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Abstract 

The main objective of the paper at hand is to investigate material flows and stock changes of subway infrastructure 

associated with its refurbishment. Specific attention is given to the relation between recycling, reuse and virgin 

material flows. Furthermore, the extent to which policy targets are achieved in a specific refurbishment process is 

investigated. Thereto the refurbishment of a subsection of Vienna’s subway network was chosen as a case study. 

To fulfil the objective, a bottom up material flow analysis (MFA) of the refurbishment process on the subsection 

was performed. Results show that the overall material stock is 360,000 t, of which three-fourths remained 

unchanged within the refurbishment. Within the refurbishment process, in total material with a mass of around 

155,000 t was built into the system. The share of recycling material was significantly higher than the use of virgin 

material. In detail 39% virgin construction material, 15% recycling construction material, 41% on site-recycling 

construction material and 5% reuse construction components were built into the section.  
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1. Introduction 

Infrastructural networks such as subways are generally thought of in terms of their passenger transport function 

within urban areas. Since the emergence of the concept of urban metabolism (Baccini and Brunner, 1991), 

however, researchers have shown increasing interest in other main features and side effects of infrastructure 

networks such as environmental emissions and resource use for their operation as well as materials required and 

resource constraints associated with their construction. Subsequently, a number of studies have investigated these 

aspects of subway networks such as, for instance, Andrade and D’Agosto, (2016); Chester and Horvath, (2009); 

Lederer et al., (2016); or Li et al., (2016). While all of these studies have to some extent collected primary data on 

material flows and resource use during the construction phase of subway lines, material flows and resource use 

during the maintenance phase usually refer to data from databases. A review by Augiseau and Barles (2017) on 

construction material flows, however, suggests that the demolition and renovation of networks are often not subject 

to monitoring by the public authorities and therefore not recorded with the same accuracy in these databases. If 

studies deal with refurbishment processes of subway networks, they tend to be primarily focused on technical 

challenges (e.g. Petr and Jaroslav, 2006; Posgay, 1996) and consequently exhibit little interest in detailed material 

flows and changes in material stock. The study at hand aims to make a contribution towards filling this gap. Due 

to legislative and policy changes at the urban, national and supra-national level (BMLFUW, 2016; City of Vienna, 

2014; EUROPEAN PARLIAMENT AND OF THE COUNCIL, 2008) aimed at decreasing resource consumption 

by means of a circular economy, the study focuses on the reuse of construction elements and the utilization of 

recycling construction materials. In terms of mass, construction and demolition activities are among the biggest 

sources of waste in Europe (construction and demolition waste (CDW). They account for approximately 25% - 

30% of all waste generated in the EU and consist of numerous materials, including concrete, bricks, gypsum, 

wood, glass, metals, plastic, and excavated soil, many of which can be recycled. In order to tackle this challenge, 

the recycling of construction and demolition waste is encouraged by an EU-wide mandatory target of 70% 

(European Commission, 2015). Policy objectives are important. Yet in order to meet these objectives, the use of 

recycling building material, at best produced by demolition material of the construction site, is crucial to increase 

recycling material rates and to promote the substitution of virgin building material. Also important are specific 

actions taken on construction sites in terms of the reuse of construction elements, which represents another 

important policy objective expressed e.g. by the waste hierarchy (EUROPEAN PARLIAMENT AND OF THE 

COUNCIL, 2008). The extent to which these policy objectives are already fulfilled within the case study are 

demonstrated.  

 

The main objective of the paper at hand is to investigate material flows and stock changes of subway infrastructure 

associated with its refurbishment. Specific attention is given to the relation between recycling, reuse and virgin 

material flows in a case study. Furthermore, the extent to which policy targets are achieved in a specific 

refurbishment process is investigated. Thereto the refurbishment of a subsection of Vienna’s subway network was 

chosen as a case study. To fulfill the objective a bottom up material flow analysis (MFA) of the refurbishment 

process on the subsection was performed. For the investigation, the materials were assigned to the three main 

categories mineral (e.g. gravel, stones, concrete, soil), organic (e.g. wood, plastics) and metals (e.g. iron and steel, 

aluminum, copper). These general categorizations represent both materials that make up the bulk of the total 

material input, material output and stock (i.e. mineral) as well as materials having a high secondary raw value 

(Lederer et al., 2016). For the investigation real inventory data from the public transport provider (Wiener Linien 

GmbH & Co KG) was used. 

 

First, the case study investigated is presented in section 2.1, followed by a description of the methods and materials 

used in sections 2.2 and 2.3. An insight into the material inventory of the built up material stock is given in section 

2.4, and calculations of flows (built-in, reuse, recycle, and waste) are summarized in section 2.5. Finally, results 

are presented (section 3) followed by conclusions (section 4).  

2. Method and materials 

2.1. Case study description  

The system investigated is the subway network in Vienna, with five subway lines totalling 87 kilometres in length, 

including main and shunting tracks. A subsection of the line U4 was refurbished in 2016. The refurbished part 

consists of parts of the line constructed in the 1890s, of which some parts (station buildings, viaducts) are cultural 

heritage monuments. In Vienna the subway infrastructure of the line U4 is largely based on the former Stadtbahn 
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(urban railway), which had already been built at the end of the 19th century. This historic infrastructure has 

constantly been refurbished and modified, particularly after Second World War damage in the 1950s and when 

being upgraded to a subway line in the 1970s (Schlöss, 1987). These processes of refurbishment and modification 

led to a change in the quantity and composition of the material stock, but also to changes in the wastes generated 

during these processes. Depending on their quality and quantity, these wastes can serve as a potential 

anthropogenic resource of secondary raw materials (Lederer et al., 2014). However, neither the changes in the 

material stock nor the generation of wastes and their recycling has been recorded in the course of these previous 

refurbishment and modification processes. For this reason, an attempt is made to do so by carrying out a material 

flow analysis on the present refurbishment project of the U4, termed NEU4.  

 

Small improvements in subway tracks (e.g. signal and communication system or passenger information displays) 

are carried out while constantly maintaining train service; however, for major refurbishments the train service has 

to be interrupted. Such a major refurbishment process was carried out on a subsection of the subway line U4. In 

the paper at hand, this rehabilitation process over a total length of 3,500 m was investigated in terms of stock 

changes and material input and material output flows. The rehabilitation took place from the kilometer pole 10.7 

to km 14.2. The standard cross section for the open track within the subsection is presented in Figure 1, including 

a comparison to the standard cross section before refurbishment.  

 

 

The subsection investigated is built above ground level. Following construction measures based on tender 

documents were part of the refurbishment process investigated:  

 

Track substructure  

The track bed was removed until the subsoil (natural ground) was reached (average depth of 0.8 m – 1 m). The 

drainage system of the track substructure has been kept in place. From the subsoil, the new track substructure was 

built. For the subgrade recycling construction material, such as excavated asphalt, road surface material mixed 

with parts of the removed track ballast was used. Furthermore, recycling construction material was used to build 

the frost protection layer. A 10 cm bituminous base layer completed the track substructure (see Figure 1).  

 

Track superstructure 

On the rebuilt substructure, a new track superstructure consisting of cable channel, track ballast, concrete sleeper, 

rail, electric cabling, and power rail was built (see Figure 1). The rail and the concrete sleepers were assessed to 

have an additional lifetime of around 10 years. Therefore, these components were stored in the stockyard during 

the track substructure refurbishment and could be reused in the newly built superstructure. The conductor rail, 

Fig. 1: Open track standard cross section before (a) and after (b) refurbishment 
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made of steel, could be partly (~50%) reused, the other 50% were replaced with a conductor rail made of aluminum. 

The electric cabling was renewed. 

 

Renovation and extensions of buildings above ground level 

There are four stations (Ober St. Veit, Unter St.Veit, Braunschweiggasse and Hietzing) and one train reversing 

facility within the subsection investigated. The station Ober St. Veit is a cultural heritage monument, therefore 

building materials such as historical stoneware had to be renovated and reused. Within the buildings, the following 

construction work was undertaken: retrofitting of the train platform, retrofitting of interior spaces, new 

construction of operation rooms, retrofitting of stairways, and the modernization of operational equipment.  

 

Viaduct rehabilitation 

The U4 line crosses the river Wienfluss on a steel bridge. Subsequently, the route leads over 10 vaults over a length 

of about 100 m. The stock is about 110 years old and consists of bricks that were covered on the sides with natural 

stone. As a result of the traffic loads of the past few years, the moisture seal was found to be torn, and surface 

water penetrated into the building. To secure the building, a new improved waterproofing made from seal concrete 

was installed.  

2.2. Material flow analysis (MFA) 

Material Flow Analysis (MFA) is a widely applied analytical tool for modelling, understanding and optimizing 

material flow systems by means of comprehensive investigation of material flow input within and out of a defined 

system. MFAs include processes (transformations, relocations or storages of materials) and flows as connections 

between processes. A process that stores a material includes a so-called material stock. This stock changes over 

time depending on the balance of all input and output flows of the respective process. MFA is used to provide 

information on metabolic systems. The method has been largely harmonized (see, among others, Baccini and 

Bader, (1996); Brunner and Rechberger,( 2016), (2004)).  

 

The system investigated in the study at hand is presented in a schematic survey in Figure 2, which should provide 

a clear overview of the system under investigation. Thereby the section is split into two processes (before and after 

refurbishment), which does not fully represent real circumstances. The “more accurate” system is presented in 

Figure 4 in the results section. All material flows are presented in the mass unit “metric ton (t)”; and the reference 

period selected is one year (2016). Three material categories are considered: minerals, organics and metals. 

However, for the detailed investigation of flows 22 material categories were differentiated in order to reflect 

changes in the material composition of building components (e.g. the change from a third rail (conductor rail) 

made of steel to one made of aluminum).  

2.3. Procedure 

The investigation was carried out in two steps. First, the material stock of the subsection investigated was 

calculated using the same bottom-up approach as applied by Lederer (Lederer et al., (2016). Thereafter, publicly 

available data from literature was used together with articles and books that described the subway network, 

especially those parts based on the former Stadtbahn (Duniecki et al., 1991; Gerlich, 1980; Hinkel, 1982; Lederer 

Fig. 2 Schematic illustration of the stocks and flows investigated 
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et al., 2016; Schlöss, 1987). In addition, data from the operator WIENER LINIEN GmbH & Co KG, i.e. current 

and historic construction and engineering plans of construction elements, buildings and track bed were all used.  

 

In the second step, the flows of built-in materials and recycling materials/wastes were calculated. Thereto company 

data were used. To clarify and complete some of these data, expert interviews with persons in charge for the 

specific refurbishment process were conducted. The main data sources to calculate built-in materials and flows of 

recyclables were tender documents (including e.g. construction plans, contract specifications, technical reports), 

while output flows were determined based on the waste management report of the construction site, tender 

documents (e.g. detailed information about demolition activities) and soil samples, the latter being mandatory in 

accordance with the Austrian landfill directive (BMLFUW, 2008).  

2.4. Investigation of the stock 

In order to characterize the initial state of the system, the material stock was calculated. The material stock of the 

subsection investigated was divided into the following categories: open track, stations, and viaduct. In each of 

these categories, individual data sources and calculation methods were used.  

 

Open track 

The construction elements at the track section investigated were mainly built in the 1890s. In this section, the trains 

run above ground level. The construction elements consist of two walls made of natural stone (see Figure 1). The 

north wall demarcates the rail track from the riverbed of the river Wienfluss. The drainage of the rail track passes 

through the wall and ends in the riverbed. However, the south wall demarcates the rail track from the street 

Hietzinger Kai. The river is located below and, in some sections, at the same level as the track bed; however, the 

street level is at around 5 m to 8 m. Both construction elements are completely preserved. To calculate the material 

stock, different standard cross sections for the sections investigated were considered. The volumes calculated were 

combined with the specific material intensity (2.5 t natural stone per m³). The material stock was calculated taking 

the track lengths of the different standard cross sections into consideration, as presented in Table 1. Not included 

in the stock calculation was the track bed as these construction elements were investigated in detail in the flow 

analysis (see section 2.3); moreover, the removed materials were added to the calculated stock to represent the 

overall material stock before refurbishment. For this reason, the only material category considered for the open 

track are minerals. Metals and organics were used only in insignificant amounts in these construction elements.  

Table 1 Material stock calculation (using specific data on the material intensities (m³/m and t/m) and information about the 

track length in m of applied standard cross sections) 

standard cross section 

unit 

wall-river 

m³/m 

wall-street 

m³/m 

mineral 

t/m 

track length 

m 

stock 

t 

Open track (km10.7 - km 11.1) 15 7 55 419 22,836 

Open track (km 11.1 - km 14.2) 14 14 71 1,682 119,002 

Open track including rescue niche 
(km 11.1 - km 14.2) 

14 12 64 368 23,552 

Track station area 12 11 98 770 75,075 

Track – train reversing facility 14 14 71 261 18,531 

 

Stations 

To calculate the material stock of the station and operational buildings within the subsection investigated, firstly 

the gross cubic volume for each building was calculated using data from construction plans. The calculated gross 

cubic volumes were then multiplied with the specific material intensities (given in t/m³) and taking the period of 

construction into consideration. The specific material intensities were taken from Kleemann et al. (2016) using the 

therein generated data for the utilization category “industrial” as this seemed to be the one that corresponded best 

to the existing structures.  
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Table 2:Gross volume per building (own calculation) and specific material intensities (adopted from Kleemann et al., 2016) 

Buildings Construction 
period 

Gross 
volume 

m³ 

Mineral 

t/m³ 

Organic 

t/m³ 

Metal 

t/m³ 

stock 

t 

Ober St. Veit – 
transformer substation 

1977-1996 4,222 170 1 15 760 

Ober St. Veit (west) -1918 2,761 280 5.8 8.8 801 

Ober St. Veit (east) 1977-1996 1,624 170 1 15 292 

Unter St. Veit 1977-1996 3,372 170 1 15 607 

Braunschweiggasse 
(west) 

1977-1996 3,175 170 1 15 572 

Braunschweiggasse (east) 1977-1996 3,528 170 1 15 635 

Hietzing Station Building 1946-1976 9,131 340 7.6 13 3,169 

 

In addition to the material stock of the buildings, the material stock of the standard railway platform roof was 

calculated. In this standard railway platform roof 7.8 kg of metals per m² roof are built-in. The overall roof area 

covered on the above-mentioned stations is 4,165 m². Additionally, for the roof of the Hietzing station 1,395 t of 

concrete was built-in.  

 

Viaduct 

The viaduct has an overall length of 102 m, decreasing from a height of around 3 m to street level. The calculated 

gross volume of the construction element amounted to 6,090 m³. To determine the specific material intensity, 

values from Kleemann et al. (2016) were adopted. Per gross volume 530 kg of minerals, 3.7 kg of organics and 

4.3 kg metals were assumed. A bridge made of steel with an overall length of 17.6 m interrupts the viaduct. For 

the bridge, a total metal amount of around 100 tons was estimated.  

2.5. Investigation of flows  

For the investigation of the material flows, first detailed knowledge about the construction activities undertaken 

had to be acquired. Usually these data can be found within the tender documents, in which all planned construction 

activities are described in detail. Within these documents, e.g. detail executive plans, material specifications, as-

built plans and descriptions as well as technical reports are included. Furthermore, these data were extended with 

expert interviews and literature data. However, the tender documents were provided before the construction 

activities started; therefore, not all contingencies (e.g. soil characteristics of the natural ground, damage due to 

construction activities) are included. This mainly effects output and recycling flows. Therefore, the waste 

management plan, which contains all waste flows of the construction site, was used as the data source.  

 

Within the present study the construction phases “track substructure”, “track superstructure” and “building” were 

distinguished. Within the process termed “building”, the renovation and extensions of buildings above ground 

level and the viaduct rehabilitation were considered together. In addition, there is the process “stockyard”, where 

recycling material is produced (out of waste) and construction elements are stored for reuse purposes.  

 

The built-in material flows were calculated with the specifications included within the tender documents, 

considering only positions that cause a significant input of materials. Not included were other services such as, for 

instance, final cleaning of the construction site. Within the positions, the expected amount of materials are included 

for most building materials (e.g. m³ of concrete, kg of reinforced steel). However, other positions were given in 

quantity without referring a mass unit, for instance railway sleepers or square meter floor covering. In that case, 

the material mass was estimated using technical data sheets of the products and literature data.  

 

For the output flows, real data from the construction site was used. Due to legal reasons, construction companies 

have to report all waste flows from a construction site. These data were used within the study at hand. Furthermore, 

material flows due to recycling and reuse were identified. In the case that recycling building materials were used, 

these materials had to be certified and reported. These data were used to calculate the recycling material used for 

both recycling material obtained from the construction site itself (e.g. track ballast) and for recycling material from 
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other construction sites (e.g. road surface material). Reused construction elements were listed in the tender 

documents for the refurbishment.  

3. Results 

3.1. Material stock 

The overall material stock of the subsection 

investigated was around 360,000 t. The by far 

biggest part could be assigned to the material 

category minerals (~97%), followed by metals 

(~3%), and organics (<1%).  

 

The open track shows the largest material stock in 

comparison to the buildings of stations and 

viaduct, as presented in Figure 3. The normalized 

material stock per meter subway track (both 

directions) for this specific section was around 

100 t/m.  

 

 

 

3.2. Material stock changes and aggregated material flows 

Through the refurbishment 

process around 84,000 t of 

construction materials were 

built-in in the section, of 

which two thirds were virgin 

material and one third 

recycling material (i.e. road 

surface material from a 

construction site in Vienna). 

Around 74,000 t were 

demolished and removed 

from the construction site and 

brought to landfill, waste 

treatment and recycling 

facilities. Since the amount of 

built-in material was 

considerably larger than the 

material removed, the overall 

material stock increased by 

around 11,000 t. Per meter of 

track the value rises by 3 t/m 

to around 110 t/m.  

 

For the overall material input, 

a significant share of 

construction elements were 

also reused (mainly railway 

sleepers including rails). 

Moreover, an even larger 

amount of materials was 

recycled on-site. This material remained within the section with either the same or a different function. As 

presented in Figure 4, the overall mass of recycled material exceeds the mass of the virgin material used during 

the refurbishment.   

Fig. 3 overall material stock of the subsection investigated before 

refurbishment 

Fig. 4: Stock changes and aggregated material flows due the refurbishment 
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3.3. Material flows 

In total 22 different material categories were considered. In terms of mass, the main materials brought into the 

system were gravel (57%), concrete (30%), and asphalt with around 11%, all of which are related to the category 

minerals. Around 400 t of metals were built in the subsection, of which around 73% were iron/steel, 16% copper, 

10% aluminium, and <1% others. In terms of mass, however, the usage of metals (<1% of total amounts of built-

in materials) is negligible. The main part of the built-in materials was used for the track substructure (53%), 

followed by track superstructure (36%), and buildings (11%). When considering the reused and recycled materials, 

the share increases to 69% track substructure, 24% track superstructure, and 7% buildings. All reused, recycled, 

built-in, and waste material flows are summarized in Fig. 5.  

 

3.4. Ratio – reuse and recycled material 

During the refurbishment, materials with a total mass of around 155,000 t were built-in, which equals around 

44 t/m track. The share of recycling material was significantly higher than the use of virgin material. 63,000 t of 

recycled track bed material were mixed with 23,000 t of recycled filling material to form the earthwork structures 

and the frost protection layer. In total these two material categories account for about 55% of the overall built in 

materials.  

 

Furthermore, the present study shows that there were also materials reused. In practice, components/elements were 

removed, stored at the stockyard and then re-installed (having the same function as before their removal). It is 

worth mentioning that reuse is more highly ranked within the waste hierarchy than recycling (EUROPEAN 

Fig. 5: Material flows during the refurbishment of the line U4 (U4New) 
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PARLIAMENT AND OF THE COUNCIL, 2008). In total components with a mass of around 7,600 t were reused. 

The far biggest amount was due to the reuse of railway sleepers, including rails. In terms of materials this resulted 

in the reuse of 6,000 t (78%) of prefabricated concrete and 700 t (9%) of steel. Due to the fact that the station Ober 

St. Veit is a cultural heritage monument, historic stoneware (0.29 t; <1%) was carefully removed and re-installed 

after the platform had been refurbished. The same applies for the viaduct, where natural stone parts (700; 9%) 

were reused as well.  

4. Conclusions  

Regarding the policy objectives presented at the beginning of the study, it can be stated that the target to reduce 

the usage of virgin building materials (e.g. BMLFUW, (2016); City of Vienna, (2014); Eisenmenger et al., (2015)) 

was reached in the case study investigated. In fact, in terms of overall built-in materials, 15% recycling material, 

41% on-site recycling material and 5% reused construction elements were used. Hence, the share of virgin 

construction material built-in was below 40%.  

 

Although the lifetime of each specific subway network and its components needs to be investigated individually, 

the present study demonstrates that lifetimes commonly used in environmental assessment studies are to be 

questioned. For instance, Chester and Horvath (2009) assumed for rail modes 80 years for stations and 50 years 

for concrete components; Anderson et al. ( 2015) had assumed a lifespan of 100 years for a tunnel shell and 60 

years for a tunnel base; Li et al. (2016) only assumed 50 years of service life time. In other words, there is a broad 

range of expected lifetimes for subway networks given in the literature. However, in the case study main network 

construction elements have been in use for 119 years and will continue to be part of the network in future, thereby 

demonstrating that although a broad range of lifetimes is used, real lifetimes might be even beyond the currently 

assumed ranges. In total >75% of the material stock of the section investigated maintained their function after 

refurbishment. In terms of mass, the majority of this stock are historical components which were built-in at the 

beginning in 1890. Even though this is an individual case, there should be further research conducted, in particular 

if various transport modes are compared. It can be stated that the predicted lifetimes mentioned above will be 

exceeded significantly.  

Furthermore, the results of the present study show that the refurbishment process increased not only the overall 

material stock but also its complexity. The waste flows indicate a removal of historical bulk material (soil in 

various qualities). Such materials always carry the risk of being polluted through the more than 100-year use phase. 

Even if no significant amounts of pollutants were found, the environmental risk could be reduced through the 

rehabilitation. After the refurbishment, the rail bed is uniform in structure, which simplifies future maintenance 

and future renewal. The material intensity and material compositions in the section investigated has increased. 

This is especially true for components of the open track (in particular the track substructure), whereas in the stations 

mainly building components were replaced with equal materials. Within the open track, the material intensity and 

composition changed significantly within the track substructure, however, remained unchanged within track 

superstructure. Because the track superstructure were built in the 1970s and has been continuously updated in 

recent years. The track substructure was not changed in the 1970s and is not state of technology. The newly built 

substructure has a significantly stronger subgrade layer and frost protection layer (mainly from recycled material). 

Additional layers, for instance, a continuous bituminous base layer as a moisture seal, were added to the 

substructure (see Fig. 1). As a consequence there was an increase in both the material intensity and material 

diversity. 
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