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Abstract

A new technique involving ex situ leaching (ESL) of concrete particles in deionized water and chemical analysis of the resulting leachant

was developed to determine the concrete pore water alkalinity. Awater-to-concrete powder ratio no higher than 1 and a leaching time no less

than 3 days were mostly used. The concrete pore water hydroxide ion concentration ([OH� ]pore) was then calculated based upon a protocol

that included several assumptions. It was found that [OH� ]pore was proportional to the cement equivalent alkali content but relatively

insensitive to the concrete water-to-cement ratio. Determinations of [OH � ]pore were compared with (1) results from parallel, conventional

pore water expression (PWE) experiments using concrete from the same batch, (2) a theoretical estimate of this parameter based upon mix

design and cement chemistry of the concretes employed for ESL, and (3) data from the literature. All of these comparisons either directly or

indirectly confirmed the validity of the proposed method. However, applicability of the ESL method, as proposed, to concrete containing

pozzolans or highly soluble inorganic salts (or both) needs to be further explored.
D 2004 Published by Elsevier Ltd.
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1. Introduction

Pore water alkalinity is now generally recognized as a

parameter that affects service longevity of concrete struc-

tures. On the one hand, high alkalinity is essential for

preservation of embedded steel reinforcement passivation

and achieving an acceptably low corrosion rate. Evidence

exists that as the pH of concrete pore water increases, the

chloride-induced corrosion threshold also increases [1,2].

On the other hand, high pore water alkalinity promotes a

reaction with certain alkali-reactive aggregates, which leads

to the expansion and possibly the cracking of concrete [3].

The measurement of pore water pH provides a direct

indication of concrete alkalinity. Pore water expression

(PWE), whereby a cement paste, mortar, or concrete sample

is subjected to a sufficiently high pressure that solution is

squeezed from the material, has evolved to become the most

commonly employed procedure for acquiring pore water for
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pH analysis [4–6]. Limitations associated with the method

include the following: (1) prior water saturation of samples

is required; (2) the method is more useful for pastes and

mortars since expression yields for concrete, particularly

high performance ones, are low.

Methods based upon leaching are alternatives to PWE.

Thus, it is generally known that water-soluble species in

concrete can be leached by their transport through the

porous cementitious structure in response to a chemical

potential gradient. The amount of alkaline species in pore

water can then be determined indirectly by measuring their

concentration in the leachant. Because of path tortuosity,

this transport is usually slow; although it is thought to be

describable, at least approximately, in terms of an appropri-

ate solution to Fick’s second law of diffusion. On this basis,

the effective diffusion coefficient, Deff, of chloride ions in

concrete has been determined to normally be in the range

10� 10 to 10� 13 m2/s, which is several orders of magnitude

lower than in bulk liquid solutions. Diffusion data for

alkaline ions in concrete are scarce, but a similar transport

pattern and comparable Deff to that of chloride ions is

expected [7].

An in situ leaching (ISL) method for pore water pH

determination has been developed by Sagüés et al. [8] and



Table 2

Concrete mixture proportions

Specimen

designation

Cement

alkalinity

w/c Cement

content

(kg/m3)

Coarse

aggregate

(limestone)

(kg/m3)

Fine

aggregate

(silica sand)

(kg/m3)

HA 0.37 high 0.37 400 1004 761

HA 0.41 high 0.41 400 1004 719

HA 0.50 high 0.50 400 1004 625

NA 0.37 normal 0.37 400 1004 760

NA 0.41 normal 0.41 400 1004 719

NA 0.50 normal 0.50 400 1004 625

LA 0.37 low 0.37 400 1004 761

LA 0.41 low 0.41 400 1004 719

LA 0.50 low 0.50 400 1004 625
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Li et al. [9]. Here, a small quantity of distilled water is

placed in a small cavity drilled in a concrete specimen.

Subsequent to equilibration, the pH of this water is mea-

sured and assumed to have approached that of the concrete

pore water. Similar to PWE, the ISL method can be

employed to chemically analyze for soluble species in

addition to OH � that might be of interest (e.g., K + ,

Na + , Ca2 + , Cl � , and NO2
� ). Limitations of ISL include

the following: (1) moisture saturation is also required, (2)

relatively long experimentation times are required to assure

equilibration, and (3) the extent to which the pH of the test

sample approaches that of the pore water is a concern.

Ex situ leaching (ESL), whereby pH of initially near-

neutral distilled water is measured subsequent to its equil-

ibrating with a ground paste, mortar, or concrete sample,

provides a third option. In this case, leaching time is

relatively short compared to that for ISL since the particu-

late nature of the sample reduces transport distances. The

purpose of the present article is to describe methodology

based upon this approach.
2. Experimental Procedure

2.1. Ex situ leaching

A series of 11.5� 15.2� 28.0 cm concrete blocks was

made by the Florida Department of Transportation State

Materials Office in Gainesville using three different water-

to-cement ratios (w/c = 0.37, 0.41, and 0.50) and cements of

three different alkalinities. Table 1 lists the composition of

the cements and shows that the total alkali content expressed

as %Na2O equivalent (denoted by Na2Oe%) was 0.355,

0.519, and 0.972. These are subsequently designated as

‘‘low alkali,’’ ‘‘normal alkali,’’ and ‘‘high alkali,’’ respec-

tively. Table 2 provides a listing of mix designs and

specimen categories. The procedure involved form curing

for 3 days followed by air curing indoors in non-air-

conditioned space for approximately 3 months. The blocks

were then transported to Florida Atlantic University where

they were located in air-conditioned space. At this time, the

four side faces were coated with epoxy, a bath was mounted

on the top 11.5� 28.0-cm face, and cyclic (1 week wet/1

week dry) ponding with 15 w/o NaCl commenced.
Table 1

Chemical composition (wt.%) of the three cements

Compound Low Normal High

SiO2 21.93 21.88 20.63

Al2O3 5.16 5.64 4.44

Fe2O3 3.70 3.87 2.56

CaO 65.02 64.42 63.39

MgO 1.39 0.98 3.85

SO3 2.38 2.87 3.96

Na2O 0.099 0.164 0.192

K2O 0.39 0.54 1.19

Equivalent alkali 0.355 0.519 0.972
2.2. Sample preparation and leaching

After approximately 2 years of cyclic ponding, horizon-

tally oriented cylindrical 5.0-cm-diameter by 11.5-cm-long

cores were extracted close to the bottom specimen face

where acid solubility analyses indicated that the concrete

was chloride-free. The top 1 cm layer of each core was

discarded to avoid material that was possibly carbonated.

The cores were then crushed and pulverized until all

material passed a #50 sieve. The resultant powder from

individual cores was then stored in airtight HDPE bottles.

For leaching, approximately 50 g samples of prepared

concrete powder were weighed to an accuracy of F 0.01

g, placed in individual air-tight HDPE bottles, and then

mixed with various amounts of deionized water so that

the water-to-concrete weight ratio (denoted by u) was 0.7,
1.0, 2.0, and 4.0. For most of the leaching experiments,

u = 1.0 was selected. Leaching was sustained for periods

of 1, 3, 10, and 30 days, during which the mixtures were

periodically stirred. At the end of the leaching periods (3

days in most cases), the samples were filtered to remove

particulates. In cases where some white solid particle

suspension remained, a second filtering was performed.

The resultant solution was divided into two approximately

equal parts, each of which was immediately titrated first

for OH � and then for Ca2 + concentration, as will be

described later.

2.3. Chemical analysis

The OH � concentration was determined by measuring

the potential of a combination pH electrode in the leachant

as it was titrated with 0.1 N HCl in 0.4-ml increments. The

endpoint for OH � titration was selected as 7.0 so that any

OH � species that might have already been carbonated

during the sample preparation stage were also accounted

for. Accordingly, the hydroxide concentration in the leach-

ant ([OH � ]lch) was calculated from the expression

½OH��lch ¼
VHCl0:1

Vl

ð1Þ



Fig. 1. Measured porosity of the various concrete mixes.
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where VHCl is the endpoint volume (in ml) of 0.1 N HCl

and Vl is the volume (in ml) of the leachant sample under

titration.

Immediately after the OH � titration, the resulting solu-

tion was first adjusted to pH>13 by adding 1 M NaOH

solution. It was then titrated for Ca2 + concentration

employing 0.01 N disodium ethylenediamine tetraacetate

dihydrate (EDTA) with hydroxy naphthol blue as the

indicator. The endpoint was defined by a change of the

solution color from purple to blue. The calcium ion con-

centration in the leachant ([Ca2 + ]lch) was calculated from

the expression

½Ca2þ�lch ¼
VEDTA0:01

Vl

ð2Þ

where VEDTA is the endpoint volume (in ml) of the 0.01 N

EDTA. After [OH� ]lch and [Ca2 + ]lch were obtained, the

OH � concentration and pH of the concrete pore water were

calculated according to procedures that are presented in

Section 3.2.1.

To assess the accuracy of the titration methods, five

solution samples obtained from a saturated Ca(OH)2 solu-

tion were separately titrated for [OH� ] and [Ca2 + ]. The

standard error for both [OH � ] and [Ca2 + ] was less than

1%, and the electrical charge of the cation (Ca2 + ) was

balanced by that of the anion (OH� ) to 99%. Based upon

this, it was concluded that the titration methods were

sufficiently accurate to be employed for the purposes of

this investigation.

2.4. Pore water expression

To evaluate the validity of the current ESL method,

PWE and ESL were performed on a concrete that was

made from a common batch (cement 335 kg/m3, stone

1160 kg/m3, sand 830 kg/m3, and w/c = 0.52). A Type I

cement with Na2Oe%= 0.99% was used. Subsequent to

setting, the concrete was moist cured in a fog room of

100% relative humidity for 28 days. The PWE procedure

was the same as has been described previously [9] except

that the maximum pressure exerted on a concrete sample

was approximately 200 MPa. Since the amount of pore

water from each expression was not enough for an

accurate OH � titration, the pH of the expressed samples

was measured using a micro-pH electrode following the

same procedure as described previously [8,9].
3. Results and discussion

3.1. Concrete porosity

Fig. 1 shows the measured concrete porosity values

based on water absorption capacity [10]. This indicates that
concrete porosity increased with increasing w/c but was

essentially independent of cement alkalinity content.

3.2. Pore water hydroxide ion concentration

3.2.1. Method of calculation

After the concentrations of Ca2 + and OH � in the

leaching solution are determined, the OH � concentration

in the pore water of the concrete (denoted by ([OH � ]pore)

under a fully water-saturated condition can be calculated.

This involves the following assumptions:

Assumption I: The major cations in the leaching solution

are Ca2 + , Na + , and K + , whereas OH � is the only major

anion. By neglecting other species, the following equation

applies:

2½Ca2þ�lch þ ½Naþ�lch þ ½Kþ�lch ¼ ½OH��lch ð3Þ

Assumption II: Similarly, the following equation holds for

ionic species in concrete pore water before leaching:

2½Ca2þ�pore þ ½Naþ�pore þ ½Kþ�pore ¼ ½OH��pore ð4Þ

Assumption III: During the leaching process, equilibrium

is established between alkali ions in the concrete pore water

and those dissolved into the leaching water. Alkali ions that

may be physically or chemically bound to the cement paste

are not released into the leaching solution.

Assumption IV: Prior to leaching, the cement in the

concrete samples is either fully hydrated or the effect of

extra cement hydration after concrete pulverizing and

remixing with water during leaching is negligible.



Fig. 3. Effect of u on [OH� ]pore for LA 0.50 and HA 0.37 concrete (total

leaching time = 3 days).
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It is known that calcium hydroxide crystals constitute

20–25% of the volume of the solids in hydrated cement

paste [11]. Nevertheless, the solubility of Ca(OH)2 in high

pH concrete pore water is very low, such that at pH>13, the

soluble [Ca2 + ] is much less than that of [Na + ]+[K + ].

Accordingly, Eq. (4) can be simplified as

½OH�
pore�i½Naþ�pore þ ½Kþ�pore ð5Þ

However, [Ca2 + ]lch in Eq. (3) cannot be neglected be-

cause some solid calcium hydroxide crystals are likely to

have dissolved when a significant amount of external leach-

ing water is mixed with concrete powder. Based on Assump-

tion III and material balance, the hydroxide concentration in

fully water-saturated concrete pore water will be

½OH��pore ¼ ½Naþ�pore þ ½Kþ�pore

¼ ð½Naþ�lch þ ½Kþ�lchÞ
Vlch

Vpore

ð6Þ

where Vlch is the total volume of leaching water plus the

volume of preexisting pore water in the concrete sample

under the exposure conditions and Vpore is the total capillary

pore volume of the water saturated concrete sample, as

calculated by the following equation:

Vpore ¼ Wq=d ð7Þ

where W, d, and q are the weight, density, and capillary

porosity of the concrete sample, respectively. By employing

Eq. (3), Eq. (6) can be expressed as

½OH��pore ¼ ð½OH��lch � 2½Ca2þ�lchÞ
Vlch

Vpore

ð8Þ

Lastly, pH of the concrete pore water is calculated as

pH ¼ 14þ logðc½OH��poreÞ; ð9Þ

where c is the activity coefficient of OH � , which is

approximately 0.7 when [OH � ]pore>0.1 mol/L [12].
Fig. 2. Effect of leaching time on [OH� ]pore of NA 0.50 concrete (u= 1.0).
3.2.2. Effect of leaching time on [OH�]pore
Fig. 2 shows the effect of leaching time on [OH � ]pore for

NA 0.50 concrete samples with u = 1.0. The data show

relatively pronounced accumulation of OH � in the leachant

during the initial 3 days; however, the additional increase

with more prolonged leaching was modest. Consequently,

all subsequent experiments for determination of [OH � ] and

pH utilized a 3-day leaching period.

3.2.3. Effect of relative amount of water during leaching

Fig. 3 shows the effect of u on the measured values of

[OH � ]pore for the LA 0.50 and HA 0.37 concretes. All

samples were subjected to a leaching period of 3 days. For

the LA 0.50 concrete, [OH� ]pore was relatively unaffected

by u. For the HA 0.37 concrete, however, a higher u
(increased relative amount of water during leaching) in-

creased the measured [OH � ]pore. This observation for the

HA 0.37 concrete may have resulted from hydration of

previously unhydrated cement particles in the samples,

which caused additional alkali ions to be released into the

leaching solution and, hence, to an overestimation of

[OH � ]pore. To minimize this overestimation, u should be

maintained as low as possible. For practical proposes,

however, u = 1 was selected as a compromise so that, on

the one hand, sufficient leaching solution is extracted for

chemical analysis and, on the other hand, any [OH � ]pore
overestimation is minimized.

3.2.4. Effect of cement alkalinity on [OH�]pore
Fig. 4 shows the measured [OH � ]pore for the different

concrete mixes as a function of Na2Oe%. The [OH � ]pore
was apparently insensitive to w/c; however, this parameter

increased with increasing Na2Oe%. The average [OH � ]pore
was 0.19 M for the low alkali concrete, 0.24 M for the

normal alkali, and 0.53 M for the high alkali.



Fig. 4. Measured pore water [OH� ] of the various concrete mixes.
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As noted above, the high pH of concrete pore water is a

result of the release of alkali ions into pore water during

cement hydration. Stochiometrically, the reaction of each

mole of cement alkali oxide produces 2 mol of hydroxide, as

represented by the following simplified reaction:

Na2Oþ H2O ! 2NaOH ð10Þ

On this basis, the theoretical [OH � ]pore is,

½OH��pore ¼
C 
 Na2Oe% 
 h

50Mq
ð11Þ

where C is the cement content of a concrete mix (kg/m3), h is

the degree of cement of hydration (fraction), and M is the

molecular weight of Na2O (g/mol).

By assuming cement full hydration (h = 1.0) and no

binding of alkali ions to hydrated cement paste, theoretical

[OH � ]pore values for concrete with C = 400 kg/m3 and

q = 0.10, 0.15, and 0.20 were calculated and are plotted as

lines in Fig. 5, in comparison to measured [OH� ]pore values
Fig. 5. Comparison of measured [OH� ]pore and theoretical values for

concrete with C= 400 kg/m3 and q = 0.10, 0.15, or 0.20 while assuming full

hydration and no binding.
for the concrete mixes investigated here. The theoretical

lines lie above the measured values, suggesting that full

cement hydration had not been achieved, even with the

powdered concrete samples exposed to distilled water for 3

days. On the one hand, additional hydration during leaching

may have been minimal, consistent with the concrete

powder particulate size being much larger than the cement

particle size. Alternatively, the difference between the mea-

sured and theoretical [OH � ]pore may partly be due to the

binding effects of alkali ions similar to that of chlorides in

concrete [13,14].

3.2.5. Comparison between ESL and PWE

As mentioned earlier, the validity of the current

method (ESL) was evaluated by comparing the calculat-

ed pore water pH based upon it with that measured from

PWE for concrete samples from the same batch (C = 335

kg/m3, w/c = 0.52, and Na2Oe%= 0.99). The pH deter-

mined by ESL was 13.52 and by PWE, 13.62, indicating

general agreement between the two and no significant

tendency, if any, for overestimation by the former

method.

As a secondary assessment, Fig. 6 plots measured

[OH � ]pore values determined by ESL as a function of

Na2Oe% for the present concrete mixes in comparison to

data from the literature [6,15–23], which were determined

using samples obtained by PWE. Regardless of the scatter,
Fig. 6. Relationship between [OH� ]pore and Na2Oe% for concrete mixes

measured with ESL in this study and those measured with PWE in

literature.
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the data conform to a common trend in that [OH � ]pore
increased with increasing Na2Oe%. Again, there is no

indication that the ESL method overestimated [OH � ]pore.

The simple linear regression for the ESL results shown in

Fig. 4 yields the average [OH � ]pore about 0.53 times

Na2Oe%. In contrast, Diamond [24] found that [OH � ]pore
was about 0.70 times Na2Oe% based on literature data for w/

c = 0.50 cement pastes and mortars using PWE. The lower

[OH � ]pore values relative to Na2Oe% for the current study

compared with those of Diamond [24] may be due to the

prolonged air drying for the concrete specimens used in

ESL. This possibility is supported by the work of Rivard et

al. [25] and Constantiner and Diamond [26] who reported

that a portion of the alkali hydroxides that were previously

soluble can become fixed onto solid surfaces after pro-

longed air drying and that such fixed hydroxides do not

reenter the solution for a long time after subsequent satura-

tion of the concrete.

An advantage of the ESL method compared to ISL

and PWE, in addition to its applicability to high perfor-

mance concretes and the fact that experimentation times

are relatively short, is that it can be employed to

calculate alkalinity of pore water in cases of undersatura-

tion by assuming water occupies only a fraction of the

available pore space (see Eqs. (7)–(9)). However, addi-

tional experimentation is necessary to determine applica-

bility of the ESL method, as proposed, to concretes

containing pozzolans or highly soluble inorganic salts

(or both).
4. Conclusions

1. A new ESL method for determining concrete pore

water alkalinity has been developed. The method is

relatively simple and is applicable to concrete of

various water-to-cement ratios. A water-to-concrete

powder ratio of 1:1 and a minimum leaching time of

3 days are recommended.

2. Preliminary comparisons of pore water pH data using

ESL with parallel PWE measurements and with data in

the literature confirmed validity of the ESL method.

3. Concrete pore water hydroxide concentration (and hence

pH) was found to be proportional to the cement

equivalent alkali content but essentially independent of

water-to-cement ratio.
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[8] A.A. Sagüés, E.I. Moreno, C. Andrade, Evolution of pH during in-situ

leaching in small concrete cavities, Cem. Concr. Res. 27 (11) (1997)

1747–1759.
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