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Many degradation processes in cement based materials include the diffusion of one or more chemical
species into concrete and consequent chemical reactions which alter the chemical and physical nature
of the microstructure. External sulfate attack is mostly described by a coupled diffusion–reaction mech-
anism which leads to the decomposition of hardened cement constituents and cracking of the paste. This
paper discusses the significance of diffusion properties and chemical changes in external sulfate attack in
blended cement based composites. A method based on Particle Induced X-ray Emission (PIXE) was devel-
oped to measure the diffusion properties in a non-destructive test method. Quantitative Energy Disper-
sive Spectrometry (EDS) and micro-hardness technique were also used to study the chemical and
mechanical changes from sulfate attack. Diffusion coefficients and rates of reaction were determined
for paste and mortar mixtures, showing higher diffusion rates and lower hardness values in mortar com-
pared to paste for control mixtures. Partial replacement of cement with fly ash improved the transport
properties and reduced the level of damage in exposure to sulfate attack.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Transport properties in paste and mortar

The durability of cement based materials is directly influenced
by the resistance to transport of chemical species throughout the
porous multi-component system. External chemical attack in-
volves the transport of aggressive media into concrete via the
interaction among various competing mechanisms of ionic diffu-
sion, gas diffusion, liquid sorption, gas permeability, and liquid
permeability [1]. The transport properties of concrete have been
mostly described by the percolation theory which is based on the
idea of connectivity of the pore structure [2].

When concrete is subjected to external sulfate attack, ionic dif-
fusion properties become major indicators of transport characteris-
tics, serviceability, and design life. Sulfate attack proceeds by the
diffusion of sulfate ions and inward movement of a reaction front,
accompanied by decomposition of major cement paste constituents
and formation of expansive products that lead to microcracking of
the material [3]. The interfacial transition zone (ITZ) plays an
important role in determining the transport properties of the
cementitious materials with aggregate inclusions. The characteris-
tic features seen in this zone include higher porosity, larger pores,
and higher Ca(OH)2 volume fractions compared to the bulk material
ll rights reserved.

: +1 480 965 0557.
[4]. Water permeability of concrete is reported to be as much as 100
times the permeability of its paste component, indicating the
dominant role of ITZ [5]. The diffusion coefficients of ITZ have been
reported to be 6–12 times more than the bulk cement paste [6,7].
Some ions such as chlorides (Cl�) and sulfates ðSO�2

4 Þ reportedly
have similar diffusion rates in normal concrete [8]. The correlation
between the transport properties of cement paste and concrete is
still controversial and needs more investigation.

1.2. Diffusion equations for cementitious materials

Ionic diffusion is the predominant transport mechanism in most
chemical attack cases for cement based materials with Fick’s law
used as a conventional tool to characterize the process [9,10]. Eq.
(1) shows the general 3-D form of Fick’s second law for non-steady
state (transient) diffusion in Cartesian coordinates, indicating that
the rate of change of concentration as a function of time is related
to concentration gradient. In the general form of this equation, t is
time, (x,y,z) are space coordinates, C = C(x,y,z,t) is the concentra-
tion, and D = D(x,y,z,t,C) is the coefficient of diffusion.
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For most concrete elements with known geometrical shapes
and exposure conditions, the simpler 1-D or 2-D problems of diffu-
sion are commonly considered. Since the general mechanism of
diffusion of sulfate ions into concrete is similar to the diffusion

http://dx.doi.org/10.1016/j.cemconcomp.2011.08.016
mailto:Barzin@asu.edu
http://dx.doi.org/10.1016/j.cemconcomp.2011.08.016
http://www.sciencedirect.com/science/journal/09589465
http://www.elsevier.com/locate/cemconcomp


Table 1
Values of R(C) for different orders of reaction.

Zero-order 1st order 2nd order

R(C) k k � C k � C2 or k � C1 � C2

Unit of k Mol S�1 S�1 Mol�1 S�1
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Fig. 1. Concentration profiles for 1-D diffusion with reaction (dashed lines) and
without reaction (solid lines). Lines refer to 1–5 years of diffusion.
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of chloride ions [8], the formulations for chloride diffusion can be
applied to the case of external sulfate attack. However, due to
the reaction between penetrating sulfates and existing calcium
aluminates (C3A) in concrete and simultaneous depletion of sul-
fates, a diffusion–reaction problem should be considered. In this
case, the reaction term R(C) is added to the differential equation.
Assuming a constant diffusion rate of D = D0, the abovementioned
equation will reduce to Eq. (2) for 1-D geometry and Eq. (3) for 2-D
geometry with additional reaction terms. The solution to these
equations depends on the initial and boundary conditions which
are discussed by Crank [10].
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The reaction can be of different orders, i.e. zero-order, 1st, and
2nd order as described in Table 1. The first two types can be solved
using closed-form solutions based on error function or series. The
solution to the 2nd order problem needs numerical formulation
as expressed by Tixier and Mobasher [11]. A useful case of 1st or-
der reaction for a semi-infinite medium such as a slab or a wall
Table 2
Test parameters and specifications.

Mix specification Expansion PIXE

Specimen size 25 � 25 � 280 mm prisms 50 � 50 mm
Exposure time for testing Up to 12 months 3 months
Exposure condition 10% Na2SO4 at 25 �C 10% Na2SO4

Mortar
Control Yes Yes
Blended Yes Yes

Paste
Control Yes Yes
Blended Yes Yes
exposed to chemical ingress from one side is discussed here. Given
the initial condition of C(x,0) = Ci and boundary condition of
C(0,t) = C0, the error function solution is expressed in Eq. (4) for a
simplified case of Ci = 0. In this equation, D is the apparent coeffi-
cient of diffusion and k is the chemical reaction coefficient. Typical
concentration profiles (assuming D = 10�12 m2/s and k = 10�8 s�1)
are shown in Fig. 1 with and without consideration of the reaction
term.
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The reported values for coefficients of diffusion for sulfate ions
in concrete vary depending on the mixture deigns (aggregate size
and volume fraction, pozzolan type, fineness and replacement le-
vel, cement fineness, w/cm, additives, etc.) and curing conditions
(time, moisture, temperature, etc.). The effective diffusivity can
be related to the porosity of cement paste as described by Garboczi
and Bentz [12] shown in Eq. (5). In this equation, ‘D’ is effective io-
nic diffusivity, ‘D0’ is diffusivity of ion in unconfined water, ‘u’ is
total capillary porosity and H(x) is Heaviside function defined as:
H(x > 0) = 1 and H(60) = 0. Note that D0 for sulfate ions can be con-
sidered in the order of 10�9 m2/s [8]. The reported values for the
diffusion coefficients of sulfate ions (D) are in the range of 10�14

to 10�11 m2/s for various concrete mixtures [13,14].

D ¼ D0 � Hðu� 0:18Þ1:8ðu� 0:18Þ2 þ 0:07u2 þ 0:01
h i

ð5Þ

The apparent coefficients of diffusion for ions have been tradi-
tionally measured by wet chemical methods (e.g. NaCl for chlo-
rides and Na2SO4 for sulfates) from a singly exposed side to
simulate 1-D diffusion [15]. After sufficient exposure, the sample
is drilled and the ground powder is collected at different depths
and then subjected to titration. This process is cumbersome and
destroys the samples. Non-destructive techniques for elemental
analysis may be preferable for studying the transport properties
of exposed samples. Determination of the coefficients of diffusion
(in 1-D case) is ultimately done by fitting an error function to the
concentration profile for the desired elements (Cl� or SO2�

4 ) using
non-linear regression [15].

Having calculated the coefficient of diffusion and the reaction
coefficient for a particular cementitious material, one can use
diffusion–reaction based models to predict the level of damage
from external sulfate attack. For instance, models proposed by Kra-
jcinovic et al. [16], Tixier and Mobasher [11], and more recently
Basista and Weglewski [17] use the diffusion–reaction equations
along with the micromechanics of the material to predict the level
of expansion and damage. The effect of cracking on the rate of dif-
fusion during the sulfate attack process has been presented in
some models such as the works done by Gerard et al. [18] and Ger-
ard and Marchand [19].
Micro-hardness EDS

cylinders 25 � 25 � 10 mm prisms 25 � 25 � 10 mm prisms
3 and 12 months 3 and 12 months

at 75 �C 10% Na2SO4 at 25 �C 10% Na2SO4 at 25 �C
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Fig. 2. Schematics of 50 � 50 mm cylinder specimens for 1-D diffusion test. Concentration profiles are obtained for the X spots.
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1.3. Work objectives

The current work studies the chemical and mechanical changes
due to external sulfate attack for some cementitious materials.
Paste and mortar mixtures were prepared both for control (Port-
land cement) and blended cement (class F fly ash). Measurement
of the ionic diffusion was performed for major elements and the
concentration profiles in 1-D and concentration contours in 2-D
were generated. Particle Induced X-ray Emission (PIXE) and Energy
Dispersive Spectroscopy (EDS) were used for the measurement of
diffusion and chemical changes. One-dimensional diffusion data
were compared with the predicted values obtained from diffusion
equations. Changes in the macroscopic expansion and micro-
hardness were also determined in order to observe the mechanical
damage from sulfate attack.

2. Experimental procedure

2.1. Mix designs and test parameters

Four categories of mix designs including paste and mortar with
and without fly ash replacement were used for this study. Type I/II
Portland cement and low calcium class F fly ash were used with
water to cement (W/C) ratio of 0.5 and 28 days of wet-curing prior
to testing. Sand to cement (S/C) ratio of 2 was used for mortar mix-
tures while fly ash to cement (FA/C) ratio of 0.3 was used for
blended mixtures. Experiments were conducted to measure the
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Fig. 6. Indentation images for hardness test using optical microscopy (a) and SEM (b).
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Fig. 7. Linear expansion test results for control mixes (a) and blended mixes (b).
Effect of S/C ratio is shown for each case.
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linear macroscopic expansion, 1-D and 2-D diffusion, and micro-
hardness properties of specimens exposed to sodium sulfate
(Na2SO4) solution. Different specimen size and exposure conditions
were used for different tests as presented in Table 2. It is noted that
the current work is a part of a more comprehensive study in a form
of dissertation [20] where various types of fly ash (three class F,
three class C, and one class N) were used and tested. One particular
class F fly ash was selected for this work and the results are pre-
sented and compared with the control mixture.

2.2. Linear macroscopic expansion (ASTM C 1012)

Sulfate resistance of cementitious materials has been tradition-
ally tested following ASTM C 1012 [21] in which 25 � 25 �
280 mm prisms are made with cementitious paste or mortar and
are exposed to Na2SO4 solution at room temperature. Linear length
changes (expansions) are measured up to 6–12 months using dig-
ital comparators. This test only provides an overall performance of
the sulfate resistance and does not determine quantitative mea-
sures of transport and mechanical properties. Four replicate spec-
imens were made with paste and mortar mixtures and tested for
linear expansion up to 12 months of exposure.

2.3. Particle induced X-ray emission (PIXE)

Particle Induced X-ray Emission (PIXE) is a quantitative and
non-destructive technique that relies on the spectrometry of
characteristic X-rays emitted when high-energy beams of proton
ions (H+) with 0.3–10 MeV energy ionize atoms of a specimen
[22]. PIXE is capable of determining the chemical composition of
a bulk sample (with the size order of centimeters) with lateral res-
olution of 5–2 mm and depth of resolution of 2–30 lm which en-
ables measuring the concentration of a wide range of elements
(Na to U) with a resolution down to 1 part per million (ppm)
[23]. PIXE has been mostly used for chemical analysis of ancient
artifacts and rocks in archeological and geological studies due to
its non-destructive nature [24–26].

A test method similar to ASTM C 1556 [15] was used for sample
preparation for PIXE test. Paste and mortar mixtures were cast in
50 � 50 mm cylinders and after curing, the side and bottom sur-
faces were coated using epoxy as shown schematically in Fig. 2
to permit only a 1-D diffusion profile from the top surface. The
specimens were then placed in 10% Na2SO4 solution at 75 �C for
an accelerated diffusion process. Cylinders were removed from
the solution after 3 months of exposure and were cut in two halves
using a saw. To obtain the concentration profiles of elements using
PIXE, for each half-cylinder, seven spots were scanned with an
aperture size of 2 mm along the longitudinal axis. Fig. 3 shows a
typical PIXE test result for a variety of major elements (Na, Al, Si,
S, K, Ca) obtained for the X spots. The concentration profiles of so-
dium and other elements can then be plotted vs. the depth of pen-
etration for measuring the diffusion coefficients. For verifying the
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Fig. 8. Concentration profiles of Al, Ca and Si, obtained from PIXE for paste (a) and
mortar (b).
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Fig. 9. Concentration profiles of Na and S, obtained from PIXE for paste (a) and
mortar (b).

Table 3
Values of D and k calculated from PIXE test.

Paste (S/C = 0) Mortar (S/C = 2)

Control Blended Control Blended

D (m2/s) 5.5 � 10�12 3.8 � 10�12 2.4 � 10�11 1.4 � 10�11

K (1/s) 3.2 � 10�8 1.6 � 10�8 3.2 � 10�8 1.6 � 10�8
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accuracy of PIXE scanning process, specifically in the mortar mix-
tures where aggregates might affect the results, three palettes
were prepared and tested. For this case, samples were drilled at
three depths of penetrations (8, 24, and 40 mm); the collected
powders were used for making palettes. These palettes with diam-
eter of 10 mm and thickness of 2 mm could be representatives of
the overall compositions of the mixture and were made by press-
ing the ground powder using a hydraulic press.

2.4. Energy dispersive spectroscopy (EDS)

After 12 months of exposure, the 25 � 25 � 280 mm specimens
used for the expansion test were also used for chemical analysis
using quantitative Energy Dispersive Spectroscopy (EDS). Thin
25 � 25 � 10 mm samples were cut from original specimens ex-
posed to sodium sulfate solution as shown in Fig. 4. These samples
were polished using 300 and 600 grit polishing papers and the
25 � 25 mm cross sections were marked using a sharp tipped pen-
cil to generate a grid mesh as schematically shown in Fig. 5. The
exterior layer is hereby called EXT and the interior portion is called
INT for comparison purposes. A novel SEM-EDS setup was used and
the quantitative compositional analyses of exposed samples were
obtained using window scanning option with an area of 1 mm2

for each grid point.
2.5. Micro-indentation (micro-hardness)

The 25 � 25 � 10 mm thin specimens used for EDS were also
used for micro-hardness testing to understand the mechanical
changes on the exposed samples. Micro-indentation is a common
method of evaluating the quality of materials for engineering pur-
poses, in particular ductile materials (i.e. metals) but also brittle
materials such as concrete [27,28]. This technique is based on
applying a static load for a known period of time and measuring
the response in terms of size of indentation. The Vickers hardness
HV (GPa) is calculated per Eq. (6) in which P (Kgf) is the applied
force, a is the indenter diagonals angle equal to 136� and D
(mm) is the average of diagonals of the indentation [29,30].
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Fig. 10. Concentration profiles of Na and S, using palettes for paste (a) and mortar
(b).
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Fig. 11. Concentration profiles and fitted error function with corresponding D and k
values for paste (a) and mortar (b).

Table 4
Typical chemical analysis obtained from EDS for blended paste, 12 months exposure.

Point Location S Na Ca Si Al Mg O

1-1 EXT 10.7 3.3 18.0 11.6 3.0 0.1 53.3
1-2 EXT 8.9 2.8 18.4 12.5 4.0 0.5 52.8
1-3 EXT 9.9 4.6 17.6 12.2 4.0 0.3 51.4
1-4 EXT 10.6 5.3 17.2 11.4 3.7 0.3 51.6
1-5 EXT 14.4 7.3 14.7 9.1 3.1 0.4 50.9
2-5 EXT 5.4 2.4 20.6 14.2 4.6 0.5 52.3
2-4 INT 2.6 0.9 23.2 16.1 5.2 0.8 51.1
2-3 INT 2.3 0.6 22.8 15.9 5.1 0.5 52.9
2-2 INT 2.5 0.8 22.9 15.8 5.2 0.6 52.1
2-1 EXT 4.7 1.7 21.7 14.4 4.6 0.7 52.2
3-1 EXT 4.7 1.2 22.8 14.7 4.4 0.5 51.8
3-2 INT 2.1 0.8 22.0 15.2 4.8 0.6 54.6
3-3 INT 2.3 0.4 22.7 14.9 4.9 0.5 54.2
3-4 INT 2.2 0.7 22.4 16.1 5.1 0.6 52.9
3-5 EXT 4.1 1.4 21.8 15.0 4.7 0.6 52.4
4-5 EXT 3.7 0.7 22.0 14.9 4.6 0.3 53.7
4-4 INT 2.1 0.7 21.5 15.8 5.1 0.6 54.3
4-3 INT 2.3 0.9 22.9 15.7 5.1 0.8 52.5
4-2 INT 2.2 0.6 21.4 15.2 4.8 0.6 55.1
4-1 EXT 4.2 1.5 20.9 15.0 4.9 0.5 53.0
5-1 EXT 7.6 2.3 19.4 12.8 4.0 0.5 53.4

(continued on next page)
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Table 4 (continued)

Point Location S Na Ca Si Al Mg O

5-2 EXT 4.1 3.1 20.8 14.2 4.4 0.4 53.0
5-3 EXT 4.1 3.0 19.2 13.7 4.3 0.5 55.2
5-4 EXT 4.5 3.4 19.9 14.1 4.5 0.4 53.2
5-5 EXT 5.6 3.3 18.8 13.0 4.1 0.5 54.8
Average EXT 6.7 ± 3.2 3.1 ± 1.7 19.6 ± 2.1 13.3 ± 1.6 4.2 ± 0.5 0.4 ± 0.1 52.8 ± 1.2

INT 2.3 ± 0.2 0.8 ± 0.1 22.4 ± 0.7 15.7 ± 0.4 5.0 ± 0.2 0.6 ± 0.1 53.2 ± 1.4
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HV ¼ 2P � Sinða=2Þ
D2 � 9:81� 10�3 ð6Þ
In this study, a 0.2 Kgf load was applied on the samples for 15 s,
followed by a measurement of indentation size using an optical
microscope. For each grid point, three replicate indentations were
made as shown in Fig. 6a and the average values were used for cal-
culating the hardness values. Fig. 6b shows an SEM image of the
indentation performed on a cement paste sample.
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Fig. 12. Contour of chemical compositions obtained from EDS for blended paste
mixture for S (a) and Na (b).
3. Results and discussion

3.1. Macroscopic expansion

The linear expansions for control and blended mixtures are
shown in Fig. 7a and b. The overall expansion values obtained for
mortars are one order of magnitude larger than those obtained
for paste for the control mixtures, implying the role of aggregates
in generating higher porosity in ITZ in the absence of fly ash.
Where an increase of aggregates fraction increases the expansion
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Fig. 13. Contour of chemical compositions obtained from EDS for blended paste
mixture for Ca (a) and Si (b).



25 mm 

Fig. 14. Typical one-sided cracking of the 25 � 25 � 280 mm bars, responsible for non-symmetric ionic diffusion.

Table 5
Hardness values (GPa) for control paste, 12 months exposure.

1 2 3 4 5

1 0.453 ± 0.025 0.526 ± 0.044 0.461 ± 0.077 0.538 ± 0.048 0.458 ± 0.043
2 0.459 ± 0.088 0.460 ± 0.034 0.463 ± 0.044 0.477 ± 0.027 0.469 ± 0.073
3 0.474 ± 0.031 0.505 ± 0.013 0.428 ± 0.047 0.458 ± 0.006 0.438 ± 0.019
4 0.520 ± 0.025 0.409 ± 0.027 0.439 ± 0.036 0.432 ± 0.031 0.472 ± 0.034
5 0.582 ± 0.026 0.534 ± 0.042 0.494 ± 0.019 0.478 ± 0.017 0.535 ± 0.033
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for control mixtures, the fly ash blended mixtures seem to be less
sensitive to this parameter. This can be explained by the beneficial
effect of fly ash in improving the ITZ characteristics. The averaged
expansion values vary between 0.1% and 1.8% for control but only
0.1% and 0.15% for blended cement systems.
3.2. Diffusion characteristics

The elemental analyses obtained from PIXE were used and
weight percent of the major elements (Ca, Si, Al, Na, and S) were
plotted for different depths of penetration. Fig. 8a and b shows
the concentration profiles for calcium, aluminum, and silicon for
paste and mortar mixtures, after 3 months of exposure. Fly ash
blended systems were relatively higher in the levels of Si and Al
and lower in Ca contents due to the modification of the overall
chemical compositions. The variations of these elements are not
significant at various depths of penetration; however paste mix-
tures show a smoother trend compared to the mortar mixtures.
This could be due to relatively short exposure time (3 months) in
PIXE test setup. Fig. 9a and b on the other hand present the varia-
tions of sodium and sulfur contents in paste and mortar mixtures.
The level of Na in control and blended systems are not very
Table 6
Summary of hardness test for all mixtures.

Mixture Location Paste Mortar

3 Months 12 Months 12 Months

Control EXT 0.348 ± 0.026 0.493 ± 0.041 0.491 ± 0.110
INT 0.339 ± 0.023 0.452 ± 0.029 0.557 ± 0.109
DH (%) +2.6% +9.1% �11.8%

Blended EXT 0.311 ± 0.025 0.406 ± 0.061 0.485 ± 0.091
INT 0.281 ± 0.027 0.314 ± 0.026 0.493 ± 0.093
DH (%) +10.6% +29.3% �1.6%
different, however the concentrations of S are changing dramati-
cally in the two systems. Fig. 10a and b shows the variations of so-
dium and sulfur in mortar and paste mixtures obtained from the
analysis of powder palettes. The results are in partial agreement
with the concentrations obtained from regular (non-destructive)
PIXE test setup. It should be noted that this agreement is more reli-
able for higher depths of penetration (i.e. 40 mm), however for
shallower depths (i.e. 10 mm), there is a 4% difference in the con-
centration values obtained from the two methods.

The concentrations of sulfur were plotted and error function
was used for fitting and measuring D and k values. D which is
the coefficient of diffusion plays a more significant role in the dif-
fusion reactions compared to k which is the chemical reaction rate.
Original experimental data were used for mortar; however, a nor-
malization factor was used for modifying the data for paste mix-
tures. This is due to the alternation of chemical and porous
characteristics in mortar compared to paste from the addition of
aggregates. The coefficients of diffusion and rates of reaction are
shown in Fig. 11a and b, as well as Table 3 for S/C ratio of 2. The
results show that the coefficients of diffusion for mortar mixtures
are as much as 3.5–4.5 times higher in mortar compared to paste.

The major elements obtained from EDS (S, Na, Ca and Si) were
plotted using interpolated contours on the cross section of the
specimens. Table 4 shows the typical results obtained from quan-
titative EDS for paste blended mixture after 12 months of expo-
sure. The average value of sulfur (S) is 6.7% in the exterior layer
but only 2.2% in the interior of the sample. These values are
19.6% and 22.3% for calcium (Ca), implying that this element has
leached out of the specimen into the solution. The results are pre-
sented graphically for major elements. Fig. 12a and b shows the
contour plots for sulfur and sodium, demonstrating the diffusion
of these elements while Fig. 13a and b shows the leaching of
calcium and silicon outside of the samples. The non-symmetrical
distribution of these elements can be attributed to the cracking
of the sample on the bottom surface and higher diffusion of
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Fig. 15. Hardness contour plots for control paste (a) and control mortar (b) after
12 months.
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S and Na, as well as higher leaching of Ca and Si through this sur-
face. The non-symmetry which is explained by one-sided cracks
can be observed in most of the exposed specimens and shown typ-
ically in Fig. 14.
3.3. Micro-hardness characteristics

The values for micro-hardness were calculated and for one
typical case (control paste after 12 months of exposure), presented
in Table 5 with each cell representing the average and standard
deviation of three indentations (6 diagonals). The average and
standard deviations for the exterior (EXT) layer and the interior
(INT) layer are presented in Table 6 for all the mixtures along with
the percentage of change in hardness value (DH). The values corre-
sponding EXT and INT are the basis for comparison in the following
statements. The hardness values for paste mixtures increased (EXT
vs. INT) as sulfates diffused into the sample and ettringite crystals
were formed before cracking took place. This increase was higher
in blended systems (10.6% after 3 months and 29.3% after
12 months) compared to the control (2.6% and 9.1%). On the other
hand and for mortar mixtures, the hardness has decreased (EXT vs.
INT) after 12 months of diffusion in the cracked samples. This
reduction is much higher in the control (11.8%) compared to
blended (1.6%) after 12 months of exposure. The hardness values
are interpolated and represented as surfaces in Fig. 15a and b. This
change of response between paste and mortar mixtures is in agree-
ment with the higher diffusion rates and expansion levels of mor-
tar in comparison with paste mixtures.

The results from expansion tests, diffusion tests and micro-
hardness tests were found to be compatible, all indicating lower
diffusion rate and less damage in paste mixtures compared to mor-
tar mixtures for control specimens. This can be explained by the ef-
fect of interfacial transition zone (ITZ) which exists in mortar due
to the presence of aggregates inclusions. Higher porosity and faster
diffusion followed by cracking and stiffness reduction was ob-
served in these mixtures. Partial replacement of Portland cement
with class F fly ash improved the ITZ, as well as transport proper-
ties and reduced the level of damage from sulfate attack.
4. Conclusion

The physical, chemical and mechanical alternations of cement
based materials were studied in exposure to external sulfate at-
tack. Paste and mortar mixtures were made with and without fly
ash replacement in various specimen forms. The standard ASTM
C 1012 test method was followed for measuring the macroscopic
linear expansion of the materials which showed that the level of
expansion in control mortar mixtures were one order of magnitude
higher than the control paste mixtures, possibly due to the ITZ ef-
fect in increasing the porosity of the system. Fly ash blended mix-
tures with improved microstructure were less sensitive to the
aggregate addition.

Particle Induced X-ray Emission (PIXE) setup was used for the
measurement of concentration profiles of the major elements in
a 1-D diffusion problem. Being a non-destructive and fast method,
PIXE was found to be a very useful technique. The values of diffu-
sion coefficients were 3.5–4.5 times more in control mortar mix-
tures compared to the paste mixtures. The 2-D contours of
concentration of the major elements obtained from quantitative
EDS showed the diffusion of sodium and sulfur and leaching of cal-
cium and silicon during the 12 months of sulfate attack. The micro-
hardness values of the exposed samples were also determined
which showed an increase of hardness (2.6–29.3%) in paste mix-
tures and a decrease of hardness values (1.6–11.8%) in mortar mix-
tures in the exterior layers. These studies imply an improvement of
the microstructure, i.e. less porous ITZ for fly ash blended mixtures.
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