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Abstract A model for global supply of sand, gravel
and cut stone for construction based on a system dynam-
ics model was developed for inclusion in the WORLD6
model. The Sand-Gravel-Stone model simulates production
and market supply, demand and price for natural sand and
gravel, sand and gravel from crushed rock and cut stone.
The model uses market mechanisms where the demand is
depending on population size, maintenance and price. For
the period 2000-2050, the WORLD6 model outputs cor-
relate with the GINFORS model outputs (**=0.98), but
they may take different pathways after 2050. The resources
of sand and gravel are estimated at 12 trillion ton each,
another 125 trillion tons of rock is suitable for crushing
to sand and gravel and at least 42 trillion ton of quality
stone is available for production of cut stone. The simula-
tion, under assumed business-as-usual conditions, shows
that cut stone production will reach a maximum level by
about 2020-2030 and stabilize after that. The cause for this
is that demand exceeds extraction as well as slow exhaus-
tion of the known reserves of high-quality stone. Sand and
gravel show plateau behaviour and reach their maximum
production rate in 2060-2070. The reason for the slight
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peak towards a plateau behaviour is partly driven by an
expected population decline and increasing prices for sand
and gravel, limiting demand. Assuming business-as-usual
conditions rates remain at that level for centuries.
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Natural resources

Introduction

A conventional view is that there is, for practical pur-
poses, endless resources of sand, gravel and stone on the
earth for human use. Given that we are in the midst of the
great acceleration in resource extraction and use (Stef-
fen et al. 2015), this view needs to be critically exam-
ined. Construction materials, such as sand, gravel, stone
aggregates and rock are fundamental for human develop-
ment and wellbeing. Materials play a central role in the
economy, and stony aggregates are one of the largest
material flows humans move around in terms of weight.
Sand and gravel occur naturally either as naturally sorted
aggregates or as mixed aggregates. Some measure of
crushing is also frequently employed. USGS (2015) and
UNEP GEAS (2014) estimate that sand, gravel and stone
materials use in construction amounts to about 47-59 bil-
lion tons per year, the range shows the uncertainty in the
estimate. Sand and gravel, account for both the largest
share (from 65 to 85%). The world’s use of aggregates
for concrete can be estimated at 26-30 billion ton a year
for 2012 (BMI 2014; Chilamkurthy et al. 2016; Giljum
et al. 2008; 2011). Another large driver in North America
for sand demand was the activity of fracking for shale
gas (BMI 2014). China, India, Brazil, USA and Turkey
are currently the world’s biggest concrete producers,
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with China and India accounting for two-thirds of total
global production. In the past 20 years, cement demand
in China has increased fourfold compared to a growth of
about 58% in the rest of the world (Giljum et al. 2008,
2011; UNEP 2014). There are significant concerns about
the sustainability of the present global material extraction
rates, including the issue of sand, gravel and stone extrac-
tion rates (Aquaknow 2014; Bardi 2013; Giljum et al.
2000, 2008, 2011; Heinberg 2001, 2011; Horwath 2004;
Krausmann et al. 2009; Meadows et al. 1972, 1974, 2005;
Morrigan 2010; Nickless et al. 2014; Peduzzi 2014; Sver-
drup and Ragnarsdottir 2014).

Until recently, most construction sand was mined from
riverbanks and local pits. With the dramatic increase in
demand, industrial scale marine and beach sand min-
ing are increasingly common, along with sand and gravel
made from industrially crushed stone (BMI Research
2014; Langer 2002, 2014; Merwede 2014; OSPAR 2003;
Radzevicius et al. 2010; Robinson and Brown 2002; Veleg-
rakis et al. 2010; Sutphin et al. 2002; Morrow 2011; Krause
et al. 2010; Ravishankar 2015; Anthoni 2000; Ashraf et al.
2011).

While many of the world’s deserts are rich in sand,
much of the material is often too well sorted, have the
wrong shape (the grains may be round and polished) or too
fine grained for use in construction materials. Crushed sand
and gravel are characterized by the fact that the particles
are sharp edged thereby binding well with cement owing
to their shape. The more polished and rounded the particles
of deserts and certain beaches are, the less suitable they
are for construction and, in particular, as fillers in cement.
Thus, a large part of natural sand and gravel deposits found
will be unsuitable for construction and building because of
wrong physical properties.

Sand mining, irrespective of where it occurs, usually has
major environmental impacts. Earlier modelling approaches
have been attempted, however, the methods used have some
significant shortcomings. Econometric input/output table
generated time series work as a short-term extrapolation
tool, but lacks stocks and thus cannot handle delays. Only a
limited amount of feedbacks is possible in such models, and
the inclusion of market dynamics mechanisms is not possi-
ble. Material flow analysis can deal with stocks, but only step
forward in a spread-sheet manner. Thus, no market dynamics
or systemic feedbacks can be included (Graedel and Allenby
2003; Moll et al. 2002; Nakamura et al. 2007; Hirschnitz-
Garber et al. 2015; Sverdrup and Ragnarsdottir 2014; Pauliuk
et al. 2015). In the WORLD6 model being developed by the
authors, most major resources (metals, rock materials, fos-
sil energy, renewable energy, phosphorus, agricultural land,
population) are modelled together with their causal connec-
tions through energy consumption, infrastructures and mass
balances. The WORLD6 model generates resource supply to
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global markets and generates global supply and global market
prices endogenously.

Objective and Scope

The objective is to make and test a first global assessment
of long-term use and availability of sand, gravel, stone and
rock for human use through an integrated global model for
the extraction and market supply of sand, gravel (glacial,
fluvial and marine) and cut quality stone from rock for con-
struction needs. The model will be tested on independent
observed data—production and market price—to ensure
that the model developed has satisfactory performance.
The purpose is to make a simplified model that will still
perform satisfactorily well when compared to the available
data. A secondary objective is to link such a model within
the WORLD6 model being developed by the authors. The
test here will be module performance inside the WORLD6
model to be assessed by comparing observed data and con-
sistency with the outputs of the GINFORS model. Finally,
global production rates, prices and supply of sand, gravel,
crushed rock and stone will be assessed using the model.
The standard for evaluating the performance of the model
will be by comparison to observed data on sand, gravel
and cut stone extraction rates, rates of sand and gravel
from crushing of stone and recorded market price for sand,
gravel and cut stone.

It is outside the scope here to make a sensitivity analysis
of the Sand-Gravel-Stone (SGS) sub-model in WORLD6
and explore its sensitivity. We will analyse the model quali-
tatively using the available causal loop diagrams, but the
rest will be the subject of a future study. It is also outside
the scope of this study to investigate different policy inter-
pretations or future policy options. That will be the subject
of a future study. The model is run for the time interval
from 1900 to 2400 AD, or 500 years; 115 years of known
history to evaluate the model and validate its performance
and for 385 years under assumed business-as-usual condi-
tions. We have adopted the long time-span because of the
long delays in the system (residential time in use of 100
years) and that a proper run should normally cover at least
three system delay times to evolve through all the inherent
dynamics of the system. An approach of using business-as-
usual was adopted. Alternative pathways are thinkable, but
this will be the subject of later studies.

Methods and Theory
Reserves

Owing to data constraints several approaches to quantifica-
tion of reserves and resources have been taken. The reserve
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estimates are based on classical Geological Survey esti-
mates, and the allocation of extractable amounts according
to ore quality, stratified after extraction costs (Singer 1993,
1995, 2007; Singer and Menzie 2010; Sutphin et al. 2002;
Stockwell 1999; US Environmental Protection Agency
1994; USGS 2009, 2013; US department of the interior
1980; Sverdrup et al. 2015a, b, c, d). However, an extensive
compilation of regional reserve and resource assessments
have not yet been done, making our reserve and resource
estimates difficult to do with accuracy. For sand, gravel
and stone the data availability is less straightforward in the
sense that while there is a wealth of information at small
local scales, but few regional summaries and compila-
tions there is almost none at the global scale. Our resource
estimates for sand, gravel and stone are very approximate,
and are of a back-of-the-envelope type of approximation
that may need to be revised dramatically in the near future
(Singer 1993; Kostka 2011; Kogel et al. 2006).

Defining Scarcity

Before we go on, we need to define the term scarcity. We
define scarcity as follows:

e Soft scarcity
— Demand is decreased because of higher prices, when
demand outmatch supply;

Reduced consumption is the result

e Hard scarcity

— Economic scarcity; the price increases to high
because of supply shortage and society or industry
runs out of money to buy.

Less provision at higher cost is the result
In severe cases,

e Risk for economic crisis
e Significant loss of opportunity

— Physical scarcity; the material is physically unavail-
able regardless of price

Failure of provision is the result

In severe cases, risk for economic crisis and/
or social disruptions if significant resources are
affected

This implies that persistent price increases are an indi-
cator of soft scarcity, and this may occur long before any
physical scarcity is visible. Soft scarcity is frequently
occurring in society, it is reflected in changes in price.

Society is well adapted to handle soft scarcity. Hard scar-
city has more severe effects, and for general large-scale
commodities, hard scarcity may be disruptive. Hard scar-
city occurs already for some commodities, and is reflected
by very high and strongly fluctuating prices. Examples
where this occur are metals like, platinum, rhodium or rhe-
nium. The results of our simulations will be evaluated with
respect to this definition of scarcity.

System Dynamics Modelling

Standard methods of system analysis and system dynam-
ics have been used (Sterman 2000; Senge 1990; Sverdrup
and Svensson 2002, 2004; Haraldsson and Sverdrup 2004;
Sverdrup et al. 2014a, b; 2015a, b). Material flow pathways
and the causal chains and feedbacks loops in the system
are mapped using a causal loop diagram (CLD) methodol-
ogy. The resulting coupled differential equations are trans-
ferred to computer codes for numerical solutions using the
STELLA® system dynamics software (Fig. 4). For valida-
tion, to assess performance and robustness of the model,
it is used to reconstruct the past (1900-2015). When per-
formance is satisfactory, the model is used to simulate the
future (2015-2300) under business-as-usual (BAU) condi-
tions. In this context, it is important to stress that we do
not aim to prognosticate or describe the likely future at
this future timescale but rather to illustrate implications on
resource use and availability under assumed BAU condi-
tions. The iterations were used to set the parameterization
to such values that the mining history, observed ore grades
and price picture could be reproduced. This allows us to
see where the intervention points in the system are, and
to propose policy interventions (Haraldsson and Sverdrup
2004; Bardi and Lavachi 2009; Sverdrup and Ragnarsdottir
2014).

Earlier Use of Global System Dynamics Models

We have earlier successfully employed these methods and
quantification approaches for assessments of Rare Earths
(Kifle et al. 2012), natural resources in general (Sverdrup
et al. 2012b, 2013, 2017b); copper (Sverdrup et al. 2014a);
silver (Sverdrup et al. 2014b), aluminium (Sverdrup et al.
2015a), Gold (Sverdrup et al. 2012a), platinum (Sverdrup
et al. 2017a); lithium (Sverdrup 2016) and further papers
being prepared for iron (Sverdrup et al. 2015b), stainless
steel, nickel, manganese, chromium (Sverdrup 2016), cop-
per, lead, zinc, indium (Sverdrup et al. 2015c; Sverdrup and
Ragnarsdottir 2016), molybdenum and rhenium (Sverdrup
2016) and cobalt (Sverdrup et al. 2015c). There are other
simpler modelling methods available, but we have avoided
these as they lack market dynamics and they lack most of
the feedbacks known to be present in the real global mining
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and metal trading systems (Bardi and Lavacchi 2009). The 1. Sand

model also profited from the earlier efforts by Meadows (a) Mineable stocks
et al. (1974) in preparation of the “Limits to growth” study (i) Known sand
(Meadows et al. 1972). The SGS model was initially devel- (i) Hidden sand
oped as a stand-alone model, driven by several exogenous (b)In society, we distinguish two above-ground
variables. Then it was incorporated into the WORLDG6 stocks
model, and operated from within that structure. (i) Sand in trade market
(i) Sand stock-in-use in society
Model Description
2. Gravel
Figure 1 shows a basic flow chart for the SGS model. The (a) Mineable stocks
SGS model has the following stocks used to define the cou- (1) Known gravel
pled differential equations from mass balance (Fig. 1): (i) Hidden gravel
,—— Maintenance —— ™8 8 %
] e — S S ] S o ——
R§c cle v
\ Sand
waste
byi’rra‘;ljllld Maintenance ——————»
vl [ grmvel | gravel [ Mine ———>
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!

Fig. 1 The flowchart for the sand-gravel-stone (SGS) model. Maintenance flow is assumed to be the replacement for lost material and thus do
not add to stock-in-use. Known corresponds to known reserves. All known plus all hidden corresponds to total resources
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(b)In society, we distinguish two above-ground
stocks
(i) Gravel in trade market
(i) Gravel stock-in-use in society

3. Stone for crushing to sand and gravel
(a) Mineable stocks

(i) Known stone for crushing

(i) Hidden stone for crushing

4. Cut stone for construction, with gravel and sand as by-
products

(a) Mineable stocks
(i) Known stone
(ii)) Hidden stone

(b)In society, we distinguish two above-ground

stocks

(i) Stone in trade market
(i) Stone stock-in-use in society

5. Sand, gravel and stone embedded into concrete struc-
tures, with gravel as by-product from infrastructure
demolitions

(a) In society, we distinguish two above-ground
stocks
(1) Sand, gravel, stone and concrete embedded
into concrete infrastructures in use in society
(i) Concrete structure waste from demolishing
old structures

This makes a model with 16 linked material stocks,
resulting in a system of 16 linked differential equations to
be solved. The mining activity is price driven, the price
is the market price. Figure 2 shows the flowchart used for
the SGS model. Figure 3 shows the price-extraction driv-
ing mechanism used in the SGS model. In the model, the
market price is set twice every week throughout the simu-
lation. The extraction is in the real world driven by opera-
tions profit. This implies that the main driver is the dif-
ference between the income from material sales (market
price times shipped amount) and the extraction cost. The
cost is estimated as extracted amount times the total cost,
where the total cost is made up of three components;
labour cost, capital expenses costs and energy costs. We
have tried this out (Fig. S2 in the supplementary mate-
rial), as well as a simpler model where we use the price
as a proxy for the profit (Fig. 3). Both approaches work
well. The extraction for sand, gravel and cut stone also
competes with recycling for sand, gravel and cut stone,
mostly on a cost basis (Fig. 3).

Figure S1 in the appendix shows the WORLD6 model in
outline, and Fig. 4 shows the STELLA model diagram for

the SGS model. The SGS model uses a 4-step Runge—Kutta
integration method, with a 1/100-year time-step (3.6 days).

In the model, we have assumed that sand and gravel
stay 100 years in the infrastructure before the structure
is destroyed, based on an evaluation of research litera-
ture (Hsu 2009; Korre and Durucan 2007). For cut stone
we have assumed that the residence time in society is 100
years. The average lifetime on a concrete infrastructure unit
is set to 60 years, based on data from United States, Ger-
many and China.

The SGS model was embedded into the WORLD6 model
(see supplementary material, Fig. S1 and S2). In the model,
the profit is generated by sales to the market, but reduced
with extraction costs and prospecting costs. There are three
reinforcing loops in the system. The reinforcing loop marked
as R1 in Fig. S2 is driven by the profits-extraction-supply
loop. The reinforcing loop R3 is driven by the supply-mar-
ket, taken from market-society-demolish-recycle loop. The
most important balancing loops; B in Fig. 3 are two, the first
when the known reserves become depleted, the other when
the hidden resources become exhausted and the known
reserves can no longer be supplemented with new material.
The final loop is when the waste has been exhausted and the
last resource runs out. Price is calculated internally in the
model as a result of the feedbacks illustrated in Fig. S4 and
S5 in the supplementary material. Three parameters inter-
vene to create price dynamics: the effect of market volume
on price, and the effect of price on supply, demand and recy-
cling. In the model used, a simplified version of the model
shown in S2 in the supplementary materials was used, this
is shown in Fig. 3. The characteristic curves for how this is
expressed are shown in Fig. S4 and S5 in the supplementary
material. The material mining rate was estimated with the
following equation:

rmining = kmining X mﬁnown Xf(price) X g(T)’ (1)
where r is the rate of mining, k is the rate coefficient and
m is the mass of the ore body, and # is the mining order.
The mining order depends on the difficulty of access, and
the access or the technological capacity is the main limit-
ing factor. When extraction capacity is the limiting factor
for extraction it becomes zeroth order, when the resource
availability limits, depending on the geometry n will be in
the range 0-7-1. f(price) is a feedback function of price,
increasing mining at higher extraction profits and lower-
ing it at lower metal prices (see the causal loop diagram
in Fig. 3). g(T) is a technology factor accounting for the
invention of technologies used in efficient mining, refining
and extraction of metal. We have chosen to set the mining
order at n=1 as most materials are extracted in open pit
mining. The rate coefficient is modified with ore extraction
cost and ore grade. There are many different definitions
of recycling available (Graedel and Allenby 2003; UNEP
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Fig. 2 In the model, crushed stone is processed to sand and gravel. The simple flowchart for aggregates processing from mixed substrate to sand

fractions and gravel products in a typical industrial operation is shown

2011). For the purpose of clarity, the recycling fraction dis-
played in the “Results” section was calculated as follows in
this study:

Recycling fraction

Flow of recycled metal

Supply from primary extraction + Flow of recycled metal -
@)
The cost of the mining and extraction operation is
mainly determined by two important factors beside cost of
investments, the energy price and the ore grade. The size of
the extractable ore body is determined by the rate of extrac-

tions (7 iping) and the rate of prospecting (7giscovery):
dmknown
dt = ~T'mining + Tdiscovery* 3)

@ Springer

The resource discovery is a function of how much pros-
pecting we do and how much there is left to find. The
amount hidden reserve (my;44.,) decreases with the rate of
discovery. The rate is first order as prospecting is three-
dimensional by drilling. The driving mechanism of mining
comes from profits and availability of a mineable resource
used in the model. The rate of discovery is dependent on
the amount sand, gravel or stone hidden (my;) and the pros-
pecting coefficient ko pecing- The prospecting coefficient
depends on the amount of effort spent and the technical
method used for prospecting.

dmy,
hidden
dt = ~Tdiscovery — kprospecling X Myidden- 4)
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Fig. 3 The basic causal loop diagram applied for the simplified SGS
model. The causal loop diagrams for sand, gravel, stone for crush-
ing and cut stone were linked as shown in the flow chart of Fig. 1.
The actual model consists of four such coupled causal loop diagrams
for sand, gravel, crushed stone and cut stone as Fig. 1 will demand

In the model, crushed stone is processed to sand and
gravel. The yield is determined by the following equation:

r product = ¥ product X Tfeeds (5)

And for the recycling from stock-in-use in society, the
following equation was used:

dmsociety _ 1
dt - = P X Myocietys (6)
society
where ey 1s the average retention time in society.
rrecycling = xrecycling X rsociety outflow X g(prlce) (7)
Where Xeyciing 18 the fraction of the flow out of stock-in-use

that is recycled. g(price) is a feedback function, increas-
ing recycling when the commodity market price increases,
improving recycling profits (see Sverdrup et al. 2014a). A
simple flowchart for crushed stone to general aggregates
processing to sand fractions and gravel products is shown
in Fig. 5. The diagram shows the process in far more detail
than actually pictured in this flow chart. The parameteriza-
tion of the significant feedbacks used in the SGS model,
has been shown in the supplementary material. Table 1
shows the base parameter settings of the model. These
parameters define the equation coefficients in the equations
given above. The parameters have been set using generic
extraction rate coefficients for the different processing rates
(Lewis and Clark 1964; Pohl 2011; Darling et al. 2011).

- J,

Recycling

\ Mamtenance
\ e

Desire per
person

Population

Rs\/

\-> Demolish

Losses

(Fig. S3 in the supplementary material). The bold arrows show the
reinforcing. The reinforcing loops (R) keep the system running. The
balancing loops (B) act as brakes in the system. The system is driven
by demand from general consumption, demolition and maintenance
(R1-R2) and income through price and pushed by demand (R3—-R4)

Other coefficients were taken from Graedel and Allenby
(2003). Table 2 shows the typical composition of concrete.
The use of concrete is an important driver of sand, gravel
and stone demand. Gravel use for concrete is 4.6 times the
weight of the cement and sand use for concrete is about
three times the weight of the cement used.

Demand

The demand was modelled based on a number of param-
eters and their values drawn from a number of references
(Bolen 2011; Distelkamp et al. 2010; Korre and Durucan
2007; Kostka 2011; Krausmann et al. 2009; Merwede 2014,
Oijens 2014; Robinson and Brown 2002; Gutowski et al.
2013; Chilamkurthy et al. 2016). The following parameters
were evaluated for setting the demand:

e World cement production, which correlates straight to
world construction activity and infrastructure mainte-
nance. Cement demand per person and year follows a
pattern with increasing demand during the transition
to industrial society with a peak and a decline down to
a maintenance level. This is paralleled by the demand
development for iron and steel (Cullen et al. 2012;
Giurco et al. 2013; Hu et al. 2010; Moynihan and All-
wood 2012; Pauliuk et al. 2012; 2013; Stanway 2014;
OSS 2014). The cement demand per capita has peaked
and declined in most of the industrial countries, China

@ Springer
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Demand,
ton per person and year

Time

Fig. 5 The demand per person follows a typical pattern with rise,
peak and decline to a maintenance level. Most industrialized coun-
tries are in the decline to maintenance phase, whereas developing
countries are on the rise or close to the peak, depending on what
stage they are in their development

and India are in their major transitional stages now, and
Africa is about to start. Cement demand is taken from
another part of the WORLDG structure.

e The global expansion of roads and railroads during
1850-1960 used large amounts of gravel. It is given to
the model as an exogenous input curve.

e Maintenance of stony material-containing infrastruc-
tures in use in society. This is based on an annual decay
of the stock-in-use in society; sand, gravel, stone and
embedded in concrete.

e World fracking activity for oil and natural gas extrac-
tion, dominated by use in North America. Fracking is a
way to extract oil and gas from deposits where these are
not otherwise extractable. The ground is hydraulically
fracked, expanded and the cracks propped open using
sand. In the United States of America, fracking takes
50-60% of the domestic sand demand. Fracking activity
is generated inside the energy module in WORLDG6 as a
part of oil and natural gas production.

e Global general consumption patterns from new con-
struction in diverse infrastructures, replacement con-
struction, sand and gravel as volume filler in polymers
and other materials.

This is taken together into a general equation that has the
following shape as in Eq. 8:

D =k Xrc+ kyXrp+ kyXrg+ kyXrpp+ 1y + ks X Eg XN,

®)
where D is the demand, 7 is the rate of cement production,
rg the rate of gravel use for roads and railroads, rpp the rate
of fossil fuel production using sand, ry; is the rate of sand,
gravel or cut stone use for the maintenance of stony mate-
rial infrastructures, ky, k,, k3 k4 ks are stony material use
coefficients calibrated to the year 2000 for the specific com-
modity or activity, E, is economic affluency and N is the
global population in number of persons. The numbers to

Table 1 Base parameter

! R . Parameter Sand Gravel Stone for crushing to  Stone for
settings of the rate equations in sand and gravel building
the SGS model

Mining rate coefficient, fraction (Ky,iins) 0.025 0.02 0.02 0.015
Mining rate order (n) 1 1 1 1
Prospecting coefficient, fraction (kygpecting) 0.005 0.005 0.03 0.035
Base recycling fraction, (x,cyciing) 0.05 0.05 - 0.1
Society retention time, years, (fyociery) 100 100 - 100
Yield gravel in product, fraction, (¥,q) 0 0.85 0.9 0.5
Yield sand in product, fraction, (¥yye) 0.85 0.15 0.1 0
Yield stone in product, fraction, (Y yone) 0 0 0.25 0.75
Yield in stone recycling 0 0.5 0 0.5

The values were taken from estimates in the available scientific literature

Table 2 Typical composition

. Material % Volume  Specific material ~ % Weight con- % Weight content of aver-

.Of concrete showing the content density (kg/m?) tent of concrete  age reinforced materials in
%mportance .of sand and gravel buildings
in construction

Sand 26 2700 31 30

Gravel 41 2700 49 48

Portland cement 11 2200 12 11

Water 16 1000 7 6

Air 6 1 0

Reinforcement iron ~ — 5500 -

The values were taken from estimates in the available scientific literature
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calibrate this relationship came from a number of sources,
exemplified by Gutowski et al. (2013), Chilamkurthy et al.
(2016) and CemNet (2014) as well as commercial mar-
ket analysis such as those referred to by NewsChannell10
(2014). The maintenance demand for material is calculated
as follows:

= ky X M, 9)

where ky; is the decay rate of the infrastructure and M; is
the amount of sand, gravel or cut stone in the infrastructure.
An inherent assumption is that the decay of the stock-in-
use is compensated for by maintenance. When the lifetime
of an infrastructure is passed, it is demolished. The average
lifetime is set at 100 years for sand and gravel in infrastruc-
tures and at 200 years for cut stone. We have also looked
at the retention times for iron and steel in buildings, giving
indications for concrete and stony materials (Cullen et al.
2012; Giurco et al. 2013; Hu et al. 2010; Moynihan and
Allwood 2012; Pauliuk et al. 2012, 2013; Stanway 2014).
The resulting demand is shown in Fig. S3 for sand and
gravel combined and for cut stone.

Input Data

The input data in terms of resource size, mining rates and
other key parameters were quite difficult. Large parts of
the sand, gravel and stone production are outside the offi-
cial economy or in a grey zone, and only partially repre-
sented in the public statistics and UN or USGS databases.
There is not much data available, and what is available is
very uncertain. No good global synthesis is available. We
have pulled together what we could find in the scientific
literature, in corporate brochures and branch organization
websites, and made a synthesis of that to our best estimate.
Tables 1, 2, 3 and 4 show what we could find.

Results
Reserves and Resources

There are no published reserve and resource estimates of
sand, gravel and quality stone for construction at the global
scale, thus we can give no proper reference for it. However,
estimates were made anyhow, based on the available infor-
mation (Singer 1993, 1995, 2007, 2010, 2011, 2013; Har-
ben and Kuzwart 1996; Chen et al. 2006; Kogel et al. 2006;
Korre and Durucan 2007; Bolen 2011; Velegrakis et al.
2010; Kostka 2011; Maps of the World 2012; Moll et al.
2002; Krausmann et al. 2009; Langer 2011; Bliss et al.
2012; Merwerde 2014). The resources are hypothetically
huge, but a large portion are economically and geographi-
cally unavailable because of lack of transport infrastructure
or being located unavailable by occurring in built-up areas,
with other types of major infrastructure, or conflicting with
agricultural use. Further significant amounts of sand and
gravel are located in protected areas and natural reserves
and are physically, technically or logistically challeng-
ing to extract. Thus, a significant amount of the resources
is currently out of reach because of difficulties of extrac-
tion, remoteness, conflicting land-use and significant parts
are socially unavailable. The available resources have thus
been estimated based on the available information. If we
assume that the materials are exploited at a rate of 2-3% of
known reserves, this suggests reserves of about 1.6-2.5 tril-
lion ton. Resources are at about five times known reserves
for many other resources, and adopting this ratio for sand,
gravel and rock materials suggests an extractable resource
of about 8-12.5 trillion ton. Table 2 shows an overview of
primary and secondary mining of resources. Table 3 shows
the typical composition of concrete. We have assumed that
1 km? of calcite limestone is 2.7 billion ton of stone. Yield

Table 3 Overview of primary

. Material URR, available for Dependent material, second-  Yield % Production
and secondary mining of extraction, trillion ton  ary production 2012, million
resources ton/year

Silicate-based 12 Gravel 60-80 2000
stony materials 25 Crushed stone 60-80 4920
12 Cement—sand 50 3600
Sand (excluding cement) 80 1300
42 Cut stone 30-50 70
1000 Rubble material 80-100 8000
1191 Sum 15,000
Limestone 10 mill km?, >80% Cement and mortar 50-80 3,930
20 mill km?3, 80-50% Limestone gravel material 60-80 1700
20 mill km?3, 50-20% Limestone 50 12,000
100 mill km?, <20% Limestone 25 ?
Sum all sorts of stony materials, billion ton per year 52,520

Amounts in billion ton per year. The values were taken from estimates in the available scientific literature
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Table 4 Ultimately recoverable

. ; Material Yield grade of material % of the exca- Billion ton of stone material extractable as
resource estimates for the input vated weight becoming product final useful product
data to the SGS model
Hidden Known URR
Sand 80 12,000 2 12,050
Gravel 60 12,000 100 12,100
Stone to crush for  60-80 120,000 5000 125,000
gravel and sand

Stone to cut for 30-50 40,000 2000 42,000

construction

The values were taken from estimates in the available scientific literature

is the % weight of the content that ends up as final prod-
uct. Table 4 shows the Ultimately Recoverable Resource
(URR) estimates for the SGS model. The resources include
both known reserves and different types of resources we
have reasons to assume are there, but where the exact loca-
tion and quality has not yet been identified. Only indus-
trial quality for sand and gravel has been considered. For
stone, only stone prime quality that can be manufactured
to quality building stone has been assessed. For limestone,
we have done a very preliminary resource estimate (Bliss
et al. 2012). The reserve and resource estimates are shown
in Tables 1, 3 and 4. The resources were estimated looking
at area underlain by limestone rock.

Model Simulation Results

The SGS model was run from 1900 to 2200. The results
of the SGS model simulations are shown in Figs. 6, 7, 8,
9, 10 and 11 for the time period from 1900 to 2200 under
business-as-usual conditions.

Figure 6 shows the model outputs for extraction, sup-
ply, recycling for (a) sand, (b) gravel, (c) stone and (d) all
stony materials aggregated. The fit for the stone production
data to the simulation is #>=0.52. Records for validation
are available from the USGS database available on the web
(USGS 2015). The amounts shown are in billion ton of
material, the flows are in billion ton of material per year.

Figure 7 shows the model outputs, market demand and
modified demand for (a) sand, (b) gravel, (c) stone for con-
struction and (d) all stony materials aggregated. The circles
represent the observed data. The “observed data” in this
case are very uncertain estimates, and the available num-
bers are not properly published and substantiated; thus
the validation is only qualitative. The simulations seem to
behave correctly; the simulation fits the observations on
global total stony materials produced quite well, if we can
assume the available data are valid. The simulation of total
stony materials extraction seems, likewise, to fit the obser-
vations quite well, the correlation coefficient is r*=0.73.
From the diagram, we can see that whereas we will not run

out of physical supply of sand, gravel and stone (hard scar-
city), we will encounter increased prices and a peak pro-
duction followed by a near constant production, suggesting
future soft scarcity.

Figure 8 shows the model outputs for the maintenance
of the infrastructures built with stony materials. Figure 9
shows the materials (sand, gravel, stone) in use in society
(a), known reserves (b) and hidden extractable resources
(c). The stock-in-use is important for the maintenance flow.
It can be seen that we will not run out of sand, gravel or
stone in a very long time. But that if the demand stays on a
high level, it will eventually be a finite resource that can be
depleted.

Figure 10 shows the model outputs for price in the mar-
ket, the simulated and observed price for stone, gravel and
sand. The comparison with observed data for price shows a
satisfactory fit. The results show that the world is not run-
ning out of stone, but that we may run out of sand, gravel
and cut stone of the right quality for many purposes. The
model suggests future increases in price for sand, gravel,
crushed aggregates and cut stone. The world market price
reconstruction for sand and cut stone is quite successful, for
crushed stone to sand and gravel less so, even if the order
of magnitude is correct. This is done under the assumption
that there is a functioning global market for sand, gravel
and cut stone. There is such a global market, but the prices
show huge variations locally, depending on transportation
costs and local cost conditions. Considering the inherent
inaccuracies one would think was in this approach, it is
amazing how well the produced amounts and global prices
are simultaneously modelled. The prices are expressed as
1998 inflation-adjusted dollars.

Discussion
The Peak Shape of the Curves

The curves have a behaviour consisting of a period of
strong growth, an end of growth and stabilization at a
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stable level. The reason for this is the way demand is driven
by population and the typical demand per person and year
curve as shown in Fig. 5. Figure 11 shows the material sup-
ply expressed as ton per person per year, and as stock-in-
use per person. It can be seen that the use per person can-
not grow indefinitely. For cut stone, growth will peak about
2020, and sand and gravel around 2055. The following
parameters affected the shape of the curve the most:

1. The population over time development, and its gen-
eral consumption. This is an important determinant for
demand.

2. The shape of the demand per person and year curve,
and the approach to infrastructural saturation. The
shape of this curve was taken from the scientific litera-
ture and UNEP reports from the International Resource
Panel.

3. The prospecting activity level, determining how fast
“hidden” is transferred to “known”. As long as pros-
pecting and finding matches the extraction, production
can be kept up or grow, if not “known” will decline and
extraction with it.

@ Springer

It also shows that 2020 supply level can be kept for a
significant long time. Sand, gravel and cut stone run into
soft scarcity because of rising prices as the response to
increased demand. Cut stone approaches physical scarcity
for short periods after 2100. The world will not run out of
sand, gravel or cut stone, but high prices will limit demand
through feedbacks. The amount of these materials extracted
annually are very large, and as the price increases, it will be
foreseeable that resources unavailable under present social
conditions or restrictions to extraction. These conditions
and restrictions may be challenged and brought under pres-
sure to be released for exploitation as the price increases.
In the model a technology development curve is used, this
was adapted after results like those presented by Gutowski
et al. (2013).

Uncertainties and Certainties

The amounts of sand, gravel and stone on the Earth are
truly enormous, but what part of this exists in extract-
able form is dependent on materials having the desired
mechanical or chemical properties. Major uncertainties in
the output from the model are associated with the lack of
reliable global sand, gravel and stone resource estimates.
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Furthermore, and this need to be emphasized, the very long
time-perspective of the model runs as such, is a compli-
cating factor. Very long-term demographic, economic and
technological development are obviously hard to foresee
on century scales. Likewise, what is extractable resources
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that should be ignored after 2015. The amounts shown are in billion
ton of material, the flows are in billion ton of material per year

from a social perspective will be highly dependent on
social and environmental development. We do not attempt
to prognosticate future resource use or availability—we
attempt to provide a scenario assessment, based on a busi-
ness-as-usual run, of potential future resource scarcity
horizons. We attempt to do this with a simplified model to
obtain a sense of orders of magnitude and relevant times
involved. The model was not intended to capture all details,
and it seems to work well at the global level.

The only performance measures available for validation
are the ability to predict the past mining trajectory, and the
market price (Fig. 10) for these commodities. When con-
sidering the difficulties in the input data, and the challenge
of getting the market response curves correct, the model
performs surprisingly well (Figs. 4, 13).

While we can securely assume mass balance principles
to be valid at all times which is adding robustness to mass
balance-based models like the SGS model, other factors are
less straightforward. It appears more than likely that values
with regard to landscape, nature conservation, recreation
and perceived resource needs and balance and trade-offs
between different needs, societal actors and sectors will be
significantly different from today in the long perspective
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and time-frame covered by our calculations. We are not
attempting to model such societal change. Technologi-
cal change (substitution, increased resource efficiency,
etc.) will have impact, but probably less so than changes
in values, on resource availability as sand, gravel and rock
resources to a large degree are used as bulk materials. The
apparent model output should be seen as a representation
of an illustrative future under assumed “business-as-usual”
conditions rather than a projection of a likely future as
such. Nevertheless, seen as a scenario, the results allow a
better informed discussion about the magnitudes of future
resources, their long-term use and sustainability than the
alternative of no attempt at assessment.

Testing the Model on Data

The success when testing the model suggests that the SGS
model already has about an adequate level of complex-
ity and that the key parameters seem to have been set at
appropriate value. Figures 11 and 12 show the result of the
SGS model integrated into the WORLD6 model and tested
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against observed data on production of sand, gravel and
rock materials as reported by the US Geological Survey
Minerals database for 2015. The forecasts made with the
GINFORS model were also tested (Meyer and Lutz 2007,
Meyer et al. 2012). The test shows that the SGS model
performs very well within the WORLD6 model, and that
the outputs are consistent with the GINFORS outputs. Fig-
ure 13 shows a plot of modelled production of rock materi-
als versus observed total rock materials’ extraction amounts
using the SGS model as a stand-alone model. The plot
shows that the model is sufficiently accurate for assessing
global production rates. Figure 13 shows the outputs from
the SGS model when it is integrated into the WORLD
model and tested against data. The correlation between
the WORLD6 simulation and the USGS data is #=0.76,
which is better than the performance of the SGS model
when it is run as a stand-alone model (#2=0.72). The con-
sistency between the GINFORS forecast and the WORLD6
is #=0.98 (Fig. 13). The test of the SGS incorporated in
WORLDG6 against the GINFORS model outputs and the
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USGS data pooled together has the correlation coefficient
r*=0.86.

A successful test of an integrated complex model like
the SGS model inside the WORLD6 model on field data,
makes the discussion over what could be wrong from a the-
oretical point of view less relevant, giving more emphasis

on simulation performance with respect to testing recorded
extraction data. A next step, but outside the scope of this
paper, will be to run the model through a number of sen-
sitivity runs in order to assess the robustness and variabil-
ity of the outputs. At this stage, it is obvious to the user
that the results are quite sensitive to the demand created
by aggregated per capita consumption as well as by main-
tenance of built infrastructures. It would be of priority to
analyse the effect of different resource magnitudes (varying
those shown in Tables 2, 3, 4) and extraction rates (varying
those shown in Table 1).

Sand, Gravel and Rock Scarcity

The used volumes of sand, gravel, crushed rock and stone
are truly huge. Extracting, moving, crushing, shaping these
materials at the present volumes require large amounts of
energy. When energy eventually becomes expensive and/
or transport distances, i.e. transport costs, increase signifi-
cantly, the price of these products will go up. The curves
in Fig. 6 exhibit a rapid growth, stagnation and almost
flat development for sand, gravel and stone with time. But
from Fig. 9, it appears that even its known reserves may
decrease, hidden reserves are far from being exhausted.
In fact, they seem to be able to last for several centuries.
Hence, on a global scale stone for crushing stone to sand
and gravel fractions appears not deplete significantly for the
next centuries.

While there is no imminent prospect of stony build-
ing materials becoming globally scarce this is unlikely
to be the case at other scales. Natural sand and gravel are
indeed limited finite resources, and they may be excavated
to depletion, in particular at a regional scale around popu-
lated centres. Locally, sand and gravel scarcity is already
an observable fact (UNEP GEAS 2014; Ashraf et al. 2011;
Ooijens 2014; Morrow 2011; OSPAR 2003; Ravishankar
2015), putting demand pressure for long-distance supply
into the global markets, and potentially causing environ-
mental impacts where it is extracted.

The primary substitute for natural sand and natu-
ral gravel is industrially produced sand and gravel from
crushed stone and rock. This is nearly inexhaustible from
a point of view of having enough raw material, while not
necessarily in the longer run as the long-term supply of
sand and gravel from crush is likely to be limited by the
future energy supply, availability of long range transport,
ability to pay, availability of resources from a social con-
text and not only rock quality. Sand, gravel and crushed
rock long-distance transportability, between extraction site
and final use, is for economical and energy reasons lim-
ited—>50 billion ton of stony material cannot be moved
without significant use of energy and not without impacts
of roads, noise and pollution. As the price increases, the
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Fig. 13 A simple plot of modelled versus observed total stony mate-
rial extraction amounts using the SGS model as a stand-alone model
is shown in diagram (left). Diagram (right) shows the outputs from

feedback from price tends to reduce demand, thus imply-
ing “soft scarcity”. In the continuation, the prices may rise
even more owing to competition with other land-use, prices
for mining rights and further increases in energy pricing,
leading to unaffordability; a transition to economic scarcity,
rather than physical scarcity. In a distant future, the primary
extractable resource may in practical terms end up being
exhausted. Recycling rates remain low in the sand, gravel
and stone use systems, much because of the low commod-
ity cost. Currently, the drive to recycle for economic rea-
sons is not particularly strong; however, this will change
when resource prices increase.

Policy Implications

Given the long time-perspective of this study and the sub-
stantial uncertainties with regard to important data general
policy recommendations would be premature. Still, we may
speculate based on common sense, generic knowledge and
evaluations based on our outputs.

We need to consider that management of the resources
in question for practical and economic reasons operates at
a regional as well as at a global scale. Scarcity increases
efforts of globalization, shifting to other sources of supply
and to increased efficiency, minimizing transient stocks.
Nevertheless, there is an apparent agreement in the availa-
ble publications that we are moving towards a possible risk
of more widespread sand and gravel soft scarcity, at least
regionally.
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the SGS model when it is integrated into the WORLD6 model and
tested against data

We think that increasing prices will drive the market
towards more globalization, a process already in progress.
The conditions and restrictions imposed on and limiting
extraction are often rooted in the local communities and
regions. The policy challenges will involve how these dif-
ferent scales interact, and their relative strengths.

We would suggest that there is a need to put some effort
into getting better regional overviews of available reserves
and resources. Such assessments need to include informal
or illegal extraction which currently is omitted from official
estimates. Similarly, better data on recycling and re-use of
bulk materials are needed.

Further, we would suggest that there is a need to assess
the large difference between what is actually present and
what may be technically and socially viable to extract,
as well as how this relates to the available future energy.
The amounts extracted, processed and transported run
in the size of 30 billion ton per year, and the amount of
energy used in such task is significant.

Conclusions

The developed model performs well and, given input
data constraints and uncertainty, successfully reproduces
production and global market price when compared with
independently observed data. The modelling of sand,
gravel and stone resources have reached a level of com-
plexity with this model where few further improvements
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can be made until better data become available in open
scientific sources. At present, this is very limited, mak-
ing assumptions necessary. The simplifications done to
the model from the full concept still retain a good level
of performance and show the same dynamics as the full
model, but with better stability. For this reason, the sim-
plified version is the best practical modelling option.

The simulation, under assumed business-as-usual
conditions, shows that cut stone production will reach a
maximum level about 2020-2030 and may slowly decline
after that. The cause for this is that demand exceeds
extraction as well as slow exhaustion of the known
reserves of high-quality stone. Sand and gravel also show
peak behaviour and reach their maximum production rate
in 2060-2070. The reason for the peak behaviour is partly
driven by an expected population maximum in 2065 and
later slow decline combined with increasing prices for
sand and gravel, limiting the demand.

The developed SGS model appears to perform well
enough when compared to observations to justify for it to
be included in the WORLD®6 model. The outputs from the
SGS model when embedded in WORLD6 show a slightly
better performance against observed data. The outputs
appear to be consistent with the GINFORS forecasts in
the interval from 200 to 2050.

While in a global perspective, supply may seem to
be inexhaustible and availability is already a grow-
ing problem at a local to regional scale, signalling that
global trade with sand, gravel and stone will continue to
increase. We need better data on production rates, use
and recycling to better assess risks of regional scarcity, as
well as a model of this kind divided into different regions.
The state of the research is at present not at a stage where
this is possible without substantial research funding to
support it. The SGS model, given better data, could be
used for this as it could be down-scaled to regions.
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