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1 Introduction 

Rapid industrialization and the rise of the consumerism have transformed the global 

landscape. The culture of “over-consumption” has grown exponentially since the middle of the last 

century in North America, Western Europe, Japan, and a few other countries and has brought with it 

an unprecedented appetite for physical goods - and the materials from which they are made (Young 

and Sachs 1994). In highly populated countries such as China, the levels of consumption of basic 

commodities such as grain, meat, coal, and steel have surpassed the previous highest consumer, the 

United States (Brown 2005). 

The challenge which the material-based economies are faced with today, is how we can our 

needs and use of materials sustainable. The assessment of sustainability with regards to resource use 

and management can be broken down into three components – (1) relationship between rate of 

resource use and overall stock of resources, (2) effectiveness of resources in providing essential 

services, and (3) the proportion of resources that are lost from the economy and their impacts on the 

environment. The first two topics reflect the sustainability of supply, and the third affects the 

sustainability and health of receiving ecosystems where resources which are no longer in use and 

have exited the economic system accumulate and reside.  

The approach to establish and quantify the relationship between societal resource 

management and sustainability is an emerging subject of research in the field of Industrial Ecology 

(IE) (Graedel and Klee 2002). The concept of “industrial metabolism,” first introduced by Robert 

Ayres (Ayres 1989a; Ayres et al. 1989b; Ayres and Simonis 1994), establishes the analogy between 

the economy and the ecology on a material level. Societies mobilize different types of materials 

from the earth’s crust to create “technomass,” similar to nature’s way of creating “biomass.” The 

organisms in the biosphere close the loop by cycling the resources and wastes interchangeably, but 
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humans in the “anthroposphere” utilize resources in an “open loop” way generating significant 

amounts of wastes. Industrial ecologists have begun to assess physical economy through the lens of 

ecological principles (Ayres and Ayres 1996; Graedel and Allenby 2002; Socolow et al. 1994). The 

objective of such analytical studies in IE is to determine the anthropogenic contribution to natural 

material flows, the causal factors, and the spatial and temporal distribution of environmental 

concerns.  

The amount of resources that are available as a result of geochemical processes in nature do 

not represent the complete set of resources that will be utilized to meet future demand. A fraction of 

the geochemical resources occur in the form of the concentrated ores which we presently mine and 

the remaining fraction are the resources that are distributed in lower concentrations in rocks and 

ultimate recovery will depend on geology, technology, and economics. It is also important to 

consider some other stocks of resources – employed and expended stocks (Kapur and Graedel 

2006). The amount of resources extracted and mobilized from the Earth and put in use by us but not 

yet discarded is considered employed stock. The expended stock is that fraction of resources which 

were put in use but now have been discarded or dissipated during use. The employed stock can be 

categorized into the following components – in-use stock and hibernating stock. In-use stock is the 

amount of a resource that is still in active use. Examples of in-use stocks include use of copper 

wirings, steel girders, and concrete walls in buildings. The portion of in-use stock of materials that 

has been put out of service but not discarded completely is referred to as hibernating stock. 

Examples of hibernating stocks include obsolete computers stored in closets, and lead sheathing on 

telephone cables still in place but no longer connected to the network. 

2 Quantifying Employed Stock 

There are two basic approaches to quantifying employed stock – static and dynamic 

modeling. In the static method, after choosing the spatial system boundary for analysis, all principal 
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reservoirs (e.g., buildings, roads, bridges) that contain the material under consideration are 

identified, and thereafter, the amount of material in each reservoir is determined (e.g., amount of 

cement in a building or bridge, expressed either in absolute weight terms or as a fraction of the total 

mass of the reservoir). After determining the amount of material in each reservoir, all the reservoir 

values are aggregated to determine the total material within the system boundary. The static 

approach is illustrated with an example to determine the in-use cement stock in building 

infrastructure in the United States. The first step is to make an inventory of residential buildings, 

commercial buildings, and public buildings in terms of their number (N) and floor area (A). The 

next step is to determine the amount of cement in each type of building either expressed as the 

average amount of cement per unit floor area of the building (Wa) or as overall average weight of 

cement in a building (Wn). In a simplified form, the stock of cement in buildings could be expressed 

as ∑Ni*Win or ∑Ai*Wia where i = type of building. Usually, there is lack of empirical data on 

parameters that quantify the material composition (such as Wa or Wn) of reservoirs. In addition, 

there are a number of factors such as affluence, population density, etc., that can bring a high degree 

of variability to the amount of material contained in a reservoir (e.g., affluent people may have 

bigger homes). In the absence of data, reasonable approximations serve as a proxy value for the 

material composition parameters representative of the whole reservoir, strengthened by a sensitivity 

analysis to characterize the uncertainty in the parameters.  Such informed estimates are based upon 

opinion of experts in the field.   

In the dynamic approach, material inflows to the system boundary under consideration are 

categorized into different end-uses (e.g., the amount of cement used for residential, commercial, and 

public buildings). Each of the end-uses are assigned a service lifetime. The lifetime determines the 

delay between the material inflows and material outflows in form of discards. The difference 

between the material inputs and discards is the net addition to in-use stock. The static approach 

provides a single snapshot of stocks and flows whereas the dynamic model can be used to 
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characterize the net addition or depletion of stocks over time. Characterization of stocks over time 

can also be utilized to estimate future discards or emissions (Kleijn, Huele, and Van der Voet 2000). 

Such information is useful to formulate end-of-life strategies and management systems. 

Resource flows for the built environment account for 70% of the nonfuel, nonagricultural, 

and nonfood material flows in the United States (Wagner 2002; Wernick 1997). Besides the built 

environment in the form of buildings, the critical infrastructure systems of streets and highways, 

water and waste management, and utilities provide the essential network of linkages to develop and 

sustain the viability of industrial systems. In this study, we present the methodology of dynamic 

modeling of stocks and we model results for the ‘in-use’ cement stock in the built environment 

(building, roads, highways, and bridges) in the United States over the period 1900-2005. There are 

growing concerns about the condition and performance of concrete infrastructure in the United 

States, with estimates that US$1.6 trillion of investment will be required over the next five years to 

replace and/or rehabilitate existing structures (ASCE 2005). Twelve categories of infrastructure in 

the United States scored a grade of D+ overall in an assessment by the American Society of Civil 

Engineers (ASCE 2005). The state of infrastructure and the challenges faced by policy makers and 

administrators in the United States are quite indicative for the rest of the developed countries as 

well. A large section of the people living in the developing countries still lack access to basic 

infrastructure and usually inadequate maintenance deteriorates their condition prematurely (World 

Bank 1994). While previous material flow studies have examined the flows of construction 

materials including cement (Kelly 1998), no study has yet characterized the accumulation of cement 

in-use stock in the form of buildings and civil infrastructure. Information on in-use cement stocks is 

pertinent and important for stakeholders of U.S. infrastructure such as Federal Highway 

Administration, Department of Transportation, public and private utilities, and the construction and 

cement industries. 
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Since the beginning of the last century, the United States Geological Survey (USGS) has 

reported annual time series data on production and consumption of different types of commodities 

in the United States.  A dynamic substance-flow analysis model (SFA) is developed using USGS 

data on cement consumption, and lifetime distributions for each cement end-use infrastructure 

application. 

3 Cement Use 

Cement is one of the primary construction material resources. Portland cement is the most 

common type of cement used. Cement is a gray fine powder produced by heating limestone with 

sand or clay in a rotary kiln and grinding it with gypsum. The material life cycle of cement as 

shown in Figure 1 consists of three stages - production (including raw material extraction), use, and 

end-of-life (waste management). At each life cycle stage, material can be exchanged between 

reservoirs including environment and material imports and exports. Cement is used in new 

construction activities as well as repair and renovation of different types of infrastructure. Each 

infrastructure type has a certain useful time. During the lifetime of each structure, there are several 

cycles of repair and renovation. At end-of-life, different components of infrastructure systems are 

either partially or fully demolished. New construction, repair and renovation, and end-of life 

activities generate construction and demolition (C&D) debris. The C&D debris is often used as 

filler material in road construction or as landfill for low lying areas. 

Cement when combined with water forms a paste that binds sand and gravel into a solid 

compound material known as concrete.  Concrete usually consists of 11-14 % of cement on a 

weight basis. Most of the Portland cement produced in the United States (approximately 86-91 

Tg/year) is utilized to make concrete (van Oss 2003).  The consumption of cement in the United 

States has increased six-fold over the last fifty years (Figure 2). Over the time period 1900-2005, 
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the total cement consumption in the United States was approximately 5.1 Pg. Concrete is the most 

widely used manufactured material for the construction of buildings, bridges, streets, and highways. 

4 Methodology 

This study characterizes the stocks and flows of cement (as a proxy for concrete) utilized 

during the 20th Century (1900-2005) in the United States. The law of conservation of mass is the 

basic principle upon which a stocks and flows model is constructed. The underlying equation can be 

expressed as 

Δstockoi FF
dt

dF
    (1) 

where, 

Fi and Fo are material inputs and outputs of the reservoir under consideration within the system 

boundary of the material cycle. The balance between inputs and outputs, or lack thereof, can lead to 

the following three conditions for change in stock (stock
): 

  FF oi  (Build up of material stock)    (2) 

  FF oi  (Decline of material stock)    (3) 

  FF oi   (No change in material stock/Steady state)  (4) 

In the present technological society, there is generally net accumulation of material stock in the 

‘Use’ reservoir, as material inflows exceed the material outflows. The material inflows and outflows 

for cement are described in Section 4.1 and 4.2, respectively. 

4.1 Inflows 
The input-flow distribution for cement comprises two sub-flows — consumption of cement 

and its end-use distribution. The cement consumption data was partitioned into various end-use 

markets such as roads, bridges, highways, buildings (residential, commercial, and public), and water 

and wastewater utilities, based on historical and contemporary data available from the Portland 
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Cement Association. The contemporary cement end-use market in the United States for the year 

2003 is shown in Figure 3. The use of cement for road infrastructure accounts for about one-third of 

the cement tonnage consumed. However, the cement consumption data divided in different end-uses 

is not available for all the years. These data gaps were bridged by assuming that cement end-use 

fractions do not change radically over several decades and yearly changes in few percentage points 

for each end-use fraction did not affect the results significantly and the lifetime distribution was the 

more sensitive variable. 

4.2 Outflows 
The outflow of cement discard streams depends upon the time delay between the input and 

output flows of cement. The residence time of the product usually determines the time delay. The 

residence-time distribution (life-span distribution) of the product is usually assumed to be a 

Weibull, Gamma or Lognormal distribution (Elshkaki et al. 2005; Melo 1999; OECD 2001).  Using 

a particular lifetime distribution, the rate of cement discards exiting the ‘Use’ reservoir can be 

determined using the following equation: 

dFF ki,

2000

1900j

1900-j

0k

U

k-ji,

8

1i

W

ji,
  

 

     (5) 

where, 

W

i,jF  = Cement discard flow from sector i in the year j; 

U

i,j-kF  = Cement flow into sector i in the year j-k; 

i = sector category index, varying from 1 to 8 for sectors including streets and highways, residential 

buildings, commercial buildings, public buildings, water and waste management, utilities, farm 

construction, and other uses; 

j = year of cement discard, 1900 < j < 2005;  
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k = index for invoking the lifetime distribution function to estimate the retirements of in-use cement 

from sector i that entered use in years represented by k, 0  k  j-1900; 

di,k = Lifetime distribution density value. 

There is lack of literature and/or data that quantify actual lifetimes of various infrastructure 

applications. A probability of failure approach was adopted to estimate the parameters required to 

mathematically define a lifetime distribution. The probability of failure is the probability at which a 

particular infrastructure will fail to deliver the desired performance and is taken out service 

completely (Nowak and Collins 2000). The three lifetime distributions – Weibull, Gamma, and 

Lognormal, can be characterized by at least two parameters and therefore, in order to determine 

them mathematically values were assumed for the 50th and 90th percentile for the cumulative 

probability distribution function (CDF) (Table 2). An expert opinion survey1 was carried out to seek 

a consensus on the assumed range of CDF values for each infrastructure use. The 50th percentile 

value was centered on the mean service life value. The Bureau of Economic Analysis in the United 

States, in their assessment of the stocks and depreciation of fixed assets and consumer durables, 

does report mean service life values of different types of infrastructure (BEA 2003). A range of 

values were selected to account for plausible uncertainties in the lifetime data. Further, to 

characterize a single discrete lifetime distribution for each type of distribution and for each end-use 

Monte Carlo simulations were run over the range of 50th and 90th percentile CDF values. The ‘in-

use’ cement stock was estimated as the difference between cement entering the ‘Use’ reservoir and 

cement discards exiting the same reservoir. 

                                                 
1 The experts were selected from academia, industry, and government with their expertise in the 
fields of civil & structural engineering, industrial ecology, material science, risk analysis, geology, 
cement industry, and economics. 
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5 Results and Discussion 

The model-derived estimate of the in-use cement stocks in the United States is in the range 

of 4.2-4.4 Pg for the year 2005 as shown in Figure 4. This indicates that 82-87% of cement utilized 

during the last century is still in use. On a per capita basis, this is equivalent to 14.3 – 15.0 Mg of 

in-use cement stock per person. 

The dynamic model can be further disaggregated into sub-models to determine the 

accumulation of cement discards by each end-use category. Streets and highways account for the 

largest proportion of cement discards followed by residential and commercial buildings. The 

dynamic model could also be utilized to determine the age distribution of in-use cement stock and 

cement discards. In the year 2005, for streets and highways, the maximum amount of cement 

discards are from the streets and highways built during 1945-1975, whereas for residential buildings 

it is over the 1910-1945 time period. This implies that there are older homes that still exist today as 

compared to older streets and highways that have undergone several cycles of reconstruction. The 

amount of in-use cement stock in streets and highways older than 30 years is approximately 25% of 

the total stock. The in-use cement stock in streets and highways older than 30 years is expected to 

require reconstruction over the next 10-15 years. 

The estimates of stock assume that cement discards exit the economy completely at end of 

life. However, at times old structures are not completely demolished and a part of the structure still 

remains ‘in-use’, such as foundations for a concrete bridge (Personal communication, Mr. Hendrik 

G. van Oss). In the United States the number of abandoned housing units is on the rise, although 

reliable statistics on their number are scarce (Cohen 2001). According to a survey by Miami 

University and University of South Carolina of over 100 cities in United States, more than 18% of 

urban structures are unused (Interfire 2005). The Insurance Service Office has estimated that there 

are more than 21000 "idle" properties over 15,000 sq ft in the United States (Interfire 2005). The 
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complete picture on hibernating stocks of cement in the United States is not known, and there is 

further need for empirical research in this regard. 

6 Final Remarks 

A substance flow model is presented to illustrate dynamic modeling of stocks. Using the 

model, the accumulation of in-use cement stocks and cement discards over the time period 1900-

2005 in the United States have been estimated. This study makes an assessment of the complete 

infrastructure of cement stock whereas earlier SFA studies (Brattebo et al. 2005; Müller 2006) have 

focused on building and housing stocks. The stock accumulation of cement is modeled as a function 

of cement consumption inflows into the economy, the distribution of cement end-uses, and three 

lifetime distributions for each of the end-uses. In dynamic substance flow analysis model, the 

lifetime distribution is the most sensitive variable. The service life of an infrastructure is a measure 

of its durability, which is a key parameter that influences the sustainability of infrastructure 

systems. Often, however, there is lack of data on actual lifetime distributions. Therefore, for this 

study to address the uncertainty associated with lifetime distribution, a probability of failure 

approach was adopted to characterize the parameters for each lifetime distribution. The results of 

the study indicate that the three lifetime distributions yield results in a very narrow range. This is 

because the longer time horizon of the study smoothes out the differences between the three 

distributions.  

The dynamic model can be used to characterize the in-use stocks at different spatial levels; 

however, currently it cannot be used to estimate the amount of hibernating stocks. Hibernating 

stocks usually depend on consumer behavioral patterns and can be best estimated using 

comprehensive field surveys. Assuming a growth rate for cement consumption and the end-use 

distribution, the model can make projections of future discards. The estimates of the age distribution 

of the in-use stock and vintage of present and future discards provide useful information for 
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different stakeholders – Federal Highway Administration, Department of Transportation, cement 

industry, and construction and demolition industry, for lifecycle management of infrastructure in the 

United States. 

The model can also be utilized to project demand for materials based on need to repair or 

replace ageing stock. Currently, these projections are based upon trends in the economy. The 

framework of the model developed is robust enough to be applied to characterize the stocks and 

flow of other infrastructure materials in industrial systems.  
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Table 1. Range of service lifetimes for each infrastructure use 

Infrastructure  Range of service life time (years) 
Residential buildings 50-80 

Commercial buildings 60-80 

Public buildings 80-100 

Utilities 30-60 

Streets and highways 40-60 

Water and waste managementi 60-80 

Farm constructionii 60-100 

Othersiii 40-80 
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Table 2. Estimation of parameters of the lifetime distributions 

End-use 
category 

Mean 
service 

lifea 
(years) 

Range for 
50th 

percentile of 
cumulative 
probability 
of failureb 

Range for 
90th 

percentile of 
cumulative 
probability 
of failureb 

Weibull 
parameters 

Gamma 
distribution 
parameters 

Lognormal 
distribution 
parameters 

Residential 80 70-90 90-100 85.8, 5.5 32.9, 2.7 4.38, 0.16 
Commercial 70 60-80 80-100 75.1, 4.8 26.2, 3.0 4.24, 0.2 
Public 90 80-100 100-120 95.6, 6.1 40.7, 2.4 4.53, 0.11 
Utilities 75 70-80 80-90 78.0, 9.9 106.6, 0.8 4.32, 0.10 
Streets and 
highways 

45 40-50 50-60 63.2, 1.5 41.4, 1.2 3.8, 0.13 

Water and 
waste 
management 

60 50-70 70-90 65.6, 4.2 19.3, 3.5 4.14, 0.16 

Farm 70 65-75 75-85 72.9, 9.2 94.4, 0.8 4.3, 0.08 
Other 60 55-65 65-75 62.9, 8.0 69.9, 0.9 4.1, 0.11 
a Derived from BEA, 2003. 
b Informed estimate 
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Endnotes 

i Includes construction, maintenance and repair of dams & reservoirs, river & harbor development 
& control, water supply systems,  sanitary/storm sewers, water/sewer tunnels, and waste treatment 
facilities 
ii Includes construction, maintenance, and repair of farm service facilities 
iii Includes parks/stadiums/athletic fields, airport runways/taxiways/lighting, defense/space facilities, 
railroads/tunnels/signal systems, oil & gas wells, mining & quarrying 
 


