ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Cement & Concrete Composites 29 (2007) 159-167

Cement &
Concrete

Composites

www.elsevier.com/locate/cemconcomp

Effects of mix composition and water—cement ratio on the
sulfate resistance of blended cements

M. Sahmaran *, O. Kasap, K. Duru, 1.O. Yaman

Department of Civil Engineering, Middle East Technical University, 06531 Ankara, Turkey

Received 26 January 2006; received in revised form 22 November 2006; accepted 23 November 2006
Available online 8 January 2007

Abstract

This paper presents an experimental investigation on the sulfate resistance of blended cements containing various amounts of natural
pozzolan and/or Class-F fly ash. The performance of blended cements was monitored by exposing the prepared mortar specimens to a
5% Na,SOy solution for 78 weeks. For comparison, an ordinary Portland cement (produced with the same clinker as blended cements)
and a sulfate resistant Portland cement (produced from a different clinker) were also used. In addition to the cement chemistry, water—
cement (w/c) ratio of mortars was another parameter selected that will presumably affect the performance of mortars. The experimental
results of expansion measurements showed that the effect of w/c ratio was more pronounced for the low sulfate resistant cements with
higher C3;A amounts, while the blended cements were less affected by an increase in the w/c ratio.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

External sulfate attack which was first identified in 1908
by the United States Bureau of Reclamations [1] is one of
the durability problems associated with concrete. Since its
identification it has been the subject of numerous studies
and still not totally understood [2]. The extent to which
concrete is affected by sulfates depends on several factors
including its permeability, water to cement (w/c) ratio, type
of cement, exposure conditions and the environment [3].
Assuming the same environmental conditions, two factors
will tend to control the resistance of a given concrete to sul-
fate attack: the chemistry of the cement and the permeabil-
ity of the concrete.

e To control the cement chemistry, American Standards
[4] suggest a limit on the (C3A) and (2C;A 4+ C4AF) con-
tents of sulfate resistant, type V, cements as 5% and 25%,
respectively. On the other hand, cements with low C3A

* Corresponding author. Tel.: +90 312 210 5497; fax: +90 312 210 1262.
E-mail address: sahmaran@metu.edu.tr (M. Sahmaran).

0958-9465/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2006.11.007

and C4AF compounds generally tend to have a higher
C3S/C,S ratio, and an increase in the C;S content of
cement generates a significantly higher amount of cal-
cium hydroxide, as the hydration of C3S produces nearly
2.2 times more calcium hydroxide (CH) than the hydra-
tion of C,S. CH is known to be responsible for the for-
mation of gypsum, and gypsum is known to be the first
step of the formation of ettringite, which can be consid-
ered as the principal cause of deterioration [5]. Irassar
et al. found mortar bars containing a low C3;A and low
C;S cement showed 10 times less expansion than those
with a low C;A and a high C;S content [6].

To control the permeability of concrete, lower w/c ratio
and/or pozzolans are recommended [7,8]. Effect of vari-
ous pozzolans on the resistance of cements to external
sulfate attack has also been studied by other researchers
[9-11]. Pozzolans reduce not only the permeability but
also the C;A amount if they are a partial replacement
of cement. Moreover, use of pozzolans or use of blended
cements, in general, reduces the quantity of CH due to
the pozzolanic reactions which would otherwise react
with sulfates to form gypsum.
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The abovementioned parameters, i.e. the cement com-
position and w/c ratio are the subject of this study. In order
to investigate the effects of these two parameters against
external sulfate attack, ordinary, blended and sulfate resist-
ing cements were used to prepare cement mortars with two
different w/c ratios, thus different permeabilities. These
cement mortars were then immersed in a 5% Na,SO,4 solu-
tion and compressive strength and length change (expan-
sion) of mortar specimens were determined after various
periods of immersion. For a better explanation of their per-
formance against sulfate attack, X-ray diffraction (XRD),
X-ray energy dispersion analysis and scanning electron
microscopy (SEM) of cement pastes subjected to the same
solution were also used.

2. Materials and experimental program
2.1. Cements

An ordinary Portland cement (OPC) and five different
blended cements were produced with different proportions
of clinker, natural pozzolan, fly ash and limestone. The
chemical analysis of these raw materials is given in Table
1. The natural pozzolan was obtained from Bilecik and
Yenisehir, the low-lime fly ash was obtained from the
Seyitomer power-plant, and the limestone with a CaCO;
amount of 95% was obtained from Bursa, Turkey. Label-
ing for all cements together with their ingredients is pro-
vided in Table 2. For comparison a sulfate resistant
Portland cement (SRPC) with a different clinker was also
obtained. The chemical composition and the major com-
pounds of all Portland cements together with their physical
properties are presented in Table 3.

2.2. Mixtures

Mortar mixtures were prepared using the cements men-
tioned above and the Rilem Cembureau Sand meeting the
requirements of ASTM C 778. In all mortar mixtures
cement:sand ratio was kept constant as 1:2.75 by weight.

Table 1
Chemical composition of materials

Chemical Materials used in OPC and blended cement
analysis (%) production
Clinker Natural Fly ash Limestone
pozzolan (NP) (FA)

SiO, 20.63 66.44 57.10 1.36
Al O3 6.09 12.11 18.67 1.05
Fe,04 3.74 1.78 9.75 0.61
CaO 65.28 5.13 4.71 52.84
SO; 0.94 1.76 0.67 0.23
MgO 0.44 0.95 443 0.28
Na,O 0.53 0.63 0.38 0.04
K,O 0.48 2.71 2.05 0.13
Loss on ignition 0.36 7.15 2.13 41.93

(LOI)

Table 2
Material proportions of OPC and blended cements

Cement Material (%)

Label Name Clinker NP FA  Limestone
OPC CEM I 42.5R 96.5 0.0 0.0 35

BC CEM 11/B-M(P-V) 70.8 10.8 149 3.5

42.5N

BCga CEM IV/A-V 32.5R 64.7 0.0 31.8 3.5

BCnp CEM 1V/A-P 32.5R 66.3 302 0.0 3.5
BCnpra CEM IV/B(P-V)32.5R 61.2 222 13.1 3.5
BCpga np  CEMIV/B(P-V)32.5R  60.3 153 209 3.5

Seven mixtures were first prepared with a w/c ratio of
0.485, and flow and consistency characteristics of these
mixtures were determined. Later, another set of seven mix-
tures were prepared by changing the w/c ratio in order to
obtain similar consistency of the blended cements with
the previously determined consistency of the OPC and
SRPC mortar mixtures. The flow characteristics as deter-
mined by ASTM C 1437 and w/c ratios of all 14 mixtures
are presented in Table 4. As seen in Table 4, the mixtures
can be approximately grouped into two different w/c ratios
such as 0.485 and 0.560.

From each mixture, 25 X 25 x 285 mm prismatic mortar
bars and 50 mm cubes were cast. The prismatic mortar bars
were used for length measurements and the cubes were
used to determine the compressive strength. After casting
and finishing, the molds were covered with plastic sheets
and stored for 24 h in a moist room (relative humidity:
above 95% and temperature: 35 & 3 °C). After the initial
curing period, the specimens were demoulded and cured
in lime saturated water at 23 °C until the mortar cube spec-
imens gained compressive strength of 19.5 MPa or higher
as described by ASTM C 1012. Upon reaching a compres-
sive strength of 19.5 MPa (0-week), all prismatic mortar
bars were stored in a 5% sodium sulfate (Na,SO,) solution
(50 g/L). Length measurements of the prismatic specimens
were performed at 1, 2, 3, 4, 8, 13, 15, 17, 26, 52 and 78
weeks after immersing the specimens into the sulfate solu-
tion. As the bars were cracked (Fig. 1) length change mea-
surements was not possible for OPC mortar bars with a w/c
of 0.560 at the end of 26 weeks, and for OPC mortar bars
with a w/c of 0.485 at the end of 52 weeks. In the same way,
after reaching compressive strength of 19.5 MPa, cube
specimens were stored in a 5% Na,SO, solution at 23 °C.
The compressive strength measurements of the cubes were
performed after 4, 26 and 52 weeks. In addition to the
cement mortars, cement pastes that has equal w/c ratios
with mortars were also prepared and subjected to the same
sulfate solution. They were cast in plastic cylinders and
demoulded the next day. After demoulding, the paste sam-
ples were cured in lime-saturated water for an additional 27
days. The paste samples were then exposed to 5% Na,SOy
solution at 23 °C. After the sulfate exposure period X-ray
diffraction analysis (XRD) and scanning electron micro-
scopy (SEM) was conducted on the paste samples. XRD
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Table 3
Chemical composition, major compounds, and physical properties of cements
OPC BC BCNP BCFA BCNP—FA BCFA—NP SRPC
Chemical analysis (%)
SiO, 20.12 29.17 34.57 29.43 34.38 33.58 19.65
Al,O3 5.75 8.73 8.48 9.84 8.96 10.02 4.27
Fe,04 3.26 4.56 3.49 5.44 4.18 5.05 4.55
CaO 63.44 4747 42.89 45.84 41.08 41.07 63.10
SO; 2.71 2.51 2.49 2.50 2.47 2.49 0.95
MgO 0.98 1.54 1.15 1.78 1.38 1.70 2.48
Na,O 0.43 0.62 0.56 0.55 0.59 0.62 0.63
K,O 0.49 0.95 1.07 0.95 1.09 1.08 0.45
LOI 2.13 3.17 5.12 2.38 4.13 4.08 3.54
Compound composition (%)
CsS 57.9 42.5 39.8 38.8 36.7 36.2 69.6
C,S 134 9.8 9.2 9.0 8.5 8.4 3.8
C3A 9.5 6.9 6.5 6.3 6.0 5.9 3.6
C4AF 11.0 8.1 7.5 7.4 7.0 6.9 13.8
Physical properties
Sp. gravity 3.18 2.87 2.89 2.75 2.78 2.75 3.21
Blaine fineness (cm?/gr) 3629 4062 4432 4772 5000 4676 3090
Comp. strength (MPa) 2d. 22.0 16.7 16.0 17.9 14.6 12.9 22.8
7d. 45.1 32.5 329 31.1 29.3 24.2 39.8
28 d. 55.8 49.0 49.0 50.8 46.8 42.6 53.7
180 d. 60.9 55.3 55.2 61.6 56.0 53.8 67.6

& Compound compositions were calculated using compound composition of clinker (Bogue’s equations) and mineral addition content.

Table 4
Flow properties of mortar mixtures

Label Group 1 (w/c = 0.485) Group 2 (w/c =~ 0.560)
w/c Flow (%) w/c Flow (%)

SRPC 0.485 81 0.570 Overflow

OPC 0.485 83 0.570 Overflow

BC 0.485 26 0.540 80

BCga 0.485 32 0.550 79

BCnp 0.485 20 0.550 76

BCnp_Fa 0.485 21 0.570 80

BCpa_np 0.485 17 0.570 79

measurements were performed by a diffractometer using
Cu Ka radiation with a wavelength of 1.54 A, operating
at 40 kV and 40 mA. Step scanning was used with a scan
speed 2°/min and sampling width of 0.02° 20.

3. Results and discussion
3.1. Compressive strength

The compressive strengths computed as an average of
three cubic specimens subjected to a 5% Na,SO, solution
are presented in Table 5. The 0-week in Table 5 is the time
when the mortar cube specimens reached the compressive
strength of 19.5 MPa or higher. As seen in that table, when
subjected to continuous sulfate exposure all cements
showed an increase in compressive strength up to at least
26 weeks. This was attributed to the hydration of calcium
silicates and to the pozzolanic reactions of blended
cements. However, after 26 weeks, the compressive
strength of the OPC mortars began to decrease drastically
for both w/c ratios. This was an expected result, as ettring-
ite formation leading to an expansion, cracking and drastic

OPC at a w/c of 0.560 after 17 weeks

OPC at a w/c of 0.485 after 38 weeks

Fig. 1. OPC mortar bars subjected to a 5% Na,SO, solution.
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Table 5
Compressive strength of mortars subjected to a 5% Na,SO, solution

Test Compressive strength (MPa)

age OPC BC BCnp BCpa BCnpra BCBCpanp SRPC
(weeks)

wlc =0.485

0* 238 222 195 194 20.1 19.6 19.1
4 459 39.7 424 332 375 39.9 47.7
26 492 499 470 544 571 444 62.1
52 33.1 483 48.0 524 554 51.5 64.3
wlc =~ 0.560

0* 219 219 21.1 207 195 19.5 20.1
4 453 464 350 494 371 38.8 45.8
26 344 468 47.1 532 39.0 443 55.9
52 - 53.0 479 520 426 48.4 63.5

% 0-week corresponds to the start of the sulfate exposure.
® Measurements could not be conducted as the specimens disintegrated.

reduction in the strength and gypsum formation leading to
a reduction of stiffness and strength were the major form of
deterioration of mortars containing cements with a high
C;A content [12,13]. SRPC cubes resulted in the highest
strengths at all ages and did not show significant strength
loss. This was possibly due to the filling of the pores by
the reaction products of sulfate attack [14]. The beneficial
effect of pore filling to strength can be considered for
OPC mortars too. However, the reduction in strength of
OPC mortars shows that the destructive effect of reaction
products (gypsum and ettringite) dominated their contribu-
tion to strength. When the blended cements are considered,
they do not show any significant strength loss until 52
weeks of continuous exposure. This result is consistent with
the results of mortar bar expansions (Table 6), where the
blended cements are found to be highly resistant to the
sulfate exposure except of BCyp. Although BCyp speci-
mens demonstrated relatively higher expansion (it will be
discussed in Section 3.2), they did not deteriorate and
develop any significant crack for both w/c ratios after the
52 weeks continuous exposure period. The continuous
increase in strength of BCnp cubes for both w/c ratios
can be attributed to pozzolanic reactions and filling of
the pores by the reaction products of sulfate attack. In lit-
erature, similar observations were also found by other
researchers [14-16].

3.2. Expansion

The expansion test results of the mortar bars subjected
to a 5% NaySO,4 solution are shown in Fig. 2 for all
cements. When the dashed and solid lines corresponding
to the w/c ratios of 0.485 and 0.560 respectively are com-
pared, it can be easily observed that lowering the w/c ratio
tends to reduce the expansion of most cement mortars.
However, this effect is not the same for all cements. For
the w/c ratios considered in this study, the sulfate resistance
of OPC is highly sensitive to w/c ratio, compared with
other types of cements where the effect of w/c ratio is
minimal.

Cements satisfying the expansion limits of 0.10% and
0.05% at 26 weeks are considered as moderate sulfate resis-
tant and high sulfate resistant, respectively and the expan-
sion limits of 0.10% at 52 weeks are considered as high
sulfate resistant by ASTM Subcommittee C01-29 [17]. A
summary of the 26, 52, and 78-week expansions for all
mortar mixtures are summarized in Table 6 and shown in
Fig. 3. It can be seen from Table 6 and Fig. 3 that cement
type is a factor in determining the performance of cement
in a sulfate environment. It is clearly seen from Table 6 that
OPC is not suitable for sulfate environments at both w/c
ratios. Moreover, it can also be concluded that all blended
cements with the Class-F fly ash showed better perfor-
mance, when compared to the SRPC and the blended
cement having only the natural pozzolan (Fig. 3). In order
to quantify the effect of w/c ratio on the increase in expan-
sion at a given age, change in the expansion of mortar bars
when the w/c ratio is increased from 0.485 to 0.560 was cal-
culated for all cement mortars as shown in Fig. 4. (Note
that in this figure for OPC cement mortars extrapolation
of the data towards 26 weeks were conducted as the OPC
cement mortars cracked before 26 weeks.) As seen from
this figure the effect of w/c ratio is relatively lower for all
blended cements. However, expansion measurements did
not dictate any trend as the age of exposure changed from
26 to 78-weeks.

All blended cements containing natural pozzolan and/or
fly ash have a notable reduction in expansion at all test
ages. Expansion reduction was drastic in mortars with
BCga and BCga_na cements. Both blended cements may

Table 6
Summary of the average 26, 52 and 78-week expansions
Label w/c Expansion (%) w/c Expansion (%)

26-week 52-week 78-week 26-week 52-week 78-week
OPC 0.485 0.328 -4 = 0.560 =4 =4 -4
SRPC 0.485 0.075 0.116 0.168 0.560 0.073 0.168 0.230
BC 0.485 0.025 0.052 0.056 0.560 0.060 0.080 0.099
BCnp 0.485 0.076 0.149 0.210 0.560 0.089 0.193 0.260
BCpa 0.485 0.035 0.048 0.055 0.560 0.037 0.048 0.052
BCnp Fa 0.485 0.057 0.089 0.110 0.560 0.074 0.098 0.122
BCBCga np 0.485 0.037 0.051 0.053 0.560 0.055 0.065 0.074

& Measurements could not be conducted as the specimens disintegrated.
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ratios. The pozzolanic activity

pozzolan binds it to CH released in the hydration of cal-
cium silicates (C3S and C,S), so CH is no longer available
for reaction with sulfates. This prevents the formation of
gypsum. Pozzolanic reaction produces a secondary C-S—
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Fig. 2. Expansion of mortar bars.

Moreover, the fly ash used in this study has a total SiO,,
Al,O3 and Fe,O5 content of 85.52%, CaO content of 4.71%
and SO; content of 0.67. According to Tikalsky and
Carrasquillo, all these chemical properties indicate that this
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Fig. 3. 26, 52 and 78-week sulfate expansion of mortar bars.

class of fly ash will improve sulfate resistance [18]. The use
of natural pozzolan improves the sulfate resistance of
cements, principally, due to the CH reduction in mortars.
Irassar et al. found that natural pozzolan addition reduce
the expansion and strength loss of mortars with low C3A
(0-1%) portland cement [6]. However, the clinker used
for the production of blended cement in this study has a
high C;A content. Therefore, blended cement with high
natural pozzolan does not perform as well as the blended
cement with high fly ash.

In the SRPC used in this study, the C3S/C5S ratio, which
dictates the amount of CH in the hardened cement paste, is
increased with the reduction of the C;A content. The CH in
the hardened cement paste reacts with sulfate ions to form
gypsum. The deterioration of hardened mortar by the for-
mation of gypsum goes through a process leading to a
reduction of stiffness and strength loss; this is followed by
expansion [12]. The volume of the resulting gypsum is also
greater than the sum of its components. The expansion
results show that SRPC with high C;S/C,S ratio of 18.3
has a poor sulfate resistance. The results of this study were
also inline with the findings of Stephens and Carrasquillo

[19], where they recommended testing the sulfate resistant
Portland cements with a C;A content of 4-5% before using
them in a high sulfate environment.

3.3. XRD and SEM analysis of the cement pastes

In order to investigate the products of hydration, scan-
ning electron microscopy (SEM) of cement pastes was per-
formed. Cement pastes were first produced together with
the mortars and these pastes were subjected to a 5%
Na,SO, solution. At the end of six months, there was vis-
ible cracking and disintegration of the cement pastes pre-
pared from OPC when subjected to sulfates. SEM
examinations of fractured pieces obtained from OPC
cement pastes revealed formation of ettringite and gypsum
(Fig. 5). EDX analysis of Section 1 in Fig. 5a showed only
high calcium and sulfur peaks. It was then concluded that
the phase was gypsum. EDX analysis of Section 2 in
Fig. 5b showed a high calcium peak and smaller sulfur
and aluminum peaks, confirming the identification of
ettringite. Well-formed and randomly oriented rod-like
crystals were observed in the pre-existing pores. These
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Fig. 5. SEM and EDX analysis of disintegrated OPC paste at 78 weeks.

observations the
measurements.

Pastes with blended cements that had been exposed to a
sulfate solution for a year were also examined in SEM but
significantly lesser amounts of ettringite or gypsum was
observed (Fig. 6). On the other hand, the expansion mea-

surements revealed that the performance of SRPC was rel-

explained results of expansion

atively poor when compared to the blended cements. This
fact was explained by the SEM and EDX analysis of
cement paste. Fig. 7 shows the relatively higher amounts
of flower like ettringite needles in SRPC pastes.

To confirm the SEM results and semi-quantitatively
identify the products of hydration, five of the cement pastes
were examined by XRD after 78 weeks of immersion in a
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5% Na,SO, solution. The analyzed samples were taken
from the surface of the cement pastes. According to
Fig. 8, ettringite and gypsum were identified in all cement
pastes. After an exposure period of 78 weeks, the peak of
calcium hydroxide (CH) was also detected in all cement
pastes. However, the amount of CH was comparatively
lower in blended cement pastes due to the pozzolanic reac-
tion of fly ash and natural pozzolan with calcium
hydroxide.

4. Conclusions

This paper discusses the results of an experimental pro-
gram carried out to investigate the effects of w/c ratio and
different mineral admixtures at different proportions on the
sulfate resistance of cement mortars. Two different w/c
ratios (0.485 and 0.560) and two different mineral admix-
tures (Class-F fly ash and a natural pozzolan) were used.
As a result of this experimental study, the following conclu-
sions were made:

e Compressive strength measurements monitored up to a
year were not a reliable means for identifying the harm-
ful effects of sulfate attack. Instead, expansion measure-
ments as described in ASTM C 1012 were found to be
more effective in identifying the proper cement against
sulfate attack.

e Cement chemistry is an important parameter in coping
with sulfate attack. Considerable amount of deteriora-
tion was observed in the mortar bars prepared with
the OPC. For these cements, as the w/c ratio decreased
the extent of deterioration drastically decreased. Even
though, this was the case, OPC was still not suitable
for sulfate environments regardless of the w/c ratio.
Reducing the amounts of C3A and C4AF compounds
prevent the formation of ettringite. However, the SRPC
used in this study did not perform well against sulfate
attack regardless of the w/c ratio. At both w/c ratios
the performance of SRPC was considered to be effective
only for moderate sulfate environments. Therefore, per-
formance of an SRPC with a C;A content of 3.6% needs
to be tested before using in a high sulfate environment.
For SRPC, the second important parameter seems to be
the C5S/C>S ratio.

¢ Blended cements prepared with mineral admixtures (both
fly ash and natural pozzolan) improved the resistance of
mortars to sulfate attack due to the reduction in C;A con-
tent. Moreover, the pozzolanic reactions of blended
cements also reduced the CH content which was neces-
sary for the formation of gypsum. Therefore, depending
on the amount and effectiveness of the mineral admix-
tures, blended cements were considered to be effective
for moderate or high sulfate environments. In this
respect, the fly ash used in this study performed better
than the natural pozzolan. Blended cement, particularly
made with Class-F fly ash, performed much better than
SRPC with a C5A content of 3.6% in terms of expansion.

e The effect of w/c ratio is important especially for the low
sulfate resistant cements with higher C3A amounts.
High sulfate resistant cements were not affected by w/c
ratio to the same extent. As a result, the chemistry of
cement appears to be more effective than the w/c ratio
in offsetting the destructive effects of sulfate attack on
concrete.
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