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At present the choice of materials and techniques in road construction is 
dictated by structural requirements and economical aspects. Ecological 
factors have gained in importance due to environmental considerations in 
politics and society. To evaluate the environmental impact of motorways, 
a life cycle assessment (LCA) according to ISO 14040 was carried out for 
four different pavement types (two concrete pavements and two asphalt 
pavements). By investigating different case scenarios for construction, 
use and maintenance over a service period of 30 years, the reduction 
potential of environmental impact was quantified. The LCA for concrete 
motorways showed that the potential environmental impact clearly 
depends on the choice of cement type. The analysis for asphalt motorways 
showed that the potential environmental impact can be reduced by 
improving asphalt production. Moreover, the potential environmental 
impact can be decreased by reducing transport activities. The analysis for 
the maintenance of the pavement types showed that investment in more 
durable pavement is worthwhile.  
A far greater reduction in air pollution can be achieved by improving 
pavement properties (e.g. texture, stiffness and flatness) which would 
significantly reduce the fuel consumption of vehicles. 
Therefore, the development of a fuel-saving pavement is more important 
than a pavement with lower potential environmental impact from 
construction and maintenance.

1. IntroduCtIon

the present study aims at quantifying the environmental impact of motorways. As well as 
pavement construction, the ecological impact of a motorway under traffic as well as the 
effect of maintenance over a period of 30 years have been analysed systematically using the 
LCA methodology according to ISO 14040. All input and output values for the individual 
processes in the production and use of pavement for a motorway section were taken into 
account. this included the production of materials, provision of energy, manufacture of the 
necessary products, transport services and the employment and disposal of the individual 
products.

Emissions into air, water and soil were determined and, using the Dutch CmL method, 
assigned to the impact categories global warming potential (GWP), ozone depletion poten-
tial (ODP), photochemical ozone creation potential (POCP), acidification potential (AP) and 
eutrophication potential (EP). the Swiss database “ecoinvent” was used. Processes not avail-
able in the database were analysed and modelled on the basis of existing upstream-pro-
cesses. the data were evaluated with the LCA software “SimaPro”. Possible reductions in 
environmental impact were determined by considering various scenarios.
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2. LIFe CYCLe AssessMent For roAds

assigned to different impact categories. 
Different materials are weighted according 
to their damage potential and summarized 
in total impact indicators. In the final inter-
pretation phase, the impacts are analysed 
and evaluated in order to draw conclusions 
or make recommendations. In this study, 
results are presented for the LCA of the 
construction, use and maintenance of a 
motorway section 1 km in length.

2.2. sCope

the scope of the investigations is char-
acterized by the system boundaries and 
the functional unit. In ISO 14040, the sys-
tem boundary is defined in a spatial con-
text. System boundaries generally include 
the entire life cycle of a product, i.e. pre-
manufacturing (raw material production, 
manufacture of parts and components), 
the actual manufacturing process, trans-
port, application and disposal. fig. 1 shows 
the system boundaries in this study (dashed 
lines).

2.1. LIFe CYCLe AssessMent 
ACCordIng to Iso 14040

Life cycle assessment is a standard method 
widely used to assess comprehensively the 
potential environmental impact of prod-
ucts or systems of products. All environ-
mental aspects of the product life cycle 
(emissions into air, water and soil, waste, 
use of raw material and exploitation of 
nature) are taken into account. this com-
prehensive approach avoids the misalloca-
tion of environmental effects and provides 
an overview for possible impact reduction. 
the LCA method is described in the inter-
national standards ISO 14040 and 14044.

A LCA study comprises four phases which 
affect one another. In the first phase 
the goal and scope of the investigations 
and the resulting system boundaries are 
defined. In the inventory analysis phase, 
all relevant materials and energy inputs 
and outputs are included in the system. 
In the assessment phase, the environmen-
tal effects of the system components are 

Fig. 1 – System boundaries 

for the LCA (dashed lines). 

The term “upstream chain” 

includes all main parameters 

for upstream processes with 

potential environmental 

impact (i.e. production and 

processing of raw materials, 

infrastructure)

motorway construction

including upstream chain

subgrade

including
upstream

chain construction
and use of a 

motorway

emissions into air, water
and soil

traffic load over 30 
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including upstream
chain

resources
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the functional unit in the present study 
was a 1 km long section of a two-lane (on 
each carriageway) motorway section with 
a pavement thickness of 85 cm. the con-
crete pavements investigated were con-
structions with an exposed aggregate con-
crete surface layer and with surface texture 
produced by brushing (artificial lawn). 
Pavements with a noise-reducing porous 
asphalt top course and mastic asphalt were 
included in the study. Subgrade preparation 
(e.g. ground compaction) and furnishing 
work (e.g. road marking) were not part of 
the study. Drainage measures (drains, gul-

lies etc.) were neglected. the asphalt pave-
ment comprising surface, binder and base 
course layers is supported by a frost blan-
ket. the actual structure depends on the 
type of surface layer. In the case of porous 
asphalt (PA), a seal is included, fig. 2 left. 
the concrete motorway consists of a frost 
blanket followed by a hydraulically bound 
base course, a geotextile interlayer and a 
concrete surface layer. In the present case, 
the concrete layer comprises two separate 
layers in which the surface course is either 
textured (tC) or is an exposed aggregate 
concrete (EAC), fig. 2 right.

Comparison of different construction meth-
ods should always be made in the light of 
the further technical requirements (cost, 
construction time, noise protection require-
ments etc.). the porous asphalt top layer is a 
special construction method only employed 
where sound-proofing is necessary, but 
cannot be achieved by other means. the 
noise protection barriers which would be 
needed by the other construction methods 

to achieve sound pressures equivalent to 
porous asphalt are not considered here.

the structure of the two-lane motorway 
section is shown in fig. 3. Each side of the 
motorway has a verge 1.5 m in width which 
is not included in this study. the 3.0 m hard 
shoulders are separated from the inside 
lanes by side strips 0.75 m in width which 
are also next to the outside lanes.

Fig. 2 – Schematic diagram 

of the investigated pave-

ment structure of an asphalt 

(left) and concrete (right) 

motorway

27 cm concrete surface layer:
textured surface layer (tC) or
exposed aggregate concrete 
layer (EAC)
geotextile interlayer

43 cm frost blanket

15 cm hydraulically bound layer

4 cm asphalt surface layer:
porous asphalt (PA) or mastic asphalt (MA)

8 cm asphalt binder layer

51 cm frost blanket

22 cm asphalt base layer

seal (for PA only)

Fig. 3 – Investigated 

standard motorway cross-

section RQ 31 (FGSV 2008). 

Dimensions in metres.
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2.3. orIgIn oF dAtA And LIFe CYCLe 
InventorY AssessMent

the “ecoinvent” database already con-
tained a number of materials which could 
be directly used for the life cycle inventory 
analysis of the production and service use 
of motorways (e.g. aggregate for the frost 
blanket, mixing water for the concrete, 
bitumen for the asphalt). many data sets 
had to be adapted to the situation in ques-
tion (cement, joint filler etc.). Since data 
were not available on the production of 
asphalt, curing agents and pavement con-
crete, the production methods were ana-
lysed and presented in a form which ena-
bled modelling with the available basic 
modules in ecoinvent (e.g. provision of 
electricity, electric motors etc.).

2.4. AssuMptIons And LIMItAtIons

Life cycle assessment takes only ecologi-
cal aspects into account, not the social and 
economical factors which must be con-
sidered for decision-making in civil engi-
neering. LCA only covers standard cases, 
whereas the choice of a suitable and eco-
logical construction method often depends 
strongly on local circumstances. In some 
circumstances, the potential environmen-
tal impact could even be less than in the 
standard case.
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3. LCA For MotorWAY ConstruCtIon 

3.1. sCope oF InvestIgAtIons

the individual pavement layers including the edge regions and the necessary upstream 
chains were analysed. the system boundaries for the construction phase are shown in fig. 4.

tAbLe 1 – overvIeW oF InvestIgAted sCenArIos  
For the produCtIon oF 1 kM MotorWAY

Asphalt constructions: pavement with 
mastic asphalt surface layer (MA) or 
porous asphalt surface layer (PA)

Concrete constructions: pavement 
with textured surface (tC) or exposed 
aggregate concrete surface layer (EAC)

Scenario A: 
0% recycled material for all layers

Scenario A: 
0% recycled material for all layers,  
CEM I for concrete surface layer 

Scenario B:
0% recycled material for other layers 
100% recycled material for frost 
blanket

Scenario B:
0% recycled material, CEM I  
for concrete surface layer 
100% recycled material  
for frost blanket

Scenario C: 
0% recycled material for all layers,  
CEM III for surface concrete layer

to quantify the potential for the optimi-
zation of environmental impact available 
in the use of different materials, various 
scenarios were investigated. A summary of 
the various scenarios is given in table 1.

the use of recycled material is not consid-
ered at all in scenario A. It was not possi-
ble to determine a reliable percentage of 
recycled material because information on 
the amounts and use of recycled material 
in road construction vary strongly. In order 
to identify the potential reduction in envi-
ronmental impact by reusing construction 
material it was assumed, in scenario B, that 
the frost blanket consisted of 100% recy-
cled material. However, scenario B does not 
comply with field practice because trans-
port processes on site were completely 
neglected. the concrete surface layer in 
standard scenario A is made with Portland 
cement CEm I 42.5 n. the optimization 
potential in the use of composite cements 
was quantified by replacing the Portland 
cement by Portland blast-furnace cement 
CEm III/A 42.5 r in scenario C. this cement 
represents the upper limit on the ground 
granulated blast furnace slag content of 
cement in German road construction.

Fig. 4– System boundaries 

for the construction of a 

motorway (dashed lines). 

Left: asphalt pavement, 

right: concrete pavement

resources
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including
upstream chain
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including upstream
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of concrete
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asphalt binder layer
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including
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3.2. InventorY AnALYsIs

motorway construction is divided into dif-
ferent stages each performed at different 
times. the construction work considered 
in this study began with the production of 
the frost blanket followed by the other lay-
ers in turn. the necessary operations with 
materials and machines were modelled 
for each layer. finishing work like surface 
texturing and curing was also taken into 
account.

tAbLe 2 – overvIeW oF the MAIn MAterIALs And MAChInes  
For the produCtIon oF AsphALt MotorWAY

Layer Material Machines

asphalt base layer 36.7 kg/m³ bitumen
2349.0 kg/m³ aggregate

2 pavers
4 vibration rollers

asphalt binder layer 0.3 kg/m² bitumen emulsion
45.9 kg/m³ polymer modified bitumen (PMB)
2421.0 kg/m³ aggregate

5 bitumen sprayers
2 asphalt pavers
4 vibration rollers
1 tandem roller

asphalt surface layer mastic asphalt (MA):

0.3 kg/m² bitumen emulsion
72.5 kg/m³ low-viscosity 
bitumen
2415.0 kg/m³ aggregate
8.0 kg/m² chippings (scatter 
material)

porous asphalt (PA):

2.5 kg/m² PMB
8.0 kg/m² chippings
66.3 kg/m³ PMB
1950.0 kg/m³ aggregate
0.15 kg/m² cellulose fibres

mastic asphalt (MA):

5 bitumen sprayers
4 mastic asphalt boilers
2 pavers
2 finishing machines

porous asphalt (PA):

5 bitumen sprayers
4 chip spreaders
2 feeders
2 pavers
4 smooth drum rollers

All input and output streams during the life 
of each process were determined and com-
piled for the environmental inventory. the 
frost blanket was modelled by a mixture 
of gravel and sand. the use of bulldozers, 
terrain levellers and vibration rollers was 
taken into account. A cold milling machine 
used to remove old layers was included in 
scenario B. the crushers required for pro-
cessing the materials were included in the 
cold milling module.

An overview of the main materials and 
machines for the production of asphalt and 
concrete motorway pavement is presented 
in table 2 and table 3, respectively. the 
process chains determined from this infor-
mation are in (milachowski et al., 2010) 
together with the data sets used and the 
scatter of the values. 
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tAbLe 3 – overvIeW oF the MAIn MAterIALs And MAChInes  
For the produCtIon oF ConCrete MotorWAY

Layer Material Machines

hydraulically bound  
base course

90.0 kg/m³ CEM II/B-S 32.5 R
1975 kg/m³ aggregate
110.0 l/m³ tap water
1.6 kg/m² C60 B1 - N

2 paver
6 rollers
5 bitumen sprayers

interlayer 0.5 kg/m² geotextile --

concrete surface layer pavement concrete with 
textured surface (tC):
3.36 m³/km bottom concrete
1.68 m³/km top concrete
44.8 m³/km steel for dowels 
and anchors
9.6 t/km curing agent
4.3 t/km joint filler

exposed aggregate  
concrete (EAC):
3.36 m³/km bottom concrete
1.68 m³/km top concrete
44.8 m³/km steel for dowels 
and anchors
6.0 t/km combination agent
4.8 t/km curing agent
4.3 t/km joint filler

pavement concrete  
with textured surface (tC):
1 slipform paver
1 curing machine
2 groove cutters
3 joint sealing machines

exposed aggregate  
concrete (EAC):
1 slipform paver
1 curing machine
2 brushing machines
2 groove cutters
3 joint sealing machines

In scenario A, the bottom concrete was 
mixed using 350 kg/m³ CEm I 42.5 n and 
158 L/m³ water; the top concrete for the 
pavement with a textured surface was pro-
duced with 360 kg/m³ cement and 162 L/
m³ water. the top exposed aggregate con-
crete contained significantly more cement 
in this case 430 kg/m³ with a w/c ratio of 
0.42 was assumed. All concretes were 
mixed with an air-entraining agent. the 
higher requirements placed on the quality 
of the aggregate in the top concrete were 
taken into account. An average German 
concrete plant was assumed for the con-
crete production.

the distance for the transport of materi-
als was set to 50 km and, based on field 
experience, the distance from the concrete 
plant to the construction site was taken as 
20 km.

Construction site installation was only 
taken into account by the delivery and 
removal of the construction machines; a 
distance of 100 km was assumed.
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3.3. IMpACt AssessMent

the results for the environmental impact 
of motorway construction with concrete 
are shown in a spider web diagram, fig. 5. 
Each axis corresponds to one of the impact 
categories (see section 1). the use of 100% 
recycled material in the frost blanket in 
scenario B reduces the impact by amounts 
between 12 (GWP) and 31% (EP), depend-
ing on the category. this is due to the 
neglect of transport processes in this sce-

nario. By replacing CEm I by CEm III, GWP 
is reduced by amounts of 20 (pavement 
with textured concrete) or 21% (pavement 
with exposed aggregate concrete). the 
reduction is much less for the other cat-
egories and ranges from 0.1 to 10%. the 
exposed aggregate concrete pavement 
has, in all cases, a slightly higher environ-
mental impact than the pavement textured 
with artificial grass owing to the higher 
cement content of the top concrete layer. 
Differences in curing have a negligible 
effect.

Fig. 5 – Results of impact 

assessment for the 

construction of 1 km 

concrete motorway. The 

variables are with respect 

to the textured concrete in 

scenario A. (tC = pavement 

with textured concrete 

surface; EAC = pavement 

with exposed aggregate 

concrete surface layer)

Depending on the category, the frost blan-
ket contributes between 14 (GWP) and 
38% (EP) to the environmental impact. the 
contribution from the hydraulically bound 
base course is between 14 (GWP) and 23% 
(ODP). Between 0.4% (ODP) and 5% (AP) 
is from the interlayer geotextile, depend-
ing on the construction method. the con-
crete surface layer contributes between 
42 (ODP) and 72% (GWP), again depend-
ing on construction method and impact 
category. thus the largest contribution 
to the potential environmental impact of 
the production of a concrete motorway is 
from, in all cases examined, the concrete 
itself. Dominance analysis of this material 

revealed that the effect of mixing water 
and air-entraining agent on the environ-
ment is negligible. the largest effect is due 
to the Portland cement and lies between 
70 (EP) and 96% (GWP) whereas the poten-
tial environmental impact of the aggregate 
is at most 10%. Other contributions origi-
nate mainly in requirements on infrastruc-
ture and transport processes. Although the 
impact contributions vary with concrete 
composition, cement type and content, 
the main contribution is, in all categories, 
always from the cement.

On considering the asphalt construction 
methods, it was found that the use of 
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porous asphalt leads to the highest poten-
tial environmental impact in the categories 
ODP, POCP, AP und EP. this is due to the 
high binder content of the asphalt surface 
layer, the aggregate, and the additional 
sealing measures. Differences in the envi-
ronmental impact ODP for the various con-
struction methods are insignifi cant. the 
use of 100% recycled material in the frost 
blanket (scenario B) lowers the environ-
mental impact in all categories by 10 (ODP) 
to 26% (EP). for all categories, the largest 
proportion of the potential environmental 
impact originates in the asphalt itself.

the contribution of the frost blanket 
ranges from 11 to 31%, depending on the 

category, and is largest for the eutrophica-
tion potential. the base layer yields by far 
the largest part of the potential impact. It 
is, depending on the category, between 
38 (EP) and 57% (ODP) and is higher for 
construction with mastic asphalt because 
sealing is not necessary. the amount for 
the binder layer lies between 17 (ODP)  
and 23% (POCP), depending on construc-
tion method and category. the sealing 
measures required by the porous asphalt 
construction method contribute between 
3 (GWP) and 7% (ODP) to the total poten-
tial environmental impact. thus the con-
tribution from the surface layer ranges 
from 9 to 14%, depending on construction 
method and category.

fig. 6 shows the impact indicators for motor-
way production with asphalt and concrete 
in scenario A. Apart from the global warm-
ing potential, the potential environmental 
impact for construction with concrete was 
found to be lower than with asphalt. the 
GWP impact of the concrete construction 
method is up to 1.66 times higher than the 
asphalt construction method. the largest 
contribution to GWP is delivered by the 

Portland cement in the surface concrete, 
the Portland composite cement in the 
hydraulically bound base course and, at 
about 10%, the transport processes needed 
for the frost blanket. It should be borne in 
mind that the asphalt considered is porous 
asphalt, special asphalt only used to fulfi l 
noise protection requirements when this 
cannot be achieved by other measures.

Fig. 6 – Results 

of assessment of 

environmental impact for 

pavement construction 

with concrete and asphalt, 

scenario A. (tC = pavement 

with textured concrete 

surface; EAC = pavement 

with exposed aggregate 

concrete surface layer; MA 

= pavement with mastic 

asphalt surface layer, PA 

= pavement with porous 

asphalt surface layer)
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An overview of the potential environmental impact for the production of 1 km motorway 
is presented in table 4.

tAbLe 4 – envIronMentAL IMpACt IndICAtors For the ConstruCtIon oF 1 kM MotorWAY 

global warming 
potential (gWp)

depletion of the 
stratospheric 
ozone potential 
(odp)

photo-oxidant 
formation 
potential (poCp)

Acidification 
potential (Ap)

eutrophication 
potential 
(ep)

[kg CO2-eq.] [kg CFC-11-eq.] [kg C2H4-eq.] [kg SO2-eq.] [kg PO2
3--eq.]

MA scenario A 1 694 573 0.39 413 8 191 1 232

MA scenario B 1 425 044 0.35 346 6 623 919

PA scenario A 1 730 430 0.40 431 8 516 1 264

PA scenario. B 1 446 198 0.36 361 6 892 940

tC scenario A 2 710 311 0.13 380 6 374 1 084

tC scenario B 2 339 814 0.09 308 4 644 742

tC scenario C 2 153 620 0.13 344 6 343 1 079

EAC scenario A 2 821 219 0.13 389 6 478 1 100

EAC scenario B 2 474 597 0.09 317 4 748 758

EAC scenario C 2 227 417 0.13 350 6 447 1 094

3.4. evALuAtIon

Owing to the large variation in available 
information, the values chosen for the 
machines and fuel needed to place the 
mixtures of materials in the different lay-
ers were somewhat pessimistic. their effect 
on the total potential environmental 
impact of the pavement was small, rang-
ing from 2 (GWP) to at most 9% (POCP). 
the potential environmental impact origi-
nates essentially in the materials. Especially 
the energy-intensive production of cement 
and asphalt is decisive. It is between about 
57 and 66% in scenario A.

the LCA for the production of a motorway 
section has shown that the use of CEm III/A 
instead of Portland cement can reduce the 
environmental impact by up to 21%. the 
potential for a further reduction in impact 
by improving the process engineering of 
cement production is generally considered 
to be exhausted. 

the use of 100% recycled material for the 
frost blanket reduces the potential impact 

by amounts of 10 (ODP) and 31% (EP) in 
the cases examined. Heavy goods vehi-
cles accounted mainly for the transport of 
materials. As well as reducing transport 
processes in general, a reduction in impact 
may be achieved by the partial use of trans-
port which has less adverse effects on the 
environment (e.g. rail). the ODP is very 
much affected by the actual transport pro-
cesses involved.

In the case of the asphalt construction 
method, further impact reduction may be 
achieved by process engineering and opti-
mization of the material itself. 

Comparison of the different construction 
methods with concrete and asphalt has 
shown that their effect on POCP and EP is 
similar. for ODP the asphalt construction 
methods cause a potential environmen-
tal impact which is 300% more than with 
concrete. In the case of AP, the impact is 
135% more with asphalt. In contrast, the 
potential impact of concrete construction 
methods for category GWP is 166% that of 
the asphalt construction methods.
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4. LCA For the use oF MotorWAYs

4.1. sCope oF InvestIgAtIons

In this study, motorway usage encompasses 
use by traffic and maintenance work. A 
usage period of 30 years was considered 
in which constructional measures to main-
tain a motorway were included along with 
typical traffic conditions, i.e. a traffic sce-
nario with a volume of 52 000 vehicles in 
24h (42 000 cars, 10 000 heavy goods vehi-
cles). In scenario A, the standard fuel con-
sumption was taken as the European aver-
age of 0.286 kg/km diesel for heavy goods 
vehicles and, for cars, 0.0125 kg/km diesel 
or 0.0536 kg/km petrol (Spielmann et al., 
2004).

traffic contributes a major proportion 
of the total emission of air pollutants in 
Europe. to quantify the reduction poten-
tial of environmental impact caused by 
traffic, besides scenario A, three additional 
scenarios were investigated.
•	 Scenario B: 0.5% fuel saving,
•	 Scenario C: 2.0% fuel saving
•	 Scenario D: 10.0% fuel saving for heavy 

goods vehicles

the additional scenarios chosen were 
inspired by literature studies which 
revealed a clear effect of pavement prop-
erties on fuel consumption. the system 
boundaries for the traffic scenarios are 
illustrated by the dashed lines in fig. 7. for 
diesel vehicles merely the combustion pro-
cess and different types of abrasion were 
taken into account, whilst for passenger 
cars also cold start emissions and standstill 
evaporation were included.

As well as traffic load, constructive main-
tenance measures were also taken into 

account in the period of usage. In the case 
of the asphalt construction methods, the 
replacement of the complete asphalt sur-
face layer was modelled. for concrete con-
struction methods, maintenance of joints, 
renovation of broken edges and corners, 
lifting and fixing of slabs as well as the 
replacement of complete slabs were taken 
into account. the system boundaries are 
shown in fig. 8. All environmentally rele-
vant factors including all upstream chains 
(raw materials production, freight, produc-
tion of materials, production of machines 
and their use etc.) were determined and 
analysed.

Fig. 7 – System boundaries 

for use of a motorway by 

traffic (dashed lines)

resources

fuel combustion
including

upstream chain

traffic load
on the

motorway

emissions into air, water
and soil

tyre wear, brake lining
wear and road abrasion
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Fig. 8 – System boundaries 

for motorway maintenance 

(dashed lines). Left: asphalt 

pavement, right: concrete 

pavement

Since constructive maintenance depends 
on numerous parameters which cannot all 
be quantified in a LCA study, a minimum 
maintenance scenario (A) and a maximum 
maintenance scenario (B) based on field 
experience were defined. In scenario B, the 
joints were completely renovated three 
times in the period of use. In addition, 3% 
of the slabs were lifted and fixed. A fur-
ther 3% of the slabs were replaced. 20% 
of the edges and corners were repaired by 

injecting a two-component resin. for the 
mastic asphalt variation, the binder and 
surface layers were renewed twice in the 
analysis period. the surface layer of the 
porous asphalt pavement was renewed 
after intervals of seven years; the binder 
layer was replaced once in the period of 
service studied. An overview of the main-
tenance scenarios investigated in this study 
is in table 5.

tAbLe 5 – overvIeW oF the MAIntenAnCe sCenArIos For 1 kM MotorWAY

Asphalt constructions Concrete constructions

Pavement with mastic asphalt 
surface layer (MA)

Pavement with porous asphalt 
surface layer (PA)

Pavement with textured concrete surface (tC)
or exposed aggregate concrete surface layer (EAC)

Scenario A:
2x replacement of  surface layer
1x replacement of  binder layer

Scenario A:
3x replacement of  surface layer
1x replacement of  binder layer

Scenario A:
2x complete renovation of joints
5% repair of broken edges and corners
1% lifting and fixing of slabs
1% replacement of slabs

Scenario B:
2x replacement of  surface layer
2x replacement of  binder layer

Scenario B:
4,3x replacement of  surface layer
1x replacement of  binder layer

Scenario B:
3x complete renovation of joints
20% repair of broken edges and corners
3% lifting and fixing of slabs
3% replacement of slabs

resources

renovation of joints

including upstream
chain

repair of broken edges
and corners

including upstream
chain

lifting and fixing
of slabs

including
upstream chain

maintenance
of concrete
pavement

over 30 years

replacement of 
slabs

including
upstream chain

emissions into air, water
and soil

resources

replacement of 
surface layer 

including upstream
chain

replacement of 
binder layer 

including
upstream chain

maintenance
of asphalt
pavement

over 30 years

emissions into air, water
and soil
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4.2. InventorY AnALYsIs

All environmentally relevant data for pro-
cesses relevant to the usage of the motor-
way section were determined and mod-
elled with the ecoinvent database.

In order to model traffic load, the work 
of (Spielmann 2004) was adapted by the 
(umweltbundesamt, 2009) to the current 
situation in Germany as far as possible. 
Heavy goods vehicles comprised 40% vehi-
cles with a transport weight between 3.5 
and 20 t, 31% with a weight between 20 
and 28 t and 29% with a weight between 
28 and 40 t. A vehicle utilization of 50% 
was assumed for all vehicle types. the 
manufacture and servicing of the vehicles 
was not included in the LCA. However, the 
emission of dust from tyres, brake liners 
and road wear was included in the outputs.

In the case of the asphalt construction 
methods, the removal of old layers is 
modelled by a cold milling machine (45 t, 
647 kW). the milled surface is cleaned 
with a brushing machine and sprayed with 
an adhesive. An application of 0.3 kg/m2 
unstable cationic bitumen emulsion was 
assumed in this study. the placement of 
new layers was carried out in the same 
manner as the original production.

Basically the same materials were employed 
in the maintenance of the concrete pave-
ment as in construction. A detailed descrip-
tion of the materials and machines consid-
ered in the assessment is in (milachowski 
et al., 2010). the following table merely 
lists several of the most important input 
 parameters.
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the construction machines used for motor-
way maintenance were based on infor-
mation supplied by companies and rec-
ommendations in the list of construction 
appliances published by the Confederation 
of the German Construction Industry. 

A distance of 50 km was taken for the 
transport of old and new materials to and 
from the site. In analogy to the production 
process, only the delivery and removal of 
the construction machines was considered 
with regard to the installation of the con-
struction site.

tAbLe 6 – overvIeW oF the MAIn MAterIALs And MAChInes tAken Into ACCount  
For ConstruCtIve MAIntenAnCe oF the ConCrete pAveMents 

Layer Material Machines

1x joint renovation 4.3 t/km joint filler compact loader, compressors, brushing machines  
and bitumen cauldron

1% repair of broken 
edges and corners

0.4 kg/m² adhesive bridge
1.15 kg/m³ two-component resin

jack hammer, shot blasting machine,  
small compressor and mixer

lifting and fixing of 1% 
of the slabs

2.95 m³/km repair mortar compressor, drill, concrete pump  
and vibration roller

replacement of 1% of 
the slabs 

Pavement concrete:
56.7 m³/km high-early-
strength concrete
0.45 t/km steel
0.11 t/km curing agent

Exposed aggregate 
concrete:
Same materials as in 
production phase

Pavement concrete:
concrete cutter, drill, jack, dowel and anchor machine, 
concrete pump, poker vibrator, smoother
Exposed aggregate concrete: in addition  one brushing 
machine

Fig.9 – Envelopes 

for the results of the 

impact assessment for 

the maintenance of 1 km 

motorway: asphalt and 

concrete construction 

methods. (tC = pavement 

with textured

concrete surface; 

EAC = pavement with 

exposed aggregate 

concrete surface layer; 

MA = pavement with 

mastic asphalt surface layer, 

PA = pavement with porous 

asphalt surface layer)

4.3. IMpACt AssessMent

the results of the analysis for the mainte-
nance of asphalt and concrete pavement 
over a service period of 30 years are shown 
in fig. 9. All the impact categories for the 
maintenance measures show much less 
environmental impact for the concrete 
pavement than for the asphalt pavement.

the assumed traffic load of 42 000 cars 
and 10 000 heavy goods vehicles per day 
results in an environmental impact which 
is up to 5 000 times higher than the impact 
of pavement maintenance. the potential 
environmental impacts for the 1 km motor-
way section are presented in table 7. 
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4.4. evALuAtIon

the impact reduction potential for main-
tenance measures in scenario A (minimum 
maintenance) compared to scenario B 
(maximum maintenance) lies between 20 
and 60% depending on the impact cat-
egory. for the GWP this means a reduc-
tion of 110 to 370 t CO2-eq. Optimization 
of environmental impact potential for 
the constructive maintenance of concrete 
motorways is specified mainly in the dura-
bility of the joint fillers. By reducing trans-
port processes the potential environmental 
impact could be reduced significantly for 
all types of pavement constructions. Impact 
reduction potential is also available in the 
optimization of the construction materials 
and in the precision of their application. 
mixed construction methods could exploit 
more effectively the advantages of the dif-
ferent types of materials. for example, in 
construction with asphalt on concrete, con-
crete provides for the overall durability of 
the pavement while asphalt has a positive 
effect on noise reduction.

motorway pavement maintenance for the 
concrete construction methods over a ser-
vice period of 30 years leads, compared 
with asphalt pavement, to significantly 
lower potential environmental impacts in 
all categories. Hence, investment in dura-
ble motorway construction is rewarded in 
the service phase.

the largest potential impact reduction lies 
in lowering fuel consumption since the 
impact is mainly due to the combustion of 
fossil fuel. fuel consumption is determined 
by many factors. In the past, numerous 
investigations concentrated on the effect 
of road surfaces (rolling resistance, flat-
ness, stiffness) on fuel consumption. road 
surface properties such as texture, uneven-
ness (macro and mega texture) and pave-
ment stiffness can reduce fuel consump-
tion by 5 to 20%. Optimization potential is 
therefore available in pavement construc-
tion as well in car and tyre manufacture. 

tAbLe 7 –envIronMentAL IMpACt IndICAtors For MAIntenAnCe  
And use bY trAFFIC oF 1 kM MotorWAY

global warming  
potential (gWp)

depletion of the 
stratospheric 
ozone potential 
(odp)

photo-oxidant  
formation 
potential (poCp)

Acidification  
potential (Ap)

eutrophication  
potential 
(ep)

[kg CO
2
-eq.] [kg CFC-11-eq.] [kg C

2
H

4
-eq.] [kg SO

2
-eq.] [kg PO

4
3--eq.]

MA scenario A 944 116 0.21 272 5 249 723

MA scenario B 1 230 617 0.27 352 6 808 943

PA scenario A 1 048 154 0.24 316 6 028 764

PA scenario. B 1 363 116 0.33 423 7 986 3 718

tC scenario A 60 520 0.01 46 265 36

tC scenario B 170 920 0.01 81 742 110

EAC scenario A 63 971 0.01 46 270 37

EAC scenario B 181 274 0.01 82 756 113

Traffic scen. A 230 904 557 29.84 167 980 1 066 521 202 078

Traffic scen. B 229 750 034 29.69 167 140 1 061 189 201 067

Traffic scen. C 226 286 466 29.24 164 620 1 045 191 198 036

Traffic scen. D 220 146 604 28.30 166 410 1 008 952 189 865
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Comparison of the environmental impact 
of concrete and asphalt pavement for 
motorway construction and maintenance 
shows that their effect on GWP is simi-
lar. for ODP the asphalt pavement causes 
a potential environmental impact which 
is 430% more than with concrete. In the 
case of POCP, AP and EP the impact is from 
160% to 220% more with asphalt. 

the present study shows that the environ-
mental impact due to the construction of 
motorways, their use by traffic and their 
maintenance can be reduced. the poten-
tial environmental impact can be reduced 
by optimizing the production of the con-
struction materials. In the case of concrete 
motorways, a reduction in the clinker con-
tent of the cement would reduce environ-
mental impact by up to 21%; in the case of 
the asphalt motorways, the use of secondary 
fuels and the increased reuse of reclaimed 
asphalt would also reduce environmental 
impact. the evaluation of a service period 
of 30 years shows that durable construction 
methods and roads with low maintenance 
requirements offer significant advantages. 
the potential environmental impact due to 
traffic load is 100 times more than due to 

construction and maintenance together – 
the largest and most effective reduction in 
impact is possible here. numerous studies 
have already shown the effect of pavement 
surface structure on fuel consumption. 
A reduction in fuel consumption of about 
10 % could be achieved by the improve-
ment of pavement surface texture or even-
ness as well as pavement stiffness. further 
investigations and measures on pavement 
optimization would lead to more effective 
reduction of the environmental impact of 
roads. A reduction of fuel consumption of 
0.5% over a service period of 30 years and 
for a 1 km motorway section would reduce 
CO

2 emission by 1 154 t CO2-eq. A reduc-
tion of fuel consumption by 2% would lead 
to a reduction in CO2 emission (GWP) well 
above the impact of motorway construc-
tion and maintenance together. A reduc-
tion of 10% fuel consumption for just heavy 
goods vehicles would save 10 760 t CO2-eq. 
thus construction methods aimed at low-
ering fuel consumption are far more envi-
ronmentally effective than construction 
methods tailored to low impact during 
construction and use.

5. ConCLusIons 
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