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The greening of urban and suburban areas requires large amounts of arable earth that is a non-renewable
resource. However, concentration of population in cities leads to the production of high amounts of
wastes and by-products that are nowadays partly recycled as a resource and quite systematically
exported out of urban areas. To preserve natural soil resources, a strategy of waste recycling as fertile
substitutes is proposed. Eleven wastes are selected for their environmental harmlessness and their con-
trasted physico-chemical properties for their potential use in pedological engineering. The aim is (i) to
demonstrate the feasibility of the formulation of fertile substrates exclusively with wastes and (ii) to
model their physico-chemical properties following various types, number and proportions of constitutive
wastes. Twenty-five binary and ternary combinations are tested at different ratios for total carbon, Olsen
available phosphorus, cation exchange capacity, water pH, water retention capacity and bulk density.
Dose–response curves describe the variation of physico-chemical properties of mixtures depending on
the type and ratio of selected wastes. If these mixtures mainly mimic natural soils, some of them present
more extreme urban soil features, especially for pH and POlsen. The fertility of the new substrates is mod-
elled by multilinear regressions for the main soil properties.
1. Introduction

Is it possible to recycle urban wastes for the construction of fer-
tile soils in cities as a substitute for natural soil resources? plants in
urban environments present a growing interest in daily life, health
and well-being (Nielsen and Hansen, 2007). Indeed, green areas
present advantages regarding biodiversity, urban water infiltration
and also contribute to the decrease of urban heat island phenome-
non (Lorenz and Lal, 2009). However, soils in urban areas are
mainly not favourable mediums for plant growth considering their
low physical and chemical fertility (Jim, 1998). Urban soils are char-
acterised by a high spatial heterogeneity as a result of the mixture
of technogenic artefacts in Technosols (WRB, 2006) with native
materials (Morel et al., 2005). These soils are characterised by (i)
coarse texture; (ii) extreme values of bulk density that are either
high (>1.6 g cm�3) or very low (<0.5 g cm�3); (iii) high pH values
(pH > 7.5) resulting from alkalising products mixed in the soil;
(iv) high C/N ratio because of a low N content; and (v) potentially
enhanced pollution level (Morel et al., 2005). Therefore, to insure
the implementation of urban green areas, large quantities of upper
soil materials imported from agricultural or forestlands are needed
(in France 3 millions of m3 year�1). At the same time, cities con-
sume high quantities of raw materials that give rise to great
amounts of urban wastes (e.g., rubble, household refuse, industrial
wastes and by-products). In France, 770 million tons of wastes and
by-products (called ‘‘wastes’’ in the article) were produced in 2009,
5.3 million tons corresponding to municipal wastes (public refuse,
sewage sludge, and green wastes), 253 million tons to wastes
resulting from civil engineering, 32 million tons to household
wastes, 106 million tons to industrial wastes and 374 million tons
to wastes from forest and agriculture (ADEME, 2012). These wastes
are consistently exported out of cities, part of them being recycled
into industrial processes, others directly spread on agricultural
soils (e.g., compost, urban and industrial sludge) and most of them
landfilled (Marshall and Farahbakhsh, 2013).

The aim of the present work is to limit the exportation of wastes
out of cities by recycling them in urban soil construction. Some
previous experiments have been led by mixing wastes together
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(e.g., sewage sludge, compost, and paper mill sludge) to restore
industrial brownfields (Fierro et al., 1999; Séré et al., 2008) or by
adding organic wastes to planting holes (Craul, 1999; Grosbellet
et al., 2011). But, in these particular studies few wastes ratios have
been well investigated. Thus the complexity of the potential inter-
actions in the wastes combination could not be understood. More-
over, the question of reaching the optimum wastes ratio in the
mixture stays unanswered, whereas this step is required to devel-
op at a larger scale pedological engineering by the recycling of ur-
ban wastes into constructed soils. The aim of this study is to
provide answers to the following questions: (i) Is it feasible to cre-
ate fertile substrates, which mimic natural soils, exclusively with
wastes? (ii) Is it possible to describe with appropriate models the
variation of physico-chemical properties of mixtures constituted
by various proportions of wastes? (iii) Is the fertility of these mix-
tures predictable out of the characteristics of the constitutive
materials?
2. Materials and methods

2.1. Selection of wastes

A national research program funded by the French environmen-
tal agency (programme SITERRE–ADEME) is dedicated to the devel-
opment of pedological engineering for the construction of soils in
urban areas. During this program, eleven wastes have been se-
lected in the European waste catalogue (European commission n�
94/3/CEE, 1993). The criteria of selection were: the volume of pro-
duction, the availability all over the French regions, the low toxic-
ity and the potential fertility as mineral and/or organic
constituents for soil construction. The eleven wastes are: exca-
vated acidic and basic earth material from a deep horizon (respec-
tively AE and BE, European classification number: 170504), bricks
(BR, 170102-170103), compost made off sewage sludge and green
wastes (CO, 190503), concrete (CR, 170101), demolition rubble
(DR, 170107), green wastes (GW, 020107-020103), paper-mill
sludge (PM, 030305), street sweeping wastes (SS, 200303), sewage
sludge (SW, 190812), and track ballast (TB, 170508). Five of them
are mainly organic (CO, GW, PM, SS, SW) and six are mainly min-
eral materials (AE, BE, BR, CR, DR, TB). Among them, only two are
fine earth materials, developed on acidic and basic bedrocks (AE,
BE). These last are classified as wastes but can be considered as
natural soil resources, even if excavated from deeper horizons.

2.2. Sampling of wastes

Ten cubic meters of each waste have been collected from local
cities and companies and stored on a platform before sampling
(Angers, France, 47�470 N, 00�560 W). Fifty kilograms of homoge-
neous samples representative for each pile of waste have been ob-
tained by the mixing of 20 sub-samples.

2.3. Selection of waste mixtures

To reduce the complexity of the systems, the number of wastes
mixed together was limited to 3. Using the 11 wastes, they were 45
binary and 120 ternary possible combinations. For technical rea-
sons in relation with the size of the experiment, we decided to lim-
it the number of characterised mixtures to 25. The first filter was to
eliminate the nonsensical associations regarding the construction
of fertile soils. Obviously, the mixtures of materials with very sim-
ilar properties and the binary combinations of two mineral or two
organic materials were not studied. In prevision of the construction
of dose–response curves, fifteen binary combinations have been
prepared at 5 different ratios ranking from 0/100, 20/80, 50/50,
80/20, to 100/0 (volume waste 1/volume waste 2) (Table 1). For
the ternary mixtures, we followed the model of structural soils
including systematically 60% v/v of coarse mineral material (CR,
DR, TB) (Grabosky et al., 2002). They were added with 40% v/v of
binary mixtures constituted by 10%, 20% or 30% (volume waste
1/volume waste 2) of two other materials: organic wastes (CO,
GW, PM, SS, SW) and earth materials (AE, BE) (Table 1). This proce-
dure allowed preparing, at all, 75 mixtures contrasted for their
composition (25 combinations) and different ratios.

2.4. Mixing procedure

At a first step, all the wastes have been air-dried. Coarse wastes
(CR, DR, BR, TB) have been crushed at 5 mm. All the materials have
then been sieved at 5 mm. The experimental devices used for the
mixing procedure were 2 L cylinder shaped flasks (Nalgene,
100 mm diameter, 250 mm height). This size has been selected be-
cause the maximum grain diameter of mixed materials should be
at least 10 times smaller than the diameter of the experimental de-
vice (Paute et al., 1994). The wastes have been moistened at 80% w/
w of their water field capacity. They have been weight, mixed, and
homogenised manually during 5 min, before being incorporated in
the 2 L flasks and put successively vertically (16 rpm, for 10 min)
and horizontally (16 rpm, for 10 min) on a rotating shaker (Guyon
and Troadec, 1994; Khakhar, 2011; Severson et al., 2007). Bulk den-
sity has been determined on these samples following a method
adapted from the standard NF EN 13041.

2.5. Agronomic characterisation

The mixtures of wastes have been investigated for their ability
to support plant biomass production. Both wastes and mixtures
have been air dried and sieved at 2 mm. Classical soil indicator
attributes have been selected to characterize the fertility of the
mixtures of technogenic materials. The samples have been charac-
terised for total C (Ctot), available phosphorus (POlsen), cation ex-
change capacity (CEC), pH (water), and characteristic humidity at
field capacity (matrix potential: �10 kPa) (WC�10 kPa) using stan-
dard methods for soils (NF ISO 10694, NF ISO 11263, NF X 31130,
NF ISO 10390, NF ISO 11464 respectively). The characteristics of
the mixtures have been compared to statistics calculated from
the 2200 sites of the French National Soil Monitoring Network
‘‘Réseau de Mesures de la Qualité des Sols’’ (Jolivet et al., 2006;
Arrouays et al., 2002), which consists of soil property observations
on a 16-km regular grid covering the French metropolitan territory
(5550,000 km2).

2.6. Statistic tools

Data relative to the waste characterisation (Ctot, POlsen, CEC, pH,
WC�10 kPa, bulk density) were submitted to principal component
analysis using XLSTAT software (2011.2.06 version).

2.7. Modelling details and validation

Waste mixtures characteristics were modelled using second or-
der polynomial models without interaction terms (Matlab,
R2010a). Models include the 11 factors describing the composition
of each waste material. One model was determined for each char-
acteristic (Ctot, POlsen, CEC, pH, WC�10 kPa, bulk density). Each expe-
rience was repeated three times. The linear regression was
performed on a set of 86 samples including pure (11), binary
(45) and ternary (30) mixtures. Model quality was assessed using
determination coefficient (R2). As a validation step, the model
was tested with characterisation data for 4 organic wastes (CO,
GW, SS and SW) from a new origin. Twelve mixtures (four binary



Table 1
Mixtures tested for each material type.

Binary mixtures Ternary mixtures

Mineral and organic
wastes

AE/CO, AE/GW, AE/PM, AE/SS, AE/SW, BE/CO, BE/SS, BR/CO,
BR/PM, TB/CO, TB/PM

AE/CR/GW, AE/CR/SS, AE/CR/SW, AE/DR/CO, AE/TB/SS, AE/TB/SW, BE/TB/PM, BE/
TB/SS, BE/TB/SW, TB/SS/CO

Mineral wastes AE/BR, AE/CR, AE/DR, AE/TB

Mineral wastes: acid earth material (AE), basic earth material (BE), bricks (BR), demolition rubble (DR), track ballast (TB). Organic wastes: compost (CO), green wastes (GW),
paper mill sludge (PM), street sweeping wastes (SS), sewage sludge (SW).
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and 8 ternary) have been realised with these ‘‘new wastes’’ and
experimental data were compared to the predicted data. These
materials were not used for the initial regression but were sampled
and prepared following the same protocols as described before
(Sections 2.2 and 2.3).

3. Results

3.1. Characterisation of the fertility

3.1.1. Physico-chemical properties of the wastes
Total carbon concentrations were ranging from 0.8 to

278 g kg�1 (Table 2). Two main groups can be distinguished: the
organic wastes exhibited Ctot concentrations higher than
100 g kg�1 (CO, GW, PM, SS, SW) whereas the mineral wastes
had contents lower than 30 g kg�1 (AE, BE, BR, CR, DR, TB). Con-
cerning the organic wastes, three of them (CO, GW and SW) were
free of carbonates (Cmin < 1 g kg�1) and the entire C can conse-
quently be assimilated to organic carbon (Corg) ranging from 173
to 278 g kg�1. On the contrary, the carbon type for PM and SS
was partly mineral with significant carbonate contents of 601
and 54.5 g kg�1 respectively, which implied Corg concentrations of
148 g kg�1 and 134 g kg�1. For these five organic wastes, pH was
globally alkaline and ranking from 7.8 to 8.7. The C concentration
of the mineral wastes distributing from 0.8 to 26.2 g kg�1 was
linked to the carbonate concentrations. More than 50% of Ctot of
BR, CR and DR were mineral and associated to high calcareous con-
tents (89, 112 and 114 g kg�1 respectively) with low or very low
Corg concentrations (<quantification limit, 13.3 and 6.6 g kg�1

respectively). As a consequence of their carbonates contents, their
pH is quite high (9.1, 10.1, and 10.3). The Ctot concentrations of AE,
BE and TB were negligible (0.8, 0.9 and 1.1 g kg�1 respectively). BE
and TB were alkaline (8.2, 9.4) and AE was acid (5.6).

Concerning the availability of nutrients, SW, GW and CO were
especially characterised by high POlsen concentrations ranging from
0.96 to 4.93 g kg�1, associated to a high CEC (>40 cmol + kg�1). Pa-
per mill sludge (PM) and SS showed intermediate values for POlsen

(0.1, 0.21 g kg�1) and CEC (7.8, 21.5 cmol + kg�1). The mineral
wastes were mainly characterised by low POlsen concentrations
Table 2
Physico-chemical characteristics of the products used in mixtures (for the dry matter).

Sample code Chemistry

Ctot (g kg�1) POlsen (g kg�1) CEC (cmol + kg�1)

AE 0.8 (0.1) 0.01 (0.01) 1.57 (0.03
BE 0.9 (0.1) 0.01 (0.01) 2.23 (0.05
BR 11.7 (1.5) 0.03 (0.01) 1.37 (0.10
CO 173 (2.6) 0.96 (0.01) 56.4 (2.80
CR 26.2 (5.1) 0.04 (0.01) 4.69 (0.08
DR 20.2 (2.3) 0.12 (0.01) 3.46 (0.40
GW 198 (7.7) 1.09 (0.01) 48.4 (3.50
PM 185 (2.6) 0.10 (0.01) 7.78 (0.01
SS 153 (6.5) 0.21 (0.01) 21.5 (1.50
SW 278 (5.4) 4.93 (0.01) 69.6 (1.20
TB 1.1 (0.2) 0.03 (0.01) 6.81 (0.10

Mean (standard deviation) (n = 3); acid earth material (AE), basic earth material (BE), brick
(PM), street sweeping wastes (SS), sewage sludge (SW), track ballast (TB).

P

(<0.12 g kg�1) and low CEC (<7 cmol + kg�1). Concerning the phys-
ical properties, the organic wastes show high WC�10 kPa grading
from 36.8% to 172% w/w and low bulk density values ranking from
0.6 to 0.9 g cm�3. On the contrary, the second main group of min-
eral wastes is characterised by lower WC�10 kPa values distributing
from 8.5% to 31.1% w/w and higher bulk density values ranking
from 1.1 to 1.7 g cm�3.

The 11 wastes were initially selected for their contrasted and
complementary physico-chemical properties based on data classi-
cally presented in the international literature. The results (i) con-
firmed the expected properties of the materials and (ii) gave
additional and original characterisations of the potential fertility
of the wastes (e.g. availability of nutrients). A descriptive statistical
analysis was conducted on all the data with the exception of the
two extreme wastes (SW as the most organic material and AE as
the only acidic material pH < 6). This approach reinforced three
contrasted groups of wastes (Fig. 1): (i) mineral wastes with high
pH and/or bulk density (DR, CR, TB, BR and BE), (ii) organic wastes
with high water and nutrient availability (CO and GW) and (iii)
intermediate organo–mineral materials (PM, SS). So, the selected
set of wastes was well and truly constituted of contrasted materi-
als exhibiting valuable characteristics as far as agronomic and geo-
mechanical properties are concerned. However, none of the wastes
that were studied can be considered as an efficient growing med-
ium in itself. This is confirmed when comparing agronomic charac-
teristics with the optimal data for plant growth proposed by Craul
(1999) (e.g., pH should range from 6.0 to 7.5, CEC from 5 to
25 cmol + kg�1, and bulk density from 1.1 to 1.4 g cm3). Thus, the
results also emphasized the relevance of mixing wastes to con-
struct fertile and functional soils for green areas.

3.1.2. Physico-chemical properties of the mixtures
In this part, exclusively characterisations of wastes mixtures are

statistically presented in box-plots (Fig. 2). The values of Ctot in the
75 mixtures varied greatly from 0.4 to 161 g kg�1 with three quar-
ters of the values ranging from 0.40 to 47.8 g kg�1 (Fig. 2). Concern-
ing POlsen, the concentrations for the mixtures were varying from
0.02 to 3.83 g kg�1 with three quarters of the values comprised be-
tween 0.02 and 0.48 g kg�1. The CEC ratio was grading from 0.97 to
Physics

pH WC�10 kPa (% (w/w)) BD (g cm�3)

) 5.6 (0.01) 22.6 (0.8) 1.5 (0.05)
) 8.2 (0.01) 31.1 (0.2) 1.4 (0.05)
) 9.1 (0.08) 25.4 (0.1) 1.1 (0.05)
) 8.4 (0.01) 53.0 (0.7) 0.6 (0.01)
) 10.1 (0.01) 14.5 (0.8) 1.4 (0.05)
) 10.3 (0.01) 23.8 (0.7) 1.4 (0.05)
) 7.8 (0.01) 87.6 (3.6) 0.6 (0.01)
) 8.7 (0.08) 43.7 (1.5) 0.9 (0.01)
) 8.1 (0.01) 36.8 (5.1) 0.8 (0.01)
) 7.9 (0.01) 172 (7.4) 0.8 (0.01)
) 9.4 (0.03) 8.5 (0.2) 1.7 (0.05)

s (BR), compost (CO), demolition rubble (DR), green wastes (GW), paper mill sludge



Ctot

POlsen
CEC

pH

WC-10kPa

BD

-1

-0.75

-0.5

-0.25

0

0.25

0.5

0.75

1

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

F2
 (9

.1
6 

%
)

F1 (81.69 %)

a

CO
CR

GW

PM
SS

BE

DR

BR

TB

-2

-1

0

1

2

-3 -2 -1 0 1 2 3 4 5

F2
 (9

.1
6 

%
)

F1 (81.69 %)

b
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43.3 cmol + kg�1 with half of the mixtures between 3.14 and
9.68 cmol + kg�1. The pH of the mixtures was between 5.7 and
9.9 with three quarters of the mixtures from 5.7 to 8.9. Concerning
physical properties, WC�10 kPa of the mixtures was distributing
from 8.9% to 81.4% w/w with three quarters of the mixtures com-
prised between 8.9% and 32.7% w/w. The bulk density presented a
homogeneous distribution with values grading from 0.8 to
1.6 g cm�3. Half of the bulk density values of the mixtures were
comprised between 1.1 and 1.4 g cm�3.
3.1.3. Dose–response curves of the addition of a waste to another
The representation of dose response curves described the vari-

ation of physico-chemical properties depending on the proportions
of each waste in the mixtures. Data are presented successively for
chemical (Fig. 3A–D) and physical (Fig. 3E and F) fertility parame-
ters. For all the mixtures involving organic wastes, the parameters
of Ctot, POlsen and CEC can be modelled by regression curves fitting
the experimental data with R2 > 0.7 and the fitness was even great-
er for the ternary mixtures (R2 > 0.8) (Fig. 3A.a, B.a, and C.a). Con-
cerning the binary mixtures involving AE with mineral wastes,
Ctot can be modelled with a good fitness for AE/CR and AE/DR
(R2 > 0.8) but not for AE/TB and AE/BR (R2 < 0.6). POlsen and CEC
can be modelled with a good fitness for the mixtures involving
CR, DR and TB (R2 > 0.8). For the mixture involving BR, the model-
ling of the variation of POlsen and CEC is heterogeneously fitting the
data with R2 of respectively 0.7 and 0.05. For all the mixtures
involving organic materials, regression curves of pH did not repre-
sent the experimental data with a good fitness (R2 < 0.6), mainly
because most of the pH values are closed to 8.5 (Fig. 3D.a and
D.b). The pH of the binary mixtures of AE with the four other min-
eral wastes can be modelled with a rather good fitness (R2 > 0.7)
(Fig. 3D.c). For all types of associations, the modelling of WC�10 kPa

and bulk density with regression curves fitted the data with
R2 > 0.7, except regarding bulk density for two mixtures: AE/SW
and AE/DR (R2 < 0.5) (Fig. 3E and F). The best regressions were ob-
tained for POlsen and WC�10 kPa (R2 > 0.7). As fitness was not system-
atically satisfactory, it justified the exploration of other models to
describe the variation of the fertility of mixtures at different ratios.
3.2. Modelling of the mixtures properties

Initial characteristics data of parent materials were inferred to
estimate material mixtures properties.
It was indeed noticed that the model based on mass balance for
C was not satisfactory. Polynomial models were thus considered. At
a second step, linear and quadratic terms were accounted for:

Y ¼ a0 þ
X11

i¼1

ai Xi þ
X11

i¼1

aii X2
i

For each characteristic, regressions were plotted (Fig. 4) and
determination coefficients were calculated. Globally, such polyno-
mial models fitted each characteristic with coefficients ranging
from 0.86 to 0.99 (Ctot 0.90, POlsen 0.97, CEC 0.99, pH 0.86, WC�10 kPa

0.99, bulk density 0.97). The models performed reproduced a great
diversity of experimental data obtained on a great diversity of
media mixtures (data input = 516) with good fitness.

As a validation step, the transposition capability of the model to
four ‘‘new wastes’’ has been evaluated. The second dataset pro-
duced by the model with modified initial data was compared to
experimental data (12 mixtures). The regressions obtained showed
2 outliers: BE/TB/SW and CR/SS/BR. After removing them, the coef-
ficients obtained were more satisfactory for most of the parame-
ters. Three prediction capability levels have been distinguished:
(i) models for bulk density and WC�10 kPa were validated; (ii) mod-
els for POlsen and CEC, present intermediate prediction capability;
and (iii) models for Ctot and pH were not validated. The deviations
observed can be explained by the size of the data set used for this
validation step (data input = 10) compared to the size of the mod-
elling data set.
4. Discussion

4.1. Characteristics and typology of wastes

Regarding agronomic properties, no individual waste material
can be assimilated to a natural soil or horticultural substrate. How-
ever, each waste presents a potential fertility regarding physical or
chemical properties. Thus, each waste will play a specific role in
mixtures. Some wastes (e.g., CO, GW and SW) are commonly ap-
plied as organic fertilizers in agricultural and also on reclaimed
derelict soils because they potentially improve soil chemical fertil-
ity (Singh and Agrawal, 2008; Wright et al., 2008). Our descriptive
statistical analysis demonstrated their singularity (Fig. 1). But first
and foremost, the dose–response curves highlighted that these
three wastes play a major role in mixtures by imposing their prop-
erties, especially for chemical characteristics and even at low ra-
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tios. The mixtures involving at minimum 15% (w/w) CO, GW and
SW would therefore be assimilated to humus-materials. Besides,
another type of wastes (e.g., PM and SS) presents intermediate
chemical properties comparable to organic amendments. They
contribute to the hydraulic properties (hydraulic conductivity
and water retention capacity) and the long-term potential of or-
ganic matter decomposition by bacterial and fungal activities. Nev-
ertheless, with its high pH and CaCO3 content, PM presents a high
risk of plant chlorosis, and should be used carefully. With bulk den-
sities higher than 1.4 g cm�3 and adequate geo-mechanical proper-
ties a third type of wastes (e.g., CR, DR and TB) can mimic the stone
matrix of structural soils (Grabosky et al., 2002; Bassuk et al.,
2005). These wastes are similar to load bearing stones supporting
pavement. Their influences on the chemical characteristics of the
mixtures are low. However, an attention should be paid to poten-
tial leaching of undesirable compounds such as sulphate coming
for example from gypsum (Nehls et al., 2013). Bricks constitute a
specific type of waste. Considering mechanical properties, espe-
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cially their friability, they cannot be considered as a structuring
material. If they are not expected to influence the mixture proper-
ties (Nehls et al., 2013) to a large extent, except for pH, they bring
clay mineral to the media, enhancing exchange surfaces for nutri-
ents. A last type of materials (e.g., AE and BE) is characterised by
low content of available nutrients but high water storage capacity.

4.2. Mixtures of wastes can mimic a fertile soil

Mixing wastes is necessary in order to obtain «artificial growth
media» presenting satisfactory features for plant growth. The mix-
tures tested showed a large range of physico-chemical properties
comparable to the median values obtained for French soils (statis-
tics from the French monitoring network (RMQS)). The median val-
ues for Ctot and POlsen obtained on the wastes mixtures are quite
higher (median of respectively 22.2 and 0.13 g kg�1) than the val-
ues obtained for French soils (19.6 and 0.03 g kg�1). The mixtures
involving CO, GW and SW that presented a high phosphorus supply
can explain these differences. The median value for CEC in French
soils (10.2 cmol + kg�1) was similar to that of the tested mixtures
(5.45 cmol + kg�1). The pH values of the wastes mixtures are quite
higher (median = 8.4) than those in French soils (median = 6.2).
This phenomenon can be explained by the alkalinity of more than
80% of pure materials used in mixtures, materials that presented a
high buffer capacity. Among a large majority of eligible wastes
with high pH, AE was the only candidate able to adjust the pH of
some mixtures for optimal plant growth. Concerning the bulk den-
sity, the values obtained for the mixtures (median = 1.27 g cm�3)
are very similar to the values for French soils (median =
1.31 g cm�3). Waste mixtures presented globally similar properties
than mean French soils. Nevertheless the addition of some organic
and organo-mineral wastes resulted in enhanced POlsen concentra-
tions and pH values. In this case, the constructed materials ob-
tained by the proposed pedological engineering process
presented features nearer to urban soils.

4.3. A first step towards the design of a decision-making model

This study constitutes a first step for the development of a deci-
sion-making aid model guiding for the formulation of wastes in
pedological engineering. It can be considered as a preliminary tool
for green spaces landscape designers to recycle wastes as substi-
tutes to natural resources (e.g., upper soil materials, horticultural
substrates and gravels). The results obtained in this study are
based on two main assumptions: (i) soil agronomical analysis is
transposable to wastes analysis; and (ii) the interpretation of these
agronomic characterizations is the same for soils and for wastes
mixtures. Only selected physical and chemical parameters have
been taken into account, because they have been considered repre-
sentative for global fertility. Further development of a decision-
making aid model could take into account the mechanisms occur-
ring during pedogenesis of young constructed soils involving vari-
ous processes and their interactions depending on various factors
(e.g., chemical reactivity, aggregation of constitutive wastes and
mixtures, and biological activity). Indeed, the fresh mixtures were
not submitted to natural climatic conditions, which would lead to a
chemical and physical weathering of the components. Indeed, the
pedogenesis of Technosols is already known to be fast and intense
(Séré et al., 2010; Huot et al., 2012) and therefore unavoidable to
take into account in this context.
5. Conclusion

The original purpose of this study was to focus on agronomic
properties of waste mixtures resulting from soil construction pro-
cesses. Dose–response curves describe the variation of physico-
chemical properties of mixtures depending on the type and ratio
of selected wastes. If these mixtures mainly mimic natural soils,
some of them present more extreme urban soil features, especially
for pH and POlsen. The fertility of the new substrates obtained after
formulation of wastes is modelled by multilinear regressions for
the main soil properties with decreasing fitness (water retention
capacity = cation exchange capacity > available phosphorus = bulk
density > total carbon > pH). The modelling approach confirms
the initially proposed typology of wastes and enables to suggest
thresholds for the proportion of each waste in mixtures. Neverthe-
less, the complex chemical interactions between wastes in binary
and ternary mixtures have to be considered deeply for further
development of the models, including a more mechanistic ap-
proach. Additional investigations should also be done on the effects
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of pedogenetical processes on the evolution of physico-chemical
properties of constructed Technosols. These elements should be ta-
ken into account for developing a prediction tool of their fertility:
this is the future cornerstone for soil eco-conception.
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