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Introduction

The first article [1] dealt with the fine-scale petrographic characterization of a set of aggregates rep-
resentative of the diversity of Europe's quarries. The levels of rock alteration were estimated in this
fashion. The mobilization of alkalis in alteration products serves to limit the reactivity of aggregates
within a basic medium, from which the alkali-reaction originates [2]. This second article applies
such a concept to reactivity in an acid medium.

Ion exchanges between the filler, the most highly-reactive part [3], were studied in an aqueous
medium and the ensuing water analyses could be compared with water extractions performed
directly on cold-rolled mixes, in order to evaluate the pertinence of these exchanges.
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Materials

Aggregates

The fourteen aggregate samples, representative of Europe's geological diversity and selected for
purposes of the present study, have been listed in Table I [1,4,5]. The color coding used in the tables
corresponds to the rock family, either silica or limestone, or perhaps silicate in an acid, basic or inter-
mediate medium from a petrography perspective [1].

Emulsions

Tests were conducted with several slow-fracture cationic emulsions containing 60% bitumen
(ECL60), whose primary characteristics are described in Table II. With the exception of ECL0, the
emulsifier contained in all of the test emulsions is a rich polyamine Polyram S supplied by CECA.

Outside of the ECL0 and ECL1 mix designs used during preliminary testing, this set of emulsions
only differed by the surfactant content, given that the other design parameters had been held con-
stant.

TABLE I
Petrographic characteristics of the study aggregates: nature, origin, 

concentrations of certain oxides, and level of alteration expressed by porosity (according to [1])

OPTEL
Number

Petrographic
state

Quarry SiO2

(%)
CaO
(%)

MgO
(%)

Na2O
(%)

K2O
(%)

Porosity
(%)

A001 Quartzite Le Hinguer 94 0 0.1 0.1 0.8 1.3

A002 Silic. limestone Tournaisis 22.9 40.3 0.8 0.2 0.4 0.51

A003 Microdiorite St-Varent 47 9.4 8.3 0.3 0.3 0.37-0.72

A004 Older basalt Raon l’Etape 51.9 7.4 4.3 3.4 1.3 0.07-0.21

A005 Recent basalt Canary Islands 47.9 3.5 4.2 3.4 0.9 2.8

A006 Rhyolite Picampoix 69.7 2.6 0.7 2.2 4.7 0.66-1.21

A007 Amphibolite Bois La Roche 47.2 8.6 10.6 2.4 0.9 1.4

A008 Gneiss Maraîchères 75.2 0.7 0.5 3.1 4.7 0.9

A009 Pure limestone Boulonnais 0 53.7 1.1 0 0 0.86

A010 Granite Poulmarc’h 65.8 1.1 0.4 3.9 4.2 1.07

A011 Hornfels Les Vallons 55.5 0.2 3 0.9 4.8 0.76-1.93

A012 Aplite Le Goask 70.3 2.9 0.7 2.6 5.7 0.95

A013 Rhyolitic tuff Bransat 70.3 1.2 1.2 3.2 4.6 0.51

A014 Siliceous schist Roga 90.4 0.1 0.3 0.9 1.15-2.79
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Since the emulsifier used is a rich polyamine, all emulsions were acidified by means of adding
hydrochloric acid in order to obtain a pH in the neighborhood of 2 and thereby "proton-charge" the
amino groups, which provided them with a surface-active characteristic.

Cold mixes

Water extractions were performed directly on cold mixes and the collected water quantities were
then analyzed.

The mixes studied are gravel emulsions (GE) with a high residual binder content, as described in
Table III. These granular skeletons correspond to what would be used in a road application and are
thus optimized in terms of compacity, which has generated variable contents for each fraction and
hence variable filler contents. The emulsions described in Table II were applied with three of the
aggregates, chosen for their distinct levels of reactivity; they were produced using a mixer of type 1
(according to Standard NF P 98-250.1), in adopting the following sequence: 30 sec of mixing with-
out additives, 30 sec of mixing with added water, and then 60 sec of mixing with the emulsion. The

TABLE II
Primary characteristics of the emulsions used

Units ECL0 ECL1 ECL2 ECL3 ECL4 ECL5 ECL6

Binder nature - Nynas 

70/100

Nynas 

70/100

Nynas 

70/100

Nynas 

70/100

Nynas 

70/100

Nynas 

70/100

Water content % 40 40 40.4 40.2 39.9 39.5 39.1

Emulsifier content kg/ton 9 6 7 9 11 14

pH - aqueous phase 1.8 1.8 1.8 1.8 1.8

pH - emulsion 2.8 2.4

Median diameter µm 9.4 4.4 5.2 4.9 5 5.4 5.4

Specific surface m2/g 1.26 1.35 1.31 1.28 1.23

Residual emulsifier % 13 15 19 24 32

Pseudo-viscosity 

at 25°C

°E 3 4

IREC index value 124 156

TABLE III
Gravel emulsions for water extraction with a GSP: particle size distribution, contents of emulsion, 

total water and residual binder (index t of the GEget mixes has been omitted for greater clarity) 
(pph: parts per hundred)

Petro-
graphic

state

Particle size
fractions

Granulometry
(%)

Filler
(%)

Emul-
sion

Emul-
sion
(pph)

Total 
water
(pph)

Resid.
binder
(pph)

Microdiorite

A003

GE10 0/2-2/4-4/6-6/10

10/14

36-10-9-17-28 6.5 ECL1 6.7 6.2 4

GE11 0/2-2/4-4/6-6/10 38-14-14-34 6.8 ECL2 10 6.9 6

GE12 0/2-2/4-4/6-6/10 38-14-14-34 6.8 ECL4 10 8.9 6

Gneiss GE21 0/2-2/6-6/10 40-25-35 8 ECL5 10.3 5.9 6.2

A008 GE22 0/2-2/6-6/10 40-25-35 8 ECL6 10.3 7.9 6.2

Rhyolite GE31 0/2-2/4-4/6-6/10 38-12-12-38 6.1 ECL3 10 6.8 6

A006 GE32 0/2-2/4-4/6-6/10 38-12-12-38 6.1 ECL5 10 8.8 6
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mixing water, which serves to pre-wet the aggregate in order to obtain an effective distribution of
the emulsion over all component fractions, was tapped from the City of Bouguenais (western
France) water supply; the main physico-chemical characteristics of this water have been given in
Table VI.

The GE have thus been placed in the gyratory shear press (GSP), fitted with the water suction device
[6,7], to study compaction behavior and extract the water drained from the sample during compac-
tion (all compaction-related results are presented in [7]); this was the actual water analyzed (see [8]
as well). The GSP samples were taken at a diameter of 160 mm with a mass on the order of 8 kg of
GE, calculated so as to derive a height hmin = 150 mm.

The "GEget" designation (see Table III) adheres to the following rule: g is the aggregate (with A003
microdiorite from Noubleau = 1, A008 gneiss from Maraîchères = 2 and A006 rhyolite from
Picampoix = 3); e = 1 or 2, depending on whether total water content is low or high (with e = 0 for
the preliminary tests); and t = 1 or 2, depending on whether surfactant content is low or high.

Experimental protocols

Reactivity of the fillers

The fillers were characterized in order to determine their reactivity on the basis of behavior within
an acid medium.

The results of tests conducted previously [1], which pertain to the clay content measured using the
methylene blue test (Standard NF P 18-592), the equivalent sand test (NF P 15-588), particle size
distribution and specific surface area measured by laser granulometry and the BET method, mass
density measured with a pycnometer according to Standard NF P 18-568 and the Rigden voids index
(NF P 18-565), have all been reported in Table I.

The pH measurement of filler suspensions was carried out in accordance with Standard
NF ISO 10 390 [9] by means of mixing a volume of approximately 5 ml of fillers of less than 80 µm
in size with five volumes of distilled water. The values derived have also been indicated in Table IV.

Other more specific and non-standardized tests were conducted to describe and quantify the inter-
actions occurring between the aggregates and emulsion acids, by virtue of measuring the increase
in pH and the basic potential according to a protocol adapted from Standard NF T 90-008 [10].

Testing of pH increase and basic potential

The acid attack test (pH = 2) allows tracking the rise in pH and apportioning the alkaline and alka-
line-earth ions leached by the aggregates after two hours, so as to quantify the reactivity of a material
by means of its basic potential.

Ten grams of filler passing an 80 µm sieve in water, weighed to within 0.1 mg and pre-dried at 60°C,
were introduced into a 400-ml beaker. 100 ml of distilled water were also added and the suspension
was then held in agitation for 3 min by use of a magnetic bar. Next, the glass electrode was inserted
and the chronometer triggered. A solution prepared in a graduated test tube containing 30 ml of dis-
tilled water and 40 ml of HCl 0.1 N was immediately added, followed by 30 ml of distilled water to
rinse the test tube. The pH was recorded every 3 min for a total duration of 30 min and then after
45, 60, 100 and 120 min using a Methrohm 702 SM Titrino pHmeter fitted with a glass electrode.

Upon completion of this test, beaker contents were transferred onto a rapid-filtration filter and then
introduced into a 500-ml calibrated vial; distilled water was added as a complement. The Na+, K+,
Ca2+ and Mg2+ ions were apportioned by means of atomic absorption spectrometry in order to
obtain the basic potential. This potential is expressed in terms of either mass proportion (mg of ions
per kg of filler) or molar equivalent per kg (eqmol/kg, i.e. the number of moles of leached cations
multiplied by their charge for a 1-kilogram mass of filler).

Test of pH increase in the presence of emulsion

The same manipulation as that described in the previous section may be performed by substituting
the aqueous acid solution with an emulsion.
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This test consists of measuring, with respect to time, the pH of 100 g of emulsion ECL0 (see
Table II) preliminarily sieved to 630 µm and then combined with 20 g of the test filler, which has
been pre-dried at 50°C and rewetted with 5% demineralized water. The pH is to be measured con-
tinuously in a 200-cm3 polyethylene beaker every 2 min for the first 10 minutes and then after 15,
30, 45, 60 and 120 min using the pHmeter indicated above.

Water extractions from cold mixes and corresponding analyses

The water extrusions were performed with a gyratory shear press (GSP) of type 2, fitted with a water
suction device [6]. The experimental assembly, test settings and results in terms of compacity have
all been discussed elsewhere [7]. The water drained from the mix during the test was collected for
purposes of the present analyses.

The preliminary tests were conducted solely on the GE10 sample. The influence of storage time was
studied by comparing the water extracted just after mixing (t = 0 hrs) or following 4 hrs of storage
in an open 10-l barrel.

The subsequent tests were carried out in accordance with an experimental protocol where both the
total water content and surfactant content varied within the emulsion. Total water content was
selected on the basis of the quantity of water adsorbed by the aggregates (CKE test in water): vari-
ations ranged between CKE + 1.5% and CKE + 3.5%. The surfactant content varied between a min-
imum value, set to achieve a suitable level of coating, and this content plus 3 kg/ton.

During preliminary tests, measurement of pH, conductivity, suspended solids (and corresponding
particle size distribution), volatile suspended solids (i.e. the portion of organic solids in suspen-
sion), along with anion and cation concentrations, was performed (see Table III). Anion concen-
tration was derived by means of chromatography on an ion-exchanging resin (IEC–NF T 90-042)
and cation concentration by emission spectrometry with a plasma torch (ICP–EN ISO 11885).
The suspended solids were apportioned according to Standard NF X 11-666 and their particle size
distribution, as expressed in terms of median diameter (d50), was analyzed thanks to a Master-
sizer Malvern laser diffractometer. The volatile suspended solids were measured by taking mass

TABLE IV
Filler properties: pH in the deionized water, particle size distribution and specific surface of fillers, 
index of Rigden voids and blue value BV (according to [1]), along with the pH of their suspension

OPTEL
number

Petrographic
state

d50
(µm)

d84/
d16

Specific
surface
(m2/g)

BET
surface
(m2/g)

Mass 
density
(g/cm3)

Rigden
voids
(%)

ES
(%)

BV
(%)

pH

A001 Quartzite 11.4 8.8 3.1 1.9 2.67 38.5 54 0.5 6.6

A002 Silic. limestone 8.4 10.6 4.7 - 2.65 34.7 84 < 0.2 8.5

A003 Microdiorite 16.8 13.9 3 4.4 2.90 39.9 62 1 9.1

A004 Older basalt 10.7 19.6 4.2 5.4 2.82 37.4 > 80 0.2 9.5

A005 Recent basalt 10.9 13.5 3.2 - 2.53 40 56 13.5 8

A006 Rhyolite 21.1 15.9 2.8 3.4 2.61 38 74 1 9.4

A007 Amphibolite 18.8 13.7 4.4 5.5 2.85 40.7 58 1.6 8.4

A008 Gneiss 14 12.4 3 9.5 2.62 37.6 24 2.9 5.5

A009 Pure limestone 25.7 8 2.2 1.5 2.69 38.1 84 0.2 9.6

A010 Granite 22.8 12.4 2.4 2.1 2.62 39.8 70 0.8 8.9

A011 Hornfels 14 9.7 2.8 6.3 2.75 42 76 1.1 5

A012 Aplite 21 14.3 2.7 2.8 2.62 38.8 60 0.6 9.6

A013 Rhyolitic tuff 12.2 14.9 3.4 4.2 2.66 39.6 - - 9.1

A014 Siliceous schist 15.6 13.8 3 4.2 2.60 36.1 32 0.3 6.2
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differences after calcination at 550°C during a 2-hr period, and conductivity was determined as
per Standard NF EN 27888.
Measurements of pH, suspended solids and cation concentrations were conducted subsequent to
testing. Cation concentrations were determined by means of ICP analysis. It should be pointed out
that the cation concentration from an ICP analysis requires preliminarily precipitating the surfactant,
which has given rise to developing a specific protocol based on an ammoniac precipitation, as
described in greater detail in [11]. The suspended solids were weighed following evaporation at
105°C (dry extract).

Results

Reactivity of fillers
The tests presented above were carried out on the entire set of fillers originating from the studied
aggregates and will be discussed in the following sections.

Exchanges between fillers and the aqueous phase: pH

The pH measurements of filler suspensions (Table IV) enables singling out acid aggregates, whose
pH value in suspension is less than or equal to 6 (A008 and A011), along with two neutral aggregates
(with a pH in suspension ranging between 6 and 8 - A001 and A014) and basic aggregates (pH in
suspension greater than or equal to 8 - the remaining aggregate samples). In this manner, it becomes
very clear that the notion of acidity in filler suspensions is completely unrelated to the acidity of
rocks from a petrographic frame of reference. These pH tests serve to complement the tests of
increasing pH described in Figure 1. The following findings are readily apparent:

some aggregates (A003, A004, A006, A009 and A012), whose pH in suspension is basic, gen-
erate rises in pH in the vicinity of 5-6 after only 3 min, with the pH thereafter moving towards the
7-8 level after 120 min (see Fig. 1);

both acid and neutral aggregates (A001, A008, A011 and A014) do not modify the pH level,
which remains between 1.8 and 2.0;

the other aggregates, despite being classified as basic according to the pH of their suspension,
only modify by a very small amount the pH, which stabilizes between 2.1 and 2.4 (A005, A007,
A010 and A013).
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Fig. 1 - pH increase of the studied aggregates
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The tests of pH increase have also been conducted in the presence of the emulsion. As an example,
the results for two aggregates representative of the families introduced above – highly-reactive
(A003) and slightly-reactive (A008) – are compared with increases in pH during the acid phase
without emulsion, as shown in Figure 2. The behavior exhibited for these materials is representative
of other materials within the same reactivity category, as displayed by the full set of curves pub-
lished elsewhere [5].
It thereby appears that the pH values in the emulsion at 120 min are either higher for those materials
with slight and limited reactivity (final pH of 3-5 vs. 2-3) or lower for the highly-reactive materials
(final pH of 5-6) than for the emulsion-free systems. Moreover, the kinetics are somewhat slowed
for slightly-reactive materials with added emulsion (stabilization after 10 min instead of 3), while
they are accelerated in the presence of highly-reactive materials (stabilization after 3 min instead of
30-60).
These differences however are not solely related to the presence of emulsifiers for the tests per-
formed with added emulsion (see Fig. 4), but also to various constituent ratios, given that the test of
pH increase in the presence of emulsion had been conducted with 20 g of filler in 100 g of emulsion
(i.e. 20 g in 40 g of aqueous phase), whereas the test of pH increase during the attack is carried out
with 10 g of filler in 200 g of water. It is thus difficult to draw anything more than qualitative com-
parisons under such conditions.
These effects of the filler/aqueous phase ratio on reactivity have been described in depth within a
recent publication [12] and displayed in Figure 3.
It should furthermore be added that the test of pH increase in the presence of emulsion makes it pos-
sible to observe whether or not the emulsion fails during testing. It has already been determined that
pH increase incites the failure of emulsions based on emulsifiers of the rich polyamine type [13]. As
such, all the reactive aggregates (except for A009) generate a failure within 15 min, a few of the
slightly-reactive aggregates (A005, A010 and A013) cause failure once 60 min have elapsed, and
the group of other aggregates that show very little reactivity do not cause failure even after 120 min.
The pure limestone aggregate A009 is highly distinguishable by the absence of failure after 120 min,
in spite of its strong level of reactivity.

Fig. 2 - Comparison of the pH increase in both the presence of emulsion (denoted "emulsion") and 
absence of emulsion (denoted "acid") for two of the studied aggregates, corresponding to 

the highly-reactive (A003) and slightly-reactive (A008) aggregates
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Exchanges between fillers and the aqueous phase: Basic potential

Sharply-distinct behavior, in terms of reactivity, has been highlighted in Table V thanks to the pH
increase test.

First of all, siliceous aggregates A001 and A014 do not practically leach any cations. Next, the
Canary Islands basalt A005 leaches a decisively higher amount of the K+, Na+ and Mg2+ cations
than the others. With the exception of these three aggregates, the remainder leach a majority of Ca2+

cations, which represent at least 70% of the cation concentration, independently of the CaO content
in the original rock (see Table I). Moreover, limestone rocks A002 and A009 leach as many, if not
more, ions than rocks A003, A004 and A006, despite their silicate composition (acid or basic
depending on the petrographic perspective).

This result is altogether remarkable, given that the dissolution speed of the calcite in an acid medium
lies on the order of 1 to 20 mmol/m2/sec (pH = 1 at 25°C [14]), whereas dissolution speed of the
Ca2+ ions of a plagioclase feldspar under similar conditions is on the order of 2·10-15 mol/m2/sec
(for the oligoclase at pH = 3 and 25°C [15]).

Fig. 3 - Effect of filler concentration on the 
pH increase of an acid solution with an 

initial pH of 2 after 60 minutes

0

1

2

3

4

5

6

7

8

9

0 5 10 15 20 25 30 35 40 45 50
         Mass concentration in filler (%)

  pH at equilibrium (60 min) 

A003

A011

A007

Fig. 4 - Comparison of pH increase in the presence of various emulsifiers for the A010 aggregate
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More specifically, the dissolution of calcium carbonates takes place for the most part according to
the following configuration [14]:

(1)

Although the predominant form of silica in an aqueous solution remains open to debate, it may be
considered that the quartz dissolves according to the reaction below [16]:

(2)

As for the feldspars, their ultimate dissolution in an acid medium would arise as follows [15]:

(3)

These global reactions only rarely occur in reality in a stoichiometric manner [15] and moreover fea-
ture very distinct kinetics from one type of feldspar to the next. For example, calcium-rich feldspars
(with plagioclases close to anorthite) dissolve more rapidly than sodium-rich feldspars (orthoclases
close to orthose), which themselves dissolve much more slowly than quartz [15,17].

The dissolution of feldspars thereby tends to take place in accordance with alteration reactions,
which incites the formation of alteration products, such as smectite clays (Al2Si2O10(OH)4) in the
case of albite (NaAlSi2O5) [2]:

(4)

Besides pH level, drainage quality favors reactions of type (3) or (4). Under poor drainage condi-
tions, which is generally the case for natural rock erosion in temperate climates, ions such as potas-
sium remain in the vicinity of surfaces and recompose in order to form, for example, smectites along
the lines of reaction (4), in which sodium would be replaced by potassium [2].

TABLE V
Reactivity of fillers: Basic potential of the fillers during an acid attack (pH = 2)

OPTEL
number

Petrographic
state

Na+

(mg/kg)
K+

(mg/kg)
Ca2+

(mg/kg)
Mg2+

(mg/kg)
Basic 

potential
(eqmol/kg)

Ca
dissolution

(mol/m2/sec)

A001 Quartzite 77 183 23 32 0.012 2.6·10-10

A002 Silic. limestone 69 485 8,935 175 0.476 0.7·10-7

A003 Microdiorite 115 295 8,710 127 0.458 1.0·10-7

A004 Older basalt 180 167 9,920 235 0.526 0.8·10-7

A005 Recent basalt 1,280 665 3,850 1,380 0.378 0.4·10-7

A006 Rhyolite 203 204 10,600 87 0.550 1.3·10-7

A007 Amphibolite 83 73 4,590 496 0.275 0.4·10-7

A008 Gneiss 221 216 1,765 269 0.125 0.2·10-7

A009 Pure limestone 19 15 8,850 73 0.449 1.2·10-7

A010 Granite 182 351 3,760 865 0.224 0.6·10-7

A011 Hornfels 135 378 2,815 366 0.161 0.4·10-7

A012 Aplite 138 192 7,900 51 0.360 1.0·10-7

A013 Rhyolitic tuff 150 423 4,015 312 0.213 0.4·10-7

A014 Siliceous schist 41 94 45 34 0.009 5.2·10-10

CaCO3 H+ Ca2+ HCO3
-+→+

SiO2 2H2O H4SiO4→+

KxNayCa1 x y+( )– Al2 x y+( )– Si2 x y+( )+ O8 4 x y+( )H2O 4 2 x y+( )–[ ]H++ +

 xK+ yNa+ 1 x y+( )–[ ]Ca2+ 2 x y+( )–[ ]Al3+ 2 x y+( )+[ ]H4SiO4+ + + +→

2NaAlSi2O5 11H2O 2CO2 2Na+ 2HCO3
- 2H4SiO4 Al2Si2O10 OH( )4+ + +→+ +
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Furthermore, while data on Ca2+ ions are expressed in terms of dissolution speed by incorporating
the specific surfaces – as measured with a laser granulometer rather than using the BET method,
since the BET method is sensitive to the presence of slightly-reactive clays [1] – given in Table V,
four material groups may be distinguished:

highly-reactive aggregates A002, A003, A004, A006, A009 and A012, which primarily leach
Ca2+ ions (7,900-10,600 mg/kg), with a dissolution speed of 0.7 to 1.3·10-7 mol/m2/sec and less than
500 mg/kg for each of the K+, Na+ and Mg2+ ions;

highly-reactive aggregate A005, which primarily leaches Ca2+ ions (3,850 g/kg) with a
dissolution speed of 0.2 to 0.6·10-7 mol/m2/sec, yet which still leaches between 665 and
1,380 mg/kg for each of the K+, Na+ and Mg2+ ions;

lightly-reactive aggregates A007, A008, A010, A011 and A013, which basically leach Ca2+

ions (1,765-4,590 mg/kg), with a dissolution speed of 0.2 to 0.6·10-7 mol/m2/sec, and less than
900 mg/kg for each of the K+, Na+ and Mg2+ ions;

slightly-reactive aggregates A001 and A014, which leach a majority of K+ ions (94-183 mg/kg)
and very few Ca2+ ions (23-45 mg/kg), with a dissolution speed for Ca2+ of less than 10-9 mol/m2/sec.
The very highly-reactive materials feature much lower dissolution speeds than the predicted lime-
stone values, yet still greater than those expected for feldspars (Table V). These remarks must none-
theless be placed in perspective with the data in Figure 1, according to which the two limestone sam-
ples studied reveal a very fast initial pH increase (a finding that more closely corroborates the
dissolution speeds found in the literature) followed by a period of stabilization, thereby indicating
in all likelihood that saturation has been achieved.
The more highly-reactive rocks A002, A003, A004, A006 and A009 are also those that generate a
very fast pH increase around 6-7 (Fig. 1). A correlation thus exists between the basic potential and
the pH of fillers measured in distilled water (suspension pH – see Fig. 5). This correlation improves
when instead using the pH measured at the end of the acid attack test (pH at 120 min – Fig. 5). This
statement can logically be explained by considering that the dissolution of calcium carbonates [reac-
tion (1)] or feldspars [reaction (3)] is carried out via the consumption of H+ protons, wherein lies
the strength of the correlation between pH, pH increase and alkaline release (basic potential).
Within the silicate rocks, it would appear that altered rocks leach somewhat fewer cations than do
intact rocks [1]. This finding is indicated in Figure 6, where trends have been identified even though
correlations remain weak. Moreover, the recent basalt A005 is noteworthy for both its high level of
porosity and basic potential, with a high concentration of various cations (and not just Ca2+). This
trend agrees with the set of previously-known results on the reactivity of aggregates within a basic
medium [2], in which altered rocks (i.e. whose alkaline ions are already mobilized within the clays
[reaction (4)]) tend to be less reactive than intact rocks.

Fig. 5 - Basic potential vs. pH, 
filler suspension in distilled 

water (suspension pH) or filler 
suspension after 120 min of acid 

attack (120-min pH)

0

0,1

0,2

0,3

0,4

0,5

0,6

0 2 4 6 8 10 12

pH

Basic potencial (eqmol/kg)

suspension pH

120-min pH



BULLETIN DES LABORATOIRES DES PONTS ET CHAUSSÉES - 246-247 - SEPTEMBER-OCTOBER-NOVEMBER-DECEMBER 2003 - RÉF. 4470 - PP. 19-34 29

Discussion

The results from Figure 1 show that the majority of ions dissolve over a basic pH range in the vicin-
ity of 7 for reactive aggregates. The dissolution constants given above for purposes of comparison
are to be chosen under neutral pH conditions, which acts to considerably slow calcite dissolution
(approximately 10-6 mol/m2/sec at pH = 7 [18]), yet only very slightly affects feldspar dissolution
(for anorthite, roughly 10-11 mol/m2/sec at pH = 7 [18] or 3·10-12 mol/m2/sec at pH = 8 and at 25°C
[19]). It must be added however that for the plagioclases, dissolution speed measurements are con-
ducted in a stationary mode, as obtained after some 500 hrs of dissolution [15,19], i.e. over periods
significantly longer than the 2 hours examined herein. Furthermore, the initial dissolution speed of
the Ca2+ ion in these materials is sharply higher than the speed in stationary mode, on the order of
sixty times for a speed measured after 24 hours [19], which can yield a dissolution speed of Ca2+

ions at 24 hours on the order of 10-10 or even 10-9 mol/m2 sec. Data for shorter time periods are
unfortunately not available, since this type of study is conducted by geologists in the aim of evalu-
ating erosion speeds for rocks whose time scales would otherwise be longer. Nonetheless, surface
analyses performed on labradorites after 12 hours of acid attack clearly display a decrease in both
Ca2+ and Al3+ contents over 50-nm thicknesses [20], which would suggest a very fast dissolution
of these elements within the initial crystalline layers.

Fig. 6 - Basic potential vs. level of alteration in the silicate rocks, as measured: 
(a) by porosity; and (b) by the propagation speed of longitudinal waves [1]
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Lastly, the geochemical studies mentioned previously have been carried out within an open reactor,
in which water is constantly being replenished; this experimental procedure allows avoiding satura-
tion phenomena as well as maintaining constant pH. These conditions differ from those of our test
set-up, in which a gradual increase in the medium's cation concentration arises, thereby slowing dis-
solution due to the competition between species for access to the sites of cation exchanges at the
aggregate surface, hence limiting the number of active protons [15,18]. Moreover, the concentration
of Ca2+ cations obtained following an acid attack corresponds to approximately 10,000 mg/kg for
10-g attacks in 200 ml, i.e. 500 mg/l, and lies closer to the solubility boundaries at neutral pH, which
might explain the rather weak reactivity of limestone rocks.
With all of these experimental safeguards, the measurements ultimately indicated that the Ca2+ ions
leached by limestone rocks are roughly ten times fewer than predicted, with respect to values listed
in the literature, whereas they are between a hundred and a thousand times higher in the case of feld-
spars.
In any event, it would be necessary to study in greater detail the dissolution kinetics of these species
and then derive a thorough species assessment, prior to drawing conclusions on the origin of the
small differences observed between the limestone rocks and the reactive feldspars. This step would
serve not only to highlight any eventual solubility problems, but also to verify the influence of other
non-apportioned species, such as Al3+ (stemming in particular from the dissolution of feldspars) or
H4SiO4, either dissociated or not, originating from the dissolution of silicate rocks.

Analyses of in situ water samples

In the OPTEL project, three of the aggregates studied above were selected for either their strong
level of reactivity (A003 and A006) or their weak reactivity associated with a high clay content
(A008), for the purpose of evaluating their behavior in the GE (gravel emulsions). We have taken
advantage of the compaction tests as a means of performing in situ water sampling.
The GE-based extractions lend an idea of the representativeness of the laboratory tests described
above. The water samples extracted using GSP equipment could thus be analyzed so as to determine
pH, suspended solids content (either suspended solids - SS - or dry extract) and cation concentration
(see Tables VI and VII). In the preliminary study, a more refined analysis was carried out and a
series of parameters, including the particle size distribution of fillers, conductivity, anion concentra-
tion and volatile suspended solids (VSS), was determined (Table VI). 

TABLE VI
Analysis of the water extracted during preliminary tests on GE10: suspended solids (SS), median 

diameter of SS (d50), volatile suspended solids (VSS), conductivity, pH and ion contents. Comparison 
with computed values stemming from analyses conducted on microdiorite A003 fillers [pH increase at 

120 min (Fig. 1) and basic potential (Table V)]

GE10
t = 0 hr

GE10
t = 4 hrs

Supply 
network 

water

Microdiorite
(computed)

SS g/l 11.6 4.8

d50 µm 11.8 14.1 16.8

VSS % 9.2 9.2

Conductivity mS/cm 6.5 6.5

pH 7.1 7 7.7 5.7

Ca2+ mg/l 1,011 1,023 53 809

Mg2+ mg/l 108 110 8 13

K+ mg/l 73 63 31

Na+ mg/l 170 184 12

Cl- mg/l 2,064 2,143 25

SO4
- mg/l 241 274 35
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pH levels of extracted water samples

The pH of extracted water is systematically higher by a measurement unit than that obtained through
pH increase after 120 min in an emulsion; this finding roughly corresponds to dilution by a factor
of 10, as a result of the conjugated effects of pre-wetting water and filler/emulsion ratio, both of
which differ in laboratory testing and reality.

The quantity of filler in the mix (between 6% and 9% – Table III) lies on the order of that present
in the emulsion, which gives rise to a filler/emulsion ratio of approximately 1/1, while this same
ratio stands at 2/10 in the laboratory test, i.e. 5 times higher. Moreover, the aggregates are first wet-
ted with water from the supply network (pH = 7.7) prior to being placed in contact with the acid
emulsion, which generates a total water content some 1.5 to 2 times greater than that provided by
the emulsion, hence dilution by a factor on the order of 2 (Table III). This step serves to induce a
filler concentration in the emulsion in excess of a factor in the range of 2.5 vs. the pH increase test.
The rise in pH by a single unit, which would correspond to a factor of 10, is thus higher than pre-
dicted. The test of pH increase in an emulsion is less extreme than in the application, as regards neu-
tralization of emulsion acid.

These concentration-related effects are shown in Figure 3, which also clearly displays that the level
of reactivity depends upon filler concentration. It is thus necessary to optimize filler concentration
in order to be representative of the intended application [12].

The extracted water samples all contain suspended fillers. Within the framework of preliminary test-
ing, 11.6 g/l were weighed on unstored GE and 4.8 g/l after storage (Table VI). The corresponding

TABLE VII
Analysis of the water extracted during tests on GEget samples and comparison with the computed 

values stemming from analyses conducted on fillers [pH increase at 120 min (Fig. 1) and 
basic potential (Table V)]

Petro-
graphic

state

Mix 
design

Total 
water
(pph)

Setting
(ml)

Dry 
extract

(%)
pH

Na+

(mg/l)
K+

(mg/l)
Ca2+

(mg/l)
Mg2+

(mg/l)

Microdiorite GE111 6.9 316 0.8 6.5 229 91 997 2

A003 GE112 6.9 296 2.6 6.7 257 106 1,492 3

computed 5.7 11 29 863 13

GE121 8.9 426 0.6 6.5 185 65 800 2

GE122 8.9 414 2.1 6.7 186 77 905 3

computed 5.7 9 23 669 10

Gneiss GE211 5.9 166 1.7 4.7 445 228 1,855 4

A008 GE212 5.9 164 2.0 4.7 454 253 1,948 3

computed 3.2 30 29 239 37

GE221 7.9 288 1.4 4.5 346 220 1,210 1

GE222 7.9 298 2.3 4.3 399 244 1,355 1

computed 3.2 22 22 179 27

Rhyolite GE311 6.8 228 0.9 6.9 267 245 865 1

A006 GE312 6.8 228 2.9 6.8 432 279 1,415 3

computed 5.8 18 18 948 8

GE321 8.8 353 1.0 6.9 206 183 538 1

GE322 8.8 358 3.3 6.9 219 210 1,021 1

computed 5.8 14 14 732 6
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filler had a median diameter on the order of 12 µm, i.e. finer than the 80-µm sand passing from the
Noubleau microdiorite (A003), with a median diameter of 16.8 µm (Table IV). A small quantity of
VSS has been observed. During the experimental program, the mixing water with high emulsifier
content (GEge2) encompassed all of the diluted emulsion and exhibited a higher dry extract of a
black color, which attests to the presence of bituminous emulsion in significant quantities. The dry
extract of the GE222 solution (2.3%) is soluble at 96% in trichlorethylene.

Ions present

The primary anions are chlorides stemming from the aqueous phase of the emulsion. Approximately
0.8% (with respect to the emulsion) of hydrochloric acid at 33% concentration is used to obtain an
initial pH of aqueous phases in the presence of the rich amino equal to 1.8 (Table II). This value rep-
resents 6.4 g/l of chloride ions in the aqueous phase; this quantity then gets diluted into the added
mixing water (Table III) in order to yield a final theoretical concentration of 2.74 g/l, i.e. a quantity
close to the observed value of 2.1 g/l (Table VI). In conjunction with this finding, sulfate ions in
large quantities (240 mg/l) are also apportioned into the mix; large quantities of anions are thus
present. The carbonates, which originate from the dissolution of both calcium carbonate and atmo-
spheric CO2, were not however assigned mix concentrations, in spite of their influence on dissolu-
tion kinetics [19].
The cations apportioned in the drained water are, for the most part, Ca2+ ions (see Tables VI
and VII).
As a means of comparing these results with those described above, it would suffice to calculate the
quantity of cations predicted in light of the acid attack tests (Table V), by incorporating the total
filler mass present in the mix*. This step would require multiplying the mass of ions leached per
gram of filler (Table V) by the mass of filler in the mix and then dividing the result by total water
content (Table III). This operation enables deriving the calculated values listed in Tables VI and VII.
These values reveal that all of the cations, with the exception of Mg2+, are present in quantities
greater than those measured at the time of the acid attack of fillers for the microdiorite A003 and
rhyolite A006, yet prove to be distinctly higher for extractions using the GSP than during the acid
attack (about four times greater) for Maraîchères gneiss A008. For this sample, the aggregate's nat-
ural water content was very high (2% vs. 1.1% for Noubleau microdiorite and 0.5% for Picampoix
rhyolite), to a point where the GE with low water content were produced without adding any pre-
wetting water. The water present in the initially-wetted aggregates is thereby much less charged in
ions than that drawn from the local supply network added to the mix, which suggests that the
exchange kinetics between this aggregate and the aqueous phase continues well beyond the 120 min
of laboratory testing.
This kinetic effect however is not observed on the microdiorite aggregate A003, given that a four-
hour mix storage period only modifies the quantity of suspended solids, while the ion balance
remains unchanged (Table VI).
As indicated above, the Mg2+ ions, despite being apportioned in significant quantities during the
acid attack test on the aggregate, are practically nonexistent in the drained GE water. It is possible
that the procedure used to precipitate the surfactant described in [11] lies at the origin of this differ-
ence since the preliminary tests conducted without this precaution tend to yield more Mg2+ ions than
predicted (Table VI).
The concentrations also effectively demonstrate that increasing total water content creates a dilution
effect, which diminishes the quantity of ions in the drained water (Table VII). This effect however
is not apparent on the pH values, which remain independent of the total water content over the stud-
ied variation range.
Lastly, increasing the quantity of surfactant serves to move Ca2+ concentrations towards higher val-
ues (Table VII) and thereby generates a greater amount of dry extract, following the systematic pres-
ence of emulsion in the water recovered at high emulsifier content. This trend has been observed,
albeit to a lesser extent, on the other cations. The finding reflects the existence of exchange reactions
between the cations corresponding to the polar heads of the surfactant and the cations of the mineral
surface, wherein this effect induces rock dissolution [18].

* This calculation had not been performed in a previous paper [7] and the conclusions were thus erroneous.
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Conclusion
The results acquired during the course of this study have shown that:

The petrographic nature of a rock and its chemical composition only lend reactivity-based indi-
cations for extreme compositions, i.e. for siliceous rocks (such as quartzite or siliceous schist) or
limestone (such as pure limestone or siliceous limestone). Siliceous rocks (with a slightly-acid or
neutral pH, low basic potential) show very little reactivity, whereas the limestone rocks exhibit
strong reactions (basic pH, high basic potential).

For silicate rocks, the reactivity (expressed in terms of either suspended filler pH or cation
exchanges) is independent of chemical composition; moreover despite their low calcium content,
rocks do at times leach as much or even more Ca2+ than limestone rocks during an acid attack. A
certain degree of rock alteration stimulates a low exchange potential, in agreement with reactivity
in a basic medium [2].

Laboratory tests, such as pH increase or basic potential, show strong correlation, which demon-
strates that a simple pH measurement serves as an effective indicator of the capacity of a single rock
to exchange ions with an aqueous phase. Nonetheless, the results obtained and especially the clas-
sifications among materials are difficult to interpret in the absence of a kinetics study that undoubt-
edly would enable understanding the lack of observed differences between the limestone samples
and certain feldspars. It would be necessary to draw up a thorough assessment of the species since
the Al3+ ions, which have most likely been leached by feldspars but not by limestone and which
remain very active due to their charge, are not incorporated (nor for that matter is the presence of
H4SiO4 whether in dissociated form or not, resulting from SiO2 dissolution). Lastly, an assessment
of the anions presents would also prove highly instructive and perhaps allow explaining some of
these differences.

Without additional concentrations, it appears that the cations assigned to the aqueous filler solu-
tions are essentially Ca2+ ions, with the exception of the non-reactive siliceous rocks for which other
cations (and primarily K+) are also present. A comparison with samples directly extracted on mixes
shows that these laboratory tests are indeed realistic, even though they minimize the quantity of ions
actually observed, since this quantity may be higher as a result of high surfactant content. In con-
trast, for naturally-wet aggregates, exchanges did have the requisite time to take place thanks to a
period that extended well beyond the two-hour laboratory test; consequently, approximately four
times more ions are present.

This study has definitively proven that ion exchanges between the aqueous phase of a cold mix
and mineral surfaces are extremely dependent upon the emulsion/aggregate couple and that a good
characterization of this reactivity is necessary during the mix design stage. While ongoing tests are
promising, they still require complementary study to better evaluate their overall relevance.
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