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Normally, MgSO4 is considered to promote thaumasite sulfate attack (TSA) due to pH drop of solution
caused by insoluble brucite formation. However, some test results indicate that thaumasite formation
(TF) should occur in the solution with relatively high pH.

In the current paper, cement, cement + fly ash, cement + limestone powder and high sulfate resisting
(HSR) cement pastes were immersed in sealed bottles containing Na2SO4:MgSO4 = 0:5, 1:5, 3:5 and
10:30 at 10 �C. The pH was measured and corrosion products were identified by means of XRD. The
results indicated that the existence of relatively low content MgSO4 (even 5%) may not cause significant
pH drop under non-exposed condition. The pH was still kept at the level of 13.0, while the increase of
MgSO4 could promote TF. The pH fell below 10.0 in the solution containing saturated MgSO4, however,
gypsum dominated the mechanism of paste deterioration.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As generally known, MgSO4 not only reacts with calcium
hydroxide but also leads to the decomposition of the C–S–H phase,
forming not only expansive gypsum but also unbound products of
brucite and magnesium silicate hydrate (M–S–H). Mg(OH)2 (bru-
cite) is insoluble and its saturated solution has a pH of 10.5. Thus,
generally, it is agreed upon that the damage from MgSO4 attack on
concrete is more severe than from Na2SO4 attack [1–3].

Thaumasite sulfate attack (TSA) was identified as the major
mechanism for the extensive and sensitive deterioration of deeply
buried foundation concrete of a number of 30-year-old M5 motor-
way bridges in Gloucestershire, west England in spring, 1998 [4–9].
Hobbs and Taylor analyzed these field cases of TSA [10]. They indi-
cated that the oxidation of pyrites within the backfill leads to the
formation of sulfuric acid, reducing the pH of the groundwater.
Magnesium ions and the formation of insoluble Mg(OH)2 also
reduce the pH, increasing the degree of chemical attack on the
C–S–H, playing a major role in increasing the risk of thaumasite at-
tack [11]. Sharp et al. [12] compared the thaumasite formation (TF)
of Portland-limestone cement pastes in different sulfate solutions,
the results indicated that the storage in the MgSO4 and Na2SO4

mixed solution behaves in a similar scaling manner to simple
MgSO4 solution. This suggests that magnesium ions plays a consid-
erable role in the TF due to the generation of low soluble Mg(OH)2,
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resulting in the drop of pH and the disintegration of C–S–H. In
summary, a low pH storage condition due to the existence of
MgSO4 favors TF.

However, a number of reports show contrary results. Jallad et al.
[13] studied the stability of pure thaumasite samples in solutions
with different pH ranging from 6.0 to 13.0. The results indicated
that thaumasite reacts with the ions present in the solutions, and
some conversions to calcium phosphate, calcium silicate and cal-
cium carbonate are detected at low pH levels (611.0). At pH level
>11.0, minor amounts of calcium carbonate are generated, while
only in highly basic conditions (pH = 13.0) thaumasite is stable.
Zhou et al. [14] studied the role of sulfuric acid in thaumasite sul-
fate attack. The results showed that the existence of acid cannot
promote TF. TSA occurs in the sulfate solution at pH above 12.0.
The pH of acidified solution is maintained between 2.0 and 6.0,
gypsum is the dominating reactive phase in the solution. Hagelia
pointed out thaumasite decomposes and forms gypsum and calcite
at low pH level [15,16]. The experimental results attained by Gaze
and Crammond [17] presented that, after 90 days exposure to
MgSO4 solution under ‘‘non-exposed’’ condition (separated from
atmosphere), calcite and gypsum are the main reaction products
although the pH is 12.5. Only in the K2SO4 solution with pH of
13.0 thaumasite is the predominant product. Therefore, the above
experimental results support that TSA plays a major role in cemen-
titious materials deterioration only in the sulfate environment
with high pH close to 13.0.

Obviously, the above two views are conflicting. The former view
indicates that the pH drop of solution by MgSO4 favors TF, and the
increase of MgSO4 can promote TSA. However, the latter view
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Table 2
Mixture proportions of cement paste.

Cement Fly ash (FA) Limestone power (LP) W/C

Z. Liu et al. / Cement & Concrete Composites 35 (2013) 102–108 103
concludes that high pH is an essential factor for TSA. In the current
paper, tests were carried out to try to explain the differing views
and any possible connection between them.
Cement 1(C I) – – 0.5
Cement + FA 0.75(I) 0.25 – 0.5
HSR 1(C III) – – 0.5
Cement + LP 0.75(I) – 0.25 0.5
2. Experiments and raw materials

Concerning the pH of solution, it should be noted that the pH of
sulfate solution is controlled by the combined effects of three fac-
tors: the Mg2+ content, the replace rate of fresh solution and the
relative volume ratio of concrete to solution [18]. Also, the storage
condition is also an important factor. In the abovementioned re-
port [17], Gaze and Crammond compared the pH of the same
MgSO4 solution or K2SO4 solution under exposed and non-exposed
storage conditions respectively. The results showed that under
non-exposed condition the pH of solution remains at a high level
(>12.5) during the whole process, but the pH drops to 6.0 or 8.1
if the solution is in contact with air (exposed condition).

Concerning the field experience of M5 motorway bridges, an
interesting appearance should not be overlooked that TSA was just
found on the top of deeply buried foundation [4,5,7,8]. Combining
the relationship between groundwater and foundation [19–21],
this means that TSA just occurs in a perched solution formed on
the top of concrete foundation, and the perched solution is stag-
nant and not frequently replaced by fresh solution. The volume
of solution is much less than the concrete foundation. The founda-
tions are deeply buried underground and far separated from atmo-
sphere. This can be regarded as a kind of non-exposed storage
condition.

In order to simulate such field exposure conditions, in the cur-
rent paper the specimens were orderly organized in prismatic plas-
tic bottles with two covers. Sulfate solutions just enough to cover
the surfaces of specimens were irrigated into the bottles respec-
tively, and not replaced during the whole progress. The pH of solu-
tions was measured and corrosion products were identified by
means of XRD.

Table 1 gives the chemical composition of ordinary Portland ce-
ment, high sulfate resisting cement (HSR), fly ash (FA) and lime-
stone powder (LP) used in this study. Four pastes with different
porportions were made (Table 2). Four solutions with different
proportions of Na2SO4 to MgSO4 (Na2SO4:MgSO4 = 0:5, 1:5, 3:5
and 10:30 by mass) were used. The exposure temperature was
kept at 10 �C.

Firstly, specimens were cast and demolded after 24 h, then
cured in water at 20 �C for 28 days. The specimens were then dried
in a climate room at 20 ± 2 �C and 60 ± 5% RH for 1 week, and
moved into four plastic bottles with two tight-fitting lids. Sulfate
solutions were irrigated into bottles. At last, the sealed bottles
were placed in a refrigerator at 10 �C.

Specimens were taken out for visual observation and XRD anal-
ysis at the exposure ages of 1, 3 and 6 months. The outer layer of
the specimen was cut off by a knife and grinded to pass a 53 lm
Table 1
Chemical composition of cement, fly ash and limestone powder.

Code
(%)

C(I) CEM I
52.5

C(III) (HSR) CEM I 42.5
NHSR LA

Fly ash
(FA)

Limestone
powder (LP)

SiO2 19.60 19.94 53.31 0.86
Al2O3 4.90 3.13 26.43 0.08
Fe2O3 3.10 4.76 7.53 0.34
CaO 63.60 61.56 4.46 56.3
MgO 0.90 – 2.54 0.58
K2O 0.77 0.66 3.58 0.05
Na2O 0.41 0.24 1.15 0.08
SO3 3.30 2.54 0.90 –
LOI 2.10 5.45 4.10 42.0
sieve; the powder was dried in a vacuum container with silica
gel for XRD analysis. The pH of the exposure solution was
measured.
3. Results

3.1. Visual observation

Figs. 1–3 show the visual appearance of pastes after 6 months
immersion. In Fig. 1, after 6 months immersion in the Na2SO4:-
MgSO4 = 3:5 solution it can be found that: (1) the HSR pastes
looked sound; and (2) the outer layers of cement, cement + FA
and cement + LP were both softened and white substance was
formed on the surfaces.

Compared with Fig. 1, after 6 months exposure to 5% MgSO4

solution it can be observed in Fig. 2 that: (1) the HSR pastes were
still sound; (2) there was not a significant change of cement + LP;
and (3) the edges of cement and cement + FA specimens were se-
verely eroded. Large mass loss could be found, with cement + FA
likely showing the most severe loss.

In Fig. 3, in the Na2SO4:MgSO4 = 10:30 mixed solution it can be
found that: (1) the HSR paste, which showed the best performance
in Figs. 1 and 2, was severely damaged. A layer of gel-like and soft
substance was formed around the core; (2) soft blister material
was formed on the surface of the cement paste and cement + FA
paste specimens; and (3) cement + LP specimens exhibited the best
visual appearance.
3.2. XRD analysis

3.2.1. Exposure for 1 and 3 months
The XRD patterns of ettringite and thaumasite show similari-

ties, with just small differences in the d-spacings of the two major
peaks, at around 9.1 and 16.0� 2h. It can be difficult to distinguish
Fig. 1. Visual appearance of pastes exposed to Na2SO4:MgSO4 = 3:5 solution for
6 months.



Fig. 2. Visual appearance of pastes exposed to 5% MgSO4 solution for 6 months.

Fig. 3. Visual appearance of pastes exposed to Na2SO4:MgSO4 = 10:30 mixed
solution for 6 months.
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them when only small amounts are present. A relatively clear dif-
ference is that another major peak of thaumasite at around 23.4�
2h is absent from the ettringite [22]. Therefore, this peak is a main
sign to identify TF.

In Fig. 4, TF corresponding to a clear peak at 23.4� 2h in XRD pat-
terns was observed in the cement + LP paste after 1 and 3 months
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Fig. 4. XRD patterns of cement and cement + LP pastes
exposure to 5% MgSO4 solution, and the peak was sharper after
3 months exposure. The pH of 5% MgSO4 solution after 1 month
exposure was 11.6, while after 3 months the pH increased to
12.7. As to cement paste, after 1 month exposure to 5% MgSO4

solution there was no a peak at 23.4� 2h in XRD pattern, this means
that the main corrosion product in paste was ettringite.

In Fig. 5, after 1 month exposure, the pH of 5% MgSO4 simple
solution was 11.6, and the pH of Na2SO4:MgSO4 = 1:5 mixed solu-
tion was 13.0. However, the peak at 23.4� 2h of paste exposed to
mixed solution was sharper than paste in simple solution. It seems
that TF is susceptive to pH of solution.

In Fig. 6, the main ettringite was ettringite. Because the ettring-
ite is stable when the pH is higher than 11.5 [23,24], the XRD pat-
terns of cement paste exposed to 5% MgSO4 solution (pH = 11.6)
and Na2SO4:MgSO4 = 1:5 mixed solution (pH = 13.0) did not show
significant difference.
3.2.2. Exposure for 6 months
After 6 months exposure, the products of different pastes im-

mersed in Na2SO4:MgSO4 = 3:5 mixed solution and 5% MgSO4 solu-
tion are shown in Figs. 7–9.

As to cement + LP pastes immersed 5% MgSO4 and Na:Mg = 3:5
mixed solution, the visual appearance did not significantly change
with the increase of MgSO4 content (shown in Figs. 1 and 2). The
XRD patterns in Fig. 7 also present similar results.

In Figs. 8 and 9, with respect to cement paste and cement + FA
paste: (1) compared with XRD patterns of pastes exposed to Na2-

SO4:MgSO4 = 3:5 mixed solution and 5% MgSO4 solution, the two
major peaks at around 9.1 and 16.0� 2h had significantly increased;
(2) the peaks at around 23.4� 2h were apparently checked in the
XRD patterns of two pastes exposed to 5% MgSO4 solution. The
peak of cement + FA paste looked sharper than that of cement
paste; and (3) the peaks of Ca(OH)2 in the pastes exposed to 5%
MgSO4 solution almost disappeared compared to those of pastes
in Na2SO4:MgSO4 = 3:5 mixed solution. According to Sharp et al.
[12], Ca(OH)2 is a reactant rather than a reaction product for TF.
Therefore, the decrease of Ca(OH)2 indicated that the increase of
MgSO4 promoted TF in the cement paste and cement + FA paste.

In Fig. 2, HSR paste showed the best visul appearance. In Fig. 10,
it can be found that the peaks at 9.1 and 16.0� 2h were much lower
than in cement paste, and there was no apparent thaumasite peak
at around 23.4� 2h. This likely means that the ettringite formation
had pushing influence on TF.

In Fig. 11, when different pastes were immersed in the satu-
rated sulfate solution with low pH(<10.0), gypsum became the
dominant corrosion product. In HSR paste, almost pure gypsum
was generated. In cement, cement + FA and cement + LP pastes
there were still some traces of thaumasite or ettringite.
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Fig. 5. XRD patterns of cement + LP paste exposed to Na2SO4:MgSO4 = 1:5 mixed and 5% MgSO4 solution for 1 month.
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Table 3
pH of different mixed sulfate solutions at 1, 3 and 6 months.

Solution 1 month 3 months 6 months

T (�C) pH T (�C) pH T (�C) pH

Na2SO4:MgSO4 = 1:5 10.3 13.0 10.2 13.0 11.1 13.1
Na2SO4:MgSO4 = 3:5 9.6 13.0 10.2 13.0 10.3 13.1
Na2SO4:MgSO4 = 0:5 11.5 11.6 11.7 12.75 10.2 13.0
Na2SO4:MgSO4 = 10:30 9.6 9.43 13.3 9.36 10.1 9.0
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3.3. pH of exposure solution

Table 3 gives the pHs of solutions with different MgSO4 con-
tents at different exposure ages. As to the Na2SO4:MgSO4 = 1:5
and 3:5 mixed solutions, the pH was maintained at the high level
of 13.0. Concerning the 5% solution, although the pH was just
11.6 after 1 month exposure, the value was already 12.7 after
3 months exposure, and reached 13.0 after 6 months. Only the
pH of Na2SO4:MgSO4 = 10:30 solution containing saturated MgSO4

dropped below 10.5, the value of saturated Mg(OH)2 solution.
4. Discussion

The pH of solution plays an important role in sulfate attack on
concrete. The pH influences not only the formation of sulfate attack
products, such as ettringite, thaumasite and gypsum but also the
stability of C–S–H.

Bellmann et al. [25] indicated that gypsum formation occurs in
a relatively low pH environments. The precipitation of gypsum can
take place until pH reaches approximately 12.9. Beyond that mark,
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a further increase of the sulfate concentration is unable to lead to
the gypsum formation.

As to ettringite, it is not stable in low-lime environments when
the pH falls below 11.5–12.0. At this low pH range, ettringite
decomposes and forms gypsum [23,24].

3CaO � Al2O3 � 3CaSO4 � 32H2Oþ 4SO2�
4 þ 8Hþ

! 4CaSO4 � 2H2Oþ 2AlðOHÞ3 þ 12H2O ð1Þ

As mentioned in the introduction, the pH should be higher than
at least 12.0 and reach 13.0 for strong formation of thaumasite. In
low pH environment, thaumasite decomposes and forms gypsum
and calcite [15,16]:

ThaumasiteþH2O! CaCO3 � CaSO4 � 2H2Oðfree SO2�
4 Þ þ Ca2�

þ Si-water complex ðor amorphous silicaÞ ð2Þ

On the other hand, if the pH of the pore solution in hydrated ce-
ment phase is less than 11.4, the decomposition of C–S–H will oc-
cur and leads to the formation of gypsum:

CASAHþ 2H2Oþ SO2�
4 ! Ca-depleted CASAH

ðor amorphous silicaÞ þ CaSO4 � 2H2O ð3Þ

The sequential reactions of MgSO4 with the cement hydration
products are shown below [2,3]:

xMg2þ þ xSO2�
4 þ xCaO � SiO2 � aqþ 3xH2O

! xCaSO4 � 2H2Oþ xMgðOHÞ2 þ SiO2 � aq ð4Þ

2xMg2þ þ 2xSO2�
4 þ 2xCaO � SiO2 � aq SHn þ yH2O!

3MgO � 2SiO2 � 2H2Oþ 2xCaSO4 � 2H2Oþ ð2x� 3ÞMgðOHÞ2 ð5Þ

In the MgSO4–C–S–H–H2O system shown in Eqs. (4), (5), the
insoluble Mg(OH)2 formation may cause two possibilities: (1)
according to chemical kinetics, to foster the chemical reactions of
the decomposition of C–S–H; and (2) pH drop of systems.

Thaumasite forms from calcium, sulfate, carbonate and silicon.
The latter originates from the decomposition of C–S–H formed as
shown in Eq. (3). Consequently, it is commonly agreed upon that
the existence of MgSO4 can accelerate TF due to the pH drop.

However, according to the experimental results shown in Table
3, even in the 5% MgSO4 solution by mass, which is much higher
than the monitored value of field cases and usually used as accel-
erated laboratory test [26], the pH of solution under non-exposed
condition was still kept at the high level of 13.0. Likely, it can be
concluded that the existence of MgSO4 cannot significantly reduce
the pH of stagnant solution under non-exposed condition. On the
other hand, the survey data of M5 motorway bridges showed that
highly soluble MgSO4 decreases with proximity to concrete and
with increasing thaumasite attack [7,27–30]. Therefore, in the field
experience TSA should also occur in the sulfate environment with
high pH. Only in the solution containing saturated MgSO4 it was
possible that the pH fell below 10.5 (shown in Table 3), while
ettringite, thaumasite and C–S–H would decompose as Eqs. (1)–
(3), performing severe gypsum-type attack (shown in Fig. 11),
exhibiting loss of cohesion and softening [31] (shown in Fig. 3).

According to XRD patterns shown in Fig. 5, although the MgSO4

content in Na2SO4:MgSO4 = 1:5 mixed solution was less than in 5%
MgSO4 solution, the peaks at 23.4� 2h of cement + LP pastes ex-
posed to these two solutions were shifted. it can be found that
the pH of Na2SO4:MgSO4 = 1:5 mixed solution was 13.0, while
the pH of 5% MgSO4 solution was just 11.6. This appearance further
supported that the high pH (close to 13.0) favors TF [13–16].

Combining the appearances in Figs. 1, 2, 8 and 9, it can be con-
firmed that the increase of MgSO4 could accelerate TSA in the ce-
ment paste and cement + FA paste while the pH of solution was
kept at a level of 13.0. The reason for the acceleration may be the
improving effect on the progress of chemical reactions of decom-
position of C–S–H shown in Figs. 4 and 5 due to the formation of
insoluble Mg(OH)2 based on the chemical kinetics.

Normally ordinary Portland cement paste containing limestone
additions is susceptible to TSA [12], and the fly ash addition can
improve the resistance against TSA of cementitious materials
[32,33]. However, the visual appearances in Figs. 1 and 2 showed
that the cement paste and cement + FA paste were susceptive to
TSA with the increase of MgSO4 content. The results in Figs. 7–9
further supported the visual observation. This may be due to the
higher Al3+ contents in the cement paste and cement + FA paste
than in cement + LP paste. Research [34] has pointed out that alu-
mina must be present in sufficient quantities within the clinker or
gel structure, rather than as an addition, to initiate TF. In Fig. 10,
HSR paste did not show apparent trace of TF due to the low content
of C3A, causing relatively weak deterioration shown in Figs. 1 and
2. Due to the higher content of Al2O3, more ettringite could be gen-
erated in cement + FA paste than cement paste, causing more
thaumasite formation (shown in Figs. 8 and 9) and resulting in
more severe deterioration (shown in Figs. 1 and 2). In effect, the
experimental results [35] also showed that concrete and mortars
containing fly ash appeared to be more vulnerable to sulfate attack
at low temperatures due to TF. This result may indicate that the
woodfordite route of TF by reaction between ettringite, silicate
(particularly C–S–H) and carbonate (either CO2�

3 ions or atmo-
spheric CO2) in the existence of excess water would more likely
be the major mechanism for TF but not direct route[9,36].

5. Conclusions

The exposure conditions of field cases of TSA on foundations
were simulated to study the effect MgSO4 on TF. According to the
analysis of the test results, several conclusions can be drawn:

1. Under the non-exposed condition, relatively low content MgSO4

(even 5%) could not cause a significant pH drop of the stagnant
solution. The pH was kept at the level of 13.0, while the increase
of MgSO4 content could promote TF.

2. Under the non-exposed condition, the pH of the stagnant solu-
tion containing saturated MgSO4 at 10 �C decreased to below
10.4. However, Gypsum attack, forming soft and gel-like prod-
ucts, dominated the mechanisms of paste deterioration.

3. In the sulfate solution containing relatively low content MgSO4

(even 5%), HRS paste showed the best resistance against TSA.
With the increase of MgSO4, cement paste and cement + FA
pastes were more susceptible to TSA than cement + LP paste.

4. Cementitious paste containing higher Al element showed more
severe damage by TSA. The woodfordite route of TF would likely
be the major mechanism for TF.

Acknowledgements

This work was financially supported from National Science
Foundation of PR China under contract #50378092, the Freedom
Explore Program of Central South University under contract
#2011QNZT110, a scholarship from CSC (China Scholarship Coun-
cil) and co-funding from Ghent University of Belgium.

References

[1] Baghabra Al-Amoudi Omar S, Maslehuddin Mohammed. Effect of MgSO4 and
sodium sulfate on the durability performance of plain and blended cement. ACI
Mater J 1995;92(1):15–24.

[2] Baghabra Al-Amoudi Omar S. Attack on plain and blended cements exposed to
aggressive sulfate environments. Cem Concr Compos 2002;24(3–4):305–16.



108 Z. Liu et al. / Cement & Concrete Composites 35 (2013) 102–108
[3] skalny Jan, Marchand Jacques, Odler Ivan. Sulfate attack on concrete. Spon
Press; 2002.

[4] Crammond NJ. The occurrence of thaumasite in modern construction – a
review. Cem Concr Compos 2002;24(3–4):393–402.

[5] Crammond NJ. The thaumasite form of sulfate attack in the UK. Cem Concr
Compos 2003;25(8):809–18.

[6] Crammond NJ, Collett GW, Longworth TI. Thaumasite field trial at Shipston on
Stour three-year preliminary assessment of buried concretes. Cem Concr
Compo 2003;25(8):1035–43.

[7] Loudon N. A review of the experience of thaumasite sulfate attack by the UK
Highways Agency. Cem Concr Compos 2003;25(8):1051–8.

[8] Sims I, Huntley SA. The thaumasite form of sulfate attack-breaking the rules.
Cem Concr Compos 2004;26(7):837–44.

[9] Deng D, Jia X, Qiang Y. On thaumasite in cementitious materials. Jianzhu
Cailiao Xuebao/J Build Mater 2005;8(4):400–9. Language: Chinese.

[10] Hobbs DW, Taylor MG. Nature of the thaumasite sulfate attack mechanism in
field concrete. Cem Concr Res 2000;30(4):529–33.

[11] Hobbs DW. Thaumasite sulfate attack in field and laboratory concretes:
implications for specifications. Cem Concr Compos 2003;25(8):1195–202.

[12] Hartshorn SA, Sharp LH, Swamy RN. Thaumasite formation in Portland-
limestone cement pastes. Cem Concr Res 1999;29(8):1331–40.

[13] Jallad KN, Santhanam M, Cohen MD. Stability and reactivity of thaumasite at
different pH levels. Cem Concr Res 2003;33(3):433–7.

[14] Zhou Q, Hill J, Byars EA. The role of pH in thaumasite sulfate attack. Cem Concr
Res 2006;36(1):160–70.

[15] Hagelia P, Sibbick RG, Crammond NJ, Larsen CK. Thaumasite and secondary
calcite in some Norwegian concretes. Cem Concr Compo 2003;25(8):
1131–40.

[16] Hagelia P, Sibbick RG. Thaumasite sulfate attack, popcorn calcite deposition
and acid attack in concrete stored at the Blindtarmen test site Oslo, from 1952
to 1982. Mater Charact 2009;60(7):686–99.

[17] Gaze ME, Crammond NJ. The formation of thaumasite in a cement: lime: sand
mortar exposed to cold magnesium and potassium sulfate solutions. Cem
Concr Compos 2000;22(3):209–22.

[18] Irassar EF. Sulfate attack on cementitious materials containing limestone filler
— a review. Cem Concr Res 2009;39(3):241–54.

[19] American ground water trust, what is a water table? <http://www.agwt.org/
info/pdfs/watertable.pdf>.

[20] Groundwater review. <http://imnh.isu.edu/>.
[21] Groundwater basics occurrence, movement, and quality. <http://

www.igsb.uiowa.edu/>.
[22] Barnett SJ, Macphee DE, Lachowski EE, Crammond NJ. XRD, EDX and IR
analysis of solid solutions between thaumasite and ettringite. Cem Concr Res
2002;32:719–30.

[23] Santhanam Manu, Menashi D, Jan OLek. Sulfate attack research — whether
now? Cem Concr Res 2004;31(8):1275–96.

[24] Kumar Mehta P. Sulfate attack on concrete: separating myths from reality.
Concr Int 2000;22(8):57–61.

[25] Bellmann Frank, Möser Bernd, Stark Jochen. Influence of sulfate solution
concentration on the formation of gypsum in sulfate resistance test specimen.
Cem Concr Res 2006;36(2):358–63.

[26] Van Tittelboom K, De Belie N. A critical review on test methods for evaluating
the resistance of concrete against sulfate attack. Concrete in Aggressive
Aqueous Environments, Performance, Testing and Modeling 2009; p. 298–306
[France].

[27] Floyd M. A comparison of classification systems for aggressive ground with
thaumasite sulfate attack measured at highway structures in Gloucestershire,
UK. Cem Concr Compos 2003;25(8):1185–93.

[28] Floyd M, Czerewko MA, Cripps JC, Spears DA. Pyrite oxidation in Lower Lias
Clay at concrete highway structures affected by thaumasite, Gloucestershire,
UK. Cem Concr Compos 2003;25(8):1015–24.

[29] Floyd M, Wimpenny DE. Procedures for assessing thaumasite sulfate attack
and adjacent ground conditions at buried concrete structures. Cem Concr
Compos 2003;25(8):1077–88.

[30] Salter D, Floyd M, Wimpenny DE. A summary of the highways agency
thaumasite investigation in Gloucestershire: the scope of work and main
findings. Cem Concr Compos 2003;25(8):1067–76.

[31] Rasheeduzzafar, Baghabra Al-Amoudi Omar S, Abduljauwad Sahel N,
Maslehuddin Mohammad. Magnesium–sodium sulfate attack in plain and
blended cements. J Mater Civ Eng 1994;6(2):210–22.

[32] Tsivilis S, Kakali G, Skaropoulou A, Sharp JH, Swamy RN. Use of mineral
admixtures to prevent TF in limestone cement mortar. Cem Concr Compos
2003;25(8):969–76.

[33] Skaropoulou A, Twivilis S, Kakali G, Swamy RN. Thaumasite form of sulfate
attack in limestone cement paste A study on long term efficiency of mineral
admixture. Constr Build Mater 2009;23(11):2338–45.

[34] Purnell P, Francis OJ, Page CL. Formation of thaumasite in synthetic cement
mineral slurries. Cem Concr Compos 2003;25(8):857–60.

[35] Mulenga DM, Stark J, Nobst P. TF in concrete and mortars containing fly ash.
Cem Concr Compos 2003;25(8):907–12.

[36] Bensted J. Thaumasite––direct, woodfordite and other possible formation
routes. Cem Concr Compos 2003;25(8):873–7.

http://www.agwt.org/info/pdfs/watertable.pdf
http://www.agwt.org/info/pdfs/watertable.pdf
http://imnh.isu.edu/
http://www.igsb.uiowa.edu/
http://www.igsb.uiowa.edu/

	The effect of MgSO4 on thaumasite formation
	1 Introduction
	2 Experiments and raw materials
	3 Results
	3.1 Visual observation
	3.2 XRD analysis
	3.2.1 Exposure for 1 and 3months
	3.2.2 Exposure for 6months

	3.3 pH of exposure solution

	4 Discussion
	5 Conclusions
	Acknowledgements
	References


