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SUMMARY: If we are to monitor the chemical processes in cementitious materials, then pH assays in the
pore solutions of cement pastes, mortars, and concretes are of key importance. However, there is no standard
method that regulates the sample-preparation method for pH determination. The state-of-the-art of different
methods for pH determination in cementitious materials is presented in this paper and the influence of sample
preparation in each case. Moreover, an experimental campaign compares three different techniques for pH
determination. Its results contribute to establishing a basic criterion to help researchers select the most suitable
method, depending on the purpose of the research. A simple tool is described for selecting the easiest and the
most economic pH determination method, depending on the objective; especially for researchers and those with
limited experience in this field.
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RESUMEN: Revision sobre la preparacion de muestras de hormigén y su influencia sobre la determinacion del pH.
Determinar el pH de la fase acuosa de los poros de pastas de cemento, morteros y hormigones tiene gran impor-
tancia en el monitoreo de los procesos quimicos que tienen lugar en los materiales cementiceos. Sin embargo,
no existe una normativa que regule el método de preparacion de la muestra para la determinacion de su pH.
Este articulo presenta un estado del conocimiento de diferentes metodologias para la determinacion del pH
de materiales cementiceos y la influencia del método de preparacion segun el objetivo. Ademas, se presenta
una campana experimental comparando tres técnicas diferentes. Dicha campafia contribuye a establecer un
criterio simple que ayude al investigador en la seleccion del método mas adecuado dependiendo del objeto
de studio. Este articulo tiene por objetivo ser una herramienta sencilla para seleccionar la metodologia mas
facil y econdmica para determiner el pH dependiendo del objetivo, especialmente para investigadores noveles o
aquellos con escasa experiencia.
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1. INTRODUCTION in various contexts such as within the human body
and the soil. For instance, the pH range of the epi-

The measurement of pH provides relevant infor- dermis is between 4 and 6.5. Its protective function
mation on the status of both living and inert sys- prevents dehydration through the skin and func-

tems. In living systems, pH plays an important role tions as a barrier to microorganisms (1). In soils,


http://dx.doi.org/10.3989/mc.2017.08515
mailto:sandra.manso@upc.edu
http://dx.doi.org/10.3989/mc.2017.08515
http://orcid.org/0000-0002-2712-5976
http://orcid.org/0000-0001-5542-6365

2+ S. Manso and A. Aguado.

pH influences both nutrient uptake and the biomass
composition of fungi and bacteria (2). As regards
inert systems, the analysis of pH was of significant
interest to Van der Schueren and De Clerck (3) in
their study of pH-sensitive textiles proposed as
wound dressings.

It is likewise of interest in the study of cementi-
tious materials. For example, pH is of interest when
studying setting and hardening processes, the use of
hydraulic binders in cementitious materials with a
low pH, and hydraulic binders as a complement to
other tests in the diagnosis of pathologies such as
decalcification.

The hydration of cementitious materials involves
a sequence of chemical reactions between the solid
components of the cement and water (4). The pH
range over which CSH gels remain stable is between
10.18 and 12.48 (5). Therefore, pH has a key role
in the chemical kinetics of those reactions and pro-
vides important information when studying their
evolution during setting and hardening processes.

Cementitious materials with a low pH are also
used in mixes that contain waste products with both
inorganic and organic contaminants. At a high pH,
of around 12 and 13, inorganic contaminants are
precipitated as insoluble hydroxides, as the mini-
mum solubility of those hydroxides ranges between
8 and 11. However, highly alkaline systems are not
suitable for organic contaminants, as the most effec-
tive method for fixing them requires the presence of
microorganisms, which can grow and survive within
a pH range of 5.5 to 8.5 that is required for biodeg-
radation processes (6).

Finally, decalcification of the cement paste is
provoked by chemical attacks such as carbonation,
leaching, and aggressive sulfates (7). Concrete car-
bonation is an important cause of deterioration
in reinforced concrete structures. It is a process
by which atmospheric carbon dioxide reacts with
the hydration products of the cement to form cal-
cium carbonate, which lowers the alkalinity of the
concrete. Carbonation is therefore responsible for
depassivation of the reinforcement steel (8).

Leaching is a process which takes place when
concrete is exposed to poorly mineralized or acidic
water. The phenomenon consists of the dissolution
of calcium and hydroxide ions out of the matrix,
which increases its porosity and causes other
changes in the material (9-10).

In contrast, sulfate attack refers only to the nega-
tive effects of the chemical reactions in which sulphate
ions are present (11). However, the attack severity
depends on the exposure conditions such as tempera-
ture and sulphate concentrations, among others (12).

According to Grubb et al. (13), “pH is an
approximate measure of the acidity or the alka-
linity of a solution and is defined as the negative
logarithm of the hydrogen-ion (H") concentra-
tion”. The measurement of this parameter in a

cementitious material is therefore a challenge; there
is no standard method for pH determination in the
pore solutions of concrete samples, nor is there a
sample-preparation method for that purpose. As
pH can only be measured in liquid mediums, a
means of accessing the pore solutions of hardened
materials is needed.

Several methods have been proposed in the lit-
erature, such as pore pressing, dispersion in distilled
water of crushed and ground samples, full immer-
sion of the sample in distilled water, in-situ leaching
(ISL) in small sample cavities, etc. However, there
are no studies that compare the different prepara-
tion procedures, while assessing any influence that
they may have on the pH of the pore solution. So,
the selection of the method for the pH assay of
cementitious materials and its regulation would be
useful, as neither a standard sample-preparation
method, nor a method to determine the pH of pore
solutions exists at present.

A state-of-the-art approach of the aforemen-
tioned methods is therefore examined in this paper,
in which the pH of hardened cementitious materials
is analyzed and each method, its influence on the
results, and its advantages and drawbacks are dis-
cussed. Furthermore, an experimental program was
conducted to compare three of those methods, so as
to determine whether the sample preparation proce-
dure influenced the pH assay: full immersion in dis-
tilled water, dispersion in distilled water of crushed
and ground samples, and superficial measurement
by means of flat-surface pH electrodes.

2. METHODOLOGIES
2.1. Indicators

The use of indicators such as phenolphthalein or
bromothymol blue has been fully described in the
literature. Phenolphthalein has traditionally been
used to determine the altered zones of cementitious
materials, as it dyes materials with a pH of over 9 in
a purple-red color.

Chemical changes involving the use of phenol-
phthalein to determine the drop in pH mainly refer
to carbonation due to environmental CO, (14-15)
and acid attack (16-17). Figure 1 shows an example
of a sample affected by carbonation.

The use of phenolphtalein is an easy and cheap
indicator and therefore the most common method
for visual determination of carbonation. However,
it provides no accurate information on the pH of
the material. Several authors have proposed more
accurate methods (18-19). For instance, ASTM
International (20) suggested the use of thymol-
phthalein as a good substitute. Thymolphthalein
turns from blue to colorless within an approximate
pH range of 9.3 to 10.5, while phenolphthalein turns
from red-violet to colorless between a pH range of
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FIGURE 1. Carbonation front determined with phenolphthalein.
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FIGURE 2. Alkaline pH values indicators.

8.9 t0 9.8. These results can therefore provide useful
indications of early carbonation.

Furthermore, it could be of interest to study
the process of pH reduction in terms of a combi-
nation of indicators. Figure 2 shows four different
pH indicators for the alkaline range of pH values,
which may be used for that purpose. Other indica-
tors also used for the analysis of particular com-
pounds include the pH indicator bromophenol blue
that determines free lime in hydrated cement follow-
ing titration (21). In addition, Knopf et al. (22) used
bromothymol blue which registers lower pH levels
than phenolphthalein. This indicator has also been
used by other authors such as Guilbeau et al. (23)
and in other disciplines such as dentistry (24).

2.2. pH strips

The use of pH indicator strips is extensive in
areas such as medicine and biology. For instance,
Ericson and Bratthall (25) proposed the use of acid-
impregnated pH indicator strips to estimate salivary
buffer capacity. Moreover, Islander et al. (26) used
the same type of strip to verify pH measurements
recorded with flat-surface electrodes. These strips
are also common in microbiology for monitoring the
pH of culture media (27). Accordingly, Matinlinna
et al. (28) determined the pH of different dental
silanes with pH indicator strips.

However, the use of this simple technique is less
common for cementitious materials. The literature
contains few works on their use in building materi-
als; those that do refer mainly to pH verification fol-
lowing accelerated carbonation processes (29-30).
Previous work has been based on standard ASTM

F710 (31), which refers to a procedure to determine
the pH of concrete floors prior to the resilient floor-
ing applications. According to the aforementioned
standard, several drops of distilled water should be
placed on a clean surface and the pH assay should
be done after 60 £ 5 seconds.

As with pH indicators, the use of pH strips for
simple verification of the carbonation state of a
concrete sample is both cheap and easy. The method
simply involves placing a pH strip in contact with a
few drops of distilled or deionized water on a con-
crete surface. However, this method should only
be used for verification of alterations in the state
of a material. Grubb et al. (13) suggested that the
method could be applied in field tests to concrete
powder scratched off concrete surfaces and mixed
with 10 to 12 drops of water.

Islander et al. (26) used pH-indicator strips to
validate the accuracy of the results from flat-surface
electrodes. They opened a slight depression on the
surface, to facilitate contact between the drops of
distilled water and the electrode and to avoid prob-
lems relating to specimen roughness.

2.3. pH-meters

The use of digital equipment yields more accu-
rate results than colour-coded methods. These mod-
ern methods are now the most widely employed
to estimate the pH of a heterogencous and mainly
solid material such as concrete. Pore-water expres-
sion (PWE) is considered the most accurate index
and the reference method. Proposed by Longuet et
al. (32), it consists of pore-solution extraction under
high pressure. An amount of 300 g of cement paste
is subjected to a maximum pressure of 350 MPa.
However, only certain samples may be used in the
proposed equipment and the characteristics of this
method means that only the pore solution of cement
pastes can be obtained. Therefore, Barneyback and
Diamond (4) proposed modifications to the equip-
ment, to permit the extraction of pore solutions
from the mortar. To that end, maximum pressures
in the order of 550 MPa were applied to 250 g of
the sample. Nevertheless, the configuration of the
equipment and its constituent parts, which are pre-
sented in Figure 3, were similar.
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FIGURE 3. Pore-pressing equipment (1. Plastic tube for liquid
drain; 2. Support cylinder; 3. Platen; 4. Die Body; 5. Piston
assembly).

The literature lists a wide range of pressures
applied to cement pastes and mortars to obtain a
suitable amount of pore solution for the test proce-
dure. Accordingly, the pressures applied to cement
pastes varied between 345 MPa and 560 MPa,
although it was not specified by all of the authors
(33-36). Similar figures may be observed in the lit-
erature on the pressures applied to obtain pore solu-
tions from mortars, which generally ranged between
200 MPa and 1,100 MPa (37-41).

The diversity of the methods leads to a question
on the possible effect of the pressure on the results.
Constantiner and Diamond (42) evaluated the
effects of a range of pressure between 248 MPa and
517 MPa. The authors concluded that slight incre-
ments of alkali hydroxide were observed at higher
pressures, as well as an increase in sulphate ion con-
centrations. However, no works on that topic have
been found in the subsequent literature.

Traditionally, direct measurement of the pore
solution has been considered a reference method.
However, the technical and equipment-related costs
are high and sufficient samples are not always easy
to obtain. Therefore, effort had gone into the devel-
opment of methods that reduce both costs and dif-
ficulty. In this sense, several variations of the ex-situ
leaching (ESL) approach have been used. Basically,
the aforementioned method corresponds to mixing
deionized water and powder from crushing a known
weight of material. However, there is an important
question regarding the liquid-to-solid (L:S) ratio,
the state of the sample (powdered, crushed, or in
one piece) and the leaching period, which will all
have significant influence on the pH results, due to
the effect of dilution.

Regarding the L:S ratio, several authors used a
ratio of 1, although other variables differed. For
instance, Mori et al. (43) assayed pH after suspend-
ing 1 g of mortar in 1 ml of distilled water, while
Risdnen and Penttala (44) crushed 30 g of mortar
to mix 15 g with 15 ml of distilled water for their
assay. Afterwards, the mixture was stirred at 35 rpm
for 15 minutes and 10 ml of the total volume was
used for the determination of the pH. Wang et al.
(45) crushed and ground cement pastes to obtain a

fine powder (sieved with #200 sieve) and diluted it
with water. Then, the mixture was shaken for 5 min-
utes and was finally filtered to determine the pH of
the filtrate solution. Similarly, Song et al. (46) mixed
100 g of different cements and 100 ml of distilled
water. The mixture was shaken for 1 hour and then
filtered, to determine the pH of the filtrate.

In contrast, other authors have used a differ-
ent L:S ratio and variations of the above methods.
Webster and Loehr (47) used an L:S ratio of 20,
Ha-Wong et al. (48) used a ratio of 13, Gowripalan
and Mohamed (49) referred to an L:S ratio of 2,
Paglia et al. (50) determined the pH of a mixture
with an L:S ratio of 80, Garrabrants and Kosson
(51) and Dinakar et al. (52) used a ratio of 5, and
Ottosen and Rorig-Dalgaard (53) used an L:S ratio
of 2.5. Nevertheless, the most widely used ratio was
10, once again varying the procedures that were fol-
lowed prior to measurement (54-58).

Pavlik (59) analyzed pore solutions with the ESL
method testing the effect of all three variables: par-
ticle size of the sample (0/0.5, 0.5/1 and 1/2 mm,
L:S ratio (1, 2, 5 and 50) and leaching time (up to 24
hours). The author concluded that the effect of par-
ticle size for maximum sizes of 2 mm will be low if a
low L:S ratio is used. Moreover, he recommended a
maximum L:S ratio of 5 for cement pastes, without
any specific recommendations for leaching time.

Regarding the state of the sample, the results
between powdered and non-powdered samples may
differ significantly, which is also linked to the L:S
ratio. As Li et al. (38) previously pointed out, the
hydration of anhydrous particles will occur when
cementitious material samples are ground to pow-
der, specially when using high L:S ratios. Li et al.
(38) studied the effect of the L:S ratio and the
leaching period of powdered samples, comparing
four different L:S ratios (0.7, 1, 2 and 4) and four
leaching periods (1, 3, 10 and 30 days). The authors
concluded that the optimum leaching period for the
samples under analysis would be a minimum of 3
days, depending on the alkalinity of the material.
Moreover, an L:S ratio of 1 was suggested to avoid
or to minimize the hydration of anhydrous particles.

Nevertheless, the concern regarding the dilution
effect was first expressed by Sagiies et al. (60). The
authors stated that the pH of the leachate was less
than the real pH of the pore solution and difficulties
on developing a correction were analyzed. Therefore,
the ISL method was proposed as an alternative. In
that method, small holes of approximately 5 mm
diameter and 25 mm deep are drilled into the satu-
rated specimens’ surface and 1 ml of distilled water
is placed in the holes. Then, an acrylic washer and
a rubber stopper prevents carbonation and permits
the pH to be measured over time. Figure 4 shows a
3D scheme with all the components.

However, variations of the ISL method such
as the ex-situ leaching method have been used.
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FIGURE 4. 3D scheme of the ISL method proposed by Sagiies
et al. (60).

Li et al. (38) proposed holes of 3 mm in diameter
and 30 mm deep filled with 0.2 ml of distilled water.
Later, Caseres et al. (61) produced holes of 3.6 mm
diameter and 35 mm deep, filling them with 0.22 ml.

Up to this point, PWE, ESL and ISL have been
identified as the main procedures for the analy-
sis of pore solutions. When using those methods,
other chemical analyses are performed as the pur-
pose is usually more than a simple estimation of
pH. Therefore, when the pH is the only parameter
of interest, several authors have suggested the use
of flat-surface electrodes. The basic procedure con-
sists of pouring a drop of distilled water on a clean
surface of the specimen and immediately placing
the electrode in contact with the water. The main
problem that remains is the sensitivity of the glass
electrode and the danger of scratching in contact
with the rough material. Islander et al. (26) pro-
posed this method to measure the pH of corroded
concrete. Later on, Ehrich et al. (62), Robert et al.
(63) and Okabe et al. (64) all used it to study the
alterations to cementitious materials produced by
microorganismes.

Similarly, Heng and Murata (65) proposed a
method in which a 6 mm diameter filter paper is
placed on the clean surface and 100 pl of distilled
water is poured onto it. Then, a waiting time of 15
minutes is necessary, adding more distilled water if
necessary so that the filter paper will not dry out.
Afterwards, a flat-surface electrode is placed on
the filter paper for the pH measurement. Rostami
et al. (66-67) and Shao et al. (68) followed exactly
the same procedure, except for the size of the filter-
papers (10 x 10 mm?).

Comparisons between methods for a bet-
ter understanding of their results have prompted
multiple publications. Li et al. (38) compared the
PWE against the ISL method and concluded that
the ISL method provided a representative estima-
tion of pH in agreement with PWE tests. Similarly,
Bjork and Eriksson (54) compared the PWE with

the ESL method and detected the dilution effect,
obtaining lower pH values when using the ESL
method. Réisidnen and Penttala (43) used titration
with phenolphthalein of the extracted pore solu-
tion to validate the results obtained from the ESL
method. Additionally, the authors suggested the
powder portion used in the ESL method should
range between 40% and 60% of the total weight of
the mixture.

After comparing both the PWE and the ISL
methods, Li et al. (40) compared the PWE and the
ESL methods. The applied pressure was signifi-
cantly lower (200 MPa) compared to their previous
work (650 MPa) and the authors focused the ESL
method on comparing four different L:S ratios and
four different leaching periods. In terms of the dif-
ferent methods, the ESL method with an L:S ratio
of 1 and a leaching time of 3 days related best to the
PWE result.

Grubb et al. (13) studied the influence of the
amount of sample, dilution ratio, waiting time and
temperature and compared three different pro-
cedures for pH assays. The authors reported that
aspects such as waiting time and sample amount,
while the dilution ratio is maintained, had non-sig-
nificant influence on the results. However, param-
eters such as solution temperature and dilution
ratio may influence the resultant pH. Furthermore,
the authors compared the use of pH indicator strips
according to standard ASTM F710 (31) and the use
of a pH-meter on concrete sample powder in dilu-
tion. The results showed significant differences, with
pH values ranging from 10 to 12.

3. EXPERIMENTAL PROGRAM

An experimental program was performed to
compare two different methods over 28 days. The
selected methods were ESL with samples in powder
and non-powder form, and the flat-surface electrode
method proposed by Heng and Murata (65).

Cement pastes and mortar specimens were pro-
duced with Ordinary Portland Cement type I 52.5R
and distilled water with a water to cement ratio
(w/c) of 0.5. Silica sand was used in the production
of the mortar specimens, according to standard
UNE-EN 196-1:2005 (69) (a:c:w = 3:1:0.5). A total
of 24 cement-paste samples each weighing 15 g and
12 mortar specimens measuring 40 x 40 x 160 mm’
were produced.

Three cement-paste samples and three mortar
specimens were individually immersed in distilled
water with an L:S ratio of 10. As a non-destructive
method, pH was measured at the different testing
ages. Three other cement pastes and three mortar
specimens per testing age were crushed and ground
to powder until the material passed a #100 sieve.
Then, 10 g of each sample were added to 100 ml of
distilled water and vigorously shaken for 5 minutes.
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The pH assay was performed after one hour, under
stirring. Finally, the other three cement-paste sam-
ples and three mortar specimens were used for pH
assay with a flat-surface electrode. A drop of dis-
tilled water was poured on the surface of the speci-
men and the electrode was then positioned in place.
Three different points were fixed on each face of the
specimen, in order to monitor pH evolution of the
same parts with the same specimens for all testing
ages.

Figure 5 shows the results obtained for cement-
paste samples and mortar specimens following the
three aforementioned methods over 28 days. The
results pointed to a closer similarity of pH results
after 1 day than after 28 days, especially when fol-
lowing the results from the flat-surface electrode.
Evolution of pH using the ESL method showed a
fast increase over the first three days before reach-
ing equilibrium. In contrast, the flat-surface elec-
trode (FSE) method that measured the wet filter
paper in contact with the surface of the specimen
failed to provide valid results. The standard devia-
tion obtained for the two variations with the ESL
method was lower than 0.05 while for the FSE it was
up to 0.9. Moreover, the recorded drop in pH may
be a consequence of local dissolution of the super-
ficial Portlandite (70) and should be considered a
methodological error.

Comparing the curves, slight differences were
obtained between the two variations of the ESL
method, which were observed over the first 3 and
5 days for cement pastes and mortars, respectively.
The different pH readings corresponded to the dif-
ferent times the solutions needed to reach equilib-
rium. The higher specific surface of the powdered
particles in relation to the specific surface of the
non-powdered specimens meant that equilibrium
was reached earlier in the powder suspension, even
though the L:S ratio was the same. Moreover, that
fact is also a consequence of the lower amount of
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hardened cement paste in the cases of the mortar
samples.

The results obtained for the FSE method showed
similar values to those of the ESL method for the
first 3 days and for the first 1 day, for the cement
pastes and the mortars respectively. However, the
evolution over time showed a drop in pH, as previ-
ously suggested, due mainly to the dissolution of the
portlandite. The results presented above support the
fact that proper planning and selection of the right
method should always be done.

4. SELECTION CRITERIA

In this section, an analysis of the main advan-
tages and drawbacks of the different methodologies
will be presented. According to the above results as
well as the experimental program, it is important to
consider that all those methods are valid, although
differences in terms of ease of testing, urgency of
results, cost, accuracy, and monitoring evolution
over time have been detected between them. Six dif-
ferent methods were analyzed: pH indicators, pH-
indicator strips, PWE, ESL, ISL and FSE.

Accuracy should not be a requirement when the
purpose of the test is to determine the state of the
material. Usually, pH indicators such as phenol-
phthalein are spread onto a cross-section of the
specimen, so as to detect the carbonation depth. In
this sense, indicators will provide a binary response:
i.e. purple dye on non-carbonated areas and color-
less dye on carbonated areas.

The results with pH-indicator strips may give a
more specific range of pH values. Several ranges
of pH values are covered by the industry from
the whole pH range to limited ranges of less than
2 points of pH. However, the method is based on
comparing the colors of a color-coded strip against
a color chart, which means that it is, for example,
less accurate than using a pH-meter. Strips are also
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pH evolution of cement-paste samples (a) and mortar specimens (b) by means of ex-situ leaching of powdered samples

(ESL (ps)), ex-situ leaching with non-powdered samples (ESL (nps)) and the use of a flat-surface electrode (FSE).
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a good alternative when the purpose of the study is
to determine pH readings on an approximate basis.

The last four methods are considered the most
accurate, as the readings are obtained with a pH-
meter. However, there are significant differences
between their advantages and drawbacks. PWE, ESL
and ISL are the most suitable methodologies espe-
cially when the purpose of the study is not only pH
determination of the pore solution. PWE is the most
expensive method due to the equipment and requires
previous sample saturation to obtain a large enough
volume of the sample. Moreover, the volume of pore
solution is low or null depending on the cementitious
material. For instance, experiments to try to obtain
the pore solution of Ordinary Portland Cement and
Magnesium Phosphate Cement mortars by means
of this technique were done in previous works (58).
However, no pore solution was obtained from any
of the Magnesium Phosphate Solution samples and
the analysis was not carried out.

The main drawback of the ESL methods con-
sists of the dilution effect due to the L:S ratio
leading to an underestimated pH reading. On the
other hand, the hydration of anhydrous particles
may produce overestimated readings. Therefore, it
is really important to calibrate the method in case
of using different materials than those previously
studied. Nevertheless, as the experimental program
has shown, although lower L:S ratios and suffi-
cient leaching time should be applied, further tests
comparing a wide range of significant parameters
should also be performed. As was also evident from
the experimental program, the leaching time should

be determined depending on the specific surface of
the sample.

Considering the analysis, Table 1 suggests a tool
to select the most suitable method depending on the
purpose and considering several factors: how easy
is the test, the urgency of obtaining the results, the
test budget, and the accuracy of the results, as well
as the possibility of studying changes in the pH
over time. The different methods were scored on a
1-to-5 scale with 1 as the least suitable and as 5 the
most suitable reading. However, the fact that labo-
ratory facilities may change the scores should also
be considered. Therefore, the interpretation should
be performed considering the lack of specific equip-
ment. The values given in Table 1 correspond to the
scores obtained with the following instructions.

The survey of 5 questions called Ease of testing
collected the yes/no answers and each question
received a particular score. A total of 0 points were
added for each affirmative response and 1 point was
subtracted for each negative answer. The questions
are presented below:

a. Does the process require more equipment than
a pH meter?

b. Does the process take more than 5 minutes?

c. Does the method require any specific induction
without considering calibration and the use of
a pH meter?

d. In case of requiring the use of a pH meter, is it
necessary to use any special electrodes?

e. Has the humidity content of the sample or
specimen, prior to testing, affected the results?

TABLE 1. pH measurement selection tool

Methodologies

Purpose Criteria pH indicators pH strips PWE ESL (ps) ESL (nps) ISL FSE

2 Ease of testing > 5 3
3 % = Urgency of results 5 5 4
32 3 Economic reasons 4 5
i § § Evolution in time 4* 5b 3b

é Ease of testing 1 3 4 2

g Urgency of results 1 2 3 1
iz E] Economic reasons 1 2 5 2
g.g Result accuracy 5 2 3 4
S5 Evolution in time 4 5 5

Ease of testing 5 5 1 3 4 2 3

%DEl Urgency of results 5 5 1 2 3 1 4
é § Economic reasons 4 5 1 2 5 2 3
83 Result accuracy 1 2 5 3 3 4 5
A g Evolution in time 2 3 1 1 4 5 3

Range 1 to 5 being 1 the less suitable methodology and 5 the most suitable one. a: Different piece of the specimen should be used;
b: Different area of the specimen should be tested; no super index: No special considerations.
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The scores associated with the factor Urgency
of results were established on the basis of the time
needed by someone completing the test for the first
time. Therefore, the methods requiring more than 1
hour 30 minutes were scored with 1 point; between 1
hour and 1 hour 30 minutes with 2 points; between
30 minutes and 1 hour with 3 points; between 15 and
30 minutes with 4 points; and, less than 15 minutes
with 5 points. Those times were defined by previ-
ous research in which the same methods were used.
However, they may vary depending on the person
determining the pH value and the times should be
considered as relative.

In contrast, the Economic reasons factor was
scored according to commercial prices of materi-
als and equipment of comparable characteristics.
Scores from 1 to 5 were given, ranging from the
most expensive to the cheapest.

Result accuracy scores were based on the
results in the literature that has been reviewed in
this paper. From the aforementioned analysis, the
reference test was taken as PWE, which scored 5
points. Then, other measurements were based on
a dilution factor, in which the order of magnitude
depended on the selected method. For instance,
ESL (ps) might overestimate the pH value due
to the hydration of anhydrous cement particles.
Moreover, there was a dilution effect of the solid
when using the ESL in comparison with the ISL
method (60).

Finally, the scores for the factor ‘Evolution over
time’ corresponded to the sum of the scores given in
answer to the following questions (positive responses
0 points and negative responses 1 point):

a. Is it necessary to test a different piece of the
sample or specimen?

b. Is it necessary to test a different measurement
area of the sample or specimen when it is pos-
sible to use the same piece?

c.  Should the time between measurements be lon-
ger than 1 hour?

d. Is it acceptable to obtain results that are not
highly accurate? (The concept of “highly accu-
rate” is related to the scores given to points 4
and 5 in the ‘Results accuracy” section)

e. Is it acceptable to use more equipment than a
pH meter?

5. CONCLUSIONS

The pH of cementitious materials provides rele-
vant information on the different chemical processes
of cementitious materials. However, the selection of
the method is frequently seen as a controversial step
in research, especially for scientists new to the topic.
Consequently, a review of the different methods is
essential before a selection tool may be definitively
proposed.

Six different methods have been reviewed: use of
indicators, use of pH strips, pore water expression
(PWE), ex-situ leaching (ESL), in-situ leaching (ISL)
and the use of a flat surface electrode (FSE). The
first two are mainly used to determine the state of the
material while the other four provide accurate results.

PWE is the reference method due to its high
accuracy, although it requires the use of specific
equipment. Moreover, the costs related to both the
equipment and the technique, promoted the devel-
opment of the ESL method and the ISL method
afterwards. According to the literature, the ESL
method overestimates the pH value due to the L:S
ratio. Hence, the proposal of the ISL method as
an alternative. Finally, the FSE method was pro-
posed to measure the surface pH value. All three -
the ESL, the ISL, and the FSE methods- have been
contrasted to verify the accuracy of their results.
However, more in-depth research comparing all the
methods for different purposes might provide a bet-
ter overall picture.

In conclusion, the criteria proposed here aim to
facilitate the selection of the most suitable method.
The selection process is accomplished by a tool
which scores the different methods depending on
the purpose and considering factors such as ease of
testing, urgency of results, test budget, accuracy of
results, and the possibility of studying changes in
the pH over time.

ACKNOWLEDGMENTS

The authors of this paper wish to acknowledge
the economic support received from the Spanish
Ministry of Economy and Competitiveness through
Research Project BIA2010-17478.

REFERENCES

1. Yosipovitch, G.; Xiong, G.L.; Haus, E.; Sackett-
Lundeen, L.; Ashkenazi, I.; Maibach, H.I. (1998) Time-
Dependent Variations of the Skin Barrier Function in
Humans: Transepidermal Water Loss, Stratum Corneum
Hydration, Skin Surface pH, and Skin Temperature.
J Invest.  Allerg.  Clin.  110(1):20-23.  http://dx.doi.
org/10.1046/j.1523-1747.1998.00069.x

2. Rousk, J.; Brookes, P.C.; Baath, E. (2009) Contrasting
Soil pH Effects on Fungal and Bacterial Growth Suggest
Functional Redundancy in Carbon Mineralization.
Appl.  Environ. Microb. 75(6):1589-1596. http://dx.doi.
org/10.1128/AEM.02775-08

3. Van der Schueren, L.; De Clerck, K. (2011) pH-sensitive
textile sensors with possible use as wound dressings.
European Congress and Exhibition on Advanced Materials
and Processes. 12-15 September. Montpellier, France.

4. Barneyback, R.S.; Diamond, S. (1981) Expression and
analysis of pore fluids from hardened cement pastes and
mortars. Cem. Concr. Res. 11:279-285. http://dx.doi.
org/10.1016/0008-8846(81)90069-7

5. Aguilera, J; Blanco-Varela, M.T.; Martinez-Ramirez,
S. (2003) Thermodynamic modelling of the CaO-SiO,-
CaCO;-H,O closed and open system at 25 °C. Mater.
Construce. ~ 53(270):35-43.  http://dx.doi.org/10.3989/
mc.2009.45407

Materiales de Construccion 67 (325), January—March 2017, e108. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2017.08515


http://dx.doi.org/10.3989/mc.2017.08515
http://dx.doi.org/10.1046/j.1523-1747.1998.00069.x
http://dx.doi.org/10.1046/j.1523-1747.1998.00069.x
http://dx.doi.org/10.1128/AEM.02775-08
http://dx.doi.org/10.1128/AEM.02775-08
http://dx.doi.org/10.1016/0008-8846(81)90069-7
http://dx.doi.org/10.1016/0008-8846(81)90069-7
http://dx.doi.org/10.3989/mc.2009.45407
http://dx.doi.org/10.3989/mc.2009.45407

10.

16.

19.

20.

21.

22.

23.

24.

25.

A review of sample preparation and its influence on pH determination in concrete samples * 9

Iyengar, S.R.; Al-Tabbaa, A. (2007) Development
Study of a low-pH Magnesium Phosphate Cement for
Environmental Applications. Environ. Technol. https://
dx.doi.org/10.1080/09593332808618899

Chen, J.J.; Thomas, J.J.; Jennings, H.M. (2006) Decalcification
shrinkage of cement paste. Cem. Concr. Res. 36:801-809.
http://dx.doi.org/10.1016/j.cemconres.2005.11.003

Hobbs, D.W. (1988) Carbonation of concrete contain-
ing pfa. Mag Concrete Res. 40(143):69-78. http://dx.doi.
org/10.1680/macr.1988.40.143.69

Carde, C.; Francois, R. (1999) Modelling the loss of
strength and porosity increase due to the leaching of
cement pastes. Cem. Concr. Res. 21:181-188. http://dx.doi.
org/10.1016/S0958-9465(98)00046-8

Mainguy, M.; Tognazzi, C.; Torrenti, J.M.; Adenot, F.
(2000) Modelling of leaching in pure cement paste and mor-
tar. Cem. Concr. Res. 30:83-90. http://dx.doi.org/10.1016/
S0008-8846(99)00208-2

. Neville, A. (2004) The confused world of sulphate attack

on concrete, Review. Cem. Concr. Res. 34:1275-1296. http://
dx.doi.org/10.1016/j.cemconres.2004.04.004

. Roziére, E.; Loukili, A.; El Hachem, R.; Grondin, F. (2009)

Durability of concrete exposed to leaching and external
sulphate attack. Cem. Concr. Res. 39:1188-1198. http://
dx.doi.org/10.1016/j.cemconres.2009.07.021

. Grubb, J.A.; Limaye, H.S.; Kakade, A.M. (2007) Testing

pH of concrete, need for a standard procedure. Concr. Int.
29(4):78-83.

. AENOR (2006) EN 14630 Products and systems for the

protection and repair of concrete structures - Test methods
- Determination of carbonation depth in hardened con-
crete by the phenolphthalein method.

. Garcia-Lodeiro, 1.; Palomo, J.G.; Palomo, A.; Fernandez-

Jiménez, A. (2014) A statistical approach to the study
of concrete carbonation. Mater. Construcc. 64(313).
DOI: http://dx.doi.org/10.3989/mc.2014.00413

Bertron, A.; Duchesne, J.; Escadeillas, G. (2005) Accelerated
tests of hardened cement pastes alteration by organic acids:
analysis of the pH effect. Cem. Concr. Res. 35(1):155-166.
http://dx.doi.org/10.1016/j.cemconres.2004.09.009

. Bertron, A.; Larreur-Cayol, S.; Le, T.M.T.; Escadeillas,

G. (2009) Degradation of cementitious materials by some
organic acids found in agroindustrial effluents. In: Concrete
in aggressive aqueous environments — Performance, Testing
and Modelling. Pp: 96-107. ISBN: 978-2-35158-082-0.

. McPolin, D.; Basheer, P.; Long, A.; Grattan, K.; Sun,

T. (2007) New Test Method to Obtain pH Profiles due to
Carbonation of Concretes Containing Supplementary
Cementitious Materials. J. Mater. Civ. Eng. 19(11):936-946.
http://dx.doi.org/10.1061/(asce)0899-1561(2007)19:11(936)
Krajei, L.; Janotka, 1. (2000) Measurement Techniques for
Rapid Assessment of Carbonation in Concrete. ACI Mater.
J.97(2):168-171. http://dx.doi.org/10.14359/820

Yu, M.; Lee, J; Chung, C. (2010) The Application of
Various Indicators for the Estimation of Carbonation and
pH of Cement Based Materials. J. Test. Eval. 38(5). http://
dx.doi.org/10.1520/JTE102382

Dwivedi, V.N.; Singh, N.P; Das, S.S.; Singh, N.B. (2006)
A new pozzolanic material for cement industry: Bamboo
leaf ash. Int. J Phys. Sci. 1(3):106-111. http://dx.doi.
org/10.5897/1JPS

Knopf, F.C.; Roy, A.; Samrow, H.A.; Dooley, K.M. (1999)
High-Pressure Molding and Carbonation of Cementitious
Materials. Ind. Eng. Chem. Res. 38(7):2641-2649. http://
dx.doi.org/10.1021/ie980705y

Gilbeau, B.P; Harry, EP; Gambrell, R.P.; Knopf, F.C,;
Dooley, K.M. (2003) Algae attachment on carbonated
cements in fresh and brackish waters — preliminary results.
Ecol.  Eng  20(4):309-319. http://dx.doi.org/10.1016/
S0925-8574(03)00026-0

Massler, M.; Mansukhani, N. (1960) Testing liners under
cements in vitro. J Prosthet. Dent. 10(5):964-975. http://
dx.doi.org/10.1016/0022-3913(60)90133-5

Ericsson, D.; Bratthall, D. (1989) Simplified method to stim-
ulate salivary buffer capacity. Eur. J. Oral. Sci. 97(5):405-407.
http://dx.doi.org/10.1111/j.1600-0722.1989.tb01453.x

26.

217.

28.

29.

30.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Islander, R.; Devinny, J.; Mansfeld, F.; Postyn, A.; Shih, H.
(1991) Microbial Ecology of Crown Corrosion in Sewers. J.
Environ. Eng. 117(6):751-770. http://dx.doi.org/10.1061/
(ASCE)0733-9372(1991)117:6(751)

Yesiladal, S.K.; Pekin, G.; Bermek, H.; Arslan-Alaton,
I.; Orhon, D.; Tamerler, C. (2006) Bioremediation of tex-
tile azo dyes by Trichophyton rubrum LSK-27. World J.
Microb. Biot. 22:1027-1031. http://dx.doi.org/10.1007/
s11274-005-3207-7

Matinlinna, J.P; Lassila, L.V.J.; Vallittu, PK. (2006)
Evaluation of five dental silanes on bonding a luting
cement onto silica-coated titanium. J. Dent. 34(9):721-726.
http://dx.doi.org/10.1016/j.jdent.2006.01.005

De Muynck, W.; De Belie, N.; Verstracte, W. (2009)
Effectiveness of admixtures, surface treatments and antimi-
crobial compounds against biogenic sulfuric acid corrosion
of concrete. Cem. Concr. Comp. 31:163-170. http://dx.doi.
org/10.1016/j.cemconcomp.2008.12.004

Maury-Ramirez, A.; De Muynck, W.; Stevens, R.;
Demeestere, K.; De Belie, N. (2013) Titanium dioxide
based strategies to prevent algal fouling on cementitious
materials. Cem. Concr. Comp. 36:93-100. http://dx.doi.
org/10.1016/j.cemconcomp.2012.08.030

. ASTM International (2008) F710-08 Standard Practice for
32.
33.

Preparing Concrete Floors to Receive Resilient Flooring.
Longuet, P; Burglen, L.; Zelwer, A. (1973) La phase liquide
du ciment hydraté. Rev. Mater. Constr. 676:35-41.

Song, S.; Jennings, H.M. (1999) Pore solution chemistry
of alkali-activated ground granulated blast-furnace slag.
Cem. Concr. Res. 29(2):159-170. http://dx.doi.org/10.1016/
S0008-8846(98)00212-9

Ramlochan, T.; Thomas, M.; Gruber, K.A. (2000) The
effect of metakaolin on alkali-silica reaction in concrete.
Cem. Concr. Res. 30(3):339-344. http://dx.doi.org/10.1016/
S0008-8846(99)00261-6

Zhang, Y.M.; Sun, W.; Yan, H.D. (2000) Hydration of high-
volume fly ash cement pastes. Cem. Concr. Res. 22(6):445-452.
http://dx.doi.org/10.1016/S0958-9465(00)00044-5

Collier, N.C.; Milestone, N.B.; Gordon, L.E.; Ko, S.C.
(2014) The suitability of a supersulfated cement for nuclear
waste immobilisation. J Nucl Mater. 452(1-3):457-464.
http://dx.doi.org/10.1016/j.jnucmat.2014.05.078

Guerrero, A.; Goni, S.; Macias, A.; Luxan, M.P. (1999)
Mechanical properties, pore size distribution, and
pore solution of fly ash-belite cement mortars. Cem.
Concr. Res. 29(11):1753-1758. http://dx.doi.org/10.1016/
S0008-8846(99)00161-1

Li, L.; Sagiies, A.A.; Poor, N. (1999) In situ leaching inves-
tigation of pH and nitrite concentration in concrete pore
solution. Cem. Concr. Res. 29(3):315-321. http://dx.doi.
org/10.1016/S0008-8846(98)00224-5

Lorenzo, M.P; Goni, S.; Guerrero, A. (2003) Role of
aluminous component of fly ash on the durability of
Portland cement-fly ash pastes in marine environment.
Waste Manage. 23(8):785-792. http://dx.doi.org/10.1016/
S0956-053X(03)00030-8

Li, L.; Nam, J.; Hartt, W.H. (2005) Ex situ leaching measure-
ment of concrete alkalinity. Cem. Concr. Res. 35(2):277-283.
http://dx.doi.org/10.1016/j.cemconres.2004.04.024

Pu, Q.; Jiang, L.; Xu, J.; Chu, H.; Xu, Y.; Zhang, Y. (2012)
Evolution of pH and chemical composition of pore solution
in carbonated concrete. Constr. Build. Mater.28(1):519-524.
http://dx.doi.org/10.1016/j.conbuildmat.2011.09.006
Constantiner, D.; Diamond, S. (1997) Pore solution
analysis: Are there pressure effects? In: Mechanisms of
Chemical Degradation of Cement-based Systems. London.
ISBN: 0419215700.

Mori, T.; Nonaka, T.; Tazaki, K.; Koga, M.; Hikosaka,
Y.; Noda, S. (1992) Interactions of nutrients, mois-
ture and pH on microbial corrosion of concrete
sewer pipes. Water. Res. 26(1):29-37. http://dx.doi.
org/10.1016/0043-1354(92)90107-F

Rasdnen, V.; Penttala, V. (2004) The pH measurement of
concrete and smoothing mortar using a concrete powder
suspension. Cem. Concr. Res. 34(5):813-820. http://dx.doi.
org/10.1016/j.cemconres.2003.09.017

Materiales de Construccion 67 (325), January—March 2017, e108. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2017.08515


http://dx.doi.org/10.3989/mc.2017.08515
https://dx.doi.org/10.1080/09593332808618899
https://dx.doi.org/10.1080/09593332808618899
http://dx.doi.org/10.1016/j.cemconres.2005.11.003
http://dx.doi.org/10.1680/macr.1988.40.143.69
http://dx.doi.org/10.1680/macr.1988.40.143.69
http://dx.doi.org/10.1016/S0958-9465(98)00046-8
http://dx.doi.org/10.1016/S0958-9465(98)00046-8
http://dx.doi.org/10.1016/S0008-8846(99)00208-2
http://dx.doi.org/10.1016/S0008-8846(99)00208-2
http://dx.doi.org/10.1016/j.cemconres.2004.04.004
http://dx.doi.org/10.1016/j.cemconres.2004.04.004
http://dx.doi.org/10.1016/j.cemconres.2009.07.021
http://dx.doi.org/10.1016/j.cemconres.2009.07.021
http://dx.doi.org/10.3989/mc.2014.00413
http://dx.doi.org/10.1016/j.cemconres.2004.09.009
http://dx.doi.org/10.1061/(asce)0899-1561(2007)19:11(936)
http://dx.doi.org/10.14359/820
http://dx.doi.org/10.1520/JTE102382
http://dx.doi.org/10.1520/JTE102382
http://dx.doi.org/10.5897/IJPS
http://dx.doi.org/10.5897/IJPS
http://dx.doi.org/10.1021/ie980705y
http://dx.doi.org/10.1021/ie980705y
http://dx.doi.org/10.1016/S0925-8574(03)00026-0
http://dx.doi.org/10.1016/S0925-8574(03)00026-0
http://dx.doi.org/10.1016/0022-3913(60)90133-5
http://dx.doi.org/10.1016/0022-3913(60)90133-5
http://dx.doi.org/10.1111/j.1600-0722.1989.tb01453.x
http://dx.doi.org/10.1061/(ASCE)0733-9372(1991)117:6(751)
http://dx.doi.org/10.1061/(ASCE)0733-9372(1991)117:6(751)
http://dx.doi.org/10.1007/s11274-005-3207-7
http://dx.doi.org/10.1007/s11274-005-3207-7
http://dx.doi.org/10.1016/j.jdent.2006.01.005
http://dx.doi.org/10.1016/j.cemconcomp.2008.12.004
http://dx.doi.org/10.1016/j.cemconcomp.2008.12.004
http://dx.doi.org/10.1016/j.cemconcomp.2012.08.030
http://dx.doi.org/10.1016/j.cemconcomp.2012.08.030
http://dx.doi.org/10.1016/S0008-8846(98)00212-9
http://dx.doi.org/10.1016/S0008-8846(98)00212-9
http://dx.doi.org/10.1016/S0008-8846(99)00261-6
http://dx.doi.org/10.1016/S0008-8846(99)00261-6
http://dx.doi.org/10.1016/S0958-9465(00)00044-5
http://dx.doi.org/10.1016/j.jnucmat.2014.05.078
http://dx.doi.org/10.1016/S0008-8846(99)00161-1
http://dx.doi.org/10.1016/S0008-8846(99)00161-1
http://dx.doi.org/10.1016/S0008-8846(98)00224-5
http://dx.doi.org/10.1016/S0008-8846(98)00224-5
http://dx.doi.org/10.1016/S0956-053X(03)00030-8
http://dx.doi.org/10.1016/S0956-053X(03)00030-8
http://dx.doi.org/10.1016/j.cemconres.2004.04.024
http://dx.doi.org/10.1016/j.conbuildmat.2011.09.006
http://dx.doi.org/10.1016/0043-1354(92)90107-F
http://dx.doi.org/10.1016/0043-1354(92)90107-F
http://dx.doi.org/10.1016/j.cemconres.2003.09.017
http://dx.doi.org/10.1016/j.cemconres.2003.09.017

10 « S. Manso and A. Aguado.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Wang, K.; Mishulovich, A.; Shah, S. (2007) Activations
and Properties of Cementitious Materials Made with
Cement-Kiln Dust and Class F Fly Ash. J Mater.
Civ. Eng. 19(SPECIAL ISSUE): Geochemical Aspects of
Stabilized Materials: 112-119. https://dx.doi.org/10.1061/
(ASCE)0899-1561(2007)19:1(112)

Song, H.W.; Saraswathy, V.; Muralidharan, S.; Lee, C.H.;
Thangavel, K. (2009) Role of alkali nitrites in the cor-
rosion performance of steel in composite cements. J.
Appl.  Electrochem. 39:15-22. http://dx.doi.org/10.1007/
$10800-008-9632-1

Webster, M.; Loehr, R. (1996) Long-Term Leaching of
Metals from Concrete Products. J. Environ. Eng. 122(8):714—
721. http://dx.doi.org/10.1061/(ASCE)0733-9372(1996)122:
8(714)

Ha-Won, S.; Min-Sun, J.; Chang-Hong, L.; Sang-Hyo,
K.; Ki Yong, A. (2010) Influence of Chemistry of
Chloride Ions in Cement Matrix on corrosion of Steel.
ACI Mater. J. July-August: 332-339. http://dx.doi.
org/10.14359/51663858

Gowripalan, N.; Mohamed, H.M. (1998) Chloride-
ion induced corrosion of galvanized and ordinary steel
reinforcement in high-performance concrete. Cem.
Concr. Res. 28(8):1119-1131. http://dx.doi.org/10.1016/
S0008-8846(98)00090-8

Paglia, C.; Wombacher, F.; Bohni, H.; Sommer, M. (2002)
An evaluation of the sulphate resistance of cementitious
material accelerated with alkali-free and alkaline admix-
tures: Laboratory vs. Field. Cem. Concr. Res.32(4):665-671.
http://dx.doi.org/10.1016/S0008-8846(01)00739-6
Garrabrants, A.C.; Sanchez, F.; Kosson, D.S. (2004)
Changes in constituent equilibrium leaching and pore
water characteristics of a Portland cement mortar as a
result of carbonation. Waste Manage. 24(1):19-36. http://
dx.doi.org/10.1016/S0956-053X(03)00135-1

Dinakar, P.; Babu, K.G.; Santhanam, M. (2007) Corrosion
behaviour of blended cements in low and medium strength
concretes. Cem. Concr. Comp. 29(2):136-145. http://dx.doi.
org/10.1016/j.cemconcomp.2006.10.005

Ottosen, L.M. and Rorig-Daalgard, 1. (2009) Desalination
of a brick by application of an electric DC field.
Mater.  Struct. 42:963-971. http://dx.doi.org/10.1617/
$11527-008-9435-1

Bjork, F.; Eriksson, C.A. (2002) Measurement of alkalin-
ity in concrete by a simple procedure, to investigate trans-
port alkaline material from concrete slab to a self-levelling
screed. Constr. Build. Mater. 16(8):535-542. http://dx.do1.
org/10.1016/S0950-0618(02)00035-1

Engelsen, C.J.; van der Sloot, H.A.; Wibetoe, G.; Justnes,
H.; Lund, W.; Stoltenberg-Hansson, E. (2010) Leaching
characterisation and geochemical modelling of minor
and trace elements released from recycled concrete aggre-
gates. Cem. Concr. Res. 40(12):1639-1649. http://dx.doi.
org/10.1016/j.cemconres.2010.08.001

Abd El Aleem, S.; Heikal, M.; Morsi, WM. (2014)
Hydration characteristic, thermal expansion and micro-
structure of cement containing nano-silica. Constr.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

Build.  Mater. 59:151-160. http://dx.doi.org/10.1016/j.
conbuildmat.2014.02.039

Manso, S.; Mestres, G.; Ginebra, M.P.; De Belie, N.;
Segura, I.; Aguado, A. (2014) Development of a low pH
cementitious material to enlarge bioreceptivity. Constr.
Build.  Mater. 54:485-495. http://dx.doi.org/10.1016/j.
conbuildmat.2014.01.001

Manso, S.; De Muynck, W.; Segura, I.; Aguado, A.; Steppe,
K.; Boon, N.; De Belie, N. (2014) Bioreceptivity evaluation
of cementitious materials designed to stimulate biologi-
cal growth. Sci. Total Environ. 481:232-241. http://dx.doi.
org/10.1016/j.scitotenv.2014.02.059

Pavlik, V. (2000) Water extraction of chloride, hydrox-
ide and other ions from hardened cement pastes. Cem.
Concr.  Res. 30(6):895-906. http://dx.doi.org/10.1016/
S0008-8846(00)00261-1

Sagties, A.A.; Moreno, E.I.; Andrade, C. (1997) Evolution
of pH during in-situ leaching in small concrete cavi-
ties. Cem. Concr. Res. 27(11):1747-1759. http://dx.doi.
org/10.1016/S0008-8846(97)00177-4

Caseres, L.; Sagiies, A.A.; Kranc, S.C.; Weyers, R.E. (2006)
In situ leaching method for determination of chloride
in concrete pore water. Cem. Concr. Res. 36(3):492-503.
http://dx.doi.org/10.1016/j.cemconres.2005.12.013

Ehrich, S.; Helard, L.; Letourneux, R.; Willocq, J.; Bock,
E. (1999) Biogenic and Chemical Sulfuric Acid Corrosion
of Mortars. J Mater. Civ. Eng. 11(4):340-344. http://
dx.doi.org/10.1061/(ASCE)0899-1561(1999)11:4(340)
Roberts, D.J.; Nica, D.; Zuo, G.; Davis, JLL. (2002)
Quantifying microbially induced deterioration of concrete:
initial studies. Int. Biodeter. Biodegr. 49(4):227-234. http://
dx.doi.org/10.1016/S0964-8305(02)00049-5

Okabe, S.; Odagiri, M.; Ito, T.; Satoh, H. (2007) Succession
of Sulfur-Oxidizing Bacteria in the Microbial Community
on Corroding Concrete in Sewer Systems. Appl. Environ.
Microbiol.  73(3):971-980.  http://dx.doi.org/10.1128/
AEM.02054-06

Heng, M.; Murata, K. (2004) Aging of concrete buildings
and determining the pH value on the surface of concrete
by using a handy semi-conductive pH-meter. Anal. Sci.
20(7):1087-1090. http://doi.org/10.2116/analsci.20.1087
Rostami, V.; Shao, Y.; Boyd, A. (2011) Durability of con-
crete pipes subjected to combined steam and carbonation
curing. Constr. Build. Mater. 25(8):3345-3355. http://
dx.dot.org/10.1016/j.conbuildmat.2011.03.025

Rostami, V.; Shao, Y.; Boyd, A.; He, Z. (2012) Microstructure
of cement paste subject to early carbonation curing. Cem.
Concr.  Res. 42(1):186-193. http://dx.doi.org/10.1016/].
cemconres.2011.09.010

Shao, Y.; Rostami, V.; He, Z.; Boyd, A.J. (2014) Accelerated
Carbonation of Portland Limestone Cement. J. Mater.
Civ. Eng. 26(1):117-124. http://dx.doi.org/10.1061/(ASCE)
MT.1943-5533.0000773

AENOR (2005) UNE-EN 196-1. Methods of testing
cement - Part 1: Determination of strength.

Taylor, H.LEW. Cement Chemistry. Academic Press Inc.
London, 1990. ISBN: 0-12-683900-X.

Materiales de Construccion 67 (325), January—March 2017, e108. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2017.08515


http://dx.doi.org/10.3989/mc.2017.08515
http://dx.doi.org/10.1007/s10800-008-9632-1
http://dx.doi.org/10.1007/s10800-008-9632-1
http://dx.doi.org/10.1061/(ASCE)0733-9372(1996)122:8(714)
http://dx.doi.org/10.1061/(ASCE)0733-9372(1996)122:8(714)
http://dx.doi.org/10.14359/51663858
http://dx.doi.org/10.14359/51663858
http://dx.doi.org/10.1016/S0008-8846(98)00090-8
http://dx.doi.org/10.1016/S0008-8846(98)00090-8
http://dx.doi.org/10.1016/S0008-8846(01)00739-6
http://dx.doi.org/10.1016/S0956-053X(03)00135-1
http://dx.doi.org/10.1016/S0956-053X(03)00135-1
http://dx.doi.org/10.1016/j.cemconcomp.2006.10.005
http://dx.doi.org/10.1016/j.cemconcomp.2006.10.005
http://dx.doi.org/10.1617/s11527-008-9435-1
http://dx.doi.org/10.1617/s11527-008-9435-1
http://dx.doi.org/10.1016/S0950-0618(02)00035-1
http://dx.doi.org/10.1016/S0950-0618(02)00035-1
http://dx.doi.org/10.1016/j.cemconres.2010.08.001
http://dx.doi.org/10.1016/j.cemconres.2010.08.001
http://dx.doi.org/10.1016/j.conbuildmat.2014.02.039
http://dx.doi.org/10.1016/j.conbuildmat.2014.02.039
http://dx.doi.org/10.1016/j.conbuildmat.2014.01.001
http://dx.doi.org/10.1016/j.conbuildmat.2014.01.001
http://dx.doi.org/10.1016/j.scitotenv.2014.02.059
http://dx.doi.org/10.1016/j.scitotenv.2014.02.059
http://dx.doi.org/10.1016/S0008-8846(00)00261-1
http://dx.doi.org/10.1016/S0008-8846(00)00261-1
http://dx.doi.org/10.1016/S0008-8846(97)00177-4
http://dx.doi.org/10.1016/S0008-8846(97)00177-4
http://dx.doi.org/10.1016/j.cemconres.2005.12.013
http://dx.doi.org/10.1061/(ASCE)0899-1561(1999)11:4(340)
http://dx.doi.org/10.1061/(ASCE)0899-1561(1999)11:4(340)
http://dx.doi.org/10.1016/S0964-8305(02)00049-5
http://dx.doi.org/10.1016/S0964-8305(02)00049-5
http://dx.doi.org/10.1128/AEM.02054-06
http://dx.doi.org/10.1128/AEM.02054-06
http://doi.org/10.2116/analsci.20.1087
http://dx.doi.org/10.1016/j.conbuildmat.2011.03.025
http://dx.doi.org/10.1016/j.conbuildmat.2011.03.025
http://dx.doi.org/10.1016/j.cemconres.2011.09.010
http://dx.doi.org/10.1016/j.cemconres.2011.09.010
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000773
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0000773



