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ABSTRACT

The objective of this program is to critically review existing performance specifications and test
methods on sulfate attack, to provide the technical basis for improved performance standards,
and to provide criteria for evaluation, selection, and use of concrete materials for sulfate attack
resistance.

The approach taken is based on ASTM E 632", In following the procedure described in
ASTM E 632, the performance of concrete under sulfate attack needs to be divided into several
phenomena and therefore several tests had to be developed. The various phenomena are:

e (Concrete properties: absorption and diffusion of sulfate (resistance to the ingress of sulfate
solutions).

e (Cement paste properties: chemical reaction between the hydration product and the sulfate
ions. In the literature this is referred as chemical attack [2].

e Influence of environmental conditions: type of immersion (constant, partial, or cyclic) and
temperature. In the literature, this is referred as physical attack [2].

Therefore the tests that were developed are:

e Absorption of water by a concrete specimen. This test was submitted to ASTM and approved
in 2004 as ASTM C 1585.

e Diffusion of sulfate in saturated specimens. A methodology to modify existing methods is
given.

® A specimen test to determine the cement’s resistance to sulfate attack, which is three to five
times shorter than current tests.

® A test to determine the resistance to sulfate attack when a concrete is not totally immersed in
the solution.

This report also provides guidelines on how to combine the results of all these tests to determine
a concrete’s sulfate resistance (see section Approach overview).
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Sulfate Resistance of Concrete:
A New Approach

by Chiara F. Ferraris, Paul Stutzman, and Kenneth Snyder”

INTRODUCTION

Degradation of cementitious systems exposed to sulfate salts is the result of sulfate transport
through the pore system, chemical reaction with the hydration product phases present, generation
of stresses due to the creation of the expansive reaction products, and the mechanical response
(typically spalling and cracking) of the bulk material due to these stresses. Each component of
this process plays a unique role in the ultimate response of the concrete; change the material
properties relevant to any one component and the concrete performance can change dramatically.
Therefore, laboratory tests of ”sulfate attack" that are based primarily on submerging the
specimens in sulfate solution and then measuring some physical property, such as expansion, are
effectively lumping all of these mechanisms into a single test. The result is a test that
characterizes how a particular concrete performs under specific conditions. If the field conditions
are different, the performance of the concrete can also be different.

Often, it is assumed that the performance of concrete regarding its resistance to external
sulfate attack depends on the composition of the cement used. Therefore, most standard tests are
based on measuring macroscopic properties of cement pastes or mortars, such as expansion,
modulus of elasticity, or compressive strength. Depending on the values obtained, after a test
duration of six months to a year (e.g., ASTM 1012 [1]), conclusions are drawn regarding the
suitability of the cement tested to be used in a high sulfate environment. This approach lacks the
mechanistic premises that could lead to a better determination of the important parameters that
influence the severity and the kinetics of the attack.

Therefore, to predict the resistance to sulfate attack of a concrete, it is necessary to
develop a protocol that takes into account the type of exposure and separates the various
mechanisms. For instance, absorption of sulfate solution, diffusion of sulfates into the pore
structure, and chemical reaction between the sulfates and the hydration products cannot all be
tested in one measurement.

There are three types of tests that can be found in the literature [2, 3]:

e Internal attack
e [External attack under constant exposure
e Partial or cyclic exposure

In this report we will concentrate on the external attack scenario with the specimen either
completely or partially immersed in the sulfate solution. A new protocol will be presented based

) Physicist, Physical Scientist, and Physicist respectively at National Institute of Standard and Technology, 100
Bureau Dr. MS 8615, Gaithersburg, MD 20899-8615; http://ciks.cbt.nist.gov/monograph.



on ASTM E 632. This study led to the development of four tests, one of which was already
approved by ASTM. Future research needs will also be presented.

APPROACH OVERVIEW

In a typical test as described in the literature [2, 3, 4], specimens are exposed to aqueous
solutions of magnesium, calcium, or sodium sulfate of various concentrations. The temperature
is controlled and the specimen may be exposed to wet/dry cycles, to partial immersion, or to
continuous immersion. The extensive work done by the European Committee for Standardization
(CEN) organization to improve expansion measurements [4] did not result in an accelerated test
but in increased precision between different laboratories' data. Also, in attempting to reduce the
duration, the environmental conditions of the test do not usually duplicate the conditions
encountered in the field. Therefore, it is likely that the material response and service life might
not be the same in the laboratory and in the field. Also, usually only the macroscopic
deterioration, such as expansion or strength loss, etc., is measured over a prescribed period of
time. If the deterioration is lower than a pre-set value, the cement is considered sulfate resistant.
This approach could be misleading if the field conditions are not similar to the conditions of the
laboratory experiment. Therefore, this methodology is not satisfactory because it is slow (most of
the tests last six months to a year) and does not allow the estimation of specimen service life.
Ideally, the goal of a laboratory test is to determine that X months in the laboratory will
correspond to Y years of field performance. These relationships were never established for any
of the currently available tests. Therefore, a new approach to determine the performance of
cement and concrete is needed.

The approach adopted for this project is based on ASTM E 632 [5], a mechanistic approach.
ASTM E 632 describes in a flow chart the steps needed to develop an accelerated test that can
predict field performance of the material. The standard leads the designer to focus on the main
causes of the degradation and to try to determine appropriate tests to measure the properties
related. Therefore, the following questions need to be addressed first:

e Performance required
Degradation indicators
Degradation mechanisms
Environment

How degradation characteristics of in-use performance can be induced by accelerated
aging tests
e Definition of performance requirements for predictive service life tests

The performance of a concrete specimen is determined by one or more of the following
properties: expansion, mass loss or spalling, and the loss of compressive and flexural strength
with time. The degradation indicators of failure would be that one or more of the above
performance properties is undesirably high, i.e., decrease in compressive and/or flexural strength,
mass loss, or spalling or expansion of the specimen.

The timeline of the concrete degradation due to sulfate attack could be summarized in the
following manner:

® Penetration of the sulfate ions into the specimen, either by absorption or by diffusion,
depending on the saturation level of the specimen.



e Reaction of the sulfate ions with the cement hydration products to form gypsum and
ettringite, or, in general, to modify the structure of C-S-H. This reaction leads to the
destruction of the hydration products that constitute the backbone of the cement paste,
which forms the matrix of the concrete. Different mechanisms are reported depending on
the cations that are attached to the sulfate, e.g., Mg, Ca, or Na. A full description of the
mechanisms of degradation is given in many publications [2].

The degree and the kinetics of the deterioration depend on environmental factors:
e The sulfate content in the soil or water in contact with the concrete.

o Whether the concrete is submitted to a wet/dry cycle or to constant immersion. For
instance, a tidal zone provides cycles of wetting and drying and can lead to deterioration
by crystallization pressure in addition to that caused by chemical reaction between sulfate
ions and hydration products.

e The unlimited availability of sulfate ions might increase the deterioration of the
specimen. Any of the following types of exposure, such as flowing water, soil, seawater,
and high relative humidity (RH), might change the extent and rate of the deterioration.
Also, at least one study [6] has shown that the pH of the solution in contact with the
structure has an influence on the mechanisms of deterioration.

From the preceding analysis of the problem, we can say that the properties to be determined
are:

¢ Diffusion coefficient of the specimen,

e Sorptivity coefficient,

e Chemical reaction between cement paste and sulfate ions.

The first two properties of the material depend on the mixture design of the concrete and, to a
lesser extent, on the specific cement used, while the last property depends uniquely on the
composition of the cement used. Therefore, it can be conceived that a “nonsulfate resistant”
cement in a low sorptivity (or low diffusion coefficient) concrete will have a longer service life
than the same cement in a high sorptivity (or high diffusion coefficient) concrete.

This implies that we need to have three tests, at least, to determine the service life of a
concrete specimen in regard to the sulfate attack: i.e., a water absorption test on concrete, a
diffusion test on concrete, and a test for the sulfate attack resistance of cement. Therefore, this
project was organized around the three tests that needed to be developed. The three tests and the
data used to develop them will be described in this report. The idea is that they could be used
independently, depending on the type of answer sought.



Two potential scenarios are (Figure 1):

1. Select the best concrete composition, but the cement is given. In this case the sorptivity
coefficient and the formation factor (see section on Formation factor) determine the
concrete susceptibility to sulfate ingress.

2. Determine the most sulfate resistant cement. In this case, the kinetics and type of
chemical reaction between the cement paste and the sulfate become paramount.

In case 1 (left branch of Figure 1), simulation models are needed to calculate the service life
of concrete elements from measurements of the water absorption coefficient, formation factor,
and chemical reactions between the sulfate ions and the cement paste. Some models were
developed elsewhere and will be briefly described in this report. A variation of the pure
absorption part is a concrete subjected to wet-dry cycles. A test and some discussion on the
underlying phenomena will be presented.

In case 2 above (right branch of Figure 1), two scenarios could be imagined:

A. If a model is available, the sequence would be:

°  Determine the various phases of a cement using a combination of scanning electron
microscopy (SEM) and X-ray mapping.

°  Then apply a virtual hydration model to this cement and simulate the performance of
the cement under sulfate attack.

B. If a model is not available, the sequence would be:

° Small cement paste specimens are produced using the cement under study, expansion
is measured, and the relative susceptibility of the cement is determined.

°  Concrete cylinders are produced according to the mixture design given by the end
user. After appropriate curing, the cylinders are sawed, preconditioned, and measured
for sorptivity and the formation factor.

° The service life is estimated.

As most of these procedures are shorter than the current standard tests, it is expected that
the determination of the cement and concrete performance can be obtained in about one month
without taking into consideration the curing of the concrete (up to 28 days). However, if only the
cement is being tested, such as for quality control purposes, the extra time for curing the concrete
is not necessary.

This report will be organized around the discussion of the following items:

1) Concrete measurements (left branch of Figure 1 flow chart):
a. Absorption, diffusion, and cyclic exposure
b. Transport-based models

2) Cement testing (right branch of Figure 1 flow chart):
a. Microstructure observations that can be used in the future to develop a model
b. New testing of small cement paste specimens to determine the cement’s resistance

to sulfate attack

In summary, four tests were developed (absorption, diffusion, cyclic testing, and small
cement paste specimens) and one (absorption) was approved by ASTM. It is already part of Vol.
04.02 as of 2004 (ASTM C 1585). The expansion test for small cement paste specimens to
ASTM will be submitted for consideration to ASTM in June 2006. Further developments are



needed prior to submission of the other tests to ASTM. Nevertheless, all the tests presented here
could be used for evaluating the performance of a cement or concrete.

Concrete characteristics
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Figure 1: Flow chart for determination of the sulfate resistance of concrete or cement
paste. Each box in bold corresponds to a chapter of this report.

Concrete Characteristics

This part of the report addresses the influence of the mixture design on the sulfate resistance of a
structure (left branch of the chart in Figure 1). Accurate service life estimates based on sulfate
exposure begin with an accurate estimate of the transport of sulfates into the concrete.
Characterizing the transport coefficients of sulfates in concrete is complicated by the reaction
that occurs during transport, thereby changing the properties. The resulting time-dependent
(Fickian) diffusion coefficient would have limited applicability to scenarios where the sulfate
concentration was different from the laboratory tests.

An alternative is to carefully characterize transport and reaction separately and use an
appropriate continuum transport model to estimate the response of the material. This approach
has advantages and drawbacks. The relevant transport equations require only the concrete
capillary porosity and formation factor, regardless of the number of diffusing species. The



difficulties lie in carefully characterizing the reactions between the diffusing ions and the soluble
salts present.

NIST developed two tests: one for sorption of water by a porous material and one for the
calculation of the formation factor of a concrete. The formation factor is used to characterize the
pore structure of the specimen and determine the time for sulfate ions to migrate into the
saturated specimen. The tests to measure the absorption of water by a porous material were
approved by ASTM in 2004 as C 1585: Standard Test Method for Measurement of Rate of
Absorption of Water by Hydraulic-Cement Concretes. The method for the formation factor is not
an ASTM standard.

Three models applicable to concrete, developed in another project, are summarized here and
are available from the NIST website, http://ciks.cbt.nist.gov/monograph, or are commercially
available [7]. All three models could be used to link absorption and diffusion to the service life
of a concrete structure. These models were never tested side by side; therefore we do not know if
they will give the same answer for the same input.

Diffusion

Introduction. The rate of sulfate attack, like virtually every other concrete degradation
mechanism, depends, in part, on the rate of diffusive transport. Therefore, to accurately
characterize sulfate attack, diffusive transport of relevant ionic species must also be
characterized accurately.

The two approaches to modeling diffusive transport for the i species are the empirical
and the physical. Empirical approaches [8] based on Fick's law [9] for flux j, effective diffusion
coefficient D, and concentration C,

Ji =-D; V¢, (1)

have limited applicability in systems where the relative concentration of the available species can
vary dramatically, or reaction products can change the pore structure. This empirical approach
only works if the material coefficient D is characterized under exactly the same conditions as the
field exposure.

In the physical approach, ionic transport and chemical reactions are treated separately.
The transport equation is based on modeling transport within the pore fluid. At this scale, the
interactions among the diffusing species are known relatively well. One drawback to this
approach is that physical properties of the pore solution are required, such as density and
viscosity. However, the advantage is that since all the interactions are known, any number of
diffusing species can be modeled using only two material parameters: capillary porosity and
formation factor.



Transport equation. The transport equation used here is based on the electro-diffusion
equation [10, 11]. This equation has been the basis for a number of studies in concrete materials
[12-17]. Specifically, the electro-diffusion equation applies to solutions of dissociated
electrolytes. The charged species interact with long-range electrostatic forces. Strictly speaking,
Fick’s equation is an nonphysical characterization of electrolytic solutions. Moreover, the pore
solution of cementitious systems is far from an ideal solution, another fact that should be
addressed in the transport equation.

Species flux. The diffusive transport of the i-th ionic species in an electrolytic solution can be
expressed as flux j; that is a function of the species self-diffusion coefficient D°, chemical
potential u, and mobility u and the electrical potential y[12, 16, 18, 19]:
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The self-diffusion coefficient D° and the mobility U are the primary material coefficients
of the bulk electrolyte. The universal gas constant R, absolute temperature T, species valence z,
and amount-of-substance concentration C; ensure the proper units. The chemical potential can be
related to the concentration ¢ through the molar activity coefficient y:

#=RT In(yc;) (3)

Substituting this equation into the previous transport equation for bulk liquid yields an
equation that is a function of the species concentration [10, 11]. Fortuitously, extending this
transport equation to bulk materials only requires the ratio of the tortuosity to the porosity,
referred to here as the formation factor Y [20]:
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The formation factor is the material parameter that uniquely characterizes the solid pore
structure [18].

Typically, this equation is simplified by relating mobility to diffusivity through the
Einstein relation:

— |:Dio
W=k g

The quantity F is the Faraday constant. This approximation has been used elsewhere for
both cementitious systems [12-17] and biological systems [21, 22]. The equation was also used
in the study of saturated nonreactive porous systems containing specified pore solutions [16, 19]
and was shown to accurately describe varied diffusive transport behavior for systems containing



electrolytes at concentrations near 0.1 mol/L; in special cases, the equation was shown to be
accurate for systems at 1.0 mol/L.

An additional correction, however, is required to extend the accuracy of this flux
equation to arbitrary aqueous electrolytes at concentrations in excess of 0.1 mol/L. The
concentration dependence of the self-diffusion coefficient can be approximated from the bulk
electrolyte viscosity, as proposed by Gordon [23]:

D} - Di"n—W (6)
n

The quantities 7, and 7 are the viscosity of pure water and the bulk solution,

respectively. In effect, this relationship adjusts the self-diffusion coefficient of the various ions to
account for high concentration. Although it is known that this relationship overcorrects the self-
diffusion coefficient [24], it is a reasonable first approach and has been used elsewhere [25, 26].

The mobility u must also be corrected for concentrations greater than 0.1 mol/L. A simple
empirical relationship was developed that is applicable to the individual mobilities (and not just
to binary mixtures) [27]:

u’l
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The quantity G; is the species coefficient and ly is the molar ionic strength. It was shown
that this correction is accurate for alkali concentrations over 2 mol/L.

The combination of Egs. 4, 6, and 7 gives the complete transport equation:

The corresponding time dependence of the concentration is calculated using the material
capillary porosity ¢ and the conservation equation:

ogc, :
it sl B VAR T
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The porosity is required in this equation because the flux in Eq. 9 characterizes bulk
transport, not just the pore space.

Electrostatic interactions. Equations 8 and 9 are nearly sufficient to solve for the transport of
ions in an electrolyte. The other condition imposed is that of charge neutrality [3, 4] and the total
(positive) current:
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The quantity |_, is the current due to an externally applied electrical field. For diffusion,

ext
it is set to zero to insure electroneutrality. This approach has been used previously [18, 19] to
solve the transport equation. Alternatively, to determine the diffusion potential, one can solve the
Poisson equation [20], referred to as the Nernst-Planck-Poisson system of equations, as has also
been done elsewhere [12, 13, 21].

Characterizing parameters. Characterizing multispecies transport in a porous material requires
the solution to Egs. 5, 6, and 7. Interestingly, the only material parameters required are the
capillary porosity and the formation factor. All other quantities can be determined from the
current state of the electrolyte, regardless of the number of ionic species present. Therefore, in
order to characterize the diffusive transport properties of a material, all one requires are the
formation factor and the porosity. All the other aspects of transport depend on the chemistry of
the electrolyte.

This concept is very important. It implies that the response of a system (the flux of ions
into or out of concrete) depends, independently, on both the diffusion and the species-species
interactions. Therefore, if one changes either the population of species or their concentration, the
response of the material will change, independently of any microstructural changes. This fact,
demonstrated using nonreacting porous materials, was exploited to show how the effective
Fickian diffusion coefficient can change in time (due to chemistry), and in fact can be negative
under certain mixtures of species [19]. Consequently, to speak of the "chloride diffusion
coefficient" only has meaning under the same conditions in which the experiment was
performed. Change either the population of ionic species or their concentrations, and the
measured response would differ.

Porosity. The porosity, as used in the continuum transport equation, is the capillary porosity.
The capillary porosity is defined here as the volume available for salt precipitation. Typically,
the capillary porosity of the hydrated cement paste is in the range 0.05 to 0.30. The
corresponding value for concrete is the paste porosity multiplied by the volumetric paste content.

The capillary porosity ¢ is calculated from the mass of water lost from a saturated
specimen upon heating to 105°C. Although somewhat arbitrary, it is a method that yields values
that agree with CEMHYD?3D [35], which have been correlated with volumetric calculations
based on stoichiometry.

Formation factor. The formation factor Y is the ratio of the pore solution electrical
conductivity o, to the bulk concrete electrical conductivity o, [20]:
o

Y=—" (11)
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Technically, formation factor is defined as a differential quantity (do,/do, ), but since

changing the pore solution can create commensurate changes in the pore structure, the simpler
definition of Eq. 11 is used here.



Fortunately, determining the electrical conductivity is a relatively easy technique in the
concrete materials laboratory. The bulk conductivity of concrete can be made using readily
available equipment. In fact, it has been shown that a simple modification of the ASTM C 1202
rapid chloride test can be used to accurately determine the bulk concrete conductivity [28].

The pore solution conductivity poses a slightly more difficult problem. In principle, one
could express the pore solution [29]. Under practical conditions, however, the quantity expressed
will likely be smaller than available conductivity meters can accurately measure.

Alternatively, one can dilute the specimen and use a technique such as ion
chromatography to determine the concentrations in the original specimen. The conversion from
concentration to conductivity must be performed with care because, at the concentrations
typically found in pore solution of cement pastes [30-33], the relationship between concentration
and conductivity is not linear. A solution to this problem has been proposed [27] and has been
shown to be accurate to within 10% at concentrations up to 2 mol/L.

Moisture content. The development of the transport equation thus far has implicitly assumed a
saturated pore space. In practice, the combination of environmental exposure and cement
hydration will lead to a pore space that is only partially saturated. As a result, transport through
the unsaturated system will differ from that of the saturated one. The solution is to modify the
transport equation to account for saturation. The most straightforward approximation is to
multiply each term in the transport equation by the saturation S. A more sophisticated approach
requires determining additional moisture transport coefficients.

Experimental procedure. There are a number of standardized and routine laboratory tests one
can perform to estimate the porosity and formation factor. In addition, the National Institute of
Standard and Technology (NIST) microstructural model (CEMHYD3D) can be used to make
estimations when neither appropriate information nor a physical specimen is available. The tests
one can perform for each physical quantity of interest are shown in Table 1. In each case, the
CEMHYD3D model is a last resort, because an analysis requires a careful and thorough
characterization of the cement.

Table 1: Experimental Methods for Estimating the Porosity and Formation Factor of Concrete

1. Porosity 2. Concrete 3. Pore Solution
Conductivity Conductivity
a. ASTM C 948 a. Impedance Spectroscopy a. Jon Chromatography
b. CEMHYD3D b. Rapid Chloride Test b. Impedance Spectroscopy
c. CEMHYD3D c. Taylor Model
d. CEMHYD3D
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Capillary porosity. The capillary porosity is generally determined from the mass of water lost by
the concrete at 105°C. The difference between the saturated surface-dry specimen at room
temperature and the mass after exposure to 105°C is attributed to the capillary porosity.
Assuming that the density of water in the capillary pore space is roughly equal to the density of
bulk water, the mass of water lost can be converted to a volume of water lost. The ratio of the
volume of water lost to the volume of the concrete is the porosity.

ASTM C 948. ASTM C 948 outlines a procedure for estimating the porosity of a porous
material. Although the procedure was developed for glass-fiber reinforced concrete, the
procedure is applicable to normal concrete. The Test Method stipulates that the specimen should
be larger than 25 ¢cm® and smaller than 650 cm’, which are reasonable limits for ordinary
portland cement concrete.

In general, the procedure outlined in ASTM C 948 is consistent with typical laboratory
practice reported in the literature. While variations exist with respect to duration of the saturation
and heating exposure, they all share the same basic format for the procedure.

CEMHYD3D. In the absence of a physical specimen, one is typically forced to make a
guess based on available information. This is typical when one is trying to characterize the
properties of a mixture design that has been proposed for a project. In this case, a microstructural
model such as CEMHYD3D can be particularly useful. Using as much information as possible,
such as the mixture design and the general composition of the cement, one can "hydrate" the
concrete numerically.

Concrete conductivity. The concrete conductivity can be determined from a number of relatively
straightforward procedures. In general, saturated concrete obeys Ohm's law, simplifying the task.
The procedure is accomplished by coupling electrodes to the concrete and determining the
resultant electrical current due to an applied electric field. The experimental challenges are the
coupling of the electrodes to the specimen, and the correction for the electrode effect which is
the small voltage drop that occurs between a metal electrode and the ionic solution in contact
with it.

The concrete conductivity is calculated from the geometry of the concrete specimen with
bulk resistance R. For one-dimensional current flow through a specimen of length L and area A,
the concrete conductivity o, is calculated from the following relationship:

o.=— (12)

Impedance Spectroscopy. The more sophisticated experimental procedure consists of
coupling the electrodes to the concrete via either saturated intermediate media or immersion into
an electrolyte. In both approaches, the electrolyte is the coupling medium.

The analysis is performed using an impedance spectrometer. A sinusoidal voltage (on the
order of 1 V) is applied across the electrodes, and the amplitude and phase of the resulting
current is measured. When the voltage and current are in phase, which typically occurs between
10 kHz and 100 kHz, the system is behaving like a pure resistor. The ratio of the voltage
amplitude to the current amplitude is the resistance between the electrodes. After subtracting the
resistance of the electrolyte between the electrode and the specimen, the result is the bulk
resistance of the concrete.
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Rapid Chloride Test (RCT). It has been shown [28] that the ASTM C 1202, the so-called
Rapid Chloride Test (RCT), can be used with minor modifications to accurately estimate the
conductivity of concrete. The electrode polarization voltage drop between the electrode and the
electrolyte is typically on the order of 1 V. The ASTM C 1202 test specifies that 60 V is to be
applied across the specimen. Under these conditions, the electrode polarization voltage is
relatively small.

The required modifications to the ASTM test method simplify the procedure. The first
modification eliminates the pore solution vacuum saturation, and the second modification
shortens the current measurement time.

Since the formation factor is defined as the ratio of the pore solution conductivity to the
concrete conductivity, the concrete must contain the pore solution that is to be analyzed. If the
“as received” concrete pore solution composition is known, the specimen should be placed
directly into the RCT specimen holders and the reservoirs filled with NaCl and NaOH.
Otherwise, the specimen can be vacuum saturated, according to the ASTM C 1202 procedure,
but then the resulting pore solution must be subsequently analyzed to determine its conductivity.

Once the specimen is in the RCT cell, 60 V are applied to the specimen, and the current is
measured after 1 min. The ratio of the applied 60 V to the measured current is the estimated bulk
resistance between the electrodes. A cursory analysis of the RCT cell geometry suggests that the
resistance of the coupling electrolyte solutions could be ignored [28], and the calculated
resistance could be attributed entirely to the concrete specimen.

Pore solution conductivity. There are two means of determining the pore solution conductivity:
direct sampling or estimation based on a model. The direct sampling techniques are divided
between measuring the conductivity directly and estimating the conductivity from a specimen
that has been diluted to achieve a sufficient volume for measurement.

In some cases, the method only estimates the concentration of the ionic species in the
pore solution. In these cases, there are two possibilities: reconstruct the pore solution
synthetically and measure the conductivity directly, or estimate the conductivity from the
concentration. A single-parameter model has been developed for estimating the conductivity
from the concentration [27]. This model has been shown to be accurate to within 10% in alkaline
solutions with hydroxyl concentrations up to 2 mol/L.

The model is based on the equivalent conductivity A, for each ionic species. The dilute
limit equivalent conductivity A is proportional to the dilute limit self-diffusion coefficient D;:
2
A = F D’ (13)
RT

The solution conductivity o can be expressed as a sum of individual equivalent
conductivities A, :

o=>|z| ¢4 (14)

For a constant equivalent conductivity, the solution conductivity o would be linearly
proportional to concentration. In practice, the equivalent conductivity decreases with increasing
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concentration. The concentration dependence of the equivalent conductivity has been
approximated with the following single-parameter model:

%
GRPYCYEE (>
The quantity | is the ionic strength:
15,2
| = EZ z'c (16)

The equivalent conductivity at infinite dilution 4 and the model coefficient G; for a
number of relevant species are shown in Table 2.

Table 2: Equivalent Conductivity at Infinite Dilution 4 and Conductivity Coefficient G; at 25°C

Species 20 G,
1
(cm? S/mol) (mol/L)"?
OH 198.0 0.353
K* 73.5 0.548
Na’ 50.1 0.733

lon Concentration. The indirect method estimates the pore solution conductivity from the
ionic species concentrations. The concentration of the various species can be determined using a
number of available analytical techniques. One that has been used with great success for cement
systems is ion chromatography (IC). The IC technique is capable of determining the
concentration of both anion and cation species. The concentration of OH", however, is not
measured. Rather, its value is estimated from charge balance.

Impedance Spectroscopy. Impedance spectroscopy (IS) can be used to determine the
conductivity of a solution directly. The minimum volume of the specimen is limited by the size
of the conductivity cell. This limits its applicability to measurements made on specimens from
pore extrusion.

Alternatively, one can determine the concentration of the individual ionic species and
then synthesize the pore solution in sufficient quantity to measure with IS.

Taylor Model. The Taylor model for predicting alkali ion concentrations [34] is an
alternative to experimental means of obtaining the pore solution conductivity. In those cases
where properties of the cement are known, the Taylor model can be used to predict the sodium
and potassium concentrations in the hydrated cement paste. These concentrations can then be
used in the conductivity model shown above to estimate the pore solution conductivity.
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CEMHYD3D. In the absence of physical specimens, one could estimate the formation factor
using a cement hydration model and appropriate computer codes. The CEMHYD3D
microstructural model [35] can use information about the cement to generate realistic models of
the hydrated microstructure. The resulting microstructure can be used as input to computer codes
to determine the relative conductivity of the system [36].

Practical Examples. In practice, there are two scenarios under which one might seek to
determine the porosity and formation factor for a particular concrete. In the more desirable
scenario, the concrete constituents are known and obtainable. These materials can be used to
make trial mixtures that can be tested directly. The less desirable, yet more likely, scenario
consists of a physical specimen and a limited knowledge of the mixture design and cement
characteristics. Under these conditions, a number of approximations and estimates must be made.

For either case, determining the porosity is a straightforward procedure. As described
above, the mass of the saturated concrete can be determined before and after heating to
approximately 105°C. If, in the second scenario, there is insufficient specimen volume to
perform separate formation factor and porosity measurements, the porosity can be determined
from the specimen used to determine the formation factor.

The particular test for determining the formation factor depends upon the scenario. Each
case is summarized in Table 3. The tests given in Table 3 should not be considered exhaustive.
Ideally, the researcher applies as many tests as are reasonable to insure consistent results.

Table 3: Scenarios for Estimating the Porosity and Formation Factor of Concrete Specimens

Scenario Obtainable Quantities
1 Concrete Components & Mixture Design
2 Physical Field Specimen & Mixture Design & Cement

SCENARIO 1: Under ideal conditions, both the mixture design and the specimens of the
concrete components (cement, aggregate, etc.) are available. With these, trial concrete specimens
can be made and analyzed. The analysis of the porosity and formation factor are facilitated
because specimens can be tailored to a specific test.

Table 4: Recommended Methods for Determining the Pore Solution and Concrete Conductivities
When the Concrete Components and Concrete Mixture Design are Both Available

Pore Solution Conductivity Concrete Conductivity
a. pore expression a. rapid chloride test (RCT)

The pore solution conductivity can be estimated from direct analysis of the pore solution through
pore expression. Chemical analysis of the expressed pore solution (ion chromatography, atomic
absorption, etc.) can be used to reconstruct the majority species present, from which one can
estimate the pore solution conductivity.

The concrete conductivity can be estimated using the rapid chloride test (RCT) apparatus.
Concrete specimens can be made and cured for 28 days. After that, they can be cut “wet” into
50-mm-tall, 100-mm-diameter cylinders, as per ASTM C 1202. These specimens can then be
immediately placed into the RCT apparatus, and the current at 60 seconds used to estimate the
bulk conductivity.
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SCENARIO 2: Given only a field specimen and limited information about either the mixture
design or the cement characteristics, there are still a number of procedures that can be applied, as
shown in Table 5 below. The most useful of these tests can be applied to the specimen without
any additional information.

Table 5: Recommended Methods for Determining the Pore Solution and Concrete Conductivities
When a Physical Field Specimen and the Concrete Mixture Design are Both Available

Pore Solution Conductivity Concrete Conductivity
a. pore expression a. rapid chloride test (RCT)
b. Taylor model b. impedance spectroscopy

The best approach for estimating the formation factor consists of saturating the specimen
and making direct measurements. If available, information about the mixture design and cement
characteristics can be used to estimate the composition of the pore solution. This estimation can
be made using either the Taylor model or CEMHYD3D. This estimation does not have to be
accurate, only reasonable. The specimen can then be vacuum saturated with this estimated pore
solution and allowed to equilibrate while submerged within the solution.

The rapid chloride test apparatus can be used to estimate the specimen conductivity by
filling the end chambers with the saturation solution. This way, the specimens can be returned to
the saturation condition and the conductivity measurement repeated at a later time. This process
can be repeated until the conductivity does not change, indicating the specimen has come to
equilibrium. Although more precise, impedance spectroscopy is listed second because it requires
more expensive equipment, but does not necessarily yield better results.

After the bulk specimen conductivity has been determined, the pore solution conductivity
can be determined from either estimation or direct measurement. An estimate can be based on
the composition of the saturation solution and knowledge of the duration of saturation required to
achieve a constant bulk conductivity measurement. Otherwise, the pore solution can be analyzed
from specimens obtained by pore expression.

Absorption

In the previous section, the diffusion of ions into a fully saturated concrete was discussed. In this
section, penetration of sulfate into a dry or only partially saturated concrete specimen will be
examined. The sulfate will then diffuse through the structure and react with the cement paste
hydration products. Therefore, a test needed to be developed to measure the rate of ingress of
water in a concrete specimen. There are two approaches: 1) in-situ testing, i.e., the concrete is
tested in place in the field; 2) laboratory testing, i.e., concrete cores are taken and brought to a
laboratory for testing. Both approaches have their advantages and disadvantages. In the in-situ
approach, the concrete cannot be conditioned and it is impossible to know the water content of
the concrete. In the laboratory approach, the concrete might not be exactly the “same” as the in-
situ concrete, i.e., curing, hydration degree, etc., if, for example, substantial time elapses between
obtaining the cores and testing them. On the other hand, in the laboratory, the concrete can be
conditioned and therefore the water content can be known.

The approach selected here is laboratory testing because it was felt that a higher
reliability could be achieved, as sorptivity is highly dependent on saturation. The data provide a
good estimate of the material properties that can then be used to model the performance of the
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in-situ concrete as a function of the environment. The test described here was approved as an

ASTM standard in 2004 as C 1585: “Standard Test Method for Measurement of Rate of
Absorption of Water by Hydraulic-Cement Concretes.”

Preconditioning of the specimen. The absorption of water by a concrete specimen depends
heavily on its degree of saturation. A fully-saturated specimen will not absorb water, while a
fully-dried specimen will absorb a lot. Therefore, the measurements should be conducted on
specimens that have the same degree of saturation. NIST developed a method to precondition all
specimens to the same level of saturation in equilibrium with approximately 60% RH. To
develop the procedure several tests were done and are described in Reference [37]. Here, only
the description of the final procedure will be given.

As the sorptivity depends on the water saturation of the concrete, the conditioning of the
specimen is paramount. Therefore, the requisite for consistent, uniform conditioning of the
specimen should be:

e Equilibrium with the same relative humidity should be achieved with any concrete

® The relative humidity in equilibrium with the specimen should be around 60%, because it
is a likely limit on the lowest relative humidity encountered in the field

® The duration of the conditioning should be as short as possible

® The methodology should not require sophisticated instrumentation. This will allow the
implementation of the test by most laboratories

Therefore, the more severe conditioning consisting of drying the specimen to constant mass
in an oven was rejected a priori. On average, a concrete specimen 100 mm in diameter and
50 mm long will need 2 to 3 months to be completely oven dried at a temperature of 50°C. This
duration is not acceptable. Drying at higher temperatures might accelerate the evaporation of the
water but it could also induce cracking that would alter the sorption coefficient of the specimens.
The methodology adopted to determine the optimum conditioning was:

® Phase I: Place the specimens in an environmental chamber at 80% RH and 50°C. The
duration of this treatment should be the shortest possible to obtain the same equilibrium
RH with all concretes.

® Phase II: Place the specimen in a closed container at 20°C until the specimen has the
same RH throughout its thickness. It was determined that all specimens will reach
equilibrium after 15 days.

The selection of the duration of the conditioning and the temperatures were determined by
several tests described in Ref. [37]. Duration of exposure to phase I was determined by
measuring the scatter of the equilibrium RH reached with various concretes after treatment
duration varying from 1 day to a condition of constant mass (several months). Figure 2 shows the
results obtained. The RH is measured by placing the specimen in a closed container and
measuring the RH in that container. Initially, the RH increases rapidly and eventually it reaches
equilibrum. It is assumed that at this point the water content in the specimen is uniformly
distributed throughout the specimen. From Figure 2, it is clear that the conditioning from T3 and
higher are acceptable, with a small unexplained exception of T4 (3 days). Therefore, we suggest
that the specimens should be kept in the environmental chamber for at least 48 hours prior to
placement in the container to equilibrate the RH. Of course the smallest variation between
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specimens is obtained when constant mass is achieved but the duration of the conditioning is not
acceptable for a standard test (T7).
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Figure 2 [37]: Relative humidity achieved after the various preconditionings. The main difference
is the time spent in the environmental chamber at 50°C and 80% RH. T1: no time; T2: 24 hours; T3:
48 hours; T4: 3 days; T5: 7 days; T6: until constant mass; T7: until constant mass at 20°C and 80%
RH. The error bars represent one standard deviation.

The duration required for a specimen to reach equilibrium after conditioning at 50°C and
80% RH, i.e., even distribution of the water throughout the specimen, needs to be determined. To
determine the shortest duration needed, specimens were placed in special containers [37]. The
RH inside the containers was monitored once a day for up to 30 days. Figure 3 shows the
evolution of the RH versus time for some representative specimens. It can be deduced that after
about 10 days the RH does not change significantly. Therefore, the duration adopted of 15 days
should guarantee a uniform RH throughout the specimen.
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Figure 3 [37]: RH of the air inside the conditioning containers versus time. Each curve represents
measurements on a concrete cylinder. Each point is the average of data on three slices of a
concrete cylinder. The error bars represent one standard deviation.
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Water ingress into a nonsaturated concrete structure is due to sorption, driven by capillary
forces [38]. If the water is on top of the concrete surface, gravity also will play a role in the water
penetration. Figure 4 shows the different results obtained with the two methods: capillary rise
(water at the bottom of the specimen) or ponding (water at the top of the specimen). It is clear
that the specimens have a higher water intake by ponding than by capillary transport. Therefore,
it is necessary to use the method that is more appropriate for the concrete structure to be
evaluated. The sorptivity coefficients are 0.49-10” m-s™ for the capillary sorption method and
0.59-10” m-s™ for the ponding sorption method in this example.

Test method description. The method is similar to that recently published as a RILEM
recommendation [39]. The principle of the method is that a concrete specimen has one surface in
contact with water while the other surfaces are sealed.

The proposed standard test allows either the top surface to be in contact (simulation of
water on a pavement or bridge deck) or the bottom surface (substrate in contact with water). The
first case is referred to as absorption by ponding and the second as absorption by capillary rise.
ASTM C 1585 allows only absorption by capillary rise because the ASTM committee thought
that two methods of exposing the specimen to water was too confusing. The concrete specimens
were 50-mm-(2-in.)-thick disks sliced from the received specimens. The sides were covered with
impermeable adhesive sheet such as duct tape, while the bottom (nontested side) was protected
during testing with a plastic sheet loosely attached to the specimen. In the case of absorption by
capillary rise (Figure 5) the specimen was then ready for testing. For testing with absorption by
ponding, some duct tape was used to form a pond as shown in Figure 6. A two-component epoxy
caulk was used to seal the space between the tape and the concrete.
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Figure 4: Comparison of sorption measured by capillary and by ponding. A) The water content per
surface area versus linear time as measured, B) the water content per surface area versus square
root of time for the first 7 hours. These are results for one sample and no uncertainty was
calculated as they are given only as an example of results that could be obtained.

The mass of the specimen was regularly measured after the tested surface was patted dry.
Of course, in the case of ponding, the water inside the dike needed to be poured out before
patting dry the specimen surface.
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It should be noted that the tape used in these tests should be tested to determine if there is

a potential for leaks. Any leaks will be detrimental to obtaining proper results, especially in the
ponding configuration. Figure 7 shows the possible cases of leakage that can alter the validity of
the tapes: the water leaks between the two sides of the tape or between the tape and the
specimen, resulting in wetting of the nontesting surface. In both cases, the results will show a
higher sorption coefficient than otherwise would be measured.

To select the correct tape and caulk, any concrete specimen may be used (but not the one to
be tested later). The steps to follow are:

® Dry the specimen somewhat by placing it in an oven overnight so that it will be dry
enough to absorb water by ponding.

® Prepare the specimen for the ponding tests as described above and use the tape to be
tested.

e Pour water in the dike and leave the specimen overnight.

In general, if the tape is not adequate, the leaks will appear in less than 24 hours. A more
rigorous procedure for determining the adequacy of adhesion and prevention of leakage is
beyond the scope of this project.

Figure 7: Pictures of observed leaks with improper sealing: A) water leaked between the two
layers of tape, B) water has leaked in between the tape and the specimen sides and is wetting the
bottom (nontested surface).

The absorption, I, is the change in mass divided by both the cross-sectional area of the test
specimen and the density of water at the test temperature. For the purpose of this test, the
temperature dependence of the density of water is neglected and a value of 0.001 g/mm’ is used.

The units of | are mm. The initial rate of water absorption (mm/sl/z) is defined as the slope of the
line that is the best fit to | plotted against the square root of time (s/z). This slope is obtained by
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using least-squares, linear regression analysis of the plot of | vs. time”. For the regression
analysis, all the points from 1 minute to 6 hours or until the plot shows a clear change of slope
(Nick point time [see Figure 8]) are used.

The later-age rate of water absorption (rnm/sl/z) is defined as the slope of the line that is

the best fit to | plotted against the square root of time (sl/z) using all the points from 1 to 7 days.
Again the least-square linear regression is used to determine the slope.

Figure 8 shows these two slopes or sorption coefficients. Two slopes have been observed for the
results obtained from a wide variety of concretes and mortars [40]. The later-age sorption
coefficient is usually attributed to other phenomena besides the capillary forces alone, such as
filling of the larger pores and air voids.
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Figure 8: Calculation of the sorption coefficient.

Status. This test was submitted to ASTM and approved in 2003 with inclusion in the ASTM
Vol. 04.02 in 2004. The committee used only absorption by capillary rise for inclusion in the
procedure. A precision statement is being developed by the ASTM committee, which is
conducting a round-robin. This test was developed with the collaboration of Doug Hooton of the
University of Toronto, who is also the chair of the ASTM committee.

Wet-dry Cycles

In the previous two sections, we examined the penetration of sulfate into a concrete that was
either immersed or partially saturated. Now, the case of cycles between immersion and exposure
to air (drying conditions) needs to be examined. In the field, it is not unusual to have a structure
that is not constantly immersed or is only partially immersed in a sulfate solution. For instance,
on pier columns, the portion totally and constantly immersed in the water is observed not to
deteriorate while the portion in the tidal zone is completely destroyed [41]. It is essential to
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determine the mechanisms of deterioration in this case to be able to predict the sulfate resistance
of a concrete subjected to wet-dry cycles or partial immersion.

After an overview of the possible mechanisms, a new test method to measure the
deterioration on concrete or mortar is presented. Some preliminary results of the tests will also be
presented. Some ideas and suggestions for further research will also be discussed.

Background. Since concrete is a porous material, the ingress of water is rarely completely
prevented. Temperature cycles in combination with the presence of water and salts are the
prerequisite for several deterioration mechanisms: freezing and thawing of water, chemical
attack, crystallization pressure, and thermal stresses. In this report, the interest is in a concrete
structure under external sulfate attack and with temperature and wet/dry cycles, or partially
immersed. In the case where only thermal cycles are present in saturated or partially saturated
specimens, the potential deterioration mechanisms are varied [42]: 1) stresses due to the
expansion of the water during freezing (for temperatures below the freezing point); 2) mismatch
of coefficients of thermal expansion between the various components of the concrete, such as the
various hydration products or salt precipitated in the pores; or 3) structural changes in salts that
might be precipitated in pores. The first phenomenon, freeze-thaw, is well known and will not be
addressed in this report. This report concentrates mainly on the last case, with a brief description
of Case 2. In the rest of the paper, we assume that the temperature stays above the freezing point
of water containing dissolved salts.

If a thermal cycle occurs and the coefficient of thermal expansion (CTE) of the salt and
the hydration products is not the same, a few degrees increased temperature could create stresses
on the structure [42]. Scherer et al. [42] give the example that a mismatch of CTE of 30 g/t/°C
could lead to a stress of 1 MPa per degree change in temperature. Therefore, a small change in
temperature between night and day could lead to cracks if the stress generated exceeds the tensile
strength of the structure.

It is generally accepted that in the case of wet and dry cycles with exposure to sulfate
solution, the pores are filled slowly with salts that precipitate in the pores during the dry cycle.
During the wet cycles, the pores are filled with salt crystals and supersaturated solutions (salt
concentration higher than the solubility value). The pore size distribution, the type of salt, and
the environmental conditions (RH, temperature, and duration of the cycles) are paramount to the
type and extent of the deterioration observed.

Depending on the environmental conditions, efflorescence can be observed on the surface
of the concrete, or subefflorescence could be formed below the surface. Efflorescence is not
aesthetically pleasing, but in some case can be easily eliminated by washing the surface, while
the subefflorescence could generate stresses that will deteriorate the structure. The mechanisms
of crystal growth inside a structure and the resulting crystallization pressure need to be
understood to design concrete that is sulfate resistant.

Crystallization pressure. It is generally agreed [43] that the main cause of spalling under
exposure to sulfate solution and wet/dry conditions is due to the crystallization pressure. There
are several theories on how the crystallization pressure develops. The best studies on this topic
are provided by Scherer [42] and Flatt [43]. A summary of the various theories will be provided
here.

A crystal will grow in all directions until its surface attains a local weighted mean
curvature [44] that is in equilibrium with the concentration of the solution following the
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Freundlich equation. Due to large interaction of repulsive forces existing between the crystal and
the surface of the pore, the crystal will stop growing toward the pore surface if it is “close” to the
surface. Direct contact will not be possible [45] due to the large forces to overcome the surface
tension. A thin film of solution forms in the interface of the crystal and the wall of the pore

[46, 54]. The concentration of the solution in this thin film should be the same as in the rest of
the pore. This concentration is not in equilibrium with the radius of the pore but is in equilibrium
with the tip of the crystal free to grow in the area not in contact with the wall. Therefore, as the
film will always be supersaturated, the crystal will have a tendency to grow in the direction of
the wall, creating a pressure.

In the particular case of sodium sulfate, we need to consider also the structural changes
due to a change in RH and/or temperature [47, 48]. Sodium sulfate combined with water has two
stable phases: mirabilite (Na,SO4-10H,0) and thenardite (Na,SO,), and a metastable phase
(Na,S04-7H,0) that is very rare. Magnesium sulfate has three potential phases: epsomite
(MgS04-7H;,0), hexahydrite (MgSO4-6H,0), and kieserite (MgSO4-H,0). Some properties of the
salts and their crystallization pressures are shown in

Table 6 [48]. In Table 6 the crystallization pressures were computed using Correns’ [46]
equation. The pressure depends on the ratio of bulk solution concentration (C) to the
concentration at the crystal solution interface (Cs). The higher ratio occurs when there is a
constant evaporation and capillary transport of solution into the concrete. This is exactly the
situation in a tidal zone or in wet/dry cycles.

If we assume that the flexural strength of concrete is around 4 MPa, it can be deduced
from Table 6 that for sodium and magnesium sulfate, values of C/Cs of 2 will lead to
crystallization pressure that could exceed the tensile strength of the concrete. Higher temperature
seems to lead to higher pressure.
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Table 6: Properties of Sodium and Magnesium Sulfate Salts [48]

Salt Formula Density | Molecular Molar Crystallization Pressure [MPa]
weight Volume CICs=2 | CICs=10 CICs =50
. [cm*/mol] | o0°C 50°C [0°C |[50°C |0°C |[50°C
[g/cm’] [g/mol]

mirabilite Na,S0,-10H,0 | 1.46 322.19 220 7.2 8.3 23.4 27.7 39.7 47.3
thenardite Na,SO,4 2.69 142.04 93 29.2 34.5 97.0 115.0 165.0 | 196.5
epsomite MgSO,- 7TH,O | 1.68 246.40 147 10.5 12.5 35.0 41.5 59.5 70.8
hexahydrite MgSO,- 6H,0 | 1.75 228 130.1 11.8 141 39.5 46.9 67.1 30.0
kieserite MgSO, H,O 2.45 138.39 56.55 27.2 324 91.0 107.9 154.3 | 184.0

C = Solute concentration in bulk solution (supersaturation) [mol/cm"]
Cs = Solute concentration at the crystal solution interface [mol/cm’]
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These data do not take into account the influence of the temperature on the preferential formation
of one of the phases of the sodium or magnesium sulfate.

Many authors [43, 49] have observed another phenomenon that occurs with sodium
sulfate. This phenomenon is related to the transformation of thernadite to mirabilite by
dissolution. Flatt [43] has developed a phase diagram for thernadite and mirabilite as a function
of the temperature and RH. He found that above 32.4°C there is no mirabilite. At 25°C, for
example, if RH increases above 78%, thernadite is transformed into mirabilite by dissolution and
precipitation. A further increase of RH above 82% results in a supersaturated solution of
mirabilite. At a RH higher than 92%, a solution of sodium sulfate is present. Flatt showed that a
stress of 19 MPa could be calculated from the thernadite dissolution and precipitation to
mirabilite. This value is often higher than the tensile strength of concrete. Some authors [50]
state that the molar volume of mirabilite is 315% that of thernadite. They infer that the increase
of volume is the cause of the crystallization pressure. This would imply that thernadite could
absorb water like a sponge to become mirabilite. It should also imply that the specimen should
shrink during the drying cycle when mirabilite is transformed back into thernadite. This has not
been observed.

A very good picture of what is happening in a tidal zone is shown by Brown [51]. He
calculates that depending on the soil saturation and the RH of the air surrounding the wall, a
portion of the wall just above the soil level always will be saturated, while at higher levels on the
wall evaporation will create favorable conditions for subefflorescence or surface efflorescence.

From the literature survey, it could be summarized that:

® Volume change from thernadite to mirabilite could not be the source of the crystallization
pressure. Thernadite does not absorb water molecules to transform into mirabilite. This
could be determined by observation that their crystal structures are different. Therefore,
the conversion from one to the other is achieved by dissolution and precipitation [54].

e (rystal growth in a pore is a combination of the solution concentration and the size of the
pore. A film of supersaturated solution forms between the crystal and the pore wall [42].
This film, which allows the crystal to continue growing toward the wall, is responsible
for the crystallization pressure and therefore for the deterioration observed.

® A phase diagram was established for the mirabilite and thernadite versus the temperature

and humidity [43].

- Below 32.4°C in temperature, thernadite is formed during the dry cycle and, as the
RH is increased, mirabilite is formed. With a further increase in RH, a supersaturated
solution of mirabilite is formed, leading to crystallization pressure in pores. This
explains why the deterioration is usually observed in the wet part of the cycle.

- At atemperature above 32.4°C, the decrease in RH precipitates a stable phase of
thernadite. Mirabilite is not formed. It would be expected that little or no deterioration
would occur [43].

e In a porous material, the pore size distribution will determine the potential for
deterioration by crystallization pressure [45]. The pressure is higher in small pores
because the interaction between the surface of the pores and the crystal is higher. On the
other hand, for the crystal to grow in the small pores, ions need to be transported from the
large pores to the smaller ones to maintain the supersaturation of the solution in the small
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pores. Therefore, the controlling factors for crystallization pressure are the pore size
distribution and the average distance between the pores (e.g. spacing factor).

Principle of tests. Ideally, we should be able to measure the pore size distribution of a
material and determine the potential for deterioration depending on the environment (RH and
temperature). Unfortunately, the correct pore size distribution needed to avoid deterioration has
not been determined, and it will be hard to obtain it reliably in concrete. Of course, it could be
assumed that if the sorption coefficient [52] would be low enough so that the water and the
sulfate solution would not penetrate, there would be no deterioration due to wet/dry cycles. The
correlation between the sorption coefficient and the rate of deterioration has not yet been
established. Therefore, an empirical test is necessary to determine the susceptibility of a concrete
to cyclical sulfate attack.

The objective of designing this test was to be able to determine the concrete mixture that
will resist deterioration due to wet-dry cycles or a partial dry-wet environment. Ideally, it should
be an accelerated test. A key observation of concrete deterioration is the influence of temperature
and RH, which means that the temperature and the RH should be controlled. Therefore, the use
of an environmental chamber with controlled temperature and RH was thought to be a necessary
component.

The determination of the duration of the wet-dry cycles and the type of measurements to
be conducted were the main issues to be solved. As the cycles typically experienced in the field
are not always known, with the exception of the tide, it was decided that a stable and controlled
temperature and RH were more important than arbitrarily setting the duration of each cycle. The
other consideration was to reduce the amount of manipulation needed to perform the test.
Therefore, the test will simulate a tidal zone, with a specimen partially immersed in sodium
sulfate solution.

Experimental setup. As stated above, the experimental setup consists placing a specimen
half-immersed in a sulfate solution and exposed to a temperature- and RH-controlled
atmosphere. Figure 9 shows a specimen prepared for testing.

The solution penetrates the specimen by capillary sorption or by diffusion, depending on
the saturation level of the specimen initially. The total porosity and the pore size distribution will
govern the diffusion of the water out of the specimen in the upper part of the specimen (dry
zone). This test is inspired by tests conducted on stone by various researchers [53, 54].

To avoid evaporation of the solution, a film of paraffin oil is placed on top of the
solution. The specimen is isolated from the paraffin oil by a plexiglas tube inside an expanded
polystyrene cylinder. The specimen is placed on spacers glued at the bottom of the container to
ensure that the solution can penetrate from the bottom as well. As the experimental setup is
placed in an environmental chamber, the temperature and RH could be selected to simulate many
environments. It could also be imagined that the temperature and/or the RH could be cycled.

To monitor the specimen deterioration, the top and bottom diameter as well as the height
of the spalling above the solution level were measured. In principle, any size specimen could be
used provided that the height is at least twice the diameter. The specimen is marked with two
circles 19 mm (0.75 in.) from the top and 19 mm (0.75 in.) from the bottom and with 4 vertical
lines equally spaced around the perimeter as shown in Figure 10. The width of any deterioration
was measured on each vertical line. The average of the width of the deterioration was reported as
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a measurement of deterioration. Also the top and bottom diameters were monitored as a
measurement of expansion.

RH, T
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Figure 9: Schematic of the specimen setup for the wet-dry cycles.
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Figure 10: Marking of the specimens for measurements.

Results. To determine the validity of this experimental setup, three series of tests were
performed. The first set used concrete cores, while the other two used mortar cylinders prepared
for this experiment. In the first case, all the measurements described above were not performed
because this set was used to determine the best method to monitor the deterioration. The second
set was composed of two mortars prepared with the same mixture design but with two different
cements: a Type I cement and a blended cement containing silica fume (15% replacement by
mass). The blended cement with silica fume was selected because it showed no expansion in the
mortar prism tests (see section "Mortar specimens"). In all cases the sodium sulfate solution was
prepared as described in ASTM C 1012.

Concrete specimens. Two concrete cores from a road in Maryland (provided by the Maryland
Department of Transportation) were used. The cores were 50 mm (2 in.) in diameter and 10 mm
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(4 in.) long. One specimen was placed at 80% + 5% RH and the other was placed at 30 % £ 5 %
RH. The temperature in both cases was 25°C + 2°C. Pictures were taken and mass of the
specimens measured regularly for 6 months. The mass measurements were not very indicative of
the deterioration observed because it is hard to correctly dry the surface of the specimen prior to
the measurement without increasing the deterioration by removing some loose material. The
visual observations are more indicative of the deterioration.

Figure 11 shows the deterioration seen after 25 weeks of exposure. The following

observations can be made:

- The specimen at 80% RH showed signs of deterioration first (42 days instead of 75 days).

- The zone of deterioration is very large and starts at the water level for the specimen
exposed to 80% RH.

- The zone of deterioration is narrower and is situated at a certain distance from the water
level for the specimen at 30% RH. The first sign of deterioration was a crack and not
spalling at about 75 days.

- The first appearance of spalling was at 105 days for the specimen subjected to 30% RH
while only at 42 days for the specimen at 80%.

These preliminary results led us to better determine the parameters that should be monitored:
the height “D” (Figure 11) of the deterioration, and the expansion of the specimen at the top and
the bottom. These observations were used to develop the test further and were used in the mortar
experiments.

Figure 11: Picture of concrete submitted to the wet-dry deterioration after 25 weeks. D =
deteriorated zone. The diameter of the specimens is 50 mm (2 in.) and the height is 101 mm (4 in.).
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Mortar specimens. Two sets of mortar specimens were prepared. The first set contained two
mortar compositions, while the second set contained three types of mortar. Table 8 shows the
composition of the specimens. These mixtures were selected because of their different behavior
in a full immersion test both in expansion and dynamic modulus of elasticity (see Figure 12).
The silica fume mixture did not deteriorate at all even after 1800 days (30 months) of continuous
immersion.

The exposures selected were of three types as shown in Table 7. This table also shows
which type of mortar was submitted to the various conditions. The scope of these tests was to
determine if the parameters selected in the preliminary tests would enable us to rank the
materials from their relative deterioration.

Table 7: Type of Exposure

Environment Specimens
Temperature [°C] RH [%] Set #

25 80 1,2

25 30 1,2

40 80 2

Table 8: Composition of the Specimens for Sets #1 and #2

Supplementary Cementitious Material
Specimen WIC,, SICn, Name Replacement of
cement [%] by mass
Control 0.485 2.75 None 0
SF 0.511* 2.75 Silica Fume 15
FA-C 0.485 2.75 Fly Ash Class C | 15

Note: * the w/c ratio was adjusted to obtain a workable mix.
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Figure 12: Expansion (A) and modulus of elasticity (B) of prisms made with the same composition
as shown in Table 8. All data for the expansion are an average of three specimens. The modulus is
the average of two specimens. The error bars represent the one standard deviation in both
graphs. The expansion of the control is measured with only two specimens after 360 days (The
third specimen broke.)

31



As a tentative procedure to accelerate the process, the pH was controlled manually for the
specimens in set #1. Once a week, when the specimens were measured, the pH was adjusted to
maintain a value of 7. As this was done manually, it was hard to add the correct amount;
therefore, most of the time the pH was lower than 7. The pH measured before the adjustment was
always higher than 7, between 9 and 12. Therefore, there was some acid attack for the portion of
the specimen immersed in the solution. This explains why the bottom diameters are decreasing
with time instead of expanding. This procedure was abandoned for set #2 and replaced by
changing the solution every month.

In both sets, the top and bottom diameter and the width of the spalling were measured
weekly. Some pictures were taken to visually monitor the specimens. Figure 13 and 14 show the
results obtained for set #1, and Figure 15 to Figure 17 shows the results of set #2.
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Figure 13: Deterioration width of the mortar specimens for set #1 at 25°C. The percentages in the
legend are the RH used.
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Figure 14: Relative expansion of the top and bottom diameters for mortar set #1. The percentages
in the legend are the RH used.
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Figure 15: Deterioration width of the mortar specimens for set #2 at 25°C. There are no data at
40°C because no deterioration was observed. The percentages in the legend are the RH used. The
error bars are not shown for clarity but all data would be £ 20% (as seen in Figure 13).
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Figure 16: Relative expansion of the top and bottom diameters for set #2 at 25°C. The percentages

in the legend are the RH used. The error bars are very large when the specimens start
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Figure 17: Relative expansion of the top and bottom diameters for set #2 at 40°C.

The following observations could be drawn from the measurements obtained from both sets:
e Bottom diameters (Figure 14, Figure 16, and Figure 17): the results are varied as we see
both expansion and shrinkage.

0 Set#1 with SF, the bottom diameter decreased. We would have expected expansion
due to sulfate attack. This is probably due to loss of material observed in the bottom

half of the specimen caused by the lower pH due to the overcompensating during
adjustments.

0 Obviously, there is no influence of RH because the parts are submerged.
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0 For set #2 expansion is observed for the control and the FA-C cements as expected
from the prisms’ length changes measurements.

0 For set #2 no expansion is observed for the SF replacement specimen.

The top diameters usually shrink due to evaporation, especially for the low RH.

Table 9 shows the time where spalling was initially observed on the specimen. It seems

that in all cases the spalling starts earlier in the 30% environment than in the 80% and no

damage is observed at 40°C. It should be noticed that even the SF specimen starts to

deteriorate, while no expansion was measured in prisms. This shows that tidal zone type
of exposure is more severe than fully immersion.

Table 9: Initiation of Spalling on the Specimens

Type Init. Det. [d]

Set #1 Set #2
Control 25°C, 30 % 84 41
Control 25 °C, 80 % 163 63
Control 40 °C, 80 % -- >257
SF 25°C, 30 % 98 40
SF 25°C, 80 % 129 133
SF 40 °C, 80 % - >257
FA-C 25°C, 30 % -- 40
FA-C 25°C, 80 % -- 103
FA-C 40 °C, 80 % - >257

To attempt to explain these results, some relevant details are necessary:

The SF specimen is likely to have smaller pores than the control. This could lead to
higher deterioration in this experiment because the solution is carried higher into the
specimen by capillary suction, unless the pore network is not percolated.

In the case of exposure to 80% RH, the specimens experience a range of RH from 100%
(close to the solution) to 80% (at the surface or at the top). According to the phase
diagram of sodium sulfate vs. RH and temperature [43], this would lead to formation of
supersaturated mirabilite solution and no thernadite. It was reported above that this would
lead to lower damage because there is no conversion from thernadite to mirabilite.

In the case of exposure to 30% RH, the specimen experienced a range of RH from 100%
to 30%. According to the phase diagram, this would lead to the formation of thernadite
and precipitation of supersaturated solution of mirabilite. The damage should be higher
due to the higher volume occupied by mirabilite.

At 40°C the temperature is above the critical point of 32.4°C [43] and therefore no
mirabilite is formed. There is no transformation between the two phases, and the
crystallization pressure is lower or null because only thernadite can be formed as its
volume is smaller.
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Therefore, in light of the above facts, at temperatures lower than 32.4°C, it is expected that
RH of 30% would lead to a higher and more rapid deterioration than exposure to 80%. This
observation is confirmed by work performed by Rodriguez-Navarro et al. [54]. They showed that
a limestone block exposed to 35% RH was broken in half, while the same block exposed to 60%
RH showed only superficial spalling.

The unexpected finding was that the replacement of cement by SF does not prevent
deterioration in this type of test, while it did in a complete immersion test.

Summary. From the above tests, it can be deduced that if an accelerated test is needed to
simulate exposure to wet-dry cycles or in tidal zone conditions, the selection of a low RH and a
temperature below 32.4°C is advisable. A RH of 30% is easily achievable at various
temperatures using an environmental chamber or a salt solution. The temperature could be
selected to reflect the possible environment in the field. It should be kept in mind that if the
temperature is consistently above 32.4°C, according to the literature [43] and our preliminary
results, this will lead to reduced deterioration.

The measurements selected to monitor the deterioration, i.e., the top and bottom
diameters and the width of the spalling, seem to be appropriate.

Future Work. So far, we developed a test that could be used both with specimens prepared in
the laboratory and cores from the field. This test is semiempirical, but it can quickly show the
onset of deterioration due to wet-dry cycles. But this is not a prediction of deterioration from
composition.

It is clear that the deterioration depends on the percolation characteristics of the pore
structure, the pore size distribution, and the total air content. The pore structure is linked to the
capacity of absorption and desorption of water from the specimen. The other important factor is
the tensile strength of the cement paste. Therefore, a predictive test based on material science
should include the characterization of the pore structure and the tensile strength of the specimen.
A link or correlation should be established between the pore structure and the performance under
wetting and drying cycles.

After the phenomena are better understood and the important material parameters are
determined, it is likely that a model could be developed to predict the deterioration of a mortar or
concrete from its physical characteristics.

Transport Properties-Based Models

To link the concrete characteristics such as formation factor and sorptivity coefficient to the
prediction of service life, models are essential. During this project new models were not
developed in part because there are three good models that already exist and that are available for
free from the NIST website (CONCLIFE, Mobasher-Tixier [55]) or are commercially available
(STADIUM?). These models will certainly be further developed in the future and thus improve
the prediction capability.

? Commercial equipment, instruments, and materials mentioned in this paper are identified to foster understanding.
Such identification does not imply recommendation or endorsement by the National Institute of Standards and
Technology (NIST), nor does it imply that the materials or equipment identified are necessarily the best available for
the purpose.
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NIST CONCLIFE [56]. This model was developed for a project funded by the Federal Highway
Administration (FHWA) [37] to address the deterioration by sulfate attack and freeze-thaw of
bridge decks and pavements. Regarding sulfate attack, it was assumed that the sulfate solution
could ingress the concrete by sorption either from the soil or from rain. This model assumes the
following scenarios:

e Sulfates enter only by sorption and not by diffusion.

® The concrete specimen is dry or only partially saturated and therefore the solution can
enter by sorption.

® As soon as sulfate enters in the concrete it will react with the cement hydration products
and be transformed into ettringite. The composition of the cement is not taken into
account.

o Wet-dry cycles are considered by a gradual accumulation of sulfate in the pores of the
concrete. As the amount of sulfate increases in the concrete, more ettringite is formed. It
is assumed that all the sulfate ions will react with the cement and form ettringite. The
crystallization pressure is not taken into account.

The service life model for sulfate attack in CONCLIFE is based on the model developed by
Atkinson and Hearne [57]. While their development considered the main mode of sulfate ion
transport into the concrete to be by diffusion, here we will develop a similar model for sulfate
ions transported via sorption from the external environment. The basic equation developed by
Atkinson and Hearne is [57]:

Xspall :(2a7f(l_v))/(E(/8CE)2) (17)

where Cg = concentration of reacted sulfate as ettringite (mol/m?)
E = Young’s modulus (GPa)
Xspatt = spalling depth (m)
a = roughness factor for fracture path
B = linear strain caused by one mole of sulfate reacted (m*/mol)
vs = fracture surface energy of concrete (N/m)
o = surface tension (N/m)
v = Poisson’s ratio (e.g., for concrete, probably close to 0.2, for paste 0.25, and for
mortar 0.22)

The basic assumption of this model is that deleterious expansion and cracking are due to
the formation of ettringite within the concrete. When the strain produced by the growing
ettringite exceeds the fracture energy of the concrete, failure occurs as a layer Xgpan thick spalls
from the concrete. For a sorptivity-based model, the buildup of ettringite is considered to be due
to external sulfate ions penetrating into the concrete along with the sorbed external solution [58].
Thus, to use this model, the user must specify the concentration of sulfate ions in the external
solution (e.g., rainwater or groundwater) and the sorption properties of the concrete. The basic
screen within CONCLIFE for performing service life predictions in the case of sulfate attack is
shown in Figure 18.
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Some examples of how this software can predict the sulfate attack are given in the
following two references [56, 37]. More work is necessary to validate the predictions of the
model and to be able to use this software in the field, as well as to incorporate other deleterious
mechanisms not taken into account in this software. Nevertheless, this model is a first step in
predicting the service life of concrete under sulfate attack.
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Figure 18: Basic screen for sulfate attack service life computation.
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Mobasher-Tixier Model. The model developed by Mobasher and Tixier [59, 60] is based on
the assumption that the sulfate resistance of a concrete is linked to its diffusion coefficient, its
mechanical properties, its capillary porosity, and the cement composition as determined by the
reactive calcium aluminate content. The first three properties define what we called the
macroscopic or concrete properties. They depend mainly on the concrete mixture design and to
some extent on the type of cement used. The last property, the calcium aluminate content, is
important if the assumption is made that the sulfate attack is governed by the reaction of the
sulfate with these phases to form ettringite. The model assumes that gypsum is formed first
following Eq. 18:

Ca(OH), + Na,S0, -10H,0 — CaS0, - 2H,0 (18)

The second step is the formation of ettringite, Cg AS.H., following the equations below:

C,AH,, +3CSH, +14H — C,AS,H,, + CH (19)
C,AH,, + 2CSH, +16H — C,AS;H,, (20)
C,A+3CSH, +26H — C,ASH., (21)

The above equations on the formation of ettringite could be lumped into one equation:
CA+qS — C,AS;H.,, (22)

with the accepted cement chemistry notation: CA is C4AHj;, monosulfate, and residual
C;3A combined and q is a equivalent stoichiometric coefficient.

The next step in the simulation of the degradation by the sulfate is the estimation of the
sulfate concentration profile into the specimen. This depends on the diffusion of sulfate into the
specimen, on the geometry of the specimen, and on the sulfate concentration in the solution
surrounding the specimen. A finite element approach was used to determine the profile of sulfate
into a specimen. The model can either assume a 1-D penetration or a 2-D penetration. The fact
that the model does not at this point consider a 3-D penetration is not a limiting factor because
most specimens studied have at least one dimension that could be considered infinite compared
to the others. An example is the large prisms (ASTM C 1012) used in our laboratory
measurements of the expansion due to sulfate attack.

The combination of the diffusion and the reaction with the cement paste allows the model
to calculate the profile of the sulfate concentration versus depth in specimens of various
geometries and its evolution with time.

The next step for the model is to calculate the expansion of the specimen resulting from
the reaction, i.e., formation of ettringite. The model uses the modulus of elasticity of the
material, its capillary porosity, and the calculated sulfate penetration and reaction distribution in
the specimen to calculate the overall expansion and deterioration.

Therefore, this model needs the sulfate diffusivity, the rate constant, the capillary
porosity, and the hydrate calcium aluminates content and form to estimate the expansion versus
time. Some tentative validation was done using data from NIST [61] and by estimating the
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modulus and other values that were not measured. The agreement with the experiment was very
reasonable.

Some collaboration was initiated with Dr. Mobasher to further exploit the data generated
by this report to validate his model [62]. Also, the model is available on the NIST website.

STADIUM. This finite element model was developed by Marchand [7]. It is based on the
principle that all chemically induced alterations induce a change in porosity that will affect the
transport properties. To simulate ionic transport, the Nernst-Planck equation, the chemical
activity coefficient, and the electrical potential are used. As input to the model, the following
parameters are needed: porosity, concentration of species, water content of the concrete,
diffusion coefficient, and tortuosity of the pore system. The chemical reactions are treated as a
local equilibrium of dissolution and precipitation. The local chemical reaction changes the pore
system and therefore affects the transport properties.

The model solves a system of equations that describe:
e Transport properties: diffusion coefficient

® Chemical reaction

® Porosity changes due to the chemical reaction

This model might be commercially available in the near future. Collaboration with the author
is possible, but due to the commercial nature of the product, it would be hard to assume that a
combination with the above models would be possible.

Summary of the models. In conclusion, there are three models that are in an advanced stage
of development. Two of them are available to NIST and to the public, and one will be
commercially available.

There are some differences in applications between the models. The NIST CONCLIFE
model assumes that the specimen is exposed to the sulfate solution only on one side and allows
for cycles of wet and dry surfaces. The Mobasher-Tixier model assumes that the specimen is
fully saturated and therefore that the sulfate penetrates by diffusion and not by sorption. They
both assume that the formation of ettringite is the cause of the expansion and neither takes into
account deterioration by crystallization pressure. CONCLIFE estimates the spalling due to the
deterioration while the Mobasher-Tixier model calculates the expansion versus time. These
models are complementary. It seems that both models might benefit from a better knowledge of
the microstructure evolution during the deterioration. It would be ideal if they could be
combined.

STADIUM also attempts to determine the distribution of sulfate throughout the
specimen, but it does not seem to attempt to predict the onset of deterioration.

NIST also plans to have a continuation project based on the CEM3HYD [35] program to
simulate a virtual deterioration of a cement from its SEM image. The data collected under this
project will be used to validate the results of the model. The goal is to be able to predict the
resistance to sulfate of a cement based only on the composition as determined from an SEM
analysis. Obviously, the prediction of a concrete resistance to sulfate attack should combine the
chemistry of the cement resistance with physical properties such as sorption, diffusion, and
cyclic loads. No all-in-one model exists at this time, but the scheme proposed here provides all
the necessary methods to estimate the resistance of a concrete (Figure 1).
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CEMENT CHARACTERISTICS

Introduction

This part of the report addresses the influence of the cement on the sulfate resistance of a
structure (right branch of the chart in Figure 1). To predict the sulfate resistance of a cement, a
full understanding of the chemical reaction of the hydration product with sulfate is needed.
Therefore, two cements and nine supplementary cementitious materials were selected, tests were
conducted, and the products from the sulfate interaction with the hydration products were
examined, including both microstructure features and macroscopic characteristics such as
expansion and modulus of elasticity.

The microstructure observations will be useful as the basis for better understanding the
mechanisms and the reaction products developed during a sulfate attack. Once the understanding
is more complete, it will be possible to modify a virtual “hydration model,” such as the NIST
CEM3HYD model [35] to simulate this reaction, or to develop other models such as a statistical
model based on mineralogy and particle size distribution (PSD). The ultimate goal will be to use
a SEM/X-ray analysis of a cement paste to produce an image of the cement paste and then
determine the phase amounts and spatial distribution in the cement paste. This image can be
virtually exposed to a sulfate solution. The model will show the reaction products and their rate
of formation. This result will allow the determination of whether the cement examined is sulfate
resistant or not in less than a day. The model could also allow the optimization of the cement
composition depending on the material available and on the application. This knowledge could
lead to the engineering of sulfate resistant cements by selecting the raw materials and the
production procedure.

For microstructural observations, cement paste and mortar specimens were exposed to
sulfate solution. The initial compressive strength was measured but it is clearly not a good
indicator of deterioration versus time. The reason is that it is a destructive method and therefore
the number of specimens needed is too large to be feasible. The flexural test performed on small
bars (25.4%25.4x285 mm or 1x1x11.25 in.) is plagued by such a large scatter of the data that it is
unusable. Therefore, two properties were used to monitor the deterioration of the specimens:
expansion and dynamic modulus of elasticity.

The collection of expansion data along with SEM and XRD examination of specimen
sections allowed the construction of a more detailed picture of the kinetics of the reaction than
previously attempted [2]. This approach will serve as an input in the future to develop models for
prediction of the resistance to sulfate attack from the composition. In the process of acquiring a
better understanding of the chemistry and microstructure development, it was discovered that a
reduction in size of the prisms from the standard 25x25%285 mm to 10x10x40 mm was justified.
This discovery resulted in the development of shorter test periods using only cement paste small
specimens.

This section will be divided in three parts:

1. Tests performed to acquire information on the deterioration kinetic

2. Microstructure observation (left branch of the “Cement Characteristics” branch in Figure 1)

3. New test using small specimens (right branch of the “Cement Characteristics” branch in
Figure 1)
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Tests Performed

Materials used. The materials were provided by the PCA and included two cements classified
as ASTM Type /Il and Type V and supplementary cementitious materials.

The two cements’ chemical composition is shown in Figure 19 and in Table 10. Table 11
shows the compositional estimates. The phase composition was calculated using the ASTM
C 150 method (Bogue calculation) and by X-ray powder diffraction. XRD data represent
averaged values from bulk and salicyclic acid/methanol extraction residues. XRD results indicate
that the aluminate content of these cements is similar.

The types of supplementary cementitious materials (SCM) used are shown in Table 12.
The dosages were initially set to be 1% by mass of cement replacement for all SCM. But it was
established that the metakaolin and shale types are effective to prevent sulfate attack only at
dosages of at least of 20% to 25%’. As the purpose of this test is to determine the influence of
these supplementary cementitious materials on the sulfate attack resistance and not to determine
the best dosage for each material, a constant dosage of 1% was selected for all material except
for the metakaolin and shale types, whose dosage was set to 25% to better reflect the usual
dosage in the field.

3 Private communication with Greg Barger, Ash Grove Cement Co.
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Table 10: Cement Oxide Compositions

Type /11 Type V
PCA-12 PCA-16
Na,O 0.156 0.11
MgO 4.21 2.19
ALO; 4.39 3.97
Si0O, 20.4 21.99
P20; 0.081 0.17
SO, 2.76 2.11
Cl 0.010 <0.002
K,O 0.48 0.70
CaO 63.6 63.95
TiO, 0.440 0.24
V,05 0.01 0.01
Cr20; 0.02 0.01
Mn,0; 0.09 0.06
Fe,0; 2.64 3.91
NiO 0.01 0.00
Zn0O 0.04 0.03
SrO 0.04 0.08
710, 0.02 0.02
BaO 0.07 0.02
LOI 0.53 0.30
Table 11: Compositional Estimates
Type I/11 Type V
ASTM XRD ASTM XRD
C 150 C 150
Alite 62.5 62.1 54.9 58.9
Belite 114 12.1 21.6 14.4
Aluminate |7.2 4.5 3.9 4.9
Ferrite 8.0 9.7 11.9 14.6
Arcanite 04 0.3
Periclase 2.3 0.6
Gypsum 0.7 0.4
Bassanite 3.1 3.6
Anhydrite 0.3 0.2
Dolomite 0.8 --
Calcite 0.5 --
Quartz 0.2 0.4
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Table 12: Supplementary Cementitious Materials Used

NIST Code Type

PCA-31A Fly Ash Class F

PCA-31B Fly Ash Class C

PCA-32A Calcined Montmorillonite Shale
PCA-32B Calcined Kaolin (Metakaolin)
PCA-32C Calcined Kaolin/Opal
PCA-144A GGBFS; Grancem 80
PCA-144B GGBFS; Grancem 120
PCA-144C GGBFS; Grancem 100
PCA-145 Silica Fume

Note: The NIST codes are shown for identification purpose only. (Appendix A provides composition
data.)

Specimens prepared. Two sets of specimens were prepared using these materials:
e Set#1: cement paste with the two cements
e Set #2: mortars with the two cements and the SCM

The mixture compositions were divided in two sets: cement paste and mortars. Table 13
shows the mixture composition.

e Set#l: cement paste water-cement ratio = 0.35 or 0.45

e Set #2: mortar water/cement ratio = 0.485; sand-cement ratio = 2.75 and for some mixes
cement was partially replaced by mass with a SCM

The cement and the SCM were blended in the correct proportion in a V-blender before using
to prepare the specimens. Only Type I/II cement was used in these specimens.

Three type of solutions were prepared:
e Sodium sulfate: 50 g/L (as described in ASTM C 1012)

® Magnesium sulfate: 42.4 g/L. This amount corresponds to the same concentration of
SO, as in the sodium sulfate solution

e Limewater: saturated solution of Ca(OH);

All specimens were cured for 24 hours in 100% RH and 20°C + 3°C after mixing. All
specimens were exposed to the selected solution immediately after demolding (curing method
A). After almost a year in limewater, some specimens (see Table 13) were then exposed to
sodium sulfate solution (curing method B). This second curing method will show the influence
of curing on the sulfate resistance.

The specimens from set #1 were exposed, after curing method A, to sodium sulfate and
magnesium sulfate solution as well as limewater. The specimens from set #2 were exposed to
sodium sulfate solution and limewater. Some specimens from set #2 were exposed to sodium
sulfate after curing method B.
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For all sets the following specimens were prepared:

® Prisms: (25.4%25.4x285 mm or 1 x1x11.25 in.) used to monitor expansion and dynamic
modulus of elasticity (ASTM C 215)

e Small cylinders (25.4 mm [1 in.] diameter and 25.4 mm [1 in.] long) used for SEM and X-ray
diffraction analysis

e Cubes (50 mm or 2 in.) used to measure the compressive strength at 7 days and 28 days

The prisms used for expansion had pins (as described in ASTM C 1012) placed at both ends
to be used with a comparator, while the prisms used for the modulus of elasticity did not have
pins. The small cylinders were used to monitor microstructure evolution during sulfate
penetration into the specimens. The small cylinders were coated at both ends with a two-
component epoxy so that the sulfate would penetrate the cylinders from the sides only.

In order to compare our methodology with the standard test method (ASTM C 1012), an
independent laboratory conducted the measurements on the same materials. Prisms as described
in the standard were prepared using the same cement combination as discussed above for the
specimens prepared by NIST.

Table 13: Specimens Prepared

NIST code | Set# W/C SCM Cement | Curing
Name type
PCA-25 1 0.350 None I A
PCA-26 1 0.350 None \Y A
PCA-152 1 0.450 None I A
PCA-174 2 0.485 None I A.B
PCA-175 2 0.485 Fly Ash F I AB
PCA-180 2 0.485 Fly Ash C I A.B
PCA-191 2 0.485 Metakaolin 1 AB
PCA2-12 2 0.485 Calcined Montmorillonite | I AB
(Shale)
PCA2-13 2 0.485 Calcined Kaolin/Opal I A.B
PCA2-24 2 0.485 GGBFS 80 I A.B
PCA-193 2 0.485 GGBFS 100 I A,B*
PCA2-23 2 0.485 GGBFS 120 I A.B
PCA2-28 2 0.485 Silica Fume I A,B

*Only prisms for measuring the modulus were available for curing method B

Measurements on mortar prisms. The set #1 results are shown in Figure 21 and Figure 22.
The first figure shows the expansion results and the second figure shows the dynamic modulus of
elasticity. There are two figures for expansion to be able to show more clearly the expansion of
the specimens prepared with the Type V cement. To discuss the results obtained, it should be
kept in mind that these are cement paste specimens that were prepared with two cements, at two
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water-cement ratios (0.35 and 0.45) and exposed to sodium sulfate (Na), magnesium sulfate
(Mg), or limewater (lime).

From these results on set #1, several observations could be made. The first observation
that comes from Figure 21 is that the expansion is not significantly affected by the water-cement
ratio. The major influence is from the type of cement, with cement Type V having a lower
expansion than cement Type I/II. The exposure to magnesium sulfate yielded a lower expansion
than exposure to sodium sulfate. For Type I/Il cement there is a slight increase in expansion after
500 days of exposure to sodium sulfate linked to the water-cement ratio, with the lower water-
cement ratio having a lower expansion rate than the higher water-cement ratio. This observation
should be considered carefully because the specimens at the lower water-cement ratio were
exposed to a controlled pH of 7 after about 300 days. This was done in hopes of accelerating the
deterioration. As shown in Figure 21, the deterioration was accelerated but not significantly.

As expected, the Type V cement, considered sulfate resistant, showed a reduced
expansion when compared with the Type I/II cement. Nevertheless, the expansion was 30% to
50% higher than the limewater specimen with a higher water-cement ratio. Therefore, this
cement might be considered sulfate resistant under these conditions. Exposure to the two
environments yielded very different behaviors. The Type I/II cement showed less expansion with
the magnesium sulfate than the sodium sulfate, while Type V cement showed no difference
between the two exposures, although the specimens exposed to magnesium sulfate broke (see
Figure 22 B marks), indicating a higher deterioration. This could lead to the conclusion that the
Type V cement is less resistant to magnesium sulfate than to sodium sulfate.

The inflection point on the expansion curve versus time indicates the initiation of a more
rapid expansion and it is a sign of serious deterioration starting.

shows the time of the inflection point for the set #1. It can be deduced that Type V
cement is the more resistant to sodium sulfate. Compared to Type I/II cement at the same water-
cement ratio, it lasted about twice as long. On the other hand, the deterioration under magnesium
sulfate is not quite as clear, and it seems that the higher water-cement ratio and Type I/II cement
are more resistant.

Despite all these observations and differences between the two type of cements when
measured by expansion, the C;A content of the two cements is not that different. It could be
inferred that the simple knowledge of the C;A content as measured by Bogue might predict the
performance of the cement. Other factors must play a role, although it is not clear what these
factors are.

The specimen exposed to limewater showed some expansion but it was not significant. It
also reached an asymptote after about 500 days despite the higher water-cement ratio used
(0.45). It will be shown below (set #2) that the expansion in limewater is comparable for all
specimens regardless of the cement composition.
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Figure 21: Expansion of the specimens in set #1. A) All data, B) expansion of the specimens in set
#1 prepared with Type V cement. This is an expanded view of A. The crosses indicate that
specimens broke and therefore the average is over a smaller number of specimens. After the
second cross, no more specimens were available that were exposed to magnesium sulfate. The
limewater curve is given for information only as it is not from the same cement or mix design.
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Table 14: Age of the Specimens for the Inflection Point for Expansion and Modulus of
Elasticity for Set #1

Sodium Sulfate | Magnesium
NIST code Cement Type Inflection point | sulfate
(w/c ratio) [days] Inflecton point
[days]
PCA-25 Type VI (w/c = 0.35) 314 566
PCA-26 Type V (w/c =0.35) 679 498
PCA-152 Type VI (w/c = 0.45) 475 642

(All specimens were cured using method A.)

From Figure 22, it is clear that was expected the lower water-cement ratio results in a
higher modulus of elasticity. What is surprising is that there is no clear difference in the modulus
between the various specimens at the same water-cement ratio prepared from different cements
or exposed to different salts until the specimens are severely deteriorated (Type I/II in Na at both
water-cement ratios). Instead, a slight increase in modulus could be observed between the
specimens exposed to salt solution with the specimens in limewater. This might be due to the
gradual filling of all pores with reaction products between cement and the salts.
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Figure 22: Modulus of elasticity for set #1. The standard deviation is not shown but it was found to
be less than £ 0.3 GPa.

The specimens from set #2 were prepared with mortar and have a large variety of blended
cements. Therefore, the first step is to establish the baseline or the expansion that will be
measured if the specimens were kept in limewater. Figure 23 shows the expansion of specimens
in limewater. The data are shown only up to 300 days because at that point these specimens were
placed in sodium sulfate to determine the influence of curing on the sulfate attack of concrete. It
is clear that the expansion in limewater does not depend significantly on the type of cement used.
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Therefore, an average curve was calculated and shown as a solid line in Figure 23. This
calculated curve will be used as the baseline for the rest of the discussion on expansion results.
The small expansion observed in these specimens in limewater is probably due to hydration of
the cement paste and swelling due to water ingress. This expansion is never reported because it is
not measured for 300 days and at 7 days is less than 0.005% (20 times smaller than the
expansion determined as deleterious by ASTM C 1012).
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Figure 23: Specimens in lime water for set #2

Figure 24 and Figure 25 show the expansion data for the blended cements used. Two
curing periods were used. In method A, the specimens were placed after 24 hours from mixing in
100% RH in the testing solutions (sodium or magnesium sulfate). In method B, the specimens
were kept in limewater for about 300 days before being placed in the testing solutions. Table 15
shows the exact duration of curing method B for all the cements used. The idea behind the two
curing methods was to see the influence of curing duration on the expansion, modulus of
elasticity, and microscopic structure.

From the expansion curves from either curing method, it could be determined that the
addition of Class C fly ash (FA-C) leads to a higher rate of expansion than the control (Type I/II
cement) at this dosage. At the other end of the spectrum, the specimen with silica fume (SF) did
not expand at all compared to the specimens in limewater. The performance of the various
cements could be ranked by their expansion at a certain date, but the best method is to determine
the inflection point of the expansion curve versus time, which should be the longest for the
cement most resistant to sulfate attack.

Table 17 shows the inflection points. It should be noted that some specimens cured by method B
have not yet deteriorated. The GGBFS-100 specimen was not measured with curing method B
because there were no specimens available (broken during demolding). In the cases where the
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inflection point could be calculated (specimen deteriorated), it seems that the longer curing leads
to a faster deterioration. The only exception is the control, where the inflection points are 3 days
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Figure 24: Expansion of the specimens in set #2, curing method A. A) All data, B) close-up view of
expansion below 0.25% for specimens of set #2 (A). The “Expansion in lime” shows the expansion
for the specimens kept in limewater. The values of the expansion in lime later than 300 days are
an extrapolation (see text).

apart (25 days for curing method A and 28 days for curing method B). It could be argued that the
time to the inflection point for the control specimen is relatively short and, therefore, the duration
of curing does not have a major effect.
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Figure 25: Expansion of set #2, after about 300 days curing in limewater (curing B). A) All data, B)
close-up view of expansion below 0.25% for specimens of set #2 (A). The “Expansion in lime”
shows the expansion for the specimens kept in limewater. The values of the expansion in lime
later than 300 days are an extrapolation (see text).
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Table 15: Duration of Curing for Method B

NIST code SCM Curing Duration
Name of Curing
B [days]
PCA-174 None A,B 346
PCA-175 Fly Ash F A.B 343
PCA-180 Fly Ash C A,B 342
PCA-191 Metakaolin A.B 342
PCA2-12 Calcined Montmorillonite | A,B 312
(Shale)
PCA2-13 Calcined Kaolin/Opal A,B 311
PCA2-24 GGBFS 80 AB 305
PCA-193 GGBFS 100 A,B* 340
PCA2-23 GGBFS 120 A,B 306
PCA2-28 Silica Fume A.B 304

Note: *Only prisms for measuring the modulus were available for curing B.

Table 16: Age of the Specimens for the Inflection Point for Expansion and Modulus of Elasticity
for Set #2

NIST code SCM Curing A Curing B
Name Inflection point | Inflection point
[days] [days]
PCA-174 None 25 28
PCA-175 Fly Ash F 339 >300
PCA-180 Fly Ash C 80 28
PCA-191 Metakaolin 403 >300
PCA2-12 Calcined Montmorillonite | >600 >300
(Shale)
PCA2-13 Calcined Kaolin/Opal 330 >300
PCA2-24 GGBES 80 382 168
PCA-193 GGBFS 100 500 >300
PCA2-23 GGBFS 120 218 112
PCA2-28 Silica Fume >600 >300

Note: “>600" or “>300” indicates that the specimens have not yet reached the inflection point and the
measurements were recorded for about 600 or 300 days, as of this writing.

Figure 26 and Figure 27 show the data obtained from the measurements for the modulus of
elasticity. Although not as clear as for the expansion measurements, the same deterioration could
be determined. The deterioration of the specimen is determined by a decrease in the modulus of
elasticity, which is a sign that cracks may have appeared and the microstructure was changed or
weakened. The following observations can be made:

® The control and FA-C show a decrease in the modulus at an earlier age than any other
specimens.
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e SF specimens' modulus of elasticity is comparable to the specimens kept in limewater
and even show a slight increase over time.

e The other specimens are deteriorating at the same rate as seen in the expansion curves.
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Figure 26: Modulus of elasticity for set #2 in sodium sulfate curing method A. The standard
deviation is not shown but it was found to be less than + 0.3 GPa.
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Figure 27: Modulus of elasticity of the specimens of set #2 after curing method B (almost 300
days). The standard deviation is not shown but it was found to be less than + 0.3 GPa.
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Table 17: Age of the Specimens for the Inflection Point for Expansion and Modulus of

Elasticity for Set #2

NIST code SCM Curing A Curing B
Name Inflection point Inflection point
[days] [days]
PCA-174 None 25 28
PCA-175 Fly Ash F 339 1100
PCA-180 Fly Ash C 80 28
PCA-191 Metakaolin 403 1100
PCA2-12 Calcined Montmorillonite >1800 >1500
(Shale)
PCA2-13 Calcined Kaolin/Opal 330 1100
PCA2-24 GGBFS 80 382 168
PCA-193 GGBFS 100 500 NA
PCA2-23 GGBFS 120 218 112
PCA2-28 Silica Fume >1800 >1500

Note: “>T” indicates that the specimens have not yet reached the inflection point and the measurements
were recorded for about T days, as of this writing.

The data from the standard tests (ASTM C 1012) prepared by California Portland Cement
Company (CPC) are shown in Figure 28. The same trend is noticed: a) FA-C specimens expand
faster and more than the control and b) Type I cement is more expansive than cement Type V.
After a full year of measurements, it is hard to distinguish between the rest of the cements. They
all expanded less than the 0.1% required for a sulfate resistant cement. These observations for
the blended cements (with the exception of the FA-C) are identical to the data obtained at NIST
after one year. These results could lead to the conclusion that all the blended cements with the
exception of FA-C are sulfate resistant, but the conclusion might be premature as when the
measurements are continued, as was done at NIST for over five years'. From Figure 24 and
Figure 25, it is clear that only the SF and shale addition in cement are still not expanding after
five years. All the other blended cements are destroyed after about 2.5 years. This is a
demonstration that several factors are affecting expansion and they need to be better understood
to be able to properly predict cement performance. Just measuring expansion according to
ASTM C 1012 for a year will not provide a clear picture of the performance of supplementary
cementitious materials.

It should also be noted that the expansion measured at NIST is larger for all specimens
than the expansions measured by the independent laboratory. It is unclear why the measurements
differ, but the same conclusions can be drawn from the trends and the relative comparison of the
various cements.

* It should be kept in mind that the standard ASTM C 1012 tests are usually conducted only for one year while
NIST measurements were conducted to failure, e.g., in some case as long as five years.

56



0.30
0.25
S 0.20 1
[
o 0.15 —e— Control
% ' —a— Type IV
£ 010 -
0.05
0.00 - T T T
0 100 200 300 400 A
time [d]
0.50
—e— Control
0.40 —a—FAC
= —=—FAF
S —%— Shal
= 0.30 - ale
o —— MK
n
§ 0.20 —e— Kaolin/Opal
L|>j —— GGBFS-80
—o— GGBFS-100
0.10 -
—8— GGBFS-120
—o—SF
0.00 -
0 100 200 300 400
Time [d] B

Figure 28: ASTM C 1012 Expansion data from the independent laboratory: A) Cement Type | and
Type 1I/V, B) blended cements and the control represented by the cement Type I.
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Microstructure Observations

To better understand the effects of sulfate exposure on hardened cement paste microstructure, a
petrographic study is necessary. The SEM provides image contrast and X-ray microanalysis to
facilitate identification of the constituent phases within a microstructure. Sampling the specimens
as exposure tests proceed should enable us to construct a picture of the changes in the hardened
cement paste with depth, over time. These data may allow a more complete description of the
failure mechanisms and suggest means to devise an accelerated testing procedure. X-ray powder
diffraction provides qualitative and quantitative mineralogical information, complimentary to

the microscopy. In this study, the XRD data were used to identify the crystalline hydration
products in portions of the affected cement paste.

The Scanning Electron Microscope (SEM). The SEM scans a focused beam of electrons
across the specimen and measures any of several signals resulting from the electron beam
interaction with the specimen. Images of topography can be used to study particle size, shape,
surface roughness, and fracture surfaces, while polished surfaces are used for determination of
phase distribution and chemical composition. X-ray microanalysis provides qualitative and
semiquantitative spot chemical analysis as well as maps of element distribution of hydration
products. The combination of backscattered electron (BE) and X-ray (XR) imaging is the most
useful imaging mode for quantitative determination of phase distribution and chemical
composition.

Backscattered electrons are high-energy electrons scattered by the specimen. BE image
contrast is generated by the different phases' compositions (their average atomic number) and is
observed as the differential brightness in an image. Anhydrous cement appears brightest, followed
by calcium hydroxide, gypsum, calcium silicate hydrate, ettringite and monosulfate, and aggregate;
voids appear dark (Figure 29).

X-rays are produced when a specimen is bombarded by high-energy electrons. With an
energy-dispersive detector, the X-ray energy level is displayed as the number of counts at each
energy interval and appears as a set of peaks on a continuous background. The positions of the
peaks are characteristic of a particular element, so identifications are made by examination of
peak positions and relative intensities. The X-ray signal can be used for: a) spectrum analysis to
determine which elements are present and in what concentration, b) line scan analysis to display
the relative concentration changes along a line, and ¢) X-ray imaging (XR) of element spatial
distribution and relative concentrations, to aid in phase identification. Mass concentration to a
few tenths of a percent can be detected using an energy-dispersive X-ray detector with relative
accuracy of quantitative analysis (using certified standards), about = 20% for concentrations
around 1% and £ 2% for concentrations greater than 50% for ideal specimens. However, paste
heterogeneity and the likelihood of decomposition under a high-energy electron beam makes
these analyses only semiquantitative. Previous studies used plots of atom ratios and consider the
relative differences of greater importance than the absolute values. More details on X-ray
microanalysis may be found in Goldstein et al. [64].

Feature resolution is dependent upon instrument operating conditions, imaging mode, and
phase density. Secondary electron imaging resolution may approach nanometer-size, while
image resolution for the BE is approximately 0.25 um and, for the X-ray images, about 1 um.
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Specimens are prepared using an epoxy-replacement method developed at NIST [65] where the
pore solution is replaced by alcohol, and then the alcohol is replaced by epoxy without drying or
any associated drying shrinkage. Specimens are prepared with a low-viscosity epoxy” which is
then cured at low temperature (60°C to 65°C) for 24 hours.

A fresh surface is exposed through grinding and then is polished using a series of
successively finer grades of diamond paste. This polishing stage removes the cutting and
grinding damage, exposing a cross section of the material's microstructure. Epoxy impregnation
of the pore system serves two purposes: a) it fills voids and, upon curing, supports the
microstructure, restraining it against shrinkage cracking, and b) it enhances contrast between the
pores, hydration products, and cementitious material. Cracks observed using this preparation
might then be ascribed to physical or chemical processes acting upon the concrete, and not due to
drying-related shrinkage [65].

A thin coating of carbon serves to dissipate excess charge from the specimen while
exhibiting little effect on image contrast and no interference with elements of interest.
Semiquantitative elemental analyses are standardized using well-characterized reference glass
and mineral specimens from NIST and the Museum of Natural History of the Smithsonian
Institution [66].

X-ray powder diffraction analysis of crushed, sieved (100 pm passing) powders is also
used to assess the crystalline products of the outer 3 mm and cores from each specimen.

» _‘
Residual
Cement

Figure 29: 0.45w/c, 7-day-old hardened cement paste (field width, 25 pm).

3 L.R. White, hard grade. London Resin Company.
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Figure 30: Energy-dispersive x-ray spectrum of calcium-silicate-hydrate indicates the presence of
calcium, silicon, magnesium, aluminum, and sulfur.

Imaging Strategy. Combined SEM imaging and X-ray microanalysis was used to document
changes in paste composition with depth over time. Changes in microstructure assessed include
phase composition of selected constituents, chemical analysis of selected constituents, and
microcracking. These data were supplemented with X-ray powder diffraction analysis of paste
concentrates. The imaging scheme entailed collection of low-magnification BE and XR images
(75%) to define element spatial distribution and select locations for higher-magnification imaging
and X-ray microanalysis. The second image set, at 2000% magnification, provided a detailed
view of the paste microstructure in the selected regions and locations of the spot analyses. To
facilitate comparisons, spot X-ray microanalysis collection was standardized according to Table
18 below.

Table 18: X-ray Microanalysis Scheme

Spectra 1, 2 outer-product calcium-silicate-hydrate (C-S-H)
Spectra 3, 4 inner-product C-S-H

Spectra 5, 6 calcium hydroxide

Spectra 7, 8 monosulfate and / or ettringite

Spectra 9, 10 ... other regions of interest as noted in comments section

Quantitative microanalyses data were collected for 30 seconds and corrected for
absorption, fluorescence, and atomic number effects using a Bence-Albee scheme [64].
Reference standards for the analyses are NIST and National Museum standard glass and mineral
specimens. Analysis of materials that are heterogeneous, porous, and compositionally unstable
under electron beam bombardment are not considered extremely accurate, but should be
internally consistent. These data then allow plotting of atom concentrations and atom ratios for a
visual example of changes within selected phases over time and with depth [64].
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X-ray Powder Diffraction Analysis (XRD). X-ray powder diffraction (XRD) allows
identification of crystalline products in the cement paste. To facilitate identification, the cement
paste fraction was removed from each specimen by gentle crushing by mortar and pestle and
then sieving through a 125 um sieve. To reduce any effects of carbonation, each powder was
separated just prior to analysis. These data provide another means of assessing the types and
relative abundance of phases such as ettringite, gypsum, monosulfate, and calcium hydroxide
over time and with depth. Each specimen was sampled to provide two powder specimens: one
from the outer 2 to 3 mm and one from the core paste.

Alteration effects are seen after a few days’ exposure of cement paste to sulfate solutions
(50 g/L Na;SOy, the same concentration as in ASTM C 1012) with the replacement of CH by
gypsum in the outer portions of the cement paste. However, this replacement does not appear to
be disruptive. This replacement forms a front that migrates inward with time and progresses to a
depth of a few millimeters. Eventually, three zones outside of the apparently unaltered cement
paste become distinct: 1) An outer zone leached of most constituents (including ettringite),
leaving a more porous, calcium-depleted C-S-H and some remnant ferrite, 2) a second zone
where gypsum replaces calcium hydroxide and ettringite replaces monosulfate, and 3) a third
zone with monosulfate that appears to be sulfur-rich or perhaps a mixture of ettringite and
monosulfate. At later stages of testing, specimens exhibit cracking parallel to the exterior in the
outer zones, with the fractures generally filled by gypsum.

Figure 31 shows a wide-area view (about 4 mm) of the mortar bar with an outer surface
to the left. Cracking parallel to the surface is highlighted by the gypsum-filled cracks
demonstrated by the high sulfur regions of the X-ray image (upper left) and the lighter phase
rimming the sand grains in the lower-right higher-magnification image. The presence of gaps
along aggregate boundaries is an indication that the hardened cement paste matrix has expanded.
The slight decrease in overall intensity in the calcium image and backscattered electron (BSE)
image reflects the calcium depleted outer zone. The gypsum is generally confined to this outer
portion of the mortar, and microanalysis evidence indicates changes in monosulfate and calcium
aluminate phases at greater depths that probably are contributing to the expansion.

Figure 32 provides a higher-magnification, cross-sectional view of a hardened cement
paste in a limewater-cured, control mortar specimen. The outer surface is oriented to the left,
with a total field width of 250 um. The residual cement grains appear brightest followed by
calcium hydroxide (CH), calcium-silicate-hydrate (C-S-H), and dark voids that are filled with
epoxy. The C-S-H may be further subdivided into outer-C-S-H, formed in the originally water-
filled spaces, and inner-C-S-H, formed by in-situ hydration of the cement grains. The outer-C-S-
H has a coarser porosity and so appears slightly darker. Other constituents such as ettringite
(AFt) and monosulfate (AFm) occur in the bulk paste and may be identified based upon their
textures and chemical signatures.

Figure 33 shows a cross section of hardened cement paste (250 um field width) that has
been exposed to the sodium sulfate solution for 105 days, exhibiting 0.14% expansion. Changes
in microstructure relative to the control include an increased porosity near the surface, and a loss
of CH within 150 um of the surface. A second zone may be characterized by replacement of
monosulfate with ettringite, a densification of inner-product C-S-H (seen as a loss of coarse-
capillary porosity), and deposition of gypsum in place of CH. At greater depths, the spot
chemical analysis indicates increased sulfate content in the C-S-H relative to the control and
mixtures of monosulfate and ettringite in regions formerly occupied by monosulfate. The first
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two zones can be seen to migrate inward over testing time but the gypsum remains within a few
millimeters of the surface.

Clifton and Pommersheim [14] examined the potential volume change associated with
selected chemical reactions in concrete. They calculated that for reactions involving sulfates with
monosulfate, significant increases (129%) could be expected if the sulfate was in solution. Given
that monosulfate volume fraction is generally in the 10% to 15% range for hydrated cement, this
creates a potential for expansion.

Gypsum-filled cracks along
4"_‘paste.‘aggregateinterfzu:e

Figure 31: After 64 days of exposure, backscattered electron images at low magnification (lower
left) and higher magnification (lower right) and X-ray images for sulfur (upper left), and calcium

(upper right) show the cracking below the surface and gypsum (CaS0Q,4-2H,0) filling cracks. The
surface is oriented toward the left. (Scale indicated in the figures).
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Figure 32: Cross section of hardened cement paste not exposed to sulfate solution, showing
residual cement grains, calcium hydroxide (CH), calcium-silicate-hydrate (CSH), monosulfate
(AFm), and voids.

Figure 33: Type I/ll cement paste (105 days of exposure to sulfate solution), Na,SO,4-soaked
specimen, showing increased porosity near the surface (left, zone 1), loss of calcium hydroxide in
outer 150 um (zones 1 & 2), possible densification of inner-product CSH in CH-depleted zone 2,
deposition of gypsum in place of CH, and replacement of monosulfate with ettringite.

Small Prisms New Test

Specimens that fail the ASTM C 1012 test often exhibit no-length change for a certain period
after exposure to sulfate followed by a rapid increase in length as shown above. Imaging a
specimen after this increase shows a number of interesting phenomena that may explain its
cause. A composite image (Figure 34, about 12 mm total field width) of the BSE image of the
mortar (bottom) and X-ray images of sulfur (top) with the mortar bar end oriented to the left
shows the measuring pin as the brightest object in the BSE image. Two features are evident: 1)
the gypsum-rich regions extend deeper into the bar at the ends relative to the central part of the
bar and 2) the expansive reactions in the end have lifted the measurement pin about 0.50 mm out
of its socket.
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The sulfate solution has penetrated from both the end and side surfaces of the bar. This
penetration from multiple directions results in the bar ends being more completely affected than
the midlength portions of the bar. The highly affected area (as defined by gypsum-filled cracking
parallel to the surfaces) extends about half the length of the pin, which is then lifted by the
expansion of the outer mortar. This would indicate that the early expansion measured is not the
result of the entire cross section reacting to the sulfate infiltration and that the core, up to that
point, has served to restrain expansion. The measurement of expansion according to ASTM
C 1012 is based on the assumption that the whole specimen is expanding at the same time, while
what we observed is that only a small fraction around the pin is responsible for the bulk of the
measured expansion. Therefore, given this specimen configuration and lack of protection of the
end portions, only a fraction of the whole standard specimen is really affected by the sulfate. As
expansion is measured as a percentage of the total length affected, the real expansion near the
pin could be 50 times larger than reported. By real expansion, we mean the change in length due
to the chemical reaction divided by the length of affected specimen.

Therefore, two solutions to the deterioration around the pin and in the outer layer are
proposed: 1) protect the ends of the specimens so that the sulfate penetration cannot occur from
these surfaces and around the pin and 2) reduce the cross section of the specimens to shorten the
time necessary to permeate the specimen with the sulfate. The combination of these
modifications will protect the end surfaces and pin region from sulfate penetration while
decreasing the time for the solution to permeate the test bar cross section. This should produce a
more effective configuration to measure expansion of the whole specimen (not just the outer
layer or around the pins).
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Figure 34: Composite image with about 12 mm total field width with the backscattered electron
image of the mortar and end pin (bright rod) and above X-ray images of sulfur highlighting
gypsum-filled cracks in the mortar. The gap at the base of the pin is about 0.5 mm in width.

Experimental setup for the proposed method. Molds were custom designed and
machined from a block of Teflon® to produce specimens 10x10x40 mm (0.4x0.4x1.6 in.) with
pins imbedded in both ends (Figure 35A). The pins used are threaded standoff (4/40 thread,

4.76 mm [3/16 in.] O.D., 6.35 mm [ in.] length) (Figure 35B). The pins are held in place during

the specimen preparation and curing by a modified screw (Figure 35C). Since the total volume of
materials is substantially less than that required in ASTM C 1012, modified mixing, placing, and
consolidating procedures were developed.

The mixing procedure consists of mixing together the cement and the water using a
speed-controlled blender with a 250 mL beaker. The cement was introduced in 30 seconds to the
water while mixing at about 419 rad/s (4000 rpm). With the mixer maintaining the speed of
419 rad/s, the cement paste was mixed for another 30 seconds. After 2.5 minutes of rest, the
cement paste was mixed at 1047 rad/s (10000 rpm) for 30 seconds.

To prepare the specimens, the cement paste is placed in the molds and compacted by
small taps on the side of the mold. Care is taken to ensure that the cement paste surrounds the pin
imbedded in the specimen. The mold is placed in a closed plastic bag with some water to
maintain 100% RH and the bag is stored for 24 hours in a curing cabinet at a constant
temperature of 22°C £ 2°C. After 24 hours, the specimens are demolded and placed in
limewater. The container with the specimens in limewater is placed in the same curing cabinet to
maintain constant temperature.
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Three or four days after mixing, the specimens are removed from the limewater and a
threaded stud is screwed in the end pins (Figure 36 and Figure 37A). The threaded stud is
12.7 mm long and has the same thread as the pin (4/40). To ensure that the stud does not move
during the expansion experiment a small amount of epoxy is placed around one end of the studs
and threaded into the specimen ends. Epoxy is applied to both end faces around the studs and
5 mm on the top side of the specimen to prevent sulfate penetration from the ends (Figure 36).
The epoxy is cured by leaving the specimens in a 100% RH environment for about 5 to 6 hours.
Water should not contact the specimen or the epoxy during this curing. The specimens are then
returned to the limewater until the start of exposure to sulfate solution, usually 7 days after
casting. During exposure to the sulfate solution, specimens are kept in a temperature controlled
cabinet at 23°C + 0.5°C.

A length change comparator (Figure 37B) is used to measure expansion with a stainless
steel or, if possible, Invar cylinder (Figure 37A) as a reference length to zero the comparator.
The pins for the comparator are custom fabricated to accommodate the studs of the specimens.

After curing, the specimens are measured and placed in a sulfate solution 50 g/L. Na,SO4
(the same solution as in ASTM C 1012). It is strongly suggested that the container with the
specimens be kept at constant temperature to reduce length changes from temperature
fluctuations. This is not done in the ASTM standard test as the volume of the specimen and
container are less susceptible to small fluctuations in temperature. The controlled temperature
reduces the scatter significantly, especially during the first few days [67]. The specimens are then
measured every day for the first two weeks and then once a week until deterioration commences.
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Figure 35: Molds for specimens: A) general view, B) pin imbedded in the specimen, and C) screw
to hold pins in place during cast.

67



SIE 2]

Figure 36: Specimens with epoxy coated ends. Specimen D was also coated 5 mm on the side;
Specimen A had only the end sections coated. It was determined that the D-type coating gave
more reproducible results [67].

Figure 37: Expansion measurement: A) reference and a specimen, B) comparator with the
reference in place.
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Results and discussion. The goals of the test program for measuring expansion were to: 1)
check that the expansion could be measured using small specimens, 2) determine the
reproducibility of the measurements, and 3) compare the results with those obtained with the
larger (ASTM C 1012) specimens. In all cases, the cement performance was compared with
cement with the addition of SCM.

Two sets of small specimens were prepared: 1) mortars and 2) neat cement paste. Distinct
differences emerged upon comparing mortar and paste-only specimens (Figure 38) with mortar
specimens showing greater expansion than the corresponding cement pastes. This could be
explained by the faster penetration of the sulfate through the more permeable mortar. However,
the mortar specimens do not show a difference in expansion between the two cements (FA-C and
control), while there is a significant difference after 20 days for the cement paste specimens.
After 40 days of measurement, the mortar and the cement paste specimens were “no longer
measurable.” The definition of “no longer measurable” indicates that either the specimen is too
long for the comparator, or the specimen is in a very poor state or disintegrated.

Repeatability in mortars is poorer than that for the cement paste as seen in the larger error
bar widths. Intrinsically, mortar specimens have a more random microstructure due to the
random aggregate structure superimposed on the cement paste microstructure. Also, the
difficulty in casting and consolidating small mortar specimens, especially in consolidation
around the pin area, lessens the repeatability. No problems with casting and consolidation were
observed using neat cement paste, and elimination of the sand reduces preparation efforts.
Therefore, the cement paste specimens appear to provide faster and more reliable results than the
mortar specimens.

The results presented in Figure 38 are from five specimens for each composition. The
selection of the five replicates is somewhat arbitrary and further studies could be conducted to
determine if the number can be reduced. The risk of selecting fewer specimens is potentially
higher scatter in the results.

Larger prisms according to ASTM C 1012 and comparison with small prisms
Figure 39 shows results obtained using the standard prism specimens in ASTM C 1012
(25.4%25.4%285 mm). The ranking of the resistance to sulfate attack is the same as for the
smaller cement paste specimens, e.g., the specimens with Class C fly ash expand more than the
controls during the time of the measurements.

As is done in ASTM C 1012 [68, 69], the time to reach an expansion of 0.1% was taken
as the critical time to classify the performance of the cements. Table 19 shows the results. The
small cement paste specimens ranked the cements in about 20 to 30 days, while the large
specimen required twice the time while ranking the control as worse or identical to the cement
with fly ash. If the testing stopped at this point, the conclusions reached with the large prisms
would not be a valid assessment of the resistance of these cements, as it is known that addition of
FA-C is deleterious for sulfate resistance of cement paste. In Table 19 we also show the
expansion reached at an arbitrary later date, 30 days for small specimens and 100 days for the
larger specimens. We could not select the same date for both types of specimens because 1) the
large specimens at 30 days were below 0.1% expansion, 2) the small specimens were not longer
measurable after 30 days, and 3) at 120 days the FA-C large specimens were no longer
measurable. Therefore, from Figure 37B and Figure 38 and from Table 19, it could be inferred
that the FA-C cement is less sulfate resistant than the control. The results for small specimens
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mirror those for larger specimens and provide a result in a third to a fifth of the time for the
cements shown here that were highly reactive.

Obviously, these preliminary observations of the relative behavior of the two types of
specimens should be verified with further testing of various cements.
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Figure 38: Average expansion of small specimens versus time: A) mortar specimens and B)
cement paste specimens. The standard deviations of the five specimens are shown as error bars.
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Figure 39: Average expansion of large specimens versus time. The standard deviations of the
three specimens are shown as error bars. For FA-C, the error bars are smaller than the data
symbol.
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Table 19: Time in Days to Reach 0.1% Expansion and Expansion at an Arbitrary Date

Time in days to reach Expansion
0.1 % expansion
Small specimen |ASTM Small specimen |[ASTM C 1012
method C 1012 at30d at100d
[d] [d] (%] [%]
Control 15 49 0.2 0.3
Class C Fly ash 10 55 0.3 0.7

Precision statement of this method. The precision of this method was determined from a
single laboratory and one operator. A round-robin could be initiated a later date, sponsored by
ASTM, to establish the multilaboratory precision.

One cement was selected (portland Type I/II) and two sets of measurements were
conducted. The type of cement selected was not one of the cements described in Materials used
in Cement Characteristics because we needed a larger source of materials during the
development of some details in the experimental setup. In addition, the composition and the type
of cement are not relevant to determining the preliminary precision of this test. The only
important point is that one cement is used for conducting the two sets of measurements shown in
Figure 40 and 41.

The procedure followed is as described in Appendix A. Six specimens were measured in
each set. The data obtained are shown in Figure 40. Figure 41 shows the average curves with the
standard deviation.

The uncertainty for a single set of six specimens is calculated as one standard deviation.
For set A this is 0.04% before onset of deterioration (60 days) and 0.07% by the end of test. For
set B this is 0.04% before onset of deterioration and 0.09% by the end of test. Making use of the
set B numbers, conservatively, this yields repeatabilities (r's) of 0.11% predeterioration and
0.25% postdeterioration. Therefore one operator working within one laboratory should obtain
expansions for the same cement that differ by at most 0.25%.
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Figure 40: Expansion of cement paste for determination of reproducibility. A and B are identical
cement, single operator, and laboratory.
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Figure 41: Average curve of data shown in Figure 40.

Conclusion

This section presented a new and more rapid method based on materials science to measure
expansion of cement paste exposed to a sulfate solution. This method is based on petrographic
examination of specimens exposed to sulfate and uses smaller test specimens than those utilized
in the current standard tests (ASTM C 1012). The same conclusions on the potential sulfate
resistance of a cement can be obtained using either method, but the new method described here
requires less than one third the testing time compared to ASTM C 1012.

This study exposed some problems inherent with the current test method described in
ASTM C 1012. Permeation of the test solution occurs along the mortar bar ends, sides, and pins
resulting in the measurement of reaction and expansion of only a portion of the test specimen. If
this issue was corrected, the standard specimens will likely take even longer to expand to the
deleterious level. By using a paste test specimen with a smaller cross section and protected ends
we were able to reduce testing time and measure the expansion due to sulfate interaction with
cement paste hydration products across the entire test specimen. Temperature control becomes
paramount when small specimens are used and helps reduce the scatter of the data, especially at
early testing ages.

This study presented only some of the data available and it needs to be further validated
by conducting tests on a larger selection of cements, SCMs, and varying replacement levels.
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CONCLUSIONS

The scope of this project was to develop a methodology to determine the resistance to sulfate
attack of a cement and/or a concrete. The goal was to develop faster methods than those
presently used, which as described in ASTM take between six months and one year. The method
developed was based on ASTM E 632. The determination of the resistance of cement paste and
concrete was separated by the properties affecting the deterioration from the sulfate attack.
Therefore, the products from this study were:

For the concrete:

e Sorption test

e Methodology to estimate diffusion of sulfate into concrete

e A methodology to evaluate the resistance of concrete to sulfate attack under wet-dry
cycles

For the cement paste:

e A methodology to determine the deterioration of the cement from small specimens

e Some models to predict the deterioration of cement paste and concrete under sulfate
attack

More work still needs to be done before this methodology becomes fully accepted, but at
least one test, sorption test, has been accepted by ASTM [52]. The small specimens test and the
wetting-drying cycle method could be submitted to ASTM in the future.
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APPENDIX A: STANDARD TEST METHOD FOR MEASURING THE
SULFATE RESISTANCE OF HYDRAULIC CEMENTS

DRAFT - NOT APPROVED BY ASTM
Submitted to ASTM June 2006

1. Scope

1.1 This test method is used to determine the resistance to sulfate attack of hydraulic cement
by measuring the expansion versus time of small bars of cement paste immersed in a sodium
sulfate solution.

1.2 The values stated in SI units are to be regarded as the standard.

1.3 This standard does not purport to address all of the safety concerns, if any, associated
with its use. It is the responsibility of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards®:

C 125 Terminology Relating to Concrete and Concrete Aggregates

C 511 Specification for Moist Cabinets, Moist Rooms, and Water Storage Tanks Used in the Testing of Hydraulic
Cements and Concretes

C 490 Practice for use of Apparatus for the Determination of Length Change of Hardened Cement Paste, Mortar,
and Concrete

C 1012 Standard Test Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate Solution

C 1005 Specification for Reference Masses and Devices for Determining Mass and Volume for Use in the Physical
testing of Hydraulic Cements

D 1193 Specification for Reagent Water

3. Terminology

3.1 Length change — an increase or decrease in the linear dimension of a test specimen, measured
along the longitudinal axial, due to causes other than applied load

3.2 For definitions of terms used in this standard, refer to Terminology C 125

4. Significance and Use

4.1 External sulfate attack of concrete can adversely affect a concrete structure by softening and
cracking the concrete. This phenomenon is more prevalent in arid regions and in areas where
ground waters and soils contain sulfates.

4.2 Other ASTM International tests methods measure mortar bar expansion under sulfate
exposure, setting limits on expansion to assess whether the corresponding concrete will be sulfate
resistant (for example ASTM C 1012). These tests usually require measurements that last from six
months to a year.

4.3 This test is intended to determine the susceptibility of a cement paste to react with external
sulfate by measuring its expansion. The results are consistent with ASTM C 1012 with a decrease in

® For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM Customer Service at
service@astm.org. For Annual book of ASTM Standards volume information, refer to the standard’s Document
Summary on the ASTM website.
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testing time by a factor between 3 to 5. The specimen differences are in the use of a neat cement
paste and smaller specimen size.

5. Apparatus

5.1 Reference Masses and Devices for Determining Mass and Volume, shall conform to the
requirements of Specification C 1005.

5.2 Mixer — controlled speed blender capable of being used with a 250 ml. beaker.

5.3 Molds, shall be constructed as shown in Figure 1. The prisms obtained shall be 10x10x40
mm with studs imbedded at both ends.

5.3.1 The parts of the molds shall be tight fitting and firmly held together when assembled,
and their surface shall be smooth and free of pits. The mold shall be made of a material that will
allow easy demolding without the use of demolding agents or oils, such as PVC or
polytetrafluoroethylene (PTFE). The side of the molds shall be sufficiently rigid to prevent
spreading and warping.

5.3.2 Each end plate of the mold shall be equipped to hold properly in place, during setting
period, one of the gage studs as shown in Figurel. The gage studs shall be of American Iron and
Steel Institute (AISI) type 316 stainless steel or other corrosion-resistant metal of similar
hardness. The gage studs shall be set so that their principal axes coincide with the principal axis
of the test specimen.

5.4 Positioning screws, shall hold in place the gage studs during sample preparation and
curing (Figure 2).

5.5 Gage studs, are composed of two parts: a threaded standoff and a screw. The screw is
screwed inside one side of the standoff. Then the threaded standoff is placed in the mold and
held in place using the positioning screws screwed on the free side. Once the specimen is
demolded (see Section 11) the positioning screws are replaced by threaded studs (see Figure 2).

5.5.1 Threaded standoff — 4-40 thread - 4.76 mm (*/;6 in.) O.D.- 6.35 mm (% in.) length.

5.5.2 Screws — Pan head slotted - machine screws (4-40 thread - 3.17mm [ in.] length)

5.5.3 Threaded studs - 12.7 mm (% in.) length — 4-40 thread

5.6 Comparator — conforming to the requirements of Specification C 490. The stand of the
comparator shall be modified to accommodate measurements of samples 40 mm long with an
overall length (including the studs). The pins for the comparator should be able to accommodate
the studs of the specimens.

5.7 Containers for sulfate solution — The containers in which the bars are immersed shall be
plastic, glass, or ceramic. The container shall include a tight-fitting lid to prevent evaporation of
the sulfate solution.

Note 3: A 250 mL wide-mouth glass jar with a screw-on lid has been found to be
sufficient.

5.8 Containers for curing epoxy — a pan covered with plastic wrap or aluminum foil. The pan
should contain a bar where the samples are placed. The bar should not be wider than 25 mm.

5.9 Curing chamber — a chamber capable of maintaining 22°C + 2°C.

5.10 Plastic bags — plastic bags that are capable of being sealed and can contain one mold.

6. Reagents and Materials

6.1 Purity of Reagents — USP or technical grade chemicals are permitted to be used,
provided it is established that any reagent used is of sufficient purity to permit its use without
lessening the accuracy of the determination. When tests are made that are expected to produce
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results that are close to an acceptance-rejection value, it is recommended that reagent grade
chemicals be used. Such chemicals shall conform to the specifications of the Committee on
Analytical Reagents for the American Chemical Society where such specifications are available.”

6.2 Purity of Water — Unless otherwise indicated, references to water shall be understood to
mean reagent water conforming to Type IV of Specification D 1193.

6.3 Sodium Sulfate (Na,SO,) — The water content shall be checked by loss of ignition each
time the solution is prepared. Any anhydrous or hydrated sodium sulfate may be used if the
water content of the salt is checked by loss of ignition and proper corrections made to account
for the specified sulfate concentration.

6.4 Sulfate Solution — Each liter of solution shall contain 50.0 g of Na,SOy dissolved in 900
mL of water, and shall be diluted with additional distilled or deionized water to obtain 1.0 L of
solution. Mix the solution on the day before use, cover, and store at 23 + 1.7 °C (73.4 + 3 °F).
Determine the pH of the solution before use; reject the solution if the pH range is outside 6.0 to
8.0. The volume proportion of sulfate solution to cement paste bars in a storage container shall
be 4 £+ 0.5 volume of the solution to 1 volume of the bars.

Note 4: the volume of a cement paste bar may be taken as 4 mL (0.25 in®)

6.5 Epoxy — any compound that is able to stick to the wet cement paste and does not dissolve
in a sodium sulfate solution.

Note 5: A two part adhesive that is suitable for binding metals-glass-ceramics-plastics-
wood-rubber-fabrics-concrete, with low water absorption has been found to be suitable. It
should be able to set at 25 C in about 20 minute and be fully cured in less than 24 hours.

7. Hazards
7.1 Warning — Fresh hydraulic cementitious mixtures are caustic and may cause chemical
burns to skin and tissue upon prolonged exposure.®

8. Sampling, Test Specimens, and Test Units

8.1 Make cement paste by using 54.0 g of cement. The water amount shall be 24.3 g,
corresponding to a water-cementitious material ratio of 0.45.

8.2 Mixing procedure - The mixing procedure consists of mixing together the cement and
the water using a speed-controlled blender. The cement was introduced in 30 seconds to the
water while mixing at about 419 rad/s (4000 rpm). With the mixer maintaining the speed of 419
rad/s, the cement paste was mixed for another 30 seconds. After 2.5 minutes of rest, the cement
paste was mixed at 1047 rad/s (10000 rpm) for 30 seconds.

Note 2: Six specimens per set have been found adequate for precision.

9. Preparation of Apparatus

9.1 The molds should be assembled as shown in Figure 1. The modified screws (shown in
Figure 1) should hold the threaded standoff, where the screws should be inserted to prevent the
cement paste from penetrating into the threaded standoff.

7 Reagent Chemicals, American Chemical Society Specifications, American Chemical Society Washington DC. For
suggestions on the testing of reagents not listed by the American Chemical Society, see Analar Standards for
Laboratory Chemicals, BDH Ltd. Poole, Dorset UK and the United States Pharmacopoeia and National Formulary,
U.S. Pharmaceutical Convention, Inc. (USPC), Rockville MD

¥ See Manual of Cement Testing, Section on Safety, Annual Book of ASTM Standards, Vol. 04.01
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10. Conditioning
10.1 Condition of exposure - During exposure to sulfate, the specimens are kept in a
temperature-controlled cabinet at 23 °C + 0.5 °C.

11. Procedure

11.1 Molding and initial curing of specimens - The cement paste shall be placed in the molds
and compacted by small taps on the side of the mold. Care shall be taken to ensure that the
cement paste surrounds the pin imbedded in the specimens. The mold shall be placed in a closed
plastic bag with some water to maintain 100% RH. The bag is stored for 24 hours in a curing
cabinet at a constant temperature of 23 °C £ 2 °C.

11.2 Subsequent curing and preparation for test - After demolding, store all the bars in a
container filled with limewater at 23 °C £ 2 °C for 3 days. After the curing, the specimens are
removed from limewater and a threaded stud is screwed into the end pins. To ensure that the stud
remains stationary during the expansion experiment, a small amount of epoxy shall be placed
around one end of the studs and threaded into the specimen ends. Epoxy shall be applied to both
end faces of the specimen around the studs and about 5 mm along the top sides of the specimen
to minimize sulfate penetration from the ends (Figure 2). The epoxy shall be cured by leaving the
specimens in a container with 100 % RH between 5 and 6 hours. Water should not contact the
specimen or the epoxy during this curing. The specimens are then returned to the limewater until
the start of exposure to sulfate solution, usually 7 days after casting.

11.3 The gage length shall be considered as the nominal length between the innermost ends
of the gage studs. The gage length should be measured at the nearest 0.001 mm.

11.4 Initial length measurement — Record the comparator readings in accordance with
Specification C 490 and place the bars in the sulfate solution. This measurement is designated as
the initial length. The storage temperature and test temperature shall be 23°C + 2°C.

11.5 Measurements of length changes — At least 5 times per week on 5 different days for the
first 2 weeks after the bars are placed in the sulfate solution and then once a week until
deterioration commences, determine the length using the length comparator in accordance to
Specification C 490.

11.6 Details of measurement of bars for length change —

11.6.1 Readings should be made in accordance to specification C 490 section 6.3.1.

11.6.2 After all the bars contained in one container are measured, empty the sodium solution,
rinse the container, and refill with fresh sodium solution conforming with 6.4 and secure the
container lid. Replace the container at 23°C + 2°C

11.7 Examination of specimens after measuring length change — Cracking (presence,
location, type), surface deposition, and exudations (nature, thickness, type) shall be noted.

11.8 Tolerance of time — all references to elapsed time in 11.5 are intended to have a
tolerance of £ 2 %.

12. Calculation or Interpretation of Results
12.1 Calculate the length change at any age as follows:
L, -L

)(_

AL = L X100
g
where

AL = Change in length at X age, %



Ly = Comparator reading of specimen at X age [mm], and
L; = initial comparator reading of specimen [mm]
L, = Distance between the pins inside the specimen, (from Figure 1 is 24.48 mm)
12.2 Calculate the length change values of each bar to the nearest 0.001 % and report the
mean values to the nearest 0.01 %, rounding according to Practice E 29.

13. Report

13.1 The report should contain the following information

13.1.1 Type of cement used and its composition

13.1.2 The cement paste composition, especially if a different water-cement ratio is used

13.1.3 A table containing the date and time of each measurement, the comparator readings
measured for each of the six bars, the calculated length change for each of the six specimens, the
mean length change of the six specimens, a standard deviation of the length change of the six
specimens.

13.1.4 Any observation and any modification to this procedure.

14. Precision and Bias

14.1 The uncertainty for a single set of six specimens from one laboratory and one operator
calculated as one standard deviation has been found to be 0.11% before onset of deterioration
and 0.25% postdeterioration. Therefore one operator working within one laboratory should
obtain expansions for the same cement that differ by no more than 0.25%.° No multilaboratory
standard deviation is available at this time.

14.2 Bias—Since there is no accepted reference material suitable for determining the bias
for the procedure in this test method, no statement on bias is being made.

15. Keywords
15.1 cement
15.2 sodium sulfate resistance

See section Precision Statement of this method in the chapter Small prisms new test
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Figure 42: Specimen mold schematic (SI units). For these molds the gage value measured
was 24.48 mm (distance between the pin tips inside the specimen).
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Threaded Studs

Epoxy coating

Figure 43: Specimens curing with epoxy coated ends.
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