In a country such as Sweden where labour is expensive CBP at intersections might 
be too expensive and time consuming. Otherwise CBP could be a good alternative 
for intersections with rutting problems considering also the advantages with easy 
access to subsurface utilities, possible good resistance to freeze/thaw problems 
and the aesthetic possibilities. 

2.2.2 Modified Asphalt Concrete 
Another approach to the problem of  rutting at intersections is to try to improve 
the asphalt so that it resists rutting. There are a couple of  ways to do this.  

Polymer Modified Asphalt 
The most common one is to use polymer modified bitumen in the asphalt mix. 
The polymer improves the properties of  the asphalt concrete making it softer in 
cold weather and more stiff  in hot weather (STA 2011b). 

PEAB also has a polymer modified asphalt mix where the polymer additive is 
added to the asphalt mix in the asphalt plant on site (PEAB 2012). This is 
especially suitable for small areas such as bus stops and intersections, especially 
when part of  a larger resurfacing. 

Rut Resisting Aggregate Gradations 
Nevada Department of  Transport (NDOT) has sponsored a study of  different 
gradations’ rut resistance in intersections (Hajj et al. 2011). The study was 
performed in two phases, (I and II). In phase I existing pavements were evaluated 
to identify gradations that where susceptible or resistant to rutting. In phase II the 
most promising gradations were evaluated in the lab. All gradations were tested 
with the same polymer modified asphalt binder and limestone aggregates from the 
same quarry. In the phase II study three different gradations were tested and 
evaluated. The first, called the No Rut Mixture (NRM), was derived from the 
phase I study. The second was Caltrans (California Department of  
Transportation) gradation used for intersections (called CT) and the third 
NDOT’s Type 2C which is a gradation successfully used to resist rutting at 

http://www.peabasfalt.se/Data/Produkter/PMA---Polymermodifierad-asfaltmassa/
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highways but which has not been so successful at intersections. The mixes were 
then tested and evaluated with respect to both rutting and fatigue cracking. They 
found that relatively small changes in aggregate gradation could significantly 
improve the Type 2C gradation with respect to both rutting and fatigue cracking. 

Binding Course 
A binding course can be added under the wearing course to increase rut and crack 
resistance (STA 2011b). The binding course consists of  hot mix asphalt with high 
stiffness as opposed to the in Sweden commonly used bound base layer which 
consists of  asphalt macadam with an asphalt content around only 4.5%.  

2.2.3 Portland Cement Concrete Pavement 
Portland cement concrete pavements (PCCP) are known not to develop rutting 
other than due to surface wear and is therefore a natural choice for areas with 
rutting problems. Here some experience of  PCCP in Sweden in general will be 
described as well as some North American experiences with PCCP in 
intersections. 

Concrete Pavements in Sweden and Stockholm 
In Sweden concrete pavements are rare; out of  a total of  144 900 km road only 67 
km have concrete pavement (STA 2012a,b). A reason for this is bad experiences 
with concrete pavements made in the 50s and 60s. Theses had problems with 
spalling, rutting and settlements leading to irritating noise (Löfsjögård et al. 2004). 
Because of  this only two concrete roads were built until the 90s when four 
concrete roads were built. These are evaluated by Löfsjögård et al. (2004) and the 
conclusion was that they are performing well. The property that is most likely to 
generate need of  maintenance (except for joint repairs) is ruts developed due to 
wear from studded tyres, but based on the rate of  wear measured this is not likely 
to occur until after 20-40 years for the four roads studied. 

In Stockholm the main use of  concrete pavements are at bus stops2. The purpose 
is to eliminate problems with rutting due to large static loads, leading to creep, and 
acceleration, deceleration and turning. Unfortunately problems arose with water 
entering the structure in the joint between asphalt pavement and concrete slabs. 
This led to pumping, erosion of  the base, vertical joint movement, deterioration 
of  the adjoining asphalt and eventually cracking of  the concrete slabs, see Figure 
2.5. At Stockholmsmässan fibre concrete is used at an intersection and also at the 

                                                      
2 Rosenblad, Christer and Hellberg, Hans, City of  Stockholm, Office of  Traffic, meeting 
2011-12-12. 
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intersection Älvsjövägen/Svartlösavägen (see Figure 5.1 and Figure 5.3). These 
were constructed in the 90s and have so far performed well. Both these examples 
have concrete pavement only at the most exposed lanes before the traffic lights. 

 

Figure 2.5 Cracked edge of  PCC slab with exposed reinforcement at bus stop at Gullmarsplan. 

PCCP Intersections in North America 
The use of  PCCP intersections is not uncommon in North America. Two 
examples are given here, one from Washington, USA and one from Alberta, 
Canada. They were chosen on the grounds that Washington and Alberta climate is 
similar to the climate in Sweden and the choice of  PCCP instead of  asphalt 
pavements were in both cases based on life-cycle cost analysis. 

In Washington State, US several asphalt concrete pavement intersections has been 
changed into PCCP (Uhlmeyer 2001). The reason for changing from asphalt 
pavement to PCCP was problems with severe rutting at these intersections and 
the decision was supported by life-cycle cost analysis. Uhlmeyer stresses several 
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aspects that need to be considered when using PCCP at intersections, for example 
the importance of  jointing plan design especially with regard to geometry of  the 
slabs and fixtures such as manholes, concrete to asphalt transitions (Figure 2.6) 
and the construction limits. 

 

Figure 2.6 Asphalt to concrete transition (Uhlmeyer 2001). 

In Alberta a similar study was made for urban environment intersections exposed 
to heavy traffic volumes (Treleaven et al. 2010). Although only agency costs were 
included in the life-cycle cost analysis PCCP was found to be a cost effective 
solution for these intersections (Figure 2.7). 

 

 

Figure 2.7 Construction of  PCCP intersection in Lloydminster, Alberta, Canada (Google 
Maps 2012). 
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3 GROUTED MACADAM – MATERIAL STUDY 

3.1 Literature review 
Grouted macadam consists of  open graded asphalt concrete with its voids filled 
with cement mortar or grout. It goes under many different names such as asphalt-
Portland cement concrete composite (APCCC), resin modified pavement (RMP), 
combi-layer, cement-filled porous asphalt (CFPA) and of  course many brand 
names (Salviacim, Densiphalt, Confalt, EucoPave to mention a few). In this thesis 
the term grouted macadam will be used. 

Grouted macadam consists of  open graded asphalt with 25-35% air void content 
which is laid first with a regular paver (EucoPave 2012). When it has cooled the 
voids are filled with a thin flowing, high strength, mortar which is worked in with 
rubber scrapers, see Figure 3.1. The pavement may then for some versions be 
vibrated with a 3-tonne steel-wheel roller (Anderton 2000). 

 

Figure 3.1 Cement mortar being worked into the open graded asphalt (NCC 2012) 

Although grouted macadam is not very well documented in the literature it has a 
rather long history. In the early 1950s Salviacim was introduced in France with the 
purpose to protect the asphalt concrete wearing course against deterioration due 
to oil and fuel spillage (Van de Ven and Molenaar 2004). The cement slurry 
penetrated only about 10 mm into the asphalt concrete at this stage. The good 
resistance to rutting was then discovered as a positive side effect. In the 1970s the 
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open graded asphalt concrete was introduced to the concept, letting the cement 
slurry penetrate the full depth of  the layer. From this, grouted macadam has been 
further developed and today some manufacturers claim to be able to make layers 
as thick as 200 mm although the common thickness today is 30 - 60 mm (Oliveira 
et al. 2006). 

As the construction of  grouted macadam has developed, so have the applications. 
Today it is used for bus stations, port pavements, industrial and warehouse floors, 
airport platforms, taxiways and runways, brake and acceleration strips at traffic 
lights and bridge deck overlays, see Figure 3.2 (Van de Ven et al. 2004, Oliveira et 
al. 2006, Al-Qadi et al. 1994). The reasons for choosing grouted macadam vary, 
Anderton (2000) gives a couple of  different examples; at Malmstrom Air Force 
Base, Montana the main reasons to choose grouted macadam for an airfield fuel 
storage area was the need to have a fuel-resistant pavement but also a more 
flexible pavement than a Portland cement concrete pavement (PCCP) due to 
underlying areas of  expansive clays. At McChord Air Force Base, Washington 
grouted macadam was chosen for two storage areas subjected to high point loads 
and heavy truck and forklift traffic. In this case the main reasons were that 
grouted macadam offered reduced constructions efforts and costs as well as 
maintenance costs compared to a PCCP. 

Generally the reasons for choosing grouted macadam is one or a combination of  
the following: high loads, need for fuel and oil resistance, previous problems with 
rutting, that it is more economical than PCCP, improved life cycle costs compared 
to both flexible and rigid pavements and a wish to avoid joints (Van de Ven et al. 
2004, Oliveira et al. 2006). 
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Figure 3.2 Grouted macadam at a bus stop in Stockholm, the grout is died red to mark that the 
stop is part of  the bus rapid transit system. 

3.1.1 Materials 
When considering mix design the first distinction that needs to be made is the one 
between the European grouted macadam and the American version known as 
RMP (Oliveira et al. 2006).  The mixture of  European grouted macadam consists 
usually of  nominally single-sized 10 mm granite aggregate (75 % by mass between 
6.3 mm and 10 mm), 4.1 % (by weight of  total mixture) of  200 pen bitumen and 
3.7 % cellulose fibre (by mass of  binder). Lime stone filler may also be added 
(Collop et al. 1999). 

The American RMP mixture has a broader aggregate grading, Al-Qadi et al. 
(1994) uses a mix of  No. 68 and No. 10 dolomitic limestone and Anderton (2000) 
has an aggregate mix of  40 % 12.5 mm, 10 % 9.5 mm, 35 % 4.75 mm, 5 % 2.36 



17 

mm, 4 % 1.18 mm and 6 % 300 µm. An AC-20 (roughly corresponds to 60/70 
pen (Tia, 2012)) is used as binder, Al-Qadi (1994) uses 4.05 % (by weight of  
aggregate) and Anderton (2000) uses 3.8 % (by weight of  total mixture). 

The resulting void contents of  the different asphalt concrete mixtures are 25 - 30 
% (Oliveira et al. 2006), 25 % (Al-Qadi 1994) and 30 % (Anderton 2000). 

A Chinese study (Ding et al. 2011) compares grouted macadam with different void 
contents and void structure. They have three mixtures based on mixes of  three 
kinds of  aggregate; 13 – 5 mm, 10 – 5 mm and 5 – 3 mm with void contents of  
25 %, 27 % and 30 %. They also have a mix with nominally single sized 10 mm 
aggregates and a void content of  30 %. The aggregates are basalt, the asphalt is a 
50 pen SBS modified asphalt and the grout used is Hua xin P.O42.5 silicate 
cement which has compression strength of  29.6 MPa after 28 days. 

The mix design of  the grout (or mortar) varies with the producer. The Salviacim 
grout is described as cement slurry consisting of  mineral filler, synthetic resin and 
water (Salviacim 2012). This is probably what the American RMP grout is based 
on which consists of  type I cement (34 % – 40 % by total weight), fly ash (16 % - 
20 %), sand (16 % - 20 %), water (22 % - 26 %) and a resin modifier (2.5 % -
 3.5 %) (Anderton 2000). The compressive strength of  Anderton’s grout is 20 
MPa after 28 days. Battey et al. (2007) strive for a compressive strength of  at least 
2 000 psi (~14 MPa) after 48 hours and after 28 days the compressive strength is 
then approximately 4 000 – 5 000 psi (~28 – 34 MPa).  

The exact mix design of  the mortars used in Sweden is not known due to their 
proprietary nature. In general the mortars consist of  cement, water, 
superplasticizer and microsilica, which is more expensive than fly ash but has 
similar pozzolan properties (Contec 2012, Densit 1988). The result of  the use of  
microsilica is that this type of  mortar is high strength and has a compressive 
strength of  110 MPa after 28 days. This is due to the very dense packing the use 
of  microsilica and superplasticizer creates, see Figure 3.3. 
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Figure 3.3 Packing of  cement grains and microsilica in Densit (Densit 1988). 

3.1.2 Mechanical Properties 
Not many studies of  the mechanical properties of  grouted macadam have been 
performed, but in the following an attempt to put together and compare the 
available ones has been made.  

Stiffness 
Results from different tests of  stiffness modulus have been compiled in the figure 
below. All these results are from test samples that have cured for 28 days. The 
different studies had varying focuses and test methods. A compilation of  some of  
the results can be seen in Figure 3.4 

Al-Qadi et al. (1994) focused on comparing the impact of  moist curing on a 
variety of  properties over the scope of  curing. They tested for the resilient 
modulus using the Mark II device and an MTS machine which also gave them the 
Poisson’s ratios.  

Collop and Elliott (1999) tested both lab made specimens as well as in-situ cores 
of  Densiphalt for different mechanical properties. They tested the samples for 
their Indirect Tensile Stiffness Modulus (ITSM) with the Nottingham Asphalt 
Tester for several different temperatures, thus showing the temperature 
dependence of  grouted macadam. 

Oliveira et al. (2006) is the only study that has aimed at finding what variables 
contribute to the resulting properties in grouted macadam. For this, they 
compared different mixture designs of  which only some are described here; 
binder content of  only 1.5 %, a harder binder and a weaker grout. They also 



19 

analysed the phase angle and showed that the phase angle is primarily dependent 
on binder film thickness and binder grade, although the binder grade does not 
seem to affect stiffness as much as would be expected in conventional asphalt. 
They also showed that reducing the binder content increases stiffness which is 
explained by the fact that the binder volume is directly replaced by grout. The 
strength of  the grout does not seem to affect stiffness. Oliveira et al. tested 
stiffness with a purpose build 4-point bending equipment at 5 and 10 Hz. The 
results shown in Figure 3.4 are for 10 Hz. 

Anderton’s (2000) study has a similar arrangement to Collop’s and Elliott’s, testing 
both lab-made samples as well as in-situ cores. He tested for the resilient modulus 
with a modified AASHTO indirect tensile test method, loaded with a haversine 
pulse that was loaded for 0.1 s and unloaded for 0.9 s.  

Van de Ven and Molenaar (2004) tested stiffness with a 4-point bending test and 
varying frequencies and temperatures, creating a master curve at 14ºC ranging 
from frequency 0.00001 to 1 000 Hz. The master curve shows that grouted 
macadam is influenced by both temperature and loading speed, but also when 
compared to the master curve in e.g. (Walker and Buncher 1999) that it is stiffer 
than standard asphalt. In addition to this Van de Ven also tested stiffness in uni-
axial compressive and tensile tests. This showed that the tensile stiffness was much 
greater than the compressive stiffness. 

The results from the studies can be compared with the stiffness modulus of  8 000 
MPa at 20ºC that several manufacturers claim in their data sheets (Contec 2012; 
EucoPave 2012; NCC 2012).  
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Figure 3.4 Comparison of  stiffness moduli from different studies. 

Ding et al. (2011) tested the compressive modulus with a loadingboard test at 
20ºC with a loading speed of  2 mm/min and the flexural stiffness with a 
hypothermy-bending test at -10ºC. The test methods are difficult to compare to 
the other studies although the results from the compressive test seem to agree 
with the results of  Van de Ven and Molenaar (2004). The results, however, are 
interesting, showing that increasing the void content gives a stiffer and stronger 
material. The single-sized mix is also shown to be stiffer and stronger than the 
graded mix with the same void content. 
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Fatigue Behaviour 
Collop and Elliott (1999), Oliveira et al. (2006), Oliveira, Pais et al. (2009), 
Oliveira, Sangiorgi et al. (2009), Anderton (2000) and Van de Ven and Molenaar 
(2004) have all tested for fatigue behavior. All studies showed the temperature 
dependence, which is similar to that of  asphalt concrete; more loading cycles to 
fatigue at high temperatures, fewer at low. Collop and Elliott (1999) reported a 
tendency at low strain levels of  data points becoming more horizontal, indicating 
that the life may be indeterminate at low strain levels, see Figure 3.5. None of  the 
other studies have seen this behavior though.  Oliveira et al. (2006) see no 
influence of  any of  the mixture variables on the fatigue life, see Figure 3.6.  

Oliveira, Pais et al. (2009) have studied the influence of  rest periods on the fatigue 
life of  grouted macadam with the aim to develop a shift factor. They show that 
the influence of  rest periods is very large and dependent both on the number of  
subsequent loads before the rest periods as well as the length of  the rest periods. 
The conclusion of  the study was to recommend a shift factor of  45, although this 
was considered a conservative value. They also presented an indication that with 
this shift factor the resulting fatigue criterion of  grouted macadam is similar to 
that of  asphalt concrete used in the UK. 

 

Figure 3.5 Fatigue behaviour of  grouted macadam (Collop and Elliott 1999). 
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Figure 3.6 Fatigue behaviour of  grouted macadam (Oliveira et al. 2006). 

Oliveira, Sangiorgi et al. (2009) have studied the influence of  bitumen binder 
content, the use of  polymer modified binder and weaker grout on the fatigue 
behavior of  grouted macadam using two-point bending test. They found that the 
use of  polymer binder improved fatigue behavior without comprising stiffness. 
From testing at a pavement test facility (PTF) they found that traffic induced 
damage did not affect fatigue life. At the PTF the weak grout developed hairline 
cracking due to shrinkage. However, this did not affect the performance of  the 
pavement, except for the stiffness modulus. 

Strengths 
Several of  the studies have analyzed compressive strength of  grouted macadam. 
Al-Qadi et al. (1994) tested at 22ºC and found that the compressive strength after 
28 days of  curing was 5 500 kPa when the samples had no moist-curing and 7 000 
kPa with 3 days of  moist-curing. They observed around 100% strength gain from 
7 days of  curing to 28 days of  curing. The strength of  the grout is not known but 
based on the similarities in mix design with Anderton (2000) and Battey et al. 
(2007) it is probably in the order of  20-30 MPa. 

 Collop and Elliott (1999) found a compressive strength of  7 000 kPa already after 
7 days of  curing and noticed no strength gain from day 7 to day 28. Since they 
tested Densiphalt the grout strength is assumed to be 110 MPa. 
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Van de Ven and Molenaar (2004) tested compressive strength at 0ºC and at 40ºC 
with strain rates in the range of  0.0001 to 0.1 s-1. The results were for 0°C 
13 800 – 26 400 kPa and for 40°C 9 00 – 3 000 kPa. A linear interpolation for 
20ºC gives compressive strengths of  7 400 – 14 700 kPa. The compressive 
strength of  the grout is unknown. 

Anderton’s (2000) lab samples had grout strength of  21 MPa and he found the 
compressive strength of  grouted macadam to be 3 800 kPa. He compares this to 
the compressive strength of  Portland cement concrete (PCC) which is in the 
range of  15 000 – 47 000 kPa. 

Ding et al. (2011) tested the compressive strength at 20ºC. Their grout strength 
was 29.6 MPa and the results for the grouted macadam were: 

• 25% graded: 3 800 kPa 
• 27% graded: 4 140 kPa 
• 30% graded: 4 660 kPa 
• 30% single-sized: 5 230 kPa 

In Figure 3.7 the compressive strength is plotted against grout compressive 
strength, showing that there seem to be a relation. 

 

Figure 3.7 Comparison of  compressive strength related to grout strength from different studies. 
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The tensile strength has been studied by Al-Qadi et al. (1994) (indirect tensile 
strength (ITS)), Collop and Elliott (1999) (flexural strength), Van de Ven and 
Molenaar (2004) (uni-axial tensile test for strain rates 0.00001 – 0.08 s-1) and 
Anderton (2000) (ITS and flexural strength). The results are in the range of  980 – 
2500 kPa at room temperature (20-25ºC) after 28 days of  curing. The lowest result 
is from Al-Qadi et al. (1994) for no moist-curing specimens. Three days of  moist-
curing improved the tensile strength to 1 200 kPa.  2 500 kPa is a linear 
approximation from the results at 0ºC and 40ºC of  Van de Ven and Molenaar 
(2004) and is for a strain rate of  0.08 s-1. Most values are approximately 1 500 kPa. 
This can be compared to the tensile strength of  asphalt concrete which is around 
670 kPa (Anderton 2000). Anderton also tested splitting strength, a tensile test for 
concrete. He got a mean value of  837 kPa for the grouted macadam which can be 
compared to that of  PCC which is 3 450 – 5 175 kPa. 

Thermal Properties 
Oliveira et al. (2006) studied thermally induced cracking. They found that their 
standard mix was comparable to Dense Bitumen Macadam (DBM) with failure at 
3 768 microstrain. The stiffer versions (less binder and harder binder) cracked at 
1 000 – 1 200 microstrains. Thus, increased stiffness in grouted macadam gives 
much reduced resistance to thermal movement. 

Al-Qadi et al. (1994) tested freezing and thawing effects on indirect tensile 
strength (ITS) and the resilient modulus. They found that ITS was reduced with 
20-25% and the resilient modulus decreased with 50% after the sample had been 
subjected to 25 rapid freezing and thawing cycles. 

Anderton (2000) established the thermal coefficient of  grouted macadam and 
found that it is in the same range as PCC and depends somewhat on the aggregate 
although it is not as sensitive to it as PCC. The thermal coefficient with limestone 
aggregate is 10.9*10-6/°C and with granite aggregate it is 12.0*10-6/°C. He also 
studied resistance to freeze and thaw scaling and found that it is satisfactory. 

Permanent Deformation 
Collop and Elliott (1999) tested the permanent deformation resistance at 40ºC 
with the Repeated Load Axial Test (RLAT) showing that the average strain after 
3 600 cycles was 0.2 %, indication that grouted macadam have little risk for 
permanent deformation. 

Ding et al. (2011) also found very good resistance to rutting with a dynamic 
modulus of  over 30 000 cycles/mm for all mixtures. The results of  the uni-axial 
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compression tests of  Van de Ven and Molenaar (2004) also supports that grouted 
macadam is not prone to permanent deformation. 

Density 
Al-Qadi et al. (1994) and Collop and Elliott (1999) report that the density of  
grouted macadam is approximately 2300 kg/m3. Collop and Elliott find that it is 
somewhat higher for their in-situ samples, but the composition of  these are 
unknown. 

Al-Qadi et al. (1994) found the average air void content in the finished grouted 
macadam to be 2.2%. 

Skid Resistance 
The most thorough study found on skid resistance of  grouted macadam was 
reported by Anderton (2000). The skid resistance was measured at Pope Air Force 
Base for grouted macadam, Portland cement concrete (PCC) and asphalt concrete 
pavements of  the same age and with aggregates from the same supply. The skid 
resistances were measured for low speeds at 65 km/h and at high speeds at 96 
km/h with wet pavement and the results were compared. Unfortunately the skid 
resistance at high speeds for asphalt concrete could not be measured since there 
was not enough space to gain speed. The results of  the tests were that at low 
speeds the skid resistance of  grouted macadam was comparable to that of  asphalt 
concrete. The two samples of  PCC varied, one being somewhat better than both 
asphalt concrete and grouted macadam and the other worse. For high speeds 
grouted macadam performed better than the PCC. Anderton assumes the skid 
resistance will improve with age as the surface grout wears off  provided that the 
aggregates do not become polished, see Figure 3.8.  
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Figure 3.8 Wear of  surface grout in the wheel paths, at a bus stop in Stockholm. 

Anderton et al. (2001) mentions that although the skid resistance of  grouted 
macadam is generally good it may sometimes become inadequate due to 
weathering, polishing of  aggregates or improper construction techniques. They 
suggest grooving the surface to come to terms with this problem. 

Battey and Whittington (2007) tested skid resistance of  grouted macadam at some 
intersection test sections. Initially the skid resistance was not very good but it 
improved to acceptable limits after a few months. However, after four years the 
skid resistance became poorer again. No reason for this is mentioned. It is not 
known what type of  aggregate was used in the pavement. 

The skid resistance of  Densiphalt is claimed to be comparable to asphalt concrete, 
tested accordingly to BS 812:1989 (NCC 2012). EucoPave (2012) suggests shot 
blasting if  the surface does not provide sufficient skid resistance. 
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Pavement Design 
Collop and Elliott (1999) performed a pavement design with grouted macadam as 
a wearing course which they designed as a flexible pavement. They showed that 40 
mm of  grouted macadam gave an extended pavement life compared to 50 mm of  
hot rolled asphalt with the rest of  the pavement equal. They also showed that the 
rutting of  the entire pavement was less with the grouted macadam wearing course. 
This was not only due to the lower amount of  rutting in the wearing course but 
also because grouted macadam is stiffer and therefore reduces the induced strains 
in the lower layers. 

Anderton (2000) mentions the need for a design method that is not purely based 
on experience. He suggests using linear elastic layer modeling since load-induced 
cracking seem to be the critical failure mode. These cracks should be the result of  
either excessive vertical strains at the top of  the subgrade or excessive horizontal 
strains at the bottom of  the asphalt concrete or the grouted macadam, hence a 
linear elastic layer modeling method would be appropriate. For the use of  this type 
of  model Anderton presents a temperature stiffness curve and fatigue curves for 
different temperatures based on the results from the same report. He uses this 
data in the Corps of  Engineers Layered Elastic Design Method. He then used 
WESPAVE, a pavement analysis computer program used for airfield flexible 
design and analysis, to verify the layered elastic strain criteria and pavement 
response models. 

The design method suggested by Anderton (2000) was then recommended for 
airport pavement design in a US Air Force technical letter (Anderton et al. 2001). 
For other pavements the technical letter recommends designing a regular flexible 
pavement and then simply substituting some of  the asphalt concrete with grouted 
macadam, while making sure there is at least 50 mm asphalt concrete under the 
grouted macadam. 

Field Experience 
Anderton (2000) made an inventory of  four US Air Force facilities where grouted 
macadam had been used. The overall condition of  these sites was very good. 
Where the grouted macadam had been placed over jointed Portland cement 
concrete there were some reflective cracking and at one place there had been an 
incident with bad skid resistance during a heavy rainstorm. After shot blasting 
some extensive grout the problem had not recurred. The grouted macadam 
pavements had proven to have very good resistance to fuel spillage, high point 
loads and high loads from aircrafts. At the Malmstrom Air Force Base where there 
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was some very expansive clay, the grouted macadam had cracked at a few places 
due to uplifting. There was also a longitudinal crack assumed to be a construction 
joint where the grout had not penetrated properly. 

Mississippi Department of  Transportation performed a project investigating 
grouted macadam at two signalized, heavily trafficked intersections (Battey and 
Whittington 2007). The project included construction, testing and a five year 
performance evaluation. They also tested ultra-thin whitetopping (UTW) and 
polymer modified hot mix asphalt. During construction of  the grouted macadam 
they controlled that the porosity of  the open graded asphalt concrete was close 
enough to the 30% aim by the use a nuclear density gauge before adding the 
grout. The viscosity of  the grout was checked with a Marsh flow cone. Although 
they took all these precautions they had to remove 23 m (75 feet) where the grout 
had not penetrated the entire layer for some unknown reason. In the performance 
evaluation the grouted macadam was the only pavement material that had no 
rutting. It was also otherwise in good condition but there were some problems 
with skid resistance. In the final evaluation and comparison grouted macadam was 
not chosen as the preferred alternative for intersection pavement in favor of  
polymer modified asphalt. This was probably much due to the evaluation method, 
where for example life-cycle costs were not considered at all and the completely 
failed UTW was still included. 

The City of  Stockholm has used grouted macadam at bus stops since 20013. Most 
have not needed any maintenance. PEAB has been assigned to investigate a bus 
stop at Danvikstull that is subjected to very heavy loading where the grouted 
macadam pavement has failed4. The preliminary belief  is that it is not the grouted 
macadam that failed but rather the binding course that was too thin. A core 
sample from this site can be seen in Figure 3.9. An additional benefit of  grouted 
macadam compared to Portland cement concrete pavement is that it is easier and 
cheaper to get to underlying facilities, of  which there is a lot in Stockholm. 

                                                      
3 Rosenblad, Christer and Hellberg, Hans, City of  Stockholm, Office of  Traffic, meeting 
2011-12-12. 
4 Vera, Orlando, Peab Asfalt, meeting 2012-02-24 and phone call 2012-03-26. 
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Figure 3.9 Core from bus stop at Danvikstull. 

3.2 Developing a Material Model in PMS Objekt 
For design purposes a material model of  grouted macadam was created in the 
computer pavement design software PMS Objekt version 4.2.0 published by STA. 
PMS Objekt employs linear elastic modelling to design a pavement structure with 
respect to stresses and strain (STA 2011a,b). The materials in the model are 
assumed to be homogenous and isotropic. 

Grouted macadam was modelled as a bitumen bound material. The dry density 
was set to 2300 kg/m3 and porosity of  the composite material was set to 2%, in 
accordance with the literature review. Amount of  water and heat conductance was 
kept at pre-set and calculated values. Stiffness was set to depend only on climatic 
periods since the model is only intended to be used in the Swedish climate zone 2. 
The stiffness moduli for different climatic periods was calculated based on the 
stiffness curve of  Collop’s and Elliott’s (1999) lab specimen and table 4.2-2 in 
TRVK (STA 2011a) showing pavement temperatures at different climatic periods, 
see Table 3.1. The reason for choosing the stiffness of  Collop and Elliott was that 
it had enough data to interpolate the needed temperatures and that the values 
seemed to agree with European methods, and thus be suitable for use in PMS 
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Objekt. In addition to this, Collop and Elliott tested Densiphalt, which is one of  
the most common brands of  grouted macadam in Sweden. The material model 
can be seen in Figure 3.10. 

Climatic Period 
(in English) 

Climatic Period  
(in Swedish) 

Pavement Tem-
perature ºC 

Stiffness 
Mpa 

Winter Vinter -1,9 21 257 
Thawing winter Tjällossningsvinter 1,0 19 140 
Spring Thaw Tjällossning 2,3 18 191 
Late spring Senvår 3,0 17 680 
Summer Sommar 18,1 8 147 
Autumn  Höst 3,8 17 096 

Table 3.1 Stiffness of  grouted macadam for different climatic periods, in accordance with TRVK 
(STA 2011a) and based on results of  Collop and Elliott (1999). 

 

Figure 3.10 Model of  grouted macadam made in PMS Object 4.2.0. 
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3.3 Discussion and Conclusion 
The term semi-flexible pavement seem to be rather fitting since grouted macadam 
seem to be rather more flexible than rigid, it is closer to asphalt concrete than to 
Portland cement concrete in most mechanical properties. It behaves much as 
asphalt but is stiffer and stronger and the only major difference is that it does not 
seem prone to permanent deformation. 

From Figure 3.1 it can be seen that all studies except Anderton (2000) and the 
special mixtures of  Oliveira et al. (2006) the stiffness is in the span 4 000 – 8 000 
MPa at room temperature. That the special mixtures of  Oliveira et al. are stiffer 
than most is not surprising since stiffer or less binder is expected to give a stiffer 
result. The high stiffness moduli of  Anderton’s results are probably due to the test 
method. 

The results of  Ding et al. (2011) showing that a higher void content gives a stiffer 
and stronger material is logical if  it is assumed that the voids are filled with grout, 
which is stiffer and stronger than asphalt. This, however, does not explain that the 
single-sized mix was stiffer and stronger that the graded mix with same void 
content. The answer probably has to do with the void structure and how easy the 
grout can penetrate it. 

The fatigue behavior seems to be very similar to that of  asphalt concrete. 
However, since grouted macadam is stiffer than asphalt concrete in practice the 
same loads will give rise to lower strains, giving grouted macadam longer fatigue 
life. 

From Figure 3.7 it can be seen that the grout strength does affect the strength of  
the grouted macadam, which is not very surprisingly. It is not obvious though that 
it is better to have a high strength grout, compressive failure is not common in 
pavements, and is mostly of  interest for warehouses and other applications with 
very high static loads. An economic view should also be considered when 
choosing grout. 

It is also interesting that no test with known grout strength reaches the grout 
strength reported by the manufacturers. Van de Ven and Molenaar (2004) have 
results in the same range as the manufacturers claim though, so this might be due 
to test methods or other unknown parameters. 
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The resistance to thermal cracking seems to be comparable to that of  asphalt 
concrete and otherwise the thermal properties of  grouted macadam seem to be 
beneficial. 

The pavement design methods used today seem to be either entirely based on 
experience or use a flexible pavement design method. Since grouted macadam is 
so similar to asphalt concrete it seems reasonable to use the same mechanistic 
design methods for grouted macadam as for asphalt concrete, any possible plastic 
flow considerations should not be included though. But since it is uncommon to 
include plastic flow in flexible pavement design it is probably not an issue. 

From the examples of  field experience it is clear that grouted macadam tend to 
perform well, reported failures are often due to the underlying layers and not the 
grouted macadam itself. However it is difficult to construct, since it includes many 
stages and small tolerances for mistakes. If  the grout does not properly penetrate 
the open graded asphalt, the pavement would probably fail immediately and 
therefore it must be milled and removed, whereas other pavements perhaps does 
not need to be replaced for most construction mistakes but it is regulated by fines. 
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4 LIFE-CYCLE COST ANALYSIS 

4.1 Literature Review 
A life cycle cost analysis (LCCA) is a tool to help make decisions based not only 
on construction costs but which incorporates rehabilitation costs as well (Huvstig 
2000). LCCA also widens the perspective to include externalities such as user 
costs and socio-economic costs like safety and environmental related costs. It is a 
comparative analysis which means that only components that differ between the 
alternatives needs to be considered. However, the thorough analysis of  costs that 
is made can also be used to evaluate pavement alternatives in more ways than only 
finding the option with the lowest life-cycle cost, for example the distribution of  
costs between agency and user costs can be used to evaluate the different design 
strategies (FHWA 1998). 

Parallel to the term life cycle cost (LCC) is whole life costing (WLC) which 
according to ISO 15686-6 (SIS 2008) has a broader perspective than LCC and is 
implanted at earlier phases of  planning. For road planning it is usually 
implemented at the stage in which different road corridor alternatives are 
compared and evaluated (Safi et al. 2012). 

LCC should also not be confused with life-cycle assessment (LCA). LCA is an 
assessment of  primarily environmental effects of  a products whole life, starting 
with material and energy consumption at production, going through the service 
life of  the product and ending with disposal of  the product (Holmvik and Wallin 
2007). 

When managing future costs the way it is done in LCCA, there is a need to turn 
future costs into present day costs to be able to compare them. This is done by 
discounting future costs to a present value (FHWA 1998). There are different ways 
to do this but the most common and recommended for LCCAs for pavements is 
to use a real discount rate and constant money. Constant money means that things 
are assumed to cost as much in the future as they do now and a real discount rate 
does not take inflation into account, thus inflation is left completely out of  the 
picture.  

The size of  the discount rate should be decided by the region’s or country’s 
authorities (Huvstig 2000). For road projects in Sweden the Swedish Traffic 
Administration (STA) recommends a discount rate of  4 % (STA 2008b). It has 
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been 4 % since 1994, but since then it has been discussed to change it several 
times. The discussions have mainly regarded lowering it to put more weight on the 
interests of  future generations in the analyses. However, these discussions have 
been balanced by a discussion of  increasing it to account more for the risk. A 
discount rate of  3 – 5 % seems to be the most common and recommended. There 
are of  course exceptions; Amini et al. (2011) calculated a discount rate for an 
LCCA in Iran and ended up with -4.88 % due to very high inflation and interest 
rates and general instability on the market. Other Iranian studies had come up 
with discount rates of  -2.24 %, +2.31 % and +5.52 %. Since the discount rate is 
both an important and unsure factor it is usually subjected to a sensitivity analysis 
(FHWA 1998). 

Using the discount rate future costs are then calculated to a net present value 
(NPV) with the formula below. 
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Where: i = discount rate 
 n = year of  expenditure 

The NPV is actually the difference between present value benefits and present 
value costs but for different pavement alternatives the benefits are considered 
equal and thus cancel out, leaving the above formula. 

 

Figure 4.1 Expenditure stream diagram (FHWA 1998). 
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The choice of  analysis period is an important one. The period should be 
approximately the same as the objects economic life, in Sweden the recommended 
economic life time for a road is 40 – 60 years (STA 2008b). Analysis periods up to 
60 years are very long compared to other countries so presently the 
recommendation is that the analysis period is no more than 40 years. When having 
a too long analysis period the future costs become increasingly difficult to predict 
(Holmvik and Wallin 2007). The discount rate also plays a role in the choice of  
analysis period since costs far in the future will not contribute to the LCC result 
after being discounted when the discount rate is high. In general a few rules are 
always valid; all alternatives must have the same analysis period and the analysis 
period should be longer than the pavement design life unless the design life is very 
long, see Figure 4.1. 

The two main parts of  the costs of  the LCCA is agency costs and user costs. In 
addition to these one may include environmental costs and accident costs. The last 
two are sometimes grouped under social costs (Amini et al. 2011). Accident costs 
are sometimes considered as part of  the user costs (FHWA 1998) whereas the 
STA puts them as their own post (STA 2008b). 

Below, the different costs that could be incorporated in an LCCA are listed and 
described. Since an LCCA is comparative it is only necessary to include the costs 
that differ between alternatives (FHWA 1998). In choosing what costs to 
incorporate it is also important to consider the level of  detail that is relevant to 
the study at hand. Furthermore many future costs are difficult to predict and if  
they in addition to this don't have a large impact on the result the reasonable thing 
to do is to exclude them from the analysis. Nevertheless all factors should be 
evaluated and if  omitted, this should be motivated. 

4.1.1 Agency costs 
Agency costs are the costs that befall the road administrator, often a government 
organization. They are the costs that most easily can be calculated (Huvstig 2000). 
They consist of  several parts listed below of  which initial costs and repair and 
rehabilitation costs are the most important. 

• Initial cost is the easiest to estimate, it includes costs for construction, 
design and traffic management. 

• Repair and rehabilitation costs refer to planned repairs and rehabilitation 
of  the pavement and also include costs for construction, design and 
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traffic management. STA’s Vännen 07 is a model for calculating repair and 
maintenance costs (STA 2012b). 

• Maintenance costs refer to the costs to keep the traffic flow, e.g. cleaning, 
de-icing, small repairs. When conducting LCCAs comparing pavement 
design alternatives these costs are often the same for all alternatives and 
do not need to be included. 

• Costs for monitoring of  pavement condition are usually not considered 
since they are neither large nor very different between alternatives. 
However Chenevière and Ramdas (2006) mention that they may be larger 
for long life pavements for which it may be considered more important to 
quickly identify and repair small surface failures to ensure that the long 
life intended is achieved. 

• Salvage value refers to the value of  the pavement at the end of  the 
analysis period (FHWA 1998). It is incorporated into the analysis as a 
negative cost and it consists of  two parts: 

o Residual value refers to the net value of  recycling the pavement at 
the end of  the analysis period. The difference between pavement 
alternatives for this discounted over the whole analysis period is 
generally very small and doesn’t affect the result of  the analysis. 

o Serviceable life refers to the design life left for a pavement when 
the analysis period ends. It is important to include for 
compensating that different pavements have different 
maintenance periods and one pavement may have several years 
left while another is at the end of  its life at the end of  the analysis 
period. It can be calculated as a percentage of  the last 
rehabilitation cost, based on how large a part of  the design life 
originating in the last rehabilitation is left. 

4.1.2 Road user costs 
Road user costs are an important part of  the LCCA and consist of  vehicle 
operating costs (VOC) and delay costs (FHWA 1998). (Accident costs are 
sometimes included in user costs, but here they are not.)  

• VOC consists of  costs for fuel, oil, wear on vehicle etc. These may be de-
pendent on both time and travelled distance. STA (2008b) lists cost values 
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for fuel, devaluation and wear on parts. FHWA (1998) presents values for 
VOC for stopping from different speeds, idling and speed changes. 

• Delay costs refer to the delay users experience due to construction, 
maintenance and rehabilitation. To calculate it two things need to be ana-
lysed: the delay time and the value of  that time. To estimate the value of  
time cost value of  time (CV) is used. STA (2008b) divide CV into freight 
transport and working and non-working passenger travel. The values have 
been estimated in research using both Revealed and Stated Preference 
methods. For passenger travel different costs are assigned to ordinary 
travel time, travel time uncertainty and congestion time. 
FHWA (1998) mentions several ways to estimate the value of  time. Pri-
marily a percentage of  the national wage rate is used. Different values and 
percentages are used for personal, business and truck travel. A different 
approach is to study toll rates, which can give an approximation of  how 
the road users value their time. 
Another way to estimate CV is with a production-based method where 
CV is calculated with respect to gross domestic product (GDP), the 
number of  working hours and the number of  people the GDP refers to 
(Amini et al. 2011). 

When considering user costs they can be related to either normal operations or 
work zone operations. Generally delay costs are considered to be the same for all 
alternatives during normal operations and are thus not accounted for in the 
LCCA. VOC can vary for different alternatives during normal operations if  the 
alternatives have diverse roughness. Islam and Buttlar (2012) studied the effect of  
pavement roughness on user costs and developed relations between International 
Roughness Index (IRI) and different components of  VOC such as fuel, repair and 
maintenance, depreciation and tyre costs. They found that VOC are very 
dependent on IRI and are so large that increased maintenance to keep the IRI low 
could pay back fiftyfold in decreased VOC. The work of  Islam and Buttlar can be 
incorporated into another LCCA if  significant differences in pavement roughness 
exist and are thought possible to affect the outcome. 

In order to estimate the user costs FHWA (1998) suggest the following method. 
First the future year traffic demand is projected based on a projected growth 
factor. Secondly the hourly traffic distribution is estimated, which can be 
developed for a specific project based on available traffic data, but can also be 
based on default distributions for different road standards. At this step it may also 
be necessary to consider the differences in both hourly distribution and traffic 
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volume between weekday and weekend. Thirdly the capacity of  the work zone is 
calculated. 

Based on demand and capacity for the work zone user cost components are 
identified. These are the different types of  delay that occur and the associated 
costs. They are divided into free flow and forced flow. For free flow the traffic 
demand does not exceed the capacity and the effect of  the work zone is only 
reduced speed. The cost components associated to this are speed change delay, 
speed change VOC and reduced speed delay. For forced flow the traffic demand 
exceeds the capacity with the result of  queues forming, see Figure 4.2. The cost 
components of  this situation are stopping delay, stopping VOC, queue delay and 
idling VOC (the additional VOC associated with stop-and-go driving in the 
queue). 

When the cost components are identified the traffic that is affected is quantified 
and the reduced speed delay is computed. The traffic is assigned to different 
vehicle classes and the delay and VOC costs are computed for each class with the 
applicable VOC rates and CV rates. Finally the costs are summed up. 

 

Figure 4.2 Forced flow (FHWA 1998). 

An additional factor that may need to be considered is that traffic demand during 
work zones may not be the same as otherwise (FHWA 1998). This is due to that 
some traffic may choose to travel differently because of  the work zone, either at a 
different time, on a different route or not at all. This is especially true if  the work 
zone creates intolerable delays and a great portion of  the normal traffic chooses 
to take a detour, thus creating a larger traffic demand on surrounding traffic 
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network. This may create congestion in other parts of  the network, affecting other 
road users. If  this is the case an extensive traffic analysis should be made. 
According to Chenevière and Ramdas (2006) who has reviewed existing models, 
how the models manage this factor is the main difference between models. 

Models for calculating user costs are often incorporated in LCC-models such as 
PASI, FORMAT, RealCost and EVA (Chenevière and Ramdas 2006; Holmvik and 
Wallin 2007). There are also separate models for only user costs such as 
QUADRO, QuickZone and QUEWZ (Chenevière and Ramdas 2006; Huvstig 
2000). 

4.1.3 Accident costs 
Accident costs, or crash costs as the FHWA calls it, relate to the costs originating 
from car crashes. Usually in LCCAs accident costs relate to the increased accident 
rate at work zones since the different alternatives is supposed to be equivalent 
when no construction is performed (Huvstig 2000). However, if  the maintenance 
plan permits low quality of  the pavement the increased risks this lead to should 
also be accounted for. Accident rates are commonly measured as crashes per 100 
million vehicle miles (or kilometres) of  travel (FHWA 1998). A general rule of  
thumb is that work zone accident rates are three times larger than otherwise on 
the same stretch, though this is not well supported by research. Another problem 
when estimating accident rates at work zones is that the time the work zone is in 
place is too short to give enough vehicle miles of  travel to make the accident rate 
statistically valid. 

Palin (2005) investigated traffic safety for two-wheel road users at work zones in 
urban environment by the use of  the Swedish traffic conflict technique. The idea 
of  this technique is to study conflicts, situations that could have lead to an 
accident, in lieu of  actual accidents, since conflicts arise much more often. 
Generally there are 3 000 to 40 000 conflicts to one accident. Palin’s study was 
primarily focused on safety at the work zone with respect to traffic control and 
work zone layout and did not compare work zone conflict rates with conditions 
without work zone. The traffic conflict technique might be a way to address the 
uncertainties concerning few vehicle miles of  travel at work zones. 

 The other difficulty regarding accident costs is how to value the costs. In Sweden 
STA has published values and methods for this (STA 2008b). STA divide the costs 
for accidents into value of  risk and material costs. The value of  risk is divided into 
humane value and the cost of  loss of  consumption. The humane value is what the 
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individual is prepared to pay to reduce the risk of  being killed or injured in traffic. 
The material costs consist of  costs for administration, medical care, damaged 
property and drop in production. 

STA also has a computer software tool for calculations of  accident risks and costs 
which is called Lill-EVA (STA 2012b). It is primarily intended for analysis of  
accident effects when making smaller road or intersection measures and not for 
the effects of  work zones. Lill-EVA is integrated in STA’s effect model EVA. 

FHWA (1998) refers to the default crash cost rates incorporated in the LCC 
software package MicroBENCOST. They also suggest a simple method for 
calculation of  crash (accident) costs for detours based on a table with estimations 
of  crashes per 100 million vehicle miles of  travel for different roadway functional 
classes. This is based on data from FHWA’s 1995 Highway Statistics.  

4.1.4 Environmental costs 
Environmental costs are very difficult to include in an LCCA, not only because it 
is difficult to put a price on the effects but it is also difficult to say when the 
effects will arise (Huvstig 2000). Nevertheless they are important to include so 
that the consequences of  different strategies can be properly examined. 

The types of  environmental effects that are most relevant to include in an LCCA 
for roads and pavements are noise from vehicles and plants and air pollution from 
vehicles and vehicle-road interaction (particles) (Huvstig 2000; STA 1998). Noise 
and air pollution are the two environmental aspects that are included in STA 
(1998) and thus given economical values. Noise is valued as an amount per person 
and year for different noise levels. STA also has a software tool for socio-
economic calculations related to noise, BUSE (STA 2012b).  

The valuation of  air pollution is a bit more complex, STA (1998) has it divided 
into different effects, such as nature damage (acidification, eutrophication etc.), 
health issues, dirtying and corrosion. Climate effects are not included due to the 
very large insecurities. The valuation is primarily based on health effects in the 
form of  cancer and divided on the different pollutants (NOx, VOC/HC, SO2, 
particles, CO2). Effects of  air pollution are to some extent incorporated in EVA 
(Holmvik and Wallin 2007). 

In addition to noise and air pollution which has been considered for a relatively 
long time in Sweden there are several other aspects that can be considered such as 
the energy consumption for construction and maintenance, the consumption of  
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raw materials, e.g. scarce aggregates and recycling of  pavement materials (Huvstig 
2000; Chenevière and Ramdas 2006). A way to include more complex aspects is to 
use results from life-cycle assessments (LCA) which can include many different 
factors and have both narrow and wide scopes respectively. 

Not many LCC models presently include environment costs, in excess of  EVA, 
there is the model developed in the FORMAT (Fully Optimised Road 
MAinTenance) project (Chenevière and Ramdas 2006). FORMAT considered 
environmental effects with respect to maintenance and found that the most 
important areas were “recycling of  pavement material, pollutant impacts related to 
changes in fuel consumption and noise impacts related to pavement maintenance” 
(Chenevière and Ramdas 2006). 

For projects aiming at having environmental benefits including these aspects into 
the LCCA is of  particular importance. Churchill and Panesar (2012) performed an 
LCCA for noise barriers with photocatalytic cement which has the intended effect 
of  degrading air pollutants such as NOx, SO2, CO and fine particular matter. For 
their LCCA they included the costs of  emissions of  the studied pollutants in the 
construction phase as well as the positive effects during the service life. For this 
they used LCAs previously performed for the material components. 

4.1.5 Managing uncertainty 
The inputs of  LCCA described above are all uncertain to some extent. These built 
in uncertainties of  LCCA should in some way be addressed for the analysis to 
gain impact (FHWA 1998). There are several more or less sophisticated methods 
to deal with this. 

The simplest is sensitivity analysis, in which the parameters that are included in the 
study are varied one at a time. Often only the most uncertain value or values are 
studied, e.g. Amini et al. (2011) only performed sensitivity analysis on the discount 
rate, which is also Chenevière’s and Ramdas’ (2006) suggestion. Safi et al. 2012 
went about a bit more thoroughly and also studied the impact of  service life. 

However, it is a shortcoming of  the sensitivity analysis that it only investigates one 
variable at a time and that it gives the same likelihood to all scenarios (Churchill 
and Panesar 2012; FHWA 1998). Churchill and Panesar (2012) addressed the first 
aspect by that they, in addition to their thorough sensitivity analysis, performed a 
scenario analysis in which they compared “optimistic” and “pessimistic” scenarios 
for the different noise barriers studied. They main purpose was to find any inter-
dependencies. In order to approach the aspect of  including the probability of  
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different scenarios another method will be needed, though. 

The most common method to give a probabilistic approach to LCCA is to 
perform a Monte Carlo simulation (FHWA 1998). To perform a Monte Carlo 
simulation all input parameters of  the LCCA are given a probability or uncertainty 
distribution, what shape it has depends on how uncertain the input is. Karim 
(2011) performed an LCCA on road barriers and made a Monte Carlo simulation 
on the analysis. Some examples of  the distributions of  some inputs are that 
AADT (annual average daily traffic) was given a normal distribution because it 
was considered an accurate value since that forecast was based on reliable studies 
of  the traffic situation. Acquisition costs for reflectors were given a triangular 
distribution due to that they were assumed to have a normal distribution but the 
data available was not extensive enough. Speed reduction due to barrier collisions 
was given a uniform distribution since it is almost impossible to predict. This 
approach is in agreement with FHWA’s (1998) recommendations. 

In the next step the actual Monte Carlo simulation is performed by randomly 
selecting values from the input distributions and performing the LCC calculations 
on these values (FHWA 1998). This is done for up to 100 000 times, thus testing 
“all” possible scenarios and also producing the frequency of  different outcomes, 
see Figure 4.3. 

From the simulation it is also possible to produce sensitivity charts showing which 
input variables affect the LCC the most based on the correlation coefficients 
(FHWA 1998, Karim 2011). Based on these it is possible to study the input 
parameters that affect the outcome most, in order to see if  improvements can be 
done to decrease LCC more or make high risk alternatives less risky. 

 

Figure 4.3 Probabilistic LCCA results from Monte Carlo simulation (FHWA 1998). 
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As for sensitivity analysis, Monte Carlo simulations can be done more or less 
ambitiously; Karim (2011) performed a very advanced analysis including not only 
costs but also other variables such as AADT. Riemer et al. (2012) performed a 
simple LCCA on the use of  concrete densifier to improve thin white topping 
resistance to studded tyres and snow chains, including only agency costs. They 
performed a Monte Carlo simulation on the agency costs, but did not include 
service life. 

Other approaches to managing the uncertainties have also been done. 
Abdollahipour and Jeong (2012) presented what they call a realistic LCCA model 
focusing on the choice of  maintenance strategy. By analysing existing data from 
Oklahoma Department of  Traffic (ODOT) they were able to identify 
maintenance sequences for certain pavements and the frequency of  these. Then 
for the LCCA they calculated NPV for all the different strategies and then 
weighed them together with the probability of  each strategy resulting in a perhaps 
more realistic life-cycle cost. 

Lee et al. (2012) has a similar approach but focus on pavement deterioration. They 
developed pavement cracking models based on data from the California 
Department of  Transportation Pavement Condition Database which they used to 
estimate the probability of  pavement failure at given times after maintenance and 
rehabilitation. The cracking models have the input parameters average minimum 
annual temperature, average annual precipitation, average annual number of  
freeze-thaw cycles, existing alligator B cracking prior to treatment (the failure 
criteria triggering preventive maintenance) and AADTT (annual average daily 
truck traffic). They used the models to evaluate the use of  preventive maintenance 
in an LCCA by weighing together the different possible scenarios of  failure 
sequences by their probabilities as generated by the models. They also performed 
sensitivity analysis on the discount rate, the analysis duration, the traffic loading 
and the preventive maintenance trigger level (5% to 25% alligator B cracking). 

4.1.6 An example of LCCA for Intersections 
In Washington, USA several asphalt concrete pavement (ACP) intersections has 
been changed into Portland cement concrete pavement (PCCP) based on the 
results of  LCCAs, see Figure 4.4 (Uhlmeyer 2001). The reason for changing from 
ACP to PCCP was problems with severe rutting at these intersections. LCC 
analyses were made for every intersection. The analyses included construction 
costs, rehabilitation costs and user delay costs.  
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The user delay costs were estimated based on the FHWA-methodology. Some 
assumptions were made based on field observations and discussions with project 
inspectors and region traffic offices, for example that 30 % of  the normal average 
daily traffic (ADT) found other routes during construction hours (and were not 
included in the study), that no queues occurred outside work zone hours and that 
delay time and user delay costs were the same for both PCCP and ACP 
reconstruction, only the number of  construction days differ. The time considered 
as delay was the extra time that it took to pass the intersection due to the 
construction works. Instead of  calculating delay time based on capacity, the extra 
delay time per vehicle due to the work zone was also based on assumptions. 

 

Figure 4.4 One of  the PCCP intersections in Washington (Uhlemyer 2001). 

The PCCP alternative was compared to different ACP alternatives which included 
total ACP rebuild at year 0 and then rehabilitation consisting of  inlays in four-, 
six- and eight-years cycles. The PCCP was also compared to an alternative where 
the existing ACP was rehabilitated with inlays in four-, six- and eight-years cycles. 
The comparison was then made for the 40-year equivalent annual costs both with 
and without user delay costs included. 

For all cases except one the PCCP was more economical than the alternatives with 
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ACP total rebuild and the exception was only for inlays every 8th year and without 
user costs included. For the alternatives with rehabilitation of  the existing ACP 
pavement structure the ACP alternative is generally more economical, especially 
when considering user costs. It is noted in the report that this may still not be 
preferable since it exposes the users to safety risks due to excessive rutting and the 
users also has to endure traffic delays due to rehabilitation and maintenance. In 
Washington State Department of  Transport’s (WSDOT) experience repairs may 
be needed as soon as two years after rehabilitation. This kind of  maintenance is 
not included in the LCC analyses and neither are accident costs. The report also 
mentions the political aspect of  constantly reoccurring maintenance; this might 
not meet the expectations of  the public and does not reflect well on the agency. 

4.2 Discussion 
LCCA is a good tool in the way that it takes many different aspects in to the 
comparison of  different alternatives, especially future costs. The possibility of  
incorporating social-economic costs gives the analysis a wider perspective, but it is 
also possible to consider only agency costs, which can be important from a budget 
perspective. The many facets of  LCCA are probably its greatest advantaged. 

The major drawback of  LCCA is the great uncertainties related to future events. It 
includes both the difficulties in predicting what events will occur when but also 
the pricing of  different events. For user delay costs for example the basis for the 
valuation and resulting cost rates varies a lot. In Sweden for instance the cost value 
of  time (CV) is based on how the population value their time, whereas others base 
CV on income or GDP. There is of  course no correct value, rather the challenge 
is to agree on something that all involved parties can accept and that reflects the 
effects the cost represents. The same is true for environmental and accident costs. 

In addition to the difficulties in appraising social-economic costs there are the 
uncertainties of  predicting pavement performance, future AADT, what 
maintenance will be done and when, how will work zones affect traffic etc. With 
all these uncertainties it becomes very important to account for them in some risk 
analysis. 

Abdollahipour’s and Jeong’s (2012) make an interesting approach that very much 
recognise that the future cannot be predicted in any detail and that things does not 
always turn out the way we plan when they incorporate several different 
maintenance strategies in the LCCA and weigh them together by their probability. 
Their approach roots the maintenance part of  the LCCA in history in a way that 
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is needed, especially as comparison to the traditional approach. However, the 
traditional approach to LCC contains a degree of  planning which perhaps is not a 
bad thing. Having the intent to perform in advance planned and designed 
maintenance may result in better life-cycle costs. Abdollahipour’s and Jeong’s 
method is also not of  any use when evaluating new methods such as long life 
pavements or grouted macadam for which there is no or only very little historical 
data. 

The approach of  Lee et al. (2012), although similar to Abdollahipour’s and Jeong’s 
(2012), seems intuitively more viable, since we can plan and to some extent predict 
what we ourselves will do, but cannot hope for more than probability when it 
comes to pavement deterioration prediction. For both these studies it would be 
interesting to see the results of  the models incorporated in a full risk analysis 
giving a probability distribution rather than just a weighted mean. 

The example from WSDOT given above is interesting in how it shows an LCCA 
in the application of  intersection pavement comparison and the special problems 
that this include. Especially the difficulties with estimating user delay time at work 
zones are worth noting. It is hard to estimate how valid their assumptions are but 
obviously some assumptions have to be made. It is also worth noting what parts 
are included and what are not. User costs related to work zone operations are 
included but accident costs and environmental costs are not. That environmental 
costs are not included is not surprising since they have based the analysis on 
FHWA’s Technical Bulletin (1998) and this does not mention environmental costs. 
Accident costs are not included and there is no motivation for this but it seems 
reasonable since they are even more difficult to estimate than user delay costs. 

Choosing what parameters to include is an important part of  performing an 
LCCA. Too uncertain parameters may better be left out and the amount of  work 
put in to the analysis should never overcome the benefits that may be gained from 
it. One option may be to add parameters as one go along, first conducting the 
analysis on few costs and then, depending on the results, adding more parameters. 
Chenceviére and Ramdas (2006) used this approach, where they intended to add 
environmental costs at the end if  their preferred alternative, long life pavement, 
did not turn out to have such a good LCC as they hoped. This was of  course 
based on that including environmental costs would be in favour of  long life 
pavements. To be able to do this step by step approach one should have a very 
good notion of  in what direction different parameters would affect the LCC and 
make sure all the parameters left out affect the result in the same direction. 
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5 LIFE-CYCLE COST ANALYSIS FOR 
INTERSECTION PAVEMENTS 

In order to evaluate the effectiveness of  grouted macadam a comparative life-cycle 
costs analysis (LCCA) has been made. It was conducted for Swedish conditions 
with a focus on Stockholm and therefore Vägverkets Samhällsekonomiska kalkylvärden 
[STA’s Socioeconomic Calculation Values] (STA 2008b) is the primary source for cost 
rates, discount rate etc. although most aspects mentioned in chapter 4 are 
considered. 

The study will focus on finding threshold values for rehabilitation intervals and 
service lives for both the grouted macadam alternative and the asphalt concrete 
(AC) alternative. Also a sensitivity analysis for some different parameters will be 
conducted. 

5.1 Choice of Intersection 
Since the study will focus on threshold values it was decided to not perform the 
LCCA on a specific intersection but rather to make a typical intersection based on 
a few actual intersections with rutting problems. Since annual average daily traffic 
(AADT) is an important factor in pavement design, this will be considered and 
also the distribution of  traffic among different lanes. Below the distribution per 
lane is estimated both by an even distribution, since the distribution at 
intersections not necessarily is the same as on a standard roadway, and by the 
estimation method recommended by Trafikkontoret (2010). According to this 
recommendation the following relationships are valid to get AADT per lane 
(ÅDTk in Swedish) from the total AADT (ÅDTt in Swedish): 

For 2-lane roads: ÅDTk = ½ x ÅDTt 
For 4-lane roads: ÅDTk = ⅓ x ÅDTt 
For 6-lane roads: ÅDTk = ¼ x ÅDTt 

The total AADT (ÅDTt) is found in traffic flow maps provided by the City of  
Stockholm. 

5.1.1 Examples of Intersections 
In the south of  Stockholm two intersections that have had problems with rutting 
have been partly changed into Portland cement concrete (PCC) pavement. At the 
intersection Älvsjövägen/Svartlösavägen the whole eastern approaching leg and 
the left turn western approaching leg has been laid with PCC, see Figure 5.1. 
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Figure 5.1 Aerial photo of  the intersection Älvsjöv./Svartlösav. Note the PCC approaching 
legs (Eniro.se 2012). 

Total AADT for the right leg is 22 000 according to a traffic flow map from 1998, 
see Figure 5.2. Assuming the directional distribution is equal and if  the traffic is 
assumed to be evenly distributed among the lanes that give an AADT of  2 750 
per lane. By adopting the lane distribution approach given by Trafikkontoret’s 
pavement design recommendations and assuming the 6 lane alternative the most 
trafficked lane will have an AADT of  22 000/4 = 5 500 (Trafikkontoret 2010). 
Thus the design AADT for this approaching leg should be between 2 750 and 
5 500. 
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Figure 5.2 Excerpt from a traffic flow map showing the Älvsjöv./Svartlösav. intersection 
(Trafikkontoret 1998a). 

The other intersection that partly have been given PCC pavement is 
Huddingevägen/Åbyvägen, see Figure 5.4. In this three-way intersection it is only 
the left turn approaching leg on the major Huddingevägen that has been given 
PCC pavement. Åbyvägen is the approach way to Stockholmässan, a large 
exhibition hall with presumably a high level of  heavy traffic. If  we consider Figure 
5.4 and assume that the directional distribution of  AADT on Åbyvägen is equal 
and also that half  of  the traffic leaving the intersection on Åbyvägen comes from 

the west this gives:
24000 6000
2*2

= , that is the two left turn lanes has a total 

AADT of  6 000. The AADT per lane is probably between 3 000 – 4 000 based on 
either an equal distribution or that two thirds of  the directional AADT is in the 
most frequented lane. 
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Figure 5.3 Aerial photo of  the intersection Huddingev./Åbyv. Note the PCC approaching leg 
(Eniro.se 2012). 

It is worth noting that left turn lanes seem to be the most exposed to severe 
rutting in these two examples. A likely reason would be that the left turning traffic 
more frequently must stop and wait for green light compared to through traffic, 
thus resulting in a higher rate of  still-standing traffic. The green light time is 
probably also generally less for left turns than for through traffic. 

 

Figure 5.4 Excerpt from a traffic flow map showing the Huddingev./Åbyv. intersection 
(Trafikkontoret 1998b). 
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Cedersdalsgatan is known to experience severe rutting and although it is not an 
intersection it has great similarities to the approaching leg since it goes between 
two large roundabouts. Presently a large amount of  heavy traffic uses this road 
but when the Northern Link (Norra Länken) opens in 2015 it will probably 
drastically decrease. Total AADT is 58 000 (Trafikkontoret 2000), assuming equal 
directional distribution this six-lane road will have design AADT of  9 700 to 
14 500 per lane. 

Valhallavägen is also known by Trafikkontoret to have problems with plastic flow 
rutting related to slow moving, turning heavy traffic5. The total AADT is 
approximately 40 000 giving an AADT per lane of  10 000 to 13 500 for the most 
trafficked lane (Trafikkontoret 1995, 2000). 

5.1.2 Choice of Intersection Parameters 
The two intersections that have already been rectified have an AADT of  about 
3 000 – 6 000 per lane, whereas the other two problem areas mentioned have an 
AADT in the area of  10 000 – 15 000 per lane. However, AADT is not the 
primary trigger for this type of  rutting; it has rather to do with the behavior of  
the traffic, how large a portion of  the traffic that is slow moving. Therefore the 
focus of  this study will not be AADT and a hopefully representative AADT of  
10 000 per lane will be chosen for the major leg. 

There are two ways to address the rehabilitation of  a rutted intersection, either the 
entire intersection is rehabilitated, which seems to be a common North American 
approach (Uhlmeyer 2001, Treleaven et al. 2010), or only the most exposed areas 
are rehabilitated, usually the approaching legs, which is the usual Swedish 
approach, known as box-milling6. The benefits of  the Swedish approach are that it 
is cheaper and quicker to do only the most necessary parts. Possible reasons for 
the American approach are that the rutting problem actually stretches into the 
intersection or that leaving some part out would just have resulted in a lot of  
additional PCC-asphalt joints, which may be problematic. Since this study focuses 
on Swedish conditions the box-mill method will be used.  

The final step is to choose how many lanes the intersection will have. This will 
primarily affect agency costs, since it will decide how large an area that will be 

                                                      
5 Rosenblad, Christer and Hellberg, Hans, City of  Stockholm, Office of  Traffic, meeting 
2011-12-12. 
6 Rosenblad, Christer and Hellberg, Hans, City of  Stockholm, Office of  Traffic, meeting 
2011-12-12. 
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box-milled, and user costs. The user costs are very dependent on the number of  
lanes and the resulting total AADT, as well as the layout of  traffic control during 
work zone. This will be further discussed in section 5.8 below. For this project it is 
decided that the intersection will have three lanes in each direction. 

5.2 Traffic Growth 
The traffic growth in Stockholm in total is 2-3% (Baradaran 2008). For the city 
centre it is closer to 0%, probably due to that the maximum capacity is already 
reached. In addition to this, local variations occur of  course. For this study a 
traffic growth of  2% will be used. 

5.3 Pavement Design  

5.3.1 Design Method 

Grouted Macadam 
For design of  the grouted macadam pavement PMS Objekt was used with the 
material model created in section 3.2. The recommendations from the City of  
Stockholm, created for bus stops, were also considered and were used as a basis 
for design, see Figure 5.5. 

 

 

Figure 5.5 Recommended pavement design for bus stops with grouted macadam wearing course 
(Trafikkontoret 2002). 

In PMS Objekt the number of  equivalent single-axle loads (ESALs) is calculated 
based on traffic factors such as average daily traffic (AADT) per lane (ÅDTk in 



53 

Swedish), traffic growth factor, percentage of  trucks, truck factor (number of  
ESALs per truck) and service life in years. 

The percentage of  trucks is normally 10% according to Trafikkontoret (2010), 
although for roads with severe rutting it is likely that a large amount of  heavy 
traffic is part reason for this and therefore the design will be made for 12% trucks. 

The truck factor, i.e. the amount of  ESALs per truck, is difficult to amount. 
Firstly it should be stated that a Swedish standard single-axle is 100kN. In the 
PMS Objekt manual 3.7 is a value suggested for the truck factor if  it is not 
known. When considering the method and values presented in TRVK (STA 
2011a) 3.7 seems a rather conservative value. Given this and that it is 
recommended by the program manual it was decided that the truck factor will be 
3.7. 

The service life of  the grouted macadam will be used as a variable parameter in 
the threshold study. For design purposes it is set to 20 years, but since the 
behaviour of  this material is not that well known and PMS Objekt is a rather blunt 
design tool this might not reflect the actual life time of  the pavement. 

Finally different pavement designs were tested until the one described in section 
5.3.2 was reached. The calculation report can be found in Appendix A. 

Asphalt Concrete Reference Alternative 
The asphalt concrete reference alternative is designed based on the 
recommendations of  the City of  Stockholm (Trafikkontoret 2010). This method 
was chosen since this is representative of  most streets in Stockholm and thus is 
deemed suitable as a reference alternative. 

For an AADT of  10 000 per lane and 12% trucks the tables in the 
recommendations give traffic class 6 resulting in a pavement construction of  40 
mm wearing course, 150 mm bound base, 80 mm unbound base and (for not frost 
susceptible subgrades) 420 mm subbase (Tabell 1152-3 Trafikkontoret 2010). 
However, a control made with PMS Objekt suggested this was not enough and 
therefore the bound base was increased to 170 mm. This was also done so that it 
would be reasonable to assume that the top 110 mm could be removed and 
replaced with grouted macadam and a binding course and still leave 100 mm of  
bound base. By doing this construction of  the lower layers, if  it were to take place, 
would cancel out due to the comparative nature of  this study. The result is shown 
in the next section. 
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5.3.2 Design Results 

Grouted macadam 
The final design of  the grouted macadam pavement can be seen in Figure 5.6. In 
PMS Objekt this construction has a service life of  20 years, with tensile strain in 
the bottom of  the bound base being critical, see Appendix A for all calculations. 
However, for this project only rehabilitation will be considered and therefore only 
the two top layers will be considered in the LCCA.  

 

Figure 5.6 Design of  grouted macadam. 
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Asphalt concrete alternative 
The final design of  the asphalt concrete alternative can be seen in Figure 5.7. 
However, only rehabilitations will be considered in the LCCA, so it is primarily the 
top layer that is of  interest. 

 

Figure 5.7 Design of  asphalt concrete alternative. 

5.4 Maintenance Strategies 
The failure mechanism and maintenance trigger for the asphalt concrete pavement 
is assumed to be rutting in the asphalt concrete layers. Since traditional pavement 
design and pavement deterioration methods primarily are based on rutting 
originating in the subgrade and bottom up cracking in the asphalt concrete layer 
other deterioration prediction methods need to be sought. Oscarsson (2011) 
investigated three different methods for mechanistic-empirical modelling of  
permanent deformation, namely the Mechanistic-Empirical Pavement Design 
Guide (M-E PDG), the CalME software and the Swedish PErmanent 
Deformation of  asphalt concrete ROads (PEDRO) model. The PEDRO model 
could have been available for use in this thesis but unfortunately it is still in 
development. Therefore, in this study, rehabilitation intervals will not be based on 
pavement quality triggers but simply on time intervals. 

In this project only major rehabilitations such as mill and refill will be considered. 
Normal maintenance such as crack repair will not be included. The time 
consumption of  different construction and maintenance steps are shown in Table 
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5.1, as given by Hans Hellberg7. It should be noted that the values are rather 
rough. 

 
Time consumption 

(hours) 
Milling 8 

Construction of bind-
ing layer and base layer 8 

Construction of sur-
face asphalt concrete 12 

Construction of 
grouted macadam 24 

Grout curing time 48 

Table 5.1 Time consumption for different rehabilitation and construction steps8. 

The asphalt concrete alternative will have rehabilitation in the form of  mill and 
replace of  the wearing course. This choice is based on that a low cost alternative 
was sought although it is perhaps not the most likely rehabilitation scenario. 
However, focus will be on rehabilitation intervals, and they may occur also with 
better and more expensive rehabilitation options. The rehabilitation intervals will 
be varied to try to find threshold values for when the life-cycle cost for grouted 
macadam could be lower than that for asphalt concrete. One rehabilitation activity 
will take approximately 20 h. 

Rehabilitation intervals for grouted macadam will also be varied to find threshold 
values. The rehabilitation will consist of  mill and refill of  the grouted macadam 
layer. Rehabilitation will take approximately 80 h, construction will take 88 h. 

For this study all construction and rehabilitation will be assumed to be performed 
continuously throughout all hours of  the day. This may not be entirely realistic, 
especially not for asphalt concrete rehabilitation but is assumed for reasons of  
simplicity. 

The area that is assumed to be rehabilitated is 40 m of  the approaching legs of  the 

                                                      
7 Hellberg, Hans, City of  Stockholm, Office of  Traffic, e-mail conversation 2012-05-07. 
8 Hellberg, Hans, City of  Stockholm, Office of  Traffic, e-mail conversation 2012-05-07. 
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major road and all three lanes, assumed to be 3.5 m. This gives a total area of  
40*3.5*6 = 840 m2. 

5.5 Discount Rate 
The discount rate given by STA is 4 % (STA 2008b) and will be used as the 
primary discount rate, although it will be varied in the sensitivity analysis. 

5.6 Analysis Period 
STA recommends an analysis period of  40 years for structures with an 
economical service life as long as or longer than 40 years (STA 2008b). The design 
life of  the alternatives should also be considered. For the asphalt concrete 
pavement this is much shorter than 40 years, and several rehabilitations will occur. 
For the grouted macadam this is likely shorter than 40 years although this will be 
varied. A shorter analysis period may even be valid but since the recommendation 
is 40 years it will be chosen as analysis period. 

5.7 Agency Costs 
Reasonable approximates of  unit prices for grouted macadam for different sizes 
of  area can be seen in Table 5.2 and other unit prices can be seen in Table 5.3. All 
prices are approximate and can vary very much and should rather be regarded as 
possible prices than anything exact. The ideal would have been to have data from 
several different procurements to create a range of  probability on, but no such 
data was available. 

ABS is stone rich asphalt concrete and ABT is regular dense asphalt concrete. 

Grouted macadam 
(60 mm) Price Unit 

< 50 m2 900-1000 SEK/m2 

50-100 m2 900-950 SEK/m2 

100-500 m2 750 SEK/m2 

>500 m2 500 SEK/m2 

Table 5.2 Unit prices for grouted macadam. 
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Construction part Price Unit 
Establisment 5000 SEK 

Binding layer (50 mm) 50 SEK/m2 

Deep mill (40-80 mm) 90 SEK/m2 

Mill (0-40 mm) 50 SEK/m2 

ABS (40 mm) 70 SEK/m2 

ABT (40 mm) 55-60 SEK/m2 

Table 5.3 Unit prices for other construction parts. 

As can be seen from Table 5.2 and Table 5.3 grouted macadam is up to 18 times 
more expensive than the ABT wearing course. Some reasons for this will be 
discussed here. Firstly, the grout is an extra material compared to regular asphalt 
concrete and the base for it is bought from a special supplier, often imported and 
bought on license. There is probably also an extra cost for the license. The 
manufacturing of  the finished grout, often performed on site, is an additional 
work step and probably also leads to extra costs. Secondly, grouted macadam 
demands high quality aggregates which might not be available from the local 
quarry, leading to higher costs for purchase and transport of  aggregates. Thirdly, 
the construction time is longer, performed in two steps and the need for 
personnel are higher and this is included in the unit prices. Finally, the 
construction of  grouted macadam involve a higher risk due to little tolerance for 
mistakes, if  the air void content is not sufficient or if  grout does not properly 
penetrate the whole layer the course needs to be milled away and re-constructed9. 
When mistakes are made in ordinary asphalt concrete construction this is usually 
regulated by fines and the pavement does not need to be redone. The quality 
assurance documents of  the City of  Stockholm also demand extra precautions in 
relation to rain during construction, by pumping out water from the open graded 
asphalt before adding the grout (Trafikkontoret 2008). 

For the LCCA three different actions will be considered; construction of  grouted 
macadam, rehabilitation of  grouted macadam and rehabilitation of  asphalt 
concrete. The costs for these are presented in Table 5.4, based on that a total area 
of  840 m2 is subjected to the actions and the pavement designs presented in 
section 5.3.2. 

                                                      
9 Vera, Orlando, Peab Asfalt, meeting 2012-02-24 and phone call 2012-03-26. 
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Grouted macadam construction 
 Construction part Price Unit m2 Cost 

Establishment 5000 SEK 1 5000 

Grouted macadam 500 SEK/m2 840 420000 

Binding layer 50 SEK/m2 840 42000 

Deep mill 90 SEK/m2 840 75600 
Total: 542600 

     AC Rehabilitation 
 Construction part Price Unit m2 Cost 

Establishment 5000 SEK 1 5000 

Mill 50 SEK/m2 840 42000 

ABS 70 SEK/m2 840 58800 
Total: 105800 

     Grouted macadam rehabilitation 
 Construction part Price Unit m2 Cost 

Establishment 5000 SEK 1 5000 

Grouted macadam 500 SEK/m2 840 420000 

Deep mill 90 SEK/m2 840 75600 
Total: 500600 

Table 5.4 Agency costs for different actions. 

Salvage values are considered small and not included in the study. Just in case, this 
is nevertheless controlled during calculations. 

5.8 User Costs 
As discussed in section 4.1.2 road user costs can be considered for normal 
operations and work zone operations respectively. Since this study is about rutting 
it would be very interesting to examine the effect of  rutting on vehicle operating 
costs (VOC) during normal operations with the method of  Islam and Buttlar 
(2012). However, this would demand that there was a reliable technique to predict 
rut development available and since there is not, as discussed in section 5.4, only 
work zone related user costs will be considered. 

Estimating work zone effect on user costs for intersections is very difficult. 
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Highway work zone user costs estimations are based on that the vehicles are 
slowed down or that queues develop, but for intersection some queue formation is 
normal behaviour. The means of  traffic control at work zones are also much more 
complex at intersections than on highways. WSDOT lists some different 
approaches for construction of  PCCP intersections; complete closure with 
detours, partial closure with detours, construction under traffic, complete closures 
during limited time periods and combinations of  these approaches (Uhlmeyer 
2001). Closure with detour might lead to congestion in other areas resulting in 
that user delay costs will be both due to the delay caused by a longer route for the 
rerouted users and delays for users not normally using the intersection ending up 
in this additional congestion. For this type of  case FHWA (1998) recommends 
that an extensive traffic analysis is made. Since this thesis does not focus on traffic 
control and analysis some simplifications and assumptions will be made. Firstly, 
construction under traffic will be assumed. 

For this project two user cost analysis tools were available; FHWA’s RealCost and 
VTI’s (the Swedish National Road and Transport Research Institute’s) tool for 
calculation of  delay costs at work zones. RealCost is based on the method 
suggested by FHWA (1998) as described in section 4.1.2. The VTI tool is simpler 
and only calculates delay time due to speed reduction and queuing based on 15 
predefined traffic staging plans. However, New Jersey Department of  Transport 
(NJDOT) (2001) claims that 90% of  free flow user costs are work zone delay 
costs (i.e. reduced speed delay) and that 90% of  forced flow costs are queue delay 
and queue idling VOC and that it is reasonable to only consider these costs. If  
idling VOC is also omitted (which tend to be a rather small part as long as the 
value of  time is reasonably large) we have the costs that the VTI tool calculates. 
Still the problem that none of  these tools are suited for intersections remains. 

For this project it has been assumed that grouted macadam or asphalt concrete 
rehabilitation will be made for all lanes in the approaching legs of  the major road. 
The total work zone length is approximated to be 100 m based on that the part of  
each leg that is reconstructed is 40 m. With 20 m of  intersection that gives a total 
of  100 m. The legs are assumed to be three lanes wide. To be able to calculate the 
user costs this 100 m long work zone will be treated as if  it is not an intersection 
and thus the available tools will be applicable. Whether this simplification will give 
higher or lower user costs than what would actually be the case is difficult to say. 

Very large user costs arise when long queues develop, which happens when the 
demand greatly or for a long time exceeds the capacity. In this project this may 
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occur for two reasons, either the total AADT is very high or only one of  three 
lanes are kept open to traffic. For these reasons different number of  lanes open to 
traffic during construction will be examined. However, keeping more lanes open 
to traffic will increase construction time, which will of  course also increase user 
costs. 

The normal speed limit is set to 50 km/h and the work zone speed limit can then 
be either 30 km/h or 50 km/h depending on what type of  traffic control devices 
are used (Trafikkontoret 2010). For grouted macadam work zones are present for 
longer time than work zones for the asphalt concrete alternative are. Therefore it 
is assumed that concrete barriers are used, allowing the speed at the work zone to 
be 50 km/h. For shorter time work zones the speed limit is assumed to be 
lowered to 30 km/h, due to use of  light barriers. 

A comparison between the two tools was made and the results are presented in 
Table 5.5. It is made for a work zone length of  100 m. In RealCost AADT was set 
to 60 000, the road had three lanes and either one or two lanes were kept open 
during work zone. The speed limit without work zone was set to 30 mph (48.28 
km/h) and with work zone it was set to 20 mph (32.19 km/h) when the speed was 
reduced. The reason for choosing these values was that RealCost needs 
periodically fives to function properly. The free flow capacity was set to 1200 
vehicles per hour per lane, based on that intersections have a capacity of  1900 
vehicles per green hour per lane and thus the capacity per hour will be somewhat 
lower (NJDOT 2001). Maximum queue length was set to 3 miles (4.8 km). Urban 
hourly traffic distribution for weekday was chosen and the work zone was set to 
be active during 24 hours, from 0:00-24:00. 

None of  the traffic staging plans of  the VTI tool contained three lanes in each 
direction with two of  them closed. Thus no. 9, 2+2 highway, 2 lanes closed, was 
chosen. However, it is not possible to have an AADT of  60 000 for this traffic 
staging plan and thus it was set to 40 000. Traffic staging plan no. 14 3+3 highway, 
2 lanes closed was used for the 2 of  three lanes open alternative with AADT set to 
60 000. It should be mentioned that the VTI tool calculates queue delay based on 
models with speeds appropriate for the traffic situations they are intended for, in 
this case highway. The speeds entered in the program are only used to calculate 
speed reduction delay. 
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 No of lanes 
open in each 
direction 

Delay 
(min/vehicle/day) 

 
 

RealCost VTI 

50 --> 30 
km/h 

1/3 23,33   
2/3 1,4 0,025 
1/2 (No 9)   0,4515 

No speed-
reduction 

1/3 23,06   
2/3 1,29 0,022 
1/2 (No 9)   0,4455 

Table 5.5 Comparison between user delay from Realcost and the VTI tool, chosen values 
marked with bold. 

The results presented in Table 5.5 show that keeping only one lane open for 
traffic is not desirable even if  this means a longer time of  work zone. For 
RealCost one of  three lanes open increase delays 16-17 times and for the VTI tool 
the values are 18-20 times. Thus two lanes will be kept open in this study. As this 
means only one lane per direction can be worked on, work zone operations will 
continue for 3 times the times given in section 5.4. Possibly the departing legs 
could be used to spread out the traffic, which is also consistent with the 
assumption that the work zone is 100 m long. In that case the work zone will 
continue for 2 times the times given in section 5.4. Since RealCost take into 
account the lower capacity of  an intersection compared to a highway, those results 
are deemed more reliable and will be used in calculations. Just over a minute delay 
is also consistent with the average delay times of  1 – 4 min/vehicle assumed by 
WSDOT for their PCCP intersection project (Uhlmeyer 2001). 

For calculation of  user costs, the values in Table 5.5 marked with bold are used 
for all years, although delay time would probably increase with increased AADT. 
The total AADT that is multiplied with the delay per car is increased and since the 
total delay costs are in this way conservatively increased it seems an acceptable 
simplification to make the calculations simpler and more straightforward. No 
consideration is taken for that some traffic may choose different routes or that 
there is less traffic during weekends. 

The time cost rate used is that provided by STA (2008b) which is 165 SEK/h for 
personal cars and 298 SEK/h for trucks in 2006 values. This includes only time 
for staff  and not for goods, the time costs given by STA (2008b) for goods are 
not very large though, in the order of  10-40 SEK/h and truck, so adding this will 
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not affect the outcome greatly. It might be argued that 10-40 SEK/h and truck is 
a rather low value for delay of  goods, but to keep these values conservative, this is 
still left out. 

VOC in STA (2008b) are almost entirely based on SEK/km and thus difficult to 
use. Neither are the different types of  VOC (e.g. idling VOC, stopping VOC) 
discussed by FHWA (1998) included. RealCost calculates VOC but since the 
values used are not approved for Swedish conditions it will not be used. 

5.9 Accident Costs 
Due to the difficulties in estimating the increased rate of  accidents at work zones 
accident costs will not be incorporated in this study. However, the costs would be 
expected to add to the user costs since these too are related to traffic at work 
zones. 

Another aspect would be to incorporate accidents during normal operations, since 
a severely rutted pavement can increase the number of  accidents. However, no 
method to do this has been found so this is also omitted from the LCCA. 

5.10 Environmental Costs 
According to STA (2008b) noise and emission effects are the primary 
environmental effects to include in an LCCA. Since the speeds are mostly low at 
an intersection and the noise at speeds under 40-50 km/h is mostly due to engine 
sounds (STA 1997) no difference is expected between the alternatives and noise 
effects are not included in the study. No way to estimate noise related to work 
zone activity is available and therefore this possible noise source will not be 
incorporated in the study either. 

Differences in emissions from vehicles may occur in relation to either work zones 
or to differences in pavement surface quality. When it comes to work zones the 
primary difficulty is that the available emission factors, as provided by STA 
(2008a) are in g/km. However, the travelled length is the same during work zone 
and normal operations and since the emission rates are by km it will be difficult to 
assess how large the increase of  emissions is due to idling. Also, it seems that 
intersections in general give rise to additional emissions (STA 2008a). Just to give 
an inkling of  the sizes of  the environmental costs due to work zone operations, 
some calculations were made. Emission factors and emission costs for personal 
cars and light trucks (here representing all trucks), in the inner city of  Stockholm 
(giving the highest cost rates) were put together, as seen in Table 5.6. If  we 
assume that the effect of  the work zone of  100 m corresponds to driving that 
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stretch again, the environmental effect of  60 000 vehicles, with 12 % trucks, 
driving an extra 100 m during one day would amount to 4 090 SEK. However, 
since the resulting sum is not very large and the assumption of  100 m extra is 
rather loose, emissions during work zone will not be considered. 

Personal car 
  Emission g/km* SEK/kg** SEK/km 

CO 1,2 0 0 
CO2 160 1,5 0,24 
CO2 wtw 190 1,5 0,285 
HC 0,22 68 0,01496 
Nox 0,29 36 0,01044 
PMm 0,0039 11494 0,044827 
SO2 0,0004 333 0,000133 
Sum 0,59536 
Truck 

   Emission g/km* SEK/kg** SEK/km 
CO 1,0 0 0 
CO2 230 1,5 0,345 
CO2 wtw 281 1,5 0,4215 
HC 0,1 68 0,0068 
Nox 0,7 36 0,0252 
PMm 0,045 11494 0,51723 
SO2 0,0004 333 0,000133 
Sum 1,315863 

Table 5.6 Emission calculations. *(STA 2008a) **(STA 2008b) 

As for differences between alternatives in pavement surface quality the amount of  
vehicle kilometres could be very large and lead to a significant increase of  
emissions for the rutted alternative during normal operations. This would demand 
that the state of  the pavement surface can be predicted though and since this is 
not easily made it will not be included in the LCCA. 

The most apparent difference between the two pavement alternatives is that they 
have different materials and quantities of  materials due to differing occurrence of  
rehabilitations. The amount of  asphalt concrete used for the AC alternative is 
much larger than any of  the materials in the grouted macadam alternative since 
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the AC alternative has several rehabilitations that consume material.  However 
grouted macadam contains cement grout in addition to asphalt concrete which 
gives an additional aspect to environmental effects and also additional transports. 
Increased transport may also occur due to that the quality demands of  the 
aggregates are higher for grouted macadam than for standard asphalt concrete and 
that they may need to be transported from a far off  quarry. In short there are 
many different factors that affect the environmental impact of  the materials 
studied during their life time. To account for all these a life cycle assessment 
(LCA) would need to be done. Unfortunately there is not room within this master 
thesis to perform such, therefor these aspects will not be included in the LCCA. 

In summary: no environmental costs will be considered in the LCCA. 

5.11 Calculations 
The calculations of  the LCCA are performed in a Microsoft Excel spread sheet 
with input data as described previously in this chapter. User costs and agency 
costs are calculated and discounted, an example of  the calculation sheet can be 
found in Appendix B. User costs are calculated with the following formula: 

( )0[SEK] [vehicles/day]* 1

[%]* [SEK/h]
*

(1- [%]) * [SEK/h]
* [h/vehicle]*

y

Truck

PCar

UserCost AADT G

Trucks TimeValue
Trucks TimeValue

Delay DaysWZ

= +

 
 + 

  

Where: 

0  is annual average daily traffic at year 0.
 is the growth factor in percent.
 is the year studied.

 is the percentage of trucks.
 is the value of time for trucks and passenger cars 

AADT
G
y
Trucks
TimeValue respectively .

 is delay per vehicle in hours.
 is the number of days the work zone last.

Delay
DaysWS

 

In the spread sheet he following parameters can easily be varied: Area and 
resulting difference in agency costs, AADT, growth factor, discount rate and 
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rehabilitation interval. The main focus is to vary rehabilitation intervals to find 
threshold values. For one threshold value found, the four parameters found in 
Table 5.7 are varied to some extremes to see how much they affect the outcome as 
a simple form of  sensitivity analysis. It was also tried to lower the cost of  grouted 
macadam drastically to 200 SEK/m2. 

Parameter Standard value 
Area 840 m² 

AADT 60000 vehicles 
Growth factor 2% 
Discount rate 4% 

User delay time 1.29 and 1.4 min 

Table 5.7 Standard values for some parameters. 

To find the thresholds the grouted macadam (GM) rehabilitation interval was set 
to 10, 20 and 40 years (the last meaning no rehabilitation) and then the asphalt 
concrete (AC) rehabilitation intervals were varied until a threshold value was 
found for which the discounted life-cycle cost was lower for the grouted macadam 
alternative. 

To keep the different alternatives apart they will from now on be written as an 
abbreviation and a number representing the rehabilitation interval in years, e.g. 
GM 10 means grouted macadam with 10 years rehabilitation interval. 

5.12 Results 
In Figure 5.8 a compilation of  the resulting LCCs for different rehabilitation 
intervals for asphalt concrete and grouted macadam are shown. The threshold 
value for GM 10 is between AC 2 and AC 3, that is GM 10 has a lower LCC than 
AC 2, but higher than AC 3. For GM 20 the LCC is just under that of  AC 4. GM 
40 (i.e. no rehabilitation) has an LCC just under that of  AC 7. 
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Figure 5.8 A compilation of  LCC results for different rehabilitation intervals for both grouted 
macadam and the asphalt concrete alternative. 

Since the design life of  the grouted macadam pavement was set to 20 years the 
case of  GM 20 and AC 4 will be studied further. The calculation sheet for this can 
be found in Appendix B. The distribution of  user costs and agency costs for GM 
20 and AC 4 is presented in Figure 5.9. As can be seen, user costs make up the 
largest part of  the total LCC; it is 89% of  AC 4 total LCC and 84% of  GM 20 
total LCC. Agency costs for AC 4 are lower than for GM 20. The agency cost for 
GM 20 is almost equal to that of  AC 3 which is 769 575 SEK. 
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Figure 5.9 Comparison of  LCC with distribution of  user costs and agency costs for AC 4 and 
GM 20. 

A simple sensitivity analysis was performed by taking extreme values for some 
parameters and the results are displayed in Figure 5.10 and Figure 5.11.  

Discount rates of  1% and 10% were tested and a high discount rate gives the GM 
20 alternative a higher LCC than AC 4 and for a low discount rate the opposite is 
true, see Figure 5.10. This is of  course due to that future costs have less impact on 
LCC when the discount rate is high and the AC 4 have a larger part of  future 
costs and is therefore much more affected by the discount rate than GM 20. GM 
40 for example would not be affected at all. 
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Figure 5.10 Sensitivity analysis results for discount rate, AADT, area and growth factor. 

For the AADT it is important to note that only AADT was varied, not delay 
times, although they would decrease with decreased AADT. The results (Figure 
5.10) show that the AC 4 alternative is more affected than the GM 20 alternative, 
which is natural since AADT affect user costs and user costs are a larger part of  
total LCC for AC 4 than for GM 20. 

No large differences are seen for variations in area, see Figure 5.10.  This is mostly 
due to that agency costs are such a small part of  total LCC. For the GM 20 
alternative the unit price of  grouted macadam was also varied in accordance to 
Table 5.2, partly removing the effect of  the smaller area on agency costs for GM 
20. 

The growth factor is varied between 0% and 4%, see Figure 5.10. The effect is 
larger on AC 4 than on GM 20 which is due to both that the LCC of  AC 4 is 
more dependent on user costs and that a larger part of  these occur in the future 
so that the growth factor has larger effect. 

The results of  varying user delay time show that this factor affects the total LCC 
greatly, but does not change the relation between results much, as seen in Figure 
5.11. Lowering the cost of  grouted macadam from 500 SEK/m2 to 200 SEK/m2 
gives a small decrease in LCC of  GM 20, as seen in the same figure. 
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Figure 5.11 Sensitivity analysis results for user delay time and cost of  grouted macadam. 

In summary discount rate, AADT and user delay time affect total LCC most. 
Discount rate, growth factor and to some extent AADT have the largest effect on 
relation between the alternatives. 

5.13 Discussion 
Figure 5.8 shows that life-cycle costs can be lower for grouted macadam than for 
asphalt concrete when the asphalt concrete needs rehabilitation often. The longer 
the grouted macadam can do without major rehabilitation the lower the LCC for it 
and the more often the asphalt concrete needs rehabilitation, the higher the LCC 
of  it will be. In experience nothing suggests that the service life of  a grouted 
macadam pavement should be less than 10 years, or even 20 years. Problem areas 
of  asphalt concrete with severe frequently reoccurring rutting on the other hand 
may need rehabilitation very often. 

It is interesting that user costs are such a large part of  total LCC since this gives 
the consequence that if  one wants to affect the life cycle costs it is primarily user 
costs that need to be addressed. This is confirmed by the sensitivity analysis that 
showed that only user costs related parameters have a large impact on total LCC. 
The parameters that most affect user costs are AADT and delay time. Delay time 
can be large due to long average delay time and long work zones. Long average 
delay time is dependent on AADT and traffic control, thus there is a correlation 
between parameters. 
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The dominance of  user costs mean that the main issue to make grouted macadam 
an even more viable alternative is to shorten construction time rather than 
lowering the high production costs. However, 48 hours is a rather short curing 
time so it is probably not likely that the approximately three days of  construction 
time can be shortened. The total construction time on the other hand could be 
shortened by means of  construction and traffic staging. However, the same can be 
said for asphalt concrete rehabilitation and it is presently often carried out during 
nights disturbing much less traffic than when performed during the day. 

The sensitivity analysis showed that AADT have a large impact on total LCC 
which gives that for low AADT agency costs have a much larger effect on LCC 
than for high AADT. Therefore, to be able to motivate the use of  grouted 
macadam for intersections with smaller amount of  traffic the price on grouted 
macadam would need to be lowered. 

The average delay time also has a huge influence on user costs and thereby the 
total LCC. Even though the highest value tested here, 4 min, is almost three times 
the standard value, whereas other parameters generally are not varied this much, it 
is a reasonable value for delay times at intersection work zones, based on 
Uhlmeyer (2001). Therefore effort should be made to make a realistic assessment 
of  the delay time and also to make this as short as possible, due to the very large 
effect it has on LCC. 

The discount rate also has large impact on total LCCs. Of  all parameters this is 
the most political and also the one that have the largest possibility to change the 
outcome of  the comparison. The discount rate represents both the risks 
concerning pricing and the actual occurrence of  costs we assume for the future as 
well as how important future costs are for us today. Due to the fact that this 
parameter has such large impact on results and that it is so complex and political it 
should always be varied in sensitivity analysis so that the risks assumed can be 
appreciated. 

It is also important to consider the aspects that may have a large impact on results 
but are not included in this study. For this study costs related to the environment, 
safety and VOC during normal operations would have been an interesting aspect. 
Since the grouted macadam alternative represents a high quality surface, with low 
IRI and no rutting and the asphalt concrete alternative experiences reoccurring 
rehabilitations due to rutting, and thus is low quality for a large portion of  time. It 
is also reasonable to believe that before rehabilitation takes place the rutting has 
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been progressing during some time, perhaps several years. The effect that the ruts 
have on VOC, increase of  emissions and on safety are difficult to estimate, but 
would certainly benefit the grouted macadam alternative.  

The purpose of  an LCCA is not purely to show what alternative is most 
economical in a life-cycle perspective, but to give a base for evaluation of  different 
alternatives. Some parameters that are not suitable to include in the LCCA may 
weigh the final decision, such as political or aesthetic reasons. The results of  an 
LCCA can also be used to improve the alternatives analysed in an iterative process. 
In the above a critical evaluation of  these issues has been made, considering what 
parameters of  grouted macadam could be improved to decrease LCC even more. 

A problem in making an LCCA on intersection pavements is that the cost rates, 
especially the ones given by Swedish government, are not intended for this type of  
projects. Most parameters are in the quantity of  SEK/km, but for intersections 
distance is not relevant, but time is. Generally for LCCA of  pavement alternatives 
distance is not interesting, since the alignment is already fixed. This is a 
consequence of  the fact that the guidelines were made for analysis in earlier stages 
of  planning. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
The literature review showed that rutting at intersections is a problem with several 
safety risks. The problem originates in the asphalt concrete layers and need to be 
addressed at that level. There are several pavement options to deal with this 
problem of  which grouted macadam is one and the focus of  this thesis. 

The literature review also showed that grouted macadam has mechanical 
properties similar to those of  asphalt concrete, the difference is that it is stronger, 
stiffer and not prone to rutting. Thus it is considered suitable as a pavement 
material alternative for intersections experiencing problems with severe rutting. 
The downside of  this material is that it is expensive and takes more time and 
precision to construct compared to asphalt concrete and that a special license is 
often required. 

 The life-cycle cost analysis (LCCA) performed showed that grouted macadam can 
be an effective pavement alternative in a life-cycle cost perspective. Local 
variations will, however, have a large impact on life-cycle costs and the LCCA 
should ideally be performed for the specific project. The LCCA performed in this 
thesis, showed that user costs are a large portion of  the total life-cycle costs when 
the amount of  traffic affected is large. Therefore extra effort should be put into 
analysing traffic control for this type of  situation. 

When the amount of  traffic is smaller, the main focus should instead be on 
lowering the construction costs for grouted macadam. It is of  course a factor 
difficult to set, since it is dependent on market pricing and there are several 
reasons why grouted macadam is expensive, as discussed in section 5.7. One 
approach, aiming at lowering the price of  grouted macadam is to question the 
need of  high strength grout. Possibly the benefits of  high strength grout does not 
meet the costs; lower strength grout is used with good results in the U.S. It is 
shown that the grout strength mostly affects compression strength and although 
this is related to creep properties, it might be unnecessarily strong. 

When conducting an LCCA for intersection pavements the effect of  the discount 
rate should always be considered and it is strongly recommended to investigate 
this further in a sensitivity analysis. 
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For an agency considering addressing rutting at an intersection the following is 
recommended to consider. 

• Grouted macadam is a possible solution, however, many others exists and 
should also be included. 

• For design of  grouted macadam it is recommended that other design 
methods than the ones presently available are sought. Better understand-
ing of  the long term performance of  grouted macadam is also desirable. 

• It is recommended to perform a life-cycle cost analysis, especially when 
many road users will be affected. 

• For the life-cycle cost analysis day fresh prices should be used for agency 
costs. For future costs the ideal would be to have prices in a probability 
range based on past procurements. 

• To achieve accuracy in the user costs a traffic analysis should be per-
formed on the effects of  work zones, both to reach more accurate user 
costs and to design traffic staging as beneficial as possible. 

• Some sensitivity or risk analysis should always be performed. As a mini-
mum the discount rate should be subjected to a sensitivity analysis, but 
preferably also other variables that are considered uncertain. 
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APPENDIX A – PMS OBJEKT REPORT 
Skapad med PMS Objekt version 4.2 
Utskriftsdatum:  2012-05-03 13:25 
 
Projektinformation - Examensarb 
 
Skapat:  2012-03-29 15:33 
 
Kommentarer till projektet 
 
 
 
 
———————————————————————————————————
————————————  
 
 
Avsnittsinformation - GM 
 
Avsnitt nr:   1 
Avsnittstyp:    NYBYGGNAD 
Skapat datum:  2012-03-29 15:34 
Vägnummer:   1 
Klimatzon:   Klimatzon 2 
Referenshastighet(km/h):  30  
Antal körfält:   1 
Län:   Stockholm 
Dimensioneringsperiod(år): 20 
Avsnittslängd(m):  100 
Vägbredd(m):   7,5 
Vägrensbredd(m):  0 
Vägtyp:   Normal sektion 
Körfältsbredd riktning 1:   3 
Körfält:   "Riktning 1" 
StartpunktX:    
StartpunktY:    
StartpunktZ:    
SlutpunktX:    
SlutpunktY:    
SlutpunktZ:    
Släntriktning riktning 1:   1:3 
Släntriktning riktning 2:   1:3 
Stödremsa:    0 
Skapat av:    
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Organisation:    
 
Kommentarer till avsnittet 
Anmärkningar  
 
Inga anmärkningar finns för avsnittet. 
 
Trafikberäkning avsnitt 
 
Beräkningsmetod:  Beräkning enligt ATB VÄG 
ÅDTk:   10 000 
Antagen trafikförändring per år(%): 2 
Andel tunga fordon(%):  12 
Standardaxlar per tungt fordon: 3,7 
Beräknat antal standardaxlar: 40 163 844 
 
Konstruktionens uppbyggnad 
 
överbyggnadstyp: Överbyggnaden ej sparad men 

förändrad! 
Egen överbyggnadstyp:  JA 
Materialtyp, övre terrass:  3b - Blandkornig jord <= 30% 
Tjälfarlighetsklass övre terrass: 2 - Något tjällyftande 
 
Lager  
Lageröversikt 
 
Lager Tjocklek(mm) Förändrat Namn 
 1 60  NEJ Grouted macadam2                                  
 2 50  NEJ Bindlager                                         
 3 100  NEJ Bitumenbundet bärlager                            
 4 80  NEJ Obundet bärlager                                  
 5 420  NEJ Förstärkningslager krossat material               
 6 0  NEJ Skyddslager                                       
 7 0  NEJ 3b - Blandkornig jord <= 30%                     
 ÖVRE TERRASS 
 
 
Total tjocklek ovanför övre terrassyta: 710 
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Styvhetsmoduler [MPa] 
 
Lager Vinter Tjällossningsvinter Tjällossning Senvår Sommar  Höst 
1 21300 19100 18200 17700 8100 17100 
2 15000 15000 10000 10000 4000 10000 
3 11500 10000 9000 8500 2500 8000 
4 1000 150 300 450 450 450 
5 450 450 450 450 450 450 
6 1000 1000 70 85 100 100 
7 1000 1000 35 50 100 100 
 
 
Övriga egenskaper 
 
Lager Lyft ω ρ η σr λofr λfr 
 1 NEJ 0,03 2300 0,02 0,24 1,33 1,02 
 2 NEJ 0,01 2200 0,17 0,13 2 2 
 3 NEJ 0,01 2200 0,17 0,13 2 2 
 4 NEJ 0,03 2000 0,25 0,24 1,33 1,02 
 5 NEJ 0,03 2000 0,25 0,24 1,33 1,02 
 6 NEJ 0,13 1900 0,28 0,88 1,8 2,43 
 7 JA 0,13 1900 0,28 0,88 1,8 2,43 
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Bärighetsberäkning   
 
Beräkningsmetod: Egen 
Korrigeringsfaktor för dränering(FD): 1,0 
 
Antal axellaster, ackumulerad avseende: 
 
Krav i underkant bitumenlager 
Ntill, bb:   40 928 634 
Nekv:   40 163 844 
Kvot:   0,98 
 
 
Terrassytekrav 
Ntill, te:   136 035 232 
Nekv * 2:   80 327 688 
Kvot:   0,59 
 
 
Vertikala trycktöjningar(strain) 
 
Töjning i terrassytan, enstaka last(strain) 
Beräknad:   0,0005 
Största tillåtna:  0,0024 
Kvot:   0,22 
 
 
Töjningar i detalj(strain) 
Dragtöjning i bitumenlager, ackumulerad 
 
Vinter Tjällossningsvinter Tjällossning Senvår Sommar Höst 
0,000046 0,000062 0,000075 0,000072 0,000127 0,000071 
 
 
Trycktöjning i terrassytan, ackumulerad 
 
Vinter Tjällossningsvinter Tjällossning Senvår Sommar  Höst 
0,000026 0,000027 0,000203 0,000176 0,000169 0,000133 
 
 
Trycktöjning i terrassytan, enstaka last 
 
Vinter Tjällossningsvinter Tjällossning Senvår Sommar  Höst 
0,000066 0,000069 0,000523 0,000453 0,000434 0,000342 
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Antal axellaster, avser töjning i bitumenlager och terrassyta 

 
Trycktöjning i terrassyta, av enstaka last 
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Tjälberäkning   
 
VViS Id:   243 
Beräknat lyft(mm):  5 
Maximalt beräknat tjäldjup(mm): 710 
Max tillåtet lyft(mm):  160 
Lyfthastighet ovan terrass(mm/dag): 0,5 
Lyfthastighet under terrass(mm/dag): 1,0 
Grundvattentemperatur(C):  6,0 
Kvot:   0,03 
VViS stationsnamn:  Frösundavik 
X koordinat:   6585233 
Y koordinat:   1625891 
Z koordinat:   0 
Använd säsong:  96/97 
 
Kommentar: 
 

 
Max tillåtet tjällyft och beräknat tjällyftt 
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APPENDIX B – LCC CALCULATIONS  

Year 
Year 

count 

Alternative AC 

Activity 

Agency cost User cost 
Undisco-

unted 
Discoun-

ted 
Undisco-

unted 
Discoun-

ted 
2012 0 Rehab. 105 800 105 800 844 480 844 480 
2013 1 

 
0 0 0 0 

2014 2 
 

0 0 0 0 
2015 3 

 
0 0 0 0 

2016 4 Rehab 105 800 90 438 914 092 781 370 
2017 5 

 
0 0 0 0 

2018 6 
 

0 0 0 0 
2019 7 

 
0 0 0 0 

2020 8 Rehab 105 800 77 307 989 443 722 976 
2021 9 

 
0 0 0 0 

2022 10 
 

0 0 0 0 
2023 11 

 
0 0 0 0 

2024 12 Rehab 105 800 66 082 1 071 005 668 946 
2025 13 

 
0 0 0 0 

2026 14 
 

0 0 0 0 
2027 15 

 
0 0 0 0 

2028 16 Rehab 105 800 56 487 1 159 290 618 954 
2029 17 

 
0 0 0 0 

2030 18 
 

0 0 0 0 
2031 19 

 
0 0 0 0 

2032 20 Rehab 105 800 48 286 1 254 853 572 698 
2033 21 

 
0 0 0 0 

2034 22 
 

0 0 0 0 
2035 23 

 
0 0 0 0 

2036 24 Rehab 105 800 41 275 1 358 293 529 899 
2037 25 

 
0 0 0 0 

2038 26 
 

0 0 0 0 
2039 27 

 
0 0 0 0 

2040 28 Rehab 105 800 35 282 1 470 260 490 299 
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Year 
Year 

count 

Alternative AC 

Activity 

Agency cost User cost 
Undisco-

unted 
Discoun-

ted 
Undisco-

unted 
Discoun-

ted 
2041 29 

 
0 0 0 0 

2042 30 
 

0 0 0 0 
2043 31 

 
0 0 0 0 

2044 32 Rehab 105 800 30 159 1 591 457 453 657 
2045 33 

 
0 0 0 0 

2046 34 
 

0 0 0 0 
2047 35 

 
0 0 0 0 

2048 36 Rehab 105 800 25 780 1 722 644 419 754 
2049 37 

 
0 0 0 0 

2050 38 
 

0 0 0 0 
2051 39 

 
0 0 0 0 

2052 40 
 

0 0 0 0 
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Year 
Year 

count 

Alternative GM 

Activity 

Agency cost User cost 
Undisco-

unted 
Discoun-

ted 
Undisco-

unted 
Discoun-

ted 

2012 0 
Con-

struction 542 600 542 600 3 423 763 3 423 763 
2013 1 

 
0 0 0 0 

2014 2 
 

0 0 0 0 
2015 3 

 
0 0 0 0 

2016 4 
 

0 0 0 0 
2017 5 

 
0 0 0 0 

2018 6 
 

0 0 0 0 
2019 7 

 
0 0 0 0 

2020 8 
 

0 0 0 0 
2021 9 

 
0 0 0 0 

2022 10 
 

0 0 0 0 
2023 11 

 
0 0 0 0 

2024 12 
 

0 0 0 0 
2025 13 

 
0 0 0 0 

2026 14 
 

0 0 0 0 
2027 15 

 
0 0 0 0 

2028 16 
 

0 0 0 0 
2029 17 

 
0 0 0 0 

2030 18 
 

0 0 0 0 
2031 19 

 
0 0 0 0 

2032 20 Rehab. 500 600 228 467 4 625 029 2 110 803 
2033 21 

 
0 0 0 0 

2034 22 
 

0 0 0 0 
2035 23 

 
0 0 0 0 

2036 24 
 

0 0 0 0 
2037 25 

 
0 0 0 0 

2038 26 
 

0 0 0 0 
2039 27 

 
0 0 0 0 

2040 28 
 

0 0 0 0 
2041 29 

 
0 0 0 0 
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Year 
Year 

count 

Alternative GM 

Activity 

Agency cost User cost 
Undisco-

unted 
Discoun-

ted 
Undisco-

unted 
Discoun-

ted 
2042 30 

 
0 0 0 0 

2043 31 
 

0 0 0 0 
2044 32 

 
0 0 0 0 

2045 33 
 

0 0 0 0 
2046 34 

 
0 0 0 0 

2047 35 
 

0 0 0 0 
2048 36 

 
0 0 0 0 

2049 37 
 

0 0 0 0 
2050 38 

 
0 0 0 0 

2051 39 
 

0 0 0 0 
2052 40 

 
0 0 0 0 
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APPENDIX C – SUGGESTIONS FOR FUTURE 
STUDIES 

During the process of  conducting this thesis, many questions have arisen without 
the possibility to address them. Some of  these are mentioned here as suggestions 
for future studies. 

Regarding the development of  rutting at intersections it would be interesting to 
look for a relation between how the traffic signaling work, especially red light time, 
and the development of  ruts. Perhaps the design of  the signals at intersections 
can be shown to affect not only user time but also rehabilitation costs. A relation 
could perhaps also lead to better pavement design for signalized intersections. 

Grouted macadam is a material with interesting properties and great possibilities. 
However, much is still unknown. Pavement design needs to be further developed 
as well as mix design. More research with the approach of  what parameters give 
what properties in the finished product is desirable. What is the ultimate air void 
content of  the open graded asphalt and what structure should it have? How 
important is the strength of  the grout and how important is the bonding between 
the grout and the asphalt concrete matrix? How do these two materials interact 
during loading? What properties control pavement service life? How is the 
resistance against wear due to studded tyres? Within this work it would also be 
good to keep an economical aspect in mind. 

It would also be interesting to study the differences between grouted macadam 
and frequently rutting asphalt concrete more closely with respect to VOC, 
accidents and emissions during normal operations. To do this, a good method to 
predict rutting and IRI would be needed. Possibly the PEDRO model, presently 
being developed at VTI in Sweden could be used. To predict increased VOC the 
work of  Islam and Buttlar (2012) could be used. Costs related to normal 
operations may be very large, even for small differences, due to the many vehicle-
kilometres. 

To be able to perform life-cycle cost analyses with greater accuracy it would be 
desirable to compile better data on agency cost. 
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