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Abstract The performance of slag and fly ash in

hydrated cementitious materials depends on the degree

of reaction developed at the evaluated age. Several

methods for the determination of the reaction degree of

supplementary cementitious materials are available,

among which the selective dissolution method is one of

methods developed the earliest. This is a direct method

that aims to quantify the amount of unreacted slag or fly

ash in the sample by applying a selective acid attack.

The degree of reaction is obtained from the comparison

between the remaining unreacted SCM, which should

not dissolve, and the total amount initially included in

the mix. This recommendation indicates suitable proce-

dures for computing the degree of reaction by selective

dissolution of cement pastes containing slag and fly ash.

Specific considerations are indicated for necessary

corrections due to the imperfect selective dissolution

when the procedure is applied to hydrated cement paste.
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1 Introduction/scope

The extent of the reaction of supplementary cemen-

titious materials (SCM) in hydrated cement paste is a

key issue for connecting its effects with the pore

structure of the cementitious material.

Different methods can be used for this purpose, and

they can be classified as direct and indirect methods

[1]. The direct methods aim to quantify the amount of

unreacted SCM in the mix. The indirect methods are

based on the quantification of some phases in the

hardened material, which are affected by the reaction

of SCM. Selective dissolution is thus classified as a

direct method.

The purpose of the selective dissolution method is

to dissolve all phases that are present in the hardened

material, except unreacted SCM. This is never com-

pletely achieved, as part of the unreacted SCM can be

dissolved and some small amounts of the other phases

remain undissolved. An acceptable result is to be

expected when these relative amounts are below 10%

of the total content of the respective phases. In fact,

based on the appropriate definition of the method, it

should be better called ‘preferential dissolution’.

The accuracy and repeatability of the method have

been contrasted with other methods, such as backscat-

tered electron image analysis, portlandite consump-

tion assessed by thermogravimetry, and XRD with

Rietveld analysis considering phases with partial or no

known crystal structure [2]. The results showed that

selective dissolution results in about 10% overestima-

tion of the amount of unreacted fly ash and slag in

hydrated cement paste in comparison with the other

methods, but it provides consistent results. Moreover,

selective dissolution remains as one of the more

universal methods due to its relatively low cost and

low specialisation required.

The dilution caused by aggregates in concrete and

mortar makes the precision of the selective dissolution

method very low for these two materials. Therefore,

the method is convenient for hardened cement paste

only. Similarly, the precision of the method decreases

proportionally with decreasing SCM content of the

cement paste. Minimum SCM content of 20% is

recommended for the application of the method [1].

Blended cement paste is cured for the period under

investigation, and after that samples should be imme-

diately prepared and tested for selective dissolution. If

samples need to be stored for some time before testing,

hydration stoppage should be done accordingly, and

an appropriate procedure can be found in [3].

The current recommendation offers two procedures

for selective dissolution, to be applied respectively on

siliceous fly ash and slag admixed cement paste, with the

aim of quantifying the reaction degree of the SCMs. The

main differences in both procedures are the type of acid

solution and the contact time. The computation of the

result considers the precipitation of different products

after dissolution, which depends on the composition of

the respective SCM. This recommendation aims to

provide guidelines for the procedure to be applied.

However, it does not suggest any advantage of this

method over other methods to determine the degree of

reaction of SCMs. For a comprehensive comparison of

different methods, the reader can refer to [1, 2].

2 Selective dissolution

2.1 Preparation of samples

The hardened sample must be ground to dust for the

application of selective dissolution. First, it is recom-

mendable that the external layer of the sample is

discarded to avoid influences of carbonation or

leaching. For the case of samples shaped as flat discs,

this can be achieved with the aid of grinding paper

applied to all faces of the sample. It is also convenient

that the hardened sample is not from the base and top

of the original specimen, as these sections may show

differences due to the casting procedure. The hardened

sample is manually ground with mortar and pestle to a

maximum size of 125 lm immediately before selec-

tive dissolution is applied. No automatic grinding

should be applied, as excessive grinding can increase

the solubility of the SCMs and reduce the repeatability

of the procedure. If powdered samples need to be

stored for some days after grinding, they should be put

in a desiccator under vacuum together with a dish with

soda lime to mitigate carbonation.

Powdered samples are oven-dried at 105 �C for 1 h

and weighed to 0.0001 g. Filter papers (with pore

diameter less than 4 lm) must also be previously oven

dried at 105 �C for 1 h, weighed to 0.0001 g and

stored in a desiccator prior to filtering.

The acid dissolution in correspondence with the

type of SCM in the powdered sample is then applied.
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Values expressed per 100 g dried paste are con-

verted to values per 100 g of anhydrous binder using

the loss on ignition of the dry cement paste according

to Eq. (1). It should be noted that this correction may

add a source of error, as the raw SCMs have their own

loss on ignition (even at temperatures below 600 �C)
[4]. Therefore, when possible the correction should be

made considering the thermogravimetric analysis of

the raw SCM.

m
100 g of anhydrous binder ¼

m
100 g of dry paste

1� loss on ignitionð Þ
ð1Þ

2.2 Procedure for dissolution with salicylic acid

and hydrochloric acid for siliceous fly ashes

This selective dissolution method is based on the

European technical report CEN/TR 196-4 [5], which

was developed for the determination of the composi-

tion of unhydrated fly ash blended cements. The

method can also be used to determine the content of

unreacted fly ash in a hydrated sample. It should not be

used for calcium rich fly ashes, as the high solubility of

this type of raw material leads to inaccuracies and a

high variation in the results [2].

An acid mixture is produced containing 41 mL

concentrated hydrochloric acid (37 wt%, q = 1.19 g/

mL) and 50 g salicylic acid, made up to 1 L with

methanol. Then 2 ± 0.02 g (with a precision of

0.0001 g) of the powdered sample is mixed with

200 mL of the acid mixture in a glass beaker using a

magnetic stirrer (about 300 rpm) for 30 min. The

formation of lumps should be prevented, and if

necessary they should be broken up with a glass rod

prior to stirring. Afterwards, the insoluble residue is

filtered off using the pre-moistened filter paper. All the

residue is transferred to the filter, and the inside of the

glass must be carefully washed with methanol and

transferred to prevent any loss of solids. Due to the

evaporation of methanol, salicylic acid may precipi-

tate. This can be recognised by the violet colour. The

filter has to be washed with methanol until the filter is

completely white. The filter with the residue is dried at

105 �C for 2 h and weighed with a precision of

0.0001 g to determine the weight of the residue by

difference with the weight of the clean filter paper.

The residue contains the unreacted fly ash and some

insoluble components of Portland cement (mainly

sulphate). In hydrated samples, the sulphate bearing

phases like ettringite or monosulphate are dissolved,

but then sulphate re-precipitates as gypsum. In both

cases, bassanite is formed in the drying process. To

calculate the content of unreacted fly ash, it is

absolutely necessary to determine the bassanite con-

tent in the residue. Usually, the sulphate content (SO3)

of the residue is determined chemically e.g. with a

carbon/sulphur analyser. Then the bassanite content is

calculated by multiplying the obtained sulphate con-

tent with a factor of 1.813 (based on the molecular

weight). This computation is based on the premise that

all the SO3 in the residue forms bassanite.

It is also possible to determine the bassanite content

with other methods, like X-ray diffraction, but it has to

be considered that the amount of the residue is quite

small, especially for low fly ash contents. In any case,

it is recommended to perform a determination in

triplicate.

For hydrated samples with fly ash addition, it is

necessary to investigate reference samples without fly

ash to correct for small amounts of insoluble compo-

nents of remaining clinker and possibly other cement

components like blast furnace slag. Also, a correction

for the fraction of soluble fly ash is possible by testing

the pure fly ash with the same selective dissolution

procedure (to verify the remaining amount after the

attack). This correction can be disregarded (p = 1,

especially for extended reaction periods) assuming

that the soluble fly ash is reacting. The reaction degree

of the fly ash in the hydrated cement paste can then be

calculated according to Eq. (2).

afly ash ¼
100fp�Rb 1� bSbð ÞþRPC 1� fð Þ 1� bSPCð Þ

100fp
� 100%

ð2Þ

f mass fraction of fly ash in initial dry binder, p mass

fraction of fly ash undissolved by salicylic

acid ? HCl. Rb mass of residue from the fly ash

blended paste in g/100 g anhydrous binder. RPC mass

of residue from the OPC paste in g/100 g anhydrous

binder. b mass of bassanite formed from 1 g of

SO3 = 1.813 g. Sb mass of SO3 in fly ash blended

paste residue in g/g of residue. SPC mass of SO3 in

OPC paste residue in g/g of residue.
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2.3 Procedure for dissolution

with EDTA ? TEA ? DEA for blast furnace

slag

This selective dissolution method is also based on the

European technical report CEN/TR 196-4 (2007) and

similar to the procedure proposed in [6].

Amixture of 250 mL of triethanolamine (TEA) and

500 mL of distilled water is produced, where 93 g of

EDTA is dissolved, and then 173 mL of diethylamine

(DEA) is rapidly added. Finally, the mix is completed

with water up to 1000 mL. This solution is to be used

within 1 month. For the dissolution of the sample,

50 mL of the buffered solution is put into a beaker and

diluted with water to approximately 800 mL. While

the solution is continuously stirred (about 300 rpm)

and maintained at 20 �C, 0.5 ± 0.02 g (with a preci-

sion of 0.0001 g) of powder sample is spread onto the

surface preventing the formation of any agglomerate.

Stirring is continued for 120 min. Afterwards, the

insoluble residue is filtered off using a previously

weighed and moistened filter paper (with mean pore

diameter less than 4 lm) by applying suction (not

lower than 250 mmHg). The stirrer and the beaker are

carefully washed with water, and any adhering solid is

detached and transferred using a glass rod with a

rubber end. The residue is washed five times with

10 mL of water. The filter with the residue is dried at

105 �C for 1 h and weighed with a precision of

0.0001 g to determine the amount of the residue by

subtracting the weight of the clean paper.

The reaction degree of the slag in the hydrated paste

considering a correction due to precipitation of

hydrotalcite-like phases within the collected residue

is computed similarly to the procedure in [7], accord-

ing to Eq. (3). The term hydrotalcite-like phases is

preferred as pure hydrotalcite has the chemical

composition Mg6Al2(OH)16�4H2O, but the compound

actually involved in this precipitation process contains

interlayer CO3
2- and a ratio Mg:Al varying between

2:1 and 3:1 [6]. The correction for the soluble fraction

of slag can be disregarded (p = 1) for long term

reaction periods when considering that this fraction is

reactive and will not remain unreacted in the mature

sample.

aslag ¼
100fp� Rb þ RPC 1� fð Þ

f 100p� hMsð Þ � 100% ð3Þ

f mass fraction of slag in initial dry binder. p mass

fraction of slag undissolved by EDTA ? DEA ?

TEA. Rb mass of residue from the slag blended paste,

in g/100 g of anhydrous binder. RPC mass of residue

from the OPC paste, in g/100 g of anhydrous binder.

h mass of dried hydrotalcite formed from 1 g of MgO

in the slag glass = 2.35 g for pure hydrotalcite (with

Mg:Al = 3:1). Ms mass of MgO in the slag glass, in

g/100 g slag.

3 Considerations and interpretation of results

The dissolution of raw cement, slags, fly ashes and

the neat PC paste is carried out to determine the

undissolved residue of these materials, which in the

perfect case should be zero for the portland cement and

its paste and 100 wt% for the SCMs. This is not the

case, and although corrections for the incomplete

dissolution of some components are included, some

uncertainties related to these corrections are a source

of error. PC pastes have shown a residue of less than

1% for the EDTA ? DEA ? TEA solution, whereas a

residue of about 5–10% can be expected for the

salicylic acid ? HCl solution [8]. Both ranges are

acceptable. The results given in [2] show that only

70–80 wt% of calcareous fly ash remained undis-

solved after the attack with salicylic acid ? HCl,

which makes the method unacceptable for the deter-

mination of the degree of reaction of this type of fly

ash. The residue of slag can be rather low, around

90 wt%, but still acceptable. It is recommended that

these selective dissolution methods are not applied to

SCMs with a solubility ratio higher than 10%.

For the determination of the mass with respect to

the anhydrous binder, the mass of sample should be

corrected by the loss on ignition. Here, loss of weight

at temperatures over 600 �C will be partly due to

decarbonation whenever the constituent OPC contains

limestone in its composition. Also Fe and unburnt

carbon in unreacted fly ash, and S in unreacted slag,

might cause weight variations during calcination of

the blended paste [4]. Considering these contributions

on the basis of the thermogravimetric analysis of the

SCM in question will improve the precision of the

method. The loss of bound water in the range

600–950 �C is minimal, and it is advisable to disregard

it when there a possibility that the sample contains
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carbonates. Then, the error connected with the release

of CO2 can be reduced if the loss on ignition for the

temperature interval 105–600 �C instead of

105–950 �C is considered in Eq. (1). More reliable

results can be obtained if this information is acquired

by TGA instead of a plain loss on ignition.

Triplicate results should be obtained for each

sample in order to obtain a reliable average result.
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