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massifs nous proposons en première approche 
d’utiliser des relations analytiques comme celles pro-
posées par Kersten (1949) de Vries (1961) et Johan-
sen (1975). Reiffsteck et al. (2014) ont testé de façon 
systématique la capacité de prédiction de la conduc-
tivité thermique des sols par ces formules empiriques 
sur le panel de sol de la bibliographie représenté sur 
la figure 4 (figure 5). Les formules proposées par 
Kersten pour deux sols types : argile et limon (1) et 
sable (2) en fonction de la teneur en eau w et de la 
densité  sèche ρd sont : 

ktu=0,1442∙(0,9∙logw-0,2).100,6243.ρd    (1) 
ktu=0,1442∙(0,7∙logw+0,4).100,6243.ρd    (2) 
Ces relations empiriques fournissent pour un 

nombre de paramètre réduit la meilleure prédiction. 
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Figure 5. Précision des estimations des conductivités thermiques 
sur le panel complet 

 
Les valeurs estimées de conductivité thermique 

par ces relations en fonction des données de sol col-
lectées pour les différentes couches de sol intéressées 
par les parois des gares de la ligne 15 tronçon 3 ont 
ainsi pu être déterminées sur la bases des premiers 
résultats des essais de laboratoire. L’énergie pouvant 
être prélevée dans le sol varie entre 12 et 28 W/m² de 
surface d’échange pour une différence de température 
de 8 °C, selon la nature des terrains et la présence ou 
non d’une nappe. L’équipement géothermique des 
gares fournit, compte tenu de la conductivité ther-
mique moyenne des terrains, pour un fonctionnement 
en chauffage et climatisation, la puissance moyenne 
en Watt envisageable pour la configuration où la 
fiche uniquement est équipée (cas 1+2+3) de 115 à 
370 kW alors que l’équipement total avec radier (cas 
1+2+3+4+5) donne 210 à 520 kW. Les gares locali-
sées sur les plateaux étant les moins productives. 

Notons que ces estimations tiennent compte de la 
différence de température et de la configuration de 
l’échangeur avec des tubes de diamètre 25 ou 32 mm.  

6 SYNTHÈSE 

Le projet de chauffage et/ou climatisation des 8 
gares du tronçon 3 de la ligne 15 projetée par la So-
ciété du Grand Paris a fait l’objet d’une étude de fai-
sabilité d’une solution sur échangeurs géothermiques 
plans. L’étude de faisabilité hydrogéologique du sec-
teur concerné est effectuée à partir de données docu-
mentaires. Les besoins définis dans l’étude peuvent 
être obtenus par l’équipement des gares, par échan-
geurs plans. Il semble nécessaire pour aller plus loin 
dans le dimensionnement de la ressource géother-
mique de compléter en phase exécution par un carot-
tage par gare de qualité adaptée aux essais de labora-
toire envisagés. Une mesure de densité et de teneur 
en eau sur matériaux non remaniés et une mesure de 
conductivité thermique à l’aiguille chaque mètre avec 
un appareillage. Pour ce type de système en boucle 
fermée, la conductivité du sol devra être vérifiée avec 
des tests de réponse thermique. En complément une 
étude hydrogéologique devra fournir le mouvement 
d’eau souterraine au niveau des gares. 
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ABSTRACT  Mixtures of soil, fly ash and an alkaline solution made from sodium hydroxide and sodium silicate were artificially moulded 
using different sodium hydroxide concentrations and water contents. The chemical reactions involved in the alkaline activation of fly ash 
produce a geopolymeric gel that links the soil particles with cementitious bonds. Two different soils were tested, and the effect of the acti-
vator and water content on workability, stiffness and strength was carefully evaluated by means of unconfined compression strength tests, 
indirect tensile strength tests and seismic wave measurements. The results indicate that the addition of water has a negative effect on stiff-
ness, in both soils, and in strength, for the coarse soil. 

 
RÉSUMÉ  Mélanges de sol, cendres et une solution alcaline composée par hydroxyde et silicate de sodium ont été moulés artificiellement 
en utilisant différentes concentrations d'hydroxyde de sodium et teneurs en eau. Les réactions chimiques impliquées dans l'activation alca-
line des cendres volantes produisent un gel géopolymèrique qui lie les particules de sol comme en ciment. Deux sols différents ont été es-
sayés et l'effet de la teneur en liquide et de l'eau sur la faisabilité, la rigidité et la résistance ont été soigneusement évalués par essais de 
compression simple, essais de traction indirecte et des mesures d'ondes sismiques. Les résultats indiquent que l'ajout d'eau a un effet négatif 
sur la rigidité des deux sols et aussi dans la résistance du sol grossier. 
 

1 INTRODUCTION 

The production of cement has severe environmental 
impacts, using vast amounts of fossil fuels and being 
responsible for the emission of around 5% of all the 
carbon dioxide worldwide (Worrell et al. 2005). In 
this paper an alternative to cement for soil improve-
ment is proposed, based on the reuse of an industrial 
waste – coal burning fly ash. The alkaline activation 
of fly ash to create an alternative binder to Portland 
cement has been successfully applied to replace tradi-
tional Portland cement concrete (Palomo & Fernan-
dez-Jimenez 2004, Turner & Collins 2013).  

It consists in the reaction of a solid aluminosilicate 
(like fly ash) with a highly concentrated aqueous al-
kali hydroxide or silicate solution producing a syn-
thetic alkali aluminosilicate material with comparable 
performance to traditional cementitious binders, but 

with significantly reduced greenhouse emissions 
(Duxson et al. 2007). 

However, few studies have been carried out in soil 
improved by the alkaline activation of fly ash (Criste-
lo et al. 2013). In fact, adding this new binder to a 
soil changes the conventional soil-cement paradigm 
in terms of moulding parameters. Void ratio, com-
paction degree and water content, among others, 
which have a known effect on soil-cement mixtures 
(Consoli et al 2011, 2012), need to be validated for 
this new material.  

In previous work Rios & Viana da Fonseca (2014) 
highlighted the potential of this material since 
strength and stiffness are highly improved when the 
alkaline solution and fly ash are added. In this paper, 
the influence of water is more deeply analysed dis-
tinguishing between water content and liquid content. 
While the water content is the ratio between the mass 
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of water by the mass of dry soil, the liquid content is 
the mass of alkaline solution by the mass of dry soil. 
In this new material water affects not only compac-
tion but also the concentration of the alkaline solu-
tion justifying the need of a careful analysis of these 
two effects. 

 
2 MATERIALS AND METHODS 

2.1 Soils, fly ash and alkaline solution 

The tested specimens were moulded with two differ-
ent soils. This first, called herein IP, is a remoulded 
residual soil from granite, typical from the Porto re-
gion, collected near the Civil Engineering Depart-
ment in a construction site for a new building of Por-
to University. It is a very well graded soil with 
around 30% of fines as presented in Rios and Viana 
da Fonseca (2014). The second soil, designed by SF, 
corresponds to the finer part of the previous soil, 
passing on the ASTM sieve n0. 200 (< 0.075 mm). It 
is mainly composed by kaolinite and silt, i.e. non-
plastic. 

Type F fly ash was obtained from a coal thermoe-
lectric power plant in central Portugal. 

The alkaline solution comprised sodium hydroxide 
(SH) and sodium silicate (SS). SH was in flake form 
with a specific gravity of 2.13 at 20ºC and 95-99% 
purity was dissolved in water up to the desired con-
centration. The SS was already in solution form with 
a specific gravity of 1.5 and SiO2/Na2O ratio of 2 by 
mass. 

2.2 Experimental program 

The experimental program described herein compris-
es unconfined compression, and indirect tensile 
strength tests and seismic wave measurements on dif-
ferent specimens, moulded specifically for this study. 
Mixtures of soil, ash and alkaline solution were all 
compacted to the same dry unit weight of 17.41 
kN/m3. This value corresponds to the Normal Proctor 
optimum dry density of IP soil plus 10% of fly ash 
(Figure 1). The amount of fly ash was kept constant 
at 10% of the mass of solids (soil and fly ash) as well 
as the ratio of sodium silicate over sodium hydroxide 
(SS/SH=0.5). The SH concentration varied from 4, 6, 
8 and 10 molal. 

 
Figure 1. Normal Proctor curve of the IP soil mixed with 10% of 
fly ash 

 
Proctor tests are performed in mixtures without 

curing in order to evaluate the compaction properties. 
Consequently, the addition of the alkaline solution is 
considered to have marginal influence of the opti-
mum compaction point. However, the moisture con-
tent associated to a soil+ash+water mixture is only 
due to water while in an alkaline activated mixture 
the liquid content is not only composed by water. In 
addition, as the alkaline solution triggers the chemi-
cal reactions that will produce the geopolymeric gel 
that links the soil particles, the evaluation of the wa-
ter content becomes much more complicated. In this 
sense, it is difficult to understand whether the opti-
mum point observed in the Proctor curve should be 
interpreted as the liquid or water content of the mix-
tures. 

To evaluate the effect of water on workability, 
strength and stiffness of the mixtures, four different 
types of mixtures were prepared as follows:  

 T0) Mixtures of soil, fly ash and water at a wa-
ter content of 13.6% (no alkaline solution) 

 T1) Mixtures of soil, fly ash and alkaline solu-
tion considering a liquid content of 13.6% 

 T2) Mixtures of soil, fly ash and alkaline solu-
tion considering a water content of 13.6% 

 
The liquid and water contents are calculated as a 

percentage of the solids (ash and soil). This means 
that for T1, the concentration of the sodium hydrox-
ide changes the water content while for T2 different 
concentrations result in distinct liquid contents. Table 
1 presents the values of liquid and water contents for 

the two types of mixtures depending on the concen-
tration of sodium hydroxide. 

The name of the specimens presented in the next 
section includes the type of soil (IP or SF), the type 
of mixture (T0, T1 or T2) and SH concentration. For 
example, SF_T0 means the mixture of SF soil with 
10% of fly ash, while IP_T1_4 means IP soil with 
10% of fly and 13.6% of alkaline solution with 4 mo-
lal SH concentration. 

 
Table 1. Liquid content and water content depending on the con-
centration and on type of mixture 

SH concentration 
(molal)

Liquid content 
(%)

Water content 
(%)

4 13.60 10.57
6 13.60 10.06
8 13.60 9.62
10 13.60 9.23
4 17.50 13.60
6 18.38 13.60
8 19.23 13.60
10 20.05 13.60

T1

T2

 

2.3 Testing procedures and equipment 

Seismic wave velocities measurements were per-
formed on the specimens during curing at the follow-
ing periods: 0, 3, 7, 14, 21 and 28 days. Compression 
and shear waves were measured by means of P and S 
wave ultrasonic transducers as described by Amaral 
et al. (2013). These transducers were linked to a sig-
nal generation and data acquisition Pundit lab unit 
from Proceq connected to a laptop computer for dis-
play and data storage. To improve coupling between 
the transducer and the specimen, contact gel for ul-
trasound testing was used which highly improves the 
signal quality without damaging the specimen. In 
fact, one of the main advantages of these transducers 
is the easiness of application avoiding holes in the 
specimen which could prevent the subsequent wave 
analysis or the unconfined compression tests per-
formed at the end of curing periods. Several fixed 
frequencies were used ranging from 24 to 500 kHz. 
Depending on the stiffness some specimens led to 
clearer signals than others, but the propagation time 
was not sensitive to frequency, i.e, it was mostly con-
stant with it. 

 At the end of the curing period (28 days) the spec-
imens were tested in unconfined compression (UCS) 
and indirect tensile strength (CD) performed accord-
ing to the corresponding European standards (CEN, 
2003a and b). An automatic loading machine of 
100 kN of capacity together with a load cell of the 
same capacity and resolution of 0.006 kN was used. 
The UCS test speed was adjusted to 0.05 mm/min in 
order to enable the execution of small unload-reload 
cycles at different compression stresses. Local de-
formation transducers – LDTs (Goto et al., 1991) and 
Hall-Effect transducers (Viana da Fonseca et al., 
2013) were used for accurate strain measurement 
during the test. 
 
3 RESULTS AND DISCUSSION 

3.1 Compression and tensile tests 

Figure 2 presents the stress-strain curves of T0 mix-
tures without alkaline activation of fly ash. It is as-
sumed that in these mixtures there are no chemical 
reactions and therefore, the strength is solely due to 
the soil and ash mechanical strength without any ce-
mentation. Consequently, the differences between the 
two curves are due to the different characteristics of 
the soils. The finer soil (SF) presents much higher 
strength (almost 10 times higher) than the other soil 
(IP). 

 

 
Figure 2. Stress-strain curves of both soils mixed with fly ash and 
no alkaline solution 
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of water by the mass of dry soil, the liquid content is 
the mass of alkaline solution by the mass of dry soil. 
In this new material water affects not only compac-
tion but also the concentration of the alkaline solu-
tion justifying the need of a careful analysis of these 
two effects. 
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wave ultrasonic transducers as described by Amaral 
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Figure 2. Stress-strain curves of both soils mixed with fly ash and 
no alkaline solution 
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The effect of the alkaline activation and the SH 
concentration is presented in Figure 3 and Figure 4 
comparing T1 and T2 approaches, having T0 as ref-
erence. For that purpose, T0 strength is presented in a 
dashed horizontal line since it is not affected by SH 
concentration. 

In IP soil the additional water content associated 
to T2 approach seems to have a negative effect on 
strength comparing with T1 approach. T1 mixtures 
show higher strength values which increase with SH 
concentration. The significant decrease in strength 
for the 10 molal SH concentration (in T2 specimen) 
was not expected so further tests are needed to con-
firm this. On the contrary, in the finer soil (SF) extra 
water seems to have a positive effect on strength 
which might be associated to a higher workability. 
Being a very fine soil, it is expected that higher water 
content is needed to achieve the same workability 
and compaction degree. 

 

 

Figure 3. Unconfined compression strength (UCS) of IP mixtures 
with SH concentration 

 

Figure 4. Unconfined compression strength (UCS) of SF mixtures 
with SH concentration 

Indirect tensile tests were also performed on some 
specimens to evaluate the ratio between tensile and 
compressive strength. Figure 5 shows the results ob-
tained for SF_T2 mixtures. It is interesting to notice 
that the ratio between indirect tensile strength and 
unconfined compression strength is very high when 
compared to what is generally observed in cemented 
soils. In fact, ratios above 30% were registered in al-
kaline activated mixtures while Rios & Viana da 
Fonseca (2013) obtained 10% in soil-cement speci-
mens. 

 
Figure 5. Comparison between unconfined compression strength 
(UCS) with indirect tensile strength (CD) of SF_T2 mixtures 

3.2 Dynamic stiffness evolution with curing time 

The dynamic stiffness was evaluated by S and P 
wave measurements using time domain analysis for 
signal interpretation according to Viana da Fonseca 
et al. (2009). Having obtained the seismic wave 
propagation time the corresponding velocities were 
derived dividing the distance between transducers 
(i.e., the specimen height) by the time. The dynamic 
modulus (Edin) was calculated through the elasticity 
theory using equations 1, 2 and 3. Figures 6, 7, 8 and 
9 show the evolution of Edin with curing time. 

 
2

SV  =G                                                (1) 

22

2

2

2





















S

P

S

P

V
V

V
V

                (2) 

)1(2  GEdin               (3) 
 

 

Figure 6. Dynamic modulus evolution with curing time for IP_T1 
mixtures at various SH concentrations 

 
 

 
Figure 7. Dynamic modulus evolution with curing time for SF_T1 
mixtures at various SH concentrations 

 
 

 

 

 

Figure 8. Dynamic modulus evolution with curing time for IP_T2 
mixtures at various SH concentrations 

 
 

 
Figure 9. Dynamic modulus evolution with curing time for SF_T2 
mixtures at various SH concentrations 

 

 

 
 



2627
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The analysis of these graphs shows very interest-
ing results distinct from what was observed in the 
strength trends. In fact, conversely to UCS values, IP 
mixtures showed higher stiffness than SF specimens. 
While IP mixtures have small stiffness at the begin-
ning of the curing process and then show a signifi-
cant increase with time, SF start from considerable 
stiffness values. This is in agreement with the stress-
strain curves presented in Figure 2 where a greater 
initial tangent stiffness modulus is observed in 
SF_T0 rather than in IP_T0. 

Comparing T1 and T2 approaches, T1 seems to 
show higher stiffness especially at higher SH concen-
trations. Since higher concentration means less water 
for the same liquid content (in T1), it can be conclud-
ed that less water resulted in higher stiffness. This is 
valid for both soils including the finer soil which has 
showed an increase in strength with water. 

CONCLUSIONS 

Strength and stiffness analysis of two soils mixed 
with alkali activated fly ash were performed by un-
confined compression tests, indirect tensile tests and 
seismic wave measurements. The evolution with so-
dium hydroxide (SH) concentration was observed to-
gether with the effect of the quantity of water in the 
mixture. The results indicate that the addition of wa-
ter has a negative effect on stiffness for both soils 
and also in strength for the coarse soil. This was es-
pecially evident for higher SH concentrations where 
the quantity of water is reduced. 

The ratio between indirect tensile strength and un-
confined compression strength was especially high 
(between 28% and 43%) revealing that these mix-
tures might be more resistant to tensile stresses than 
other cemented materials. 
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ABSTRACT  The use of construction and demolition waste (C&DW) in the construction industry is an important contribution to attain sus-
tainability in the sector. The roads are among the civil engineering works which can use larger quantities of C&DW recycled aggregates. In 
Portugal, the limit values for the properties of C&DW recycled aggregates that can be used in the roads of Portuguese Road Network are 
defined by two Laboratório Nacional de Engenharia Civil (LNEC) technical specifications (TS), in accordance to Portuguese Decree-law 
no. 46/2008 of May 12th. Municipal and rural roads and trenches have specific characteristics that can enable the use of C&DW of lower 
quality than those required by existing LNEC TS, and even then ensuring an adequate performance. However, given the absence of specific 
regulation for those applications, the Portuguese Environment Agency requires compliance with the existing LNEC TS, which represents 
an obstacle to recycling a significant part of the C&DW, in particular at a local government level. This paper presents guidelines for the re-
cycling of C&DW in municipal and rural roads and in trenches, which could be considered in a new forthcoming LNEC TS. In the prepara-
tion of the guidelines, the bibliography collected and analysed, the information gathered from the application of C&DW in a municipal and 
rural roads of a Portuguese municipality and in the roadways of a Portuguese resort, and the results of laboratory tests carried out on sam-
ples collected in the Portuguese municipality were taken into consideration. 

 
RÉSUMÉ  L'utilisation de résidus de construction et de démolition (RC&D) dans l'industrie de la construction est une importante contribu-
tion pour atteindre la soutenabilité dans ce secteur. Les routes sont parmi les ouvrages de génie civil qui peuvent utiliser de plus grandes 
quantités d’agrégats recyclés de RC&D. Au Portugal, les valeurs minimales pour les propriétés des d’agrégats recyclés de RC&D qui peu-
vent être utilisés en routes du Réseau Routière National sont définies par deux spécifications techniques (ST) du Laboratório Nacional de 
Engenharia Civil (LNEC), conformément au décret-loi n. 46/2008 du 12 mai. Les routes municipales et rurales et les tranchées ont des ca-
ractéristiques spécifiques qui peuvent permettre l'utilisation de RC&D de qualité inférieure à celle requise par les ST du LNEC, bien que 
fournissant une performance tout aussi adéquate. Toutefois, étant donné l'absence de réglementation spécifique pour ces applications, 
l'Agence Portugaise de l'Environnement exige le compliment des dispositions prévues dans les ST du LNEC, ce qui représente un obstacle 
à recycler une partie importante des RC&D, en particulier au niveau de l'administration locale. Cet article présente lignes directrices pour le 
recyclage de RC&D en routes municipales et rurales et en tranchées, lesquelles peuvent être considérées à une future novelle ST du LNEC. 
À l’élaboration des lignes directrices ont été pris en considération la bibliographique recueillie et analysée, l’information recueillie à partir 
de l'application de RC&D dans les routes municipales et rurales d’une municipalité portugaise et dans les routes d’une station de vacances 
portugaise, et les résultats des essais de laboratoire effectués sur les échantillons prélevés à la municipalité portugaise. 
 

1 INTRODUCTION 

Some waste is starting to be seen as an economic re-
source and not as a problem as demonstrated in some 
studies (Gomes Correia et al. 2012). This change of 
paradigm largely explains the definition of recycling 

targets to reach in 2020 by the Member States of the 
European Union (EU). 

The construction and demolition waste (C&DW) 
are among those with the greatest potential for use, 
estimated at about 80%, and among those which are 
produced in greater quantity, estimated at about 100 
million tonnes (mt) in the EU and at about 7,5mt in 


