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Abstract

One of the products of concrete sulphate corrosion, besides gypsum and ettringite, is thaumasite. The thaumasite is a very
dangerous, non binding crystalline phase, which is forming at the expense of C-S-H phase. There was a conviction that the
conditions required for the formation of thaumasite in concrete are: source of calcium silicate, sulfate ions, carbonate ions
and a very wet, cold (below 15°C) environment. The corrosion of concrete caused by the external source of sulphate ions dur-
ing which thaumasite is formed was called thaumasite sulphate attack (shortly TSA). While the TSA is recognized, the thau-
masite non-sulphate attack (T n S A ) must be highlighted, because is also possible. The purpose of this work is to show
that thaumasite, or solid solutions of Ett-Th (ettringite with thaumasite) are able to form in hardened cement paste with-
out external source of sulphate ions, at ambient temperature and pressure (25+2°C (298.15 K) and 102+1 kPa). The exper-
iment appeared on thaumasite formation in corroded specimen made of CEM I (Portland cement) and of CEM III (slag
cement) after 4 days of immersion in saturated water solution of NH4Cl.

Streszczenie

Jednym z produktéw korozji siarczanowej betonu, obok gipsu i ettringitu jest thaumasyt. Thaumasyt jest bardzo niebez-
pieczna, niewiazaca krystaliczng faza, ktéra powstaje kosztem fazy C-S-H. Uwaza sie¢, ze warunkiem utworzenia thaumasy-
tu w betonie jest dzialanie na krzemian wapnia jonéw siarczanowych i weglanowych w bardzo wilgotnym i chiodnym
srodowisku (ponizej 15°C). Mechanizmy i skutki thaumasytowej korozji siarczanowej betonu spowodowanej zewnetrznym
zrodiem siarczanéw (w angielskim skrocie TSA) sa dobrze rozpoznane. Jednak thaumasytowa korozja betonu moze byé
wywolana takie wewnetrznym zréodiem siarczanéw (w angielskim skrécie TnSA). Ten typ korozji betonu jest w mniejszym
stopniu znany. Celem tej pracy jest wykazanie, ze thaumasyt lub jego roztwor staly z ettringitem (w skrocie Ett-Th) sa
w stanie wykrystalizowaé¢ w stwardnialym zaczynie cementowym bez zewnetrznego dzialania jonéw siarczanowych, w tem-
peraturze otoczenia i w warunkach ci$nienia atmosferycznego (25+2°C (298.15 K) and 102+1 kPa). Przeprowdzone bada-
nia do$wiadczalne potwierdzily tworzenie si¢ thaumasytu w skorodowanych probkach wykonanych z cementu por-
tlandzkiego (CEM I) oraz z cementu hutniczego (CEM III) po 4 dniach immersji w nasyconym wodnym roztworze chlorku
amonu (NH4Cl).

Keywords: Ammonium chloride; Concrete corrosion; Portland cement; Slag cement; Thaumasite formation; TSA.
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Figure 1.

Corroded reinforced concrete elements from Ferenc Puskas Sports Stadium — a) mushy concrete, b) exhibited steel bars [4]

1. INTRODUCTION

In conventional sulphate attack, diffusing into con-
crete sulphate ions react with calcium aluminate
phases and calcium hydroxide in hardened cement
pastes to form either ettringite (3Ca0O-Al,03:3CaSOy4
-32H,0) or gypsum (CaSO42H0). The effects are
usually expansion, cracking and spalling. Formation
of thaumasite (CaSiO3CaCO3CaSO415H,0) does
not need aluminate phases, but necessary is the
source of carbonate ions, SOi_ ions, Siog_ and water,
as well. The calcium silicate hydrates (C-S-H gel) are
attacked by external sulphates. Replacement of
C-S-H by thaumasite results in the softening of the
cement paste matrix into a white, mushy incohesive
mass, what destroys the cementitious binding ability
[1, 2, 3, 4, 5]: In addition

— the strength of the concrete started to gradually

and significantly decrease (Fig.1)

— the cross section of concrete construction was
reduced due loss of cover with exposition of rein-
forcement.

Many works indicate, that the formation of thauma-
site prefers wet and cold conditions. This kind of cor-
rosion appeared mainly in burried construction,
where groundwaters containing dissolved sulphates
can lead to chemical attack on concrete. It was
observed in concrete foundations, columns, pillars,
tunnels, slabs of foundations of buildings, sewer
pipes, road pavements, drainage construction, con-
crete anchors, in a grout in a mine, in the base of slab-
on-grade pavement, in historical buildings, water
dams [2, 3,5, 6, 7, 8]. For example, the structural con-
crete of the largest Hungarian Ferenc Puskds Sports
Stadium in Budapest suffered significant damages
due to carbonation and sulphation causing thauma-
site crystallization. This construction was under the

effect of waste gases from the nearby railway station
and rubber plant [4] — Fig. 1. But, the thaumasite
form of sulphate attack have come to light on the M5
motorway in Gloucestershire, UK [2, 5, 6, 9].
Moreover, the first case of thaumasite occurrence in
concrete products in the United States were identi-
fied in the 1960s [8].

During microscopic observation, thaumasite easily
can be confused with ettringite. Morphologically,
both appear as needle-like and sometimes columnar
crystals and can overgrowth with each other. Also the
X-ray diffraction patterns of both phases are quite
similar. The main peak of ettringite is by the angle of
9.091 °20(Cu)Ka, and the main peak of thaumasite is
by the angle of 9.242 °20(Cu)Ka[l, 8§, 10, 11, 12].
Examinations presened in this work are not concern-
ing conventional sulphate corrosion. During decalci-
fication caused by ammonium chloride penetrated
into cement paste and its reactions with hydrated
phases, pH of cement matrix was lowered. Due pH
changes, stability of different pristine and not pristine
hydrated cement phases was disturbed, some of them
started to dissolve, and other started to crystallize,
depending on substrate accessibility [13, 14, 15].
Portlandite, as the first one, starts to react with
ammonium and chloride ions and releases calcium
free ions necessary to reactions in further transfor-
mations of phases. The formation of thaumasite
needs also source of carbonate which can be supplied
from the limestone contained in the cement, from
carbonate contained in aggregates, ground waters,
soils or the air, from monocarbonate
(C3A-CaCO311H20) or calcite. According to
Schmidt et. al. [16], thaumasite is forming from pH
12.5 and is leaching at low pH levels, below 8.0. Then
gypsum became the dominant sulphate phase and the
amount of thaumasite is decreasing.
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Table 1.
Chemical and phase composition of cements, mass %
component
cement
CaO | SiO2 | Al3O3 FepO3 SOz | KO | NagO | MgO | C3A | C4AF | C3S slag
B: CEM1425R 62.63 | 19.03 | 5.60 | 2.89 | 3.14 | 098 | 0.16 10.0 8.8 | 59.56 -
C: CEM III/A 32.5 N-LH/HSR/NA | 51.95 | 27.87 @ 555 | 1.63 256 | 0.71 421 5 4 30 50

The purpose of this work was to highlight thaumasite
formation in hydrated cement paste in non-sulphate-
bearing environment — in saturated water solution of
NH4Cl, after very short, because 4 days, of immersion

in normal (temperature and pressure) conditions.

2. MATERIALS AND METHODS

The samples made of cement paste, which is the most
reactive component of concrete, were used for exper-
iments. Samples were separately produced from two
industrial cements. The first one was CEM I 42.5R
(Portland cement), and two specimens named “B”
was made from it. Also 2 specimens from slag cement
CEM III/A 32.5 N-LH/HSR/NA with low heat of
hydration, marked as “C”, prepared. Both with
w/c = 0.4. Chemical compositions of cements and
theirs phases composition, according to Bogue’s
method, are presented in Tab. 1.

The paste samples of dimensions 60x250%X250 mm
were cured for 2 weeks in moulds, in laboratory con-
ditions, and after demoulding — 3 months in lime-sat-
urated water, in temperature 20=2°C. Afterwards
one sample of each cement: B and C, was immersed
in saturated water solution of ammonium chloride, of
pH equal to 5. To keep on constant level the concen-
tration of NH4Cl in the solution, the salt addition was
in excess to saturation and remained undissolved on
the bottom of the container, in which the samples
were immersed. Hydrated cement samples were
taken away from the solution after 4 days and desig-
nated as B-4 and C-4. Reference samples (B-0 and
C-0) were also prepared. They were cured during
3 months in saturated solution of Ca(OH), to avoid
leaching effects. Before examination, samples were
dried in laboratory conditions — in air, during 2 days.

The changes of phases content with reference to the
pH and microstructure are discussed in this article.
For this purpose specimens to examination under
SEM and XRD were collected as fractures, polished
sections and powders. Fractures were used to deter-
mine corrosion fronts, roughly, and to microscopic
observations with a Zeiss Supra 25 high-resolution
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scanning electron microscope with smartSEM and
Leo32 software. Several specimens were collected by
abrasion from consecutive layers of thickness: 0.5;
1.0; 1.5 or 2.0 mm with known distance from external
surface of suitable sample. Powder specimens were
stored in hermetically closed glass containers.
Granulation of powder samples was in correct range
for X-ray analysis: 2-10 um. X-ray patterns were col-
lected using Cu-Ka radiation (45 kV, 35 mA) with
PANalytical X’PERT PRO MPD diffractometer. For
peaks identification, the HighScore software package
of the PANalytical and PDF4+(2008) ICDD data-
base was used. In order to investigate the changes of
contents of main phases in the consecutive layers col-
lected from the outer surfaces of samples, the inten-
sity of strongest peaks was measured. In addition,
after one minute from mixing of powder with distilled
water (in mass relation: p/w = 1/100), the pH mea-
surement was also carried out using an pH electrode
for wastewater.

3. RESULTS AND DISCUSSION

In Fig. 2 presented the XRD patterns illustrating
crystalline phases changes of samples exposed to the
NH4Cl attack (B-4 and C-4) together with the refer-
ence (B-0 and C-0) samples. The localization of par-
ticular layers of powdered paste are indicated, as
well. In Tab. 2 compiled the presence of phases in
various layers.

Portlandite sarted to dissolved in external layers. At
his expense arose ettringite, thaumasite and vaterite.
Gypsum crystallized due ettringite, thaumasite and
theirs solid solution (SS) decomposition. Calcite in
both samples was present everywhere. Even vaterite
occured in the external layers, probably because of
carbonation reaction of atmospheric CO, with calci-
um ions diffusing from decalcificated internal parts
of samples, or because of thaumasite dissolution.
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The diffraction patterns of hardened cement pastes: corroded and comparison a) B-0, B-4 and b) C-0, C-4. Notation: 1 — portlandite,
2- Friedel’s salt, 3 — ettringite, 4 — thaumasite, 5 — gypsum, 6 — calcite, 7 — vaterite, 8 — bassanite, 9 — carboaluminate, 11 — belite,

12 - calcium aluminate,

, 13 — brownmillerite
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The comparison of pH, thaumasite and ettringite content in: a) B-4 and b) C-4 specimen as a number of counts by the peaks of the

highest intensity, based on XRD patterns

In corroded specimen made of CEM I (B-4) thaum-
asite was identified mainly as solid solution with
ettringite in layers at the depth of 2.0 to 4.0 mm from
external surface of the specimen, while in C-4 (cor-

76 ARCHITECTURE

CIVIL ENGINEERING

roded specimen made of CEM III) thaumasite was
found as a separate phase (in layers from 0 to
2.5 mm) and in solid solution with ettringite (in layers
from 1.0 to 1.5 mm), as well — Tab. 2. The thaumasite
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Table 2.
Selected phases identified in the layers of the B-4 and C-4 specimens
Phases
. Depth - - .
specimens [mm] Gypsum Thaumasite Thaum.:asn.e- Ettringite Vaterite Portlandite pH
CaS04-2H,0 SS-Ettringite CaCO3 Ca(OH)2
B-4 0.0-1.0 + + 8.48
1.0-2.0 aF =F 8.68
20-2.5 + + traces + 8.78
25-3.0 + + traces + 8.81
3.5-4.0 1F 9.12
4.0-45 + + 12.21
45-5.0 1F 1F 12.08
8.0-9.0 + + 11.58
C-4 0.0-0.5 + traces + 8.45

0.5-1.0 aF traces traces =F 9.20
1.0-15 + + traces + 10.20
1.5-2.0 aF aF 1F 10.19
2.0-2.5 traces aF 1F traces 11.70
25-3.0 + + 11.93
3.0-4.0 1F 1F 12.13
5.0-6.0 + + 12.05

0.0 mm 2.0 mm 5.0 mm 8.0 mm

14 - 1.3 - Ca

100 200 300

4.00 500
Energy - keV

1.2 5 Ca

0.8

KCntf

4.00 5.00
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Figure 4.

X-ray microanalysis of the fracture at a certain distance from the surface of B-4 sample

dissolution, during pH lowering, is accompanied with
the release of carbonate ions. Carbonate ions formed
calcite with the free calcium ions derived from phas-
es decalcification, also thaumasite. The changes in
the amount of ettringite and thaumasite, compared
to pH values showed in Fig. 3.

After portlandite dissolution, calcium ions released
from the subsequent phases, to maintain the balance
of calcium content in liquid pore solution and in the
solid phase, acc. to Carde and Francois [17]. Finally,
the C-S-H phase dissolution occurred, because the
Ca/Si ratio in solid phase also depends on the calcium
ions concentration in pore solution remaining in
equilibrium with this phase. On the basis of the dis-
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continuity in this molar ratio, three kinds of C-S-H
phases can be distinguished [18, 19]. The results of
changes in the content of particular elements in
C-S-H phase, presented in Fig. 4., show the relation:
as the distance from the B-4 sample surface
increased, the ratio of Ca/Si also increased. This is
the evidence of C-S-H decalcification in the external
layers after 4 days of NH4Cl water solution action.

By carrying out a chemical analysis of the micro-area
of a crystallized phase located at a distance of 2.2 mm
from the surface of the B-4, the presence of thauma-
site in solid solution with ettringite has been con-
firmed - Fig. 5.

ENVIRONMENT 77



B. Stomka-Stupik, A.

EMT = 2000 kv

WO= 15 mm Mag= 000K X

Figure 5.

Zybura
1.3 [s]
1.0 —
0.8
KCnt Ca

Solid solution of thaumasite with ettringite in a pore in the depth of 2200 pum from external layer of B-4 sample with X-ray micro-
analysis in selected area

100 pm EHT = 20.00 kv Signal & = BSO
WD= Bmm Mag= 110X

Figure 6.

SEM-BSE image of the microstructure of C-4 sample near
external layer, with the microcracks at 2570 pm and 500 pm
depth

EWT = 20.00 kv
WD = 25 mm

Signal A = SE2

Date 9 May 2008
Mag= Z00KX Tirne :15:38:25

78

Figure 7.
Gypsum crystals on the pore wall. Sample C-4, x = 500 pm
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In Fig. 6 is shown the SEM-BSE image of the pol-
ished section of C-4 specimen with measured dis-
tance from external surface to the microcrack equal
to 2.57 mm. There is a suspicion that occured micro-
crack is the boundary between external zone — rich
and internal zone — lack of thaumasite. At this depth
also a boundary of ettringite amount appeared,
above and under its comparative line. Ettringite for-
mation can leads to increase in the volume of reac-
tion products from 0.48 to 2.83 times even — during
formation from tricalcium aluminate and portlandite
[20], what probably caused crack at this depth, as
well.

From sulphate ions releasing during thaumasite dis-
solution, gypsum crystallized. It was observed at a
small depth of 0.5 mm from the external surface of
C-4 sample, on the pore wall in form of needle-like
crystallites — Fig. 7. The reaction of gypsum forma-
tion from thaumasite dereases the volume of sul-
phate products [14], and this dependence probably
caused the microcrack formation at the depth of
0.5 mm - Fig. 6.
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4. CONCLUSIONS

The diffusion of agressive ions into and pristine
cement ions out of the concrete accompanied chemi-
cal reactions, which lead to dissolution and precipita-
tion of solids or even to mechanical damage.
Obtained results confirmed that ettringite is unsta-
ble, in lower pH underwent dissolution. Thaumasite
and gypsum formed from released sulphate ions.
Moreover, the formation of thaumasite in specimen
attacked by non sulphate medium can cause an aston-
ishment, also the way of thaumasite formation is a lit-
tle surprising. It seems, thaumasite was formed from
solid solution in case of Portland cement paste, but in
case of slag cement paste it crystallized directly at the
expense of C-S-H phase. Combination of slag with
cement (to produce CEM III) extended the scope of
thaumasite presence. Whereas in Portland cement
sample thaumasite crystallized in a greater amount,
but in smaller width of the depth. Thaumasite is sta-
ble at a certain pH range, but this is not the only
important factor. As can be seen, in case of the sam-
ple B-4 (CEM 1) thaumasite was noticed from
8.78-9.12 pH and in sample C-4 (CEM III) thauma-
site was durable from 8.45 to 11.70 pH. Very impor-
tant was also presence of portlandite, which was con-
sumed in favor of thaumasite formation. The forma-
tion of thaumasite accompanied the drop of pH
value, more significant in case of Portland cement
sample after 4 days of NH4Cl aggressive immersion.

This article has shown that thaumasite corrosion of
concrete is possible even if the corrosive medium is
not a sulphate salt solution, in normal conditions.
Has also shown that many factors contribute to cor-
rosion effects that need to be adequately determined
prior to construction. A new term: “thaumasite non
sulphate attack”, shortly TnSA, was introduced in this
article.
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