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Abstract   I

Abstract 

This work investigates sulfate attack in complex sulfate environments by exposing different binder 

types to various sulfate solutions and comparing predicted phase and volume changes with experi-

mental data.  The most important aspects of this work can be grouped in three topics: 

1. The comparison of the predicted volume increase with the experimentally observed 

length changes. This part of the work shows that volume increase cannot be linked directly 

to the observed expansions.  Additionally, the volume increase model does not provide an 

explanation for the driving force for the space filling to overcome mechanical constraints.  A 

more plausible explanation of expansion lies in the theory of crystallization pressure, in 

which crystals forming from a supersaturated solution seem to be a more applicable expla-

nation for the deterioration differences.  However, this is difficult to verify directly as it is 

impossible to measure the solution concentration or individual crystals exert pressure on 

their surroundings.  It is observed that expansion occurs in systems where thermodynamic 

modelling predicts the co-existence of ettringite with gypsum.  In such a case, if monosul-

fate and gypsum are both present locally, the solution can be highly supersaturated with re-

spect to ettringite within the exposed materials.  An increase of sulfate contents in the C-S-H 

phase has been observed for these cases, indicating increased sulfate concentrations in the 

pore solution while providing the necessary confinement for the crystals in intimate phase 

mixtures to exceed pressure. 

2. The presence of bicarbonate ions in the sulfate solution reduces the expansion signifi-

cantly for the CEM I and CEM III/B binders, and reduced the sulfate uptake in the phase as-

semblage.  The CEM III/B mortars showed a highly leached zone at the surface in which al-

so calcite was observed, this is attributed to the destabilisation of ettringite in the presence of 
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high concentrations of bicarbonate ions.  The microstructural characterization combined 

with the information from thermodynamic modelling suggests that conditions of high super-

saturation with respect to ettringite are unlikely to occur in samples exposed to solutions 

containing bicarbonate ions. 

3. Degradation of mortars exposed to complex magnesium containing sulfate solutions 

showed that the presence of sodium, potassium and calcium in a magnesium solution reduce 

the deterioration symptoms significantly for the CEM I and CEM III/B mortars.  

 

The experimental observations suggest that sulfate attack in natural environments is not only less 

severe, due to reduced sulfate concentrations in the field, but are likely to be affected by the pres-

ence of bicarbonate anions and the common occurrence of different cations.  Both of these aspects 

reduce the deterioration significantly and can be assumed to occur in most natural waters.  

 

Keywords: Sulfate attack, carbonation, thermodynamic modelling, Portland cement, blended ce-

ments, blastfurnace slag, fly ash, silica fume, sulfate (sodium, potassium, magnesium, calcium), so-

dium bicarbonate 
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Zusammenfassung 

Die vorliegende Arbeit untersucht den Sulfatangriff in komplexen, sulfathaltigen Lösungen.  Mo-

dellierte Mineralphasen- und Volumenänderungen werden mit experimentellen Daten verglichen.  

Die Ergebnisse der Arbeit lassen sich in drei Hauptaussagen zusammenfassen: 

1. Der Vergleich der berechneten Volumenzunahme mit experimentell beobachteten 

Dehnungen zeigt, dass kein direkter Zusammenhang zwischen diesen Größen besteht.  Die 

gemessenen Dehnungen der Prüfkörpern können nicht alleine auf die Volumenzunahme von 

Ettringit und Gips zurückführt werden.  Die reine Volumenzunahme erklärt dabei nicht wie 

die mechanische Widerstände in den Prüfkörpern überwunden werden.  Die Theorie des 

„Kristallisationsdrucks“, welche die Druckentwicklung auf Kristalle in stark übersättigten 

Lösungen zurückführt, liefert eine plausible Erklärung für die beobachteten Dehnungen.  

Experimentell kann dies nicht direkt beobachtet werden, da die lokale Zusammensetzung 

der Porenlösung oder die Druckentwicklung einzelner Kristalle experimentell nicht zugäng-

lich sind.  Die größten Dehnungen wurden an Prüfkörpern gemessen in denen gleichzeitig 

Ettringit und Gips vorkam.  Unter diesen Bedingungen enthält die Porenlösung genügend 

Kalzium und Sulfat so dass sie in Bezug auf Gips gesättigt ist, und mit hoher Wahrschein-

lichkeit auch in Bezug auf Ettringit maximal übersättigt ist; große Drücke können generiert 

werden.  Die erhöhten Sulfatkonzentrationen der Porenlösung lassen auch die Schwefelkon-

zentrationen in den C-S-H Phasen ansteigen.  Die Bildung von Ettringit in direkter Umge-

bung der C-S-H Phasen stellt vermutlich die mechanische Beschränkung der Kristalle zur 

Verfügung die erlaubt, dass das chemische Potential in mechanische Energie umgewandelt 

werden kann. 
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2. Der Einfluss von Bikarbonat Ionen in der Sulfat Lösung reduziert die gemessenen Deh-

nungen für die CEM I und CEM III/B Mörtelprismen stark.  Weniger Sulfat wird im Zement-

stein gebunden.  Die CEM III/B Mörtelprismen wiesen an den Oberflächen stark ausgelaugte 

Zone auf welche auch Kalzit enthielten.  Die Auslaugung der oberflächennahen Bereiche 

kann auf die Destabilisierung des Ettringits und der C-S-H Phasen durch die Bikarbonate zu-

rückgeführt werden.  Die mikrostrukturellen Untersuchungen und thermodynamischen Be-

rechnungen legen nahe, dass eine hohe Übersättigung der Porenlösung in Bezug auf Ettringit 

oder Gips in Anwesenheit von Bikarbonat unwahrscheinlich ist. 

3. Die Untersuchung der verschiedenen Schädigungsmechanismen von CEM I und 

CEM III/B Mörtelprismen in komplexen magnesiumhaltigen Sulfatlösungen haben gezeigt, 

dass die Präsenz anderer Kationen (Natrium, Kalium und Kalzium) die Schädigungsprozesse 

ebenfalls signifikant abschwächen.   

Die experimentellen Beobachtungen legen nahe, dass ein Sulfatangriff unter Feldbedingungen we-

niger stark als in Laborversuchen ausgeprägt ist.  Die Gründe dafür sind nicht nur die niedrigeren 

Sulfatkonzentration, sondern auch die Anwesenheit von Bikarbonat und verschiedenen Kationen. 

 

Schlagwörter: Sulfatangriff, Karbonatisierung, thermodynamische Modellierung, Portlandzement, 

Portlandkompositzemente, Flugasche, Silikastaub, Hochofenzemente, Sulfate (Natrium, Kalium, 

Magnesium, Kalzium), Natrium Hydrogenkarbonat 
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Glossary 

Cement Oxide Nomenclature 

A  Al2O3 

C  CaO 

c  CO2 

F  Fe2O3 

H  H2O 

M  MgO 

$  SO3 

 

Abbreviations 

AFm family of hydrated calcium aluminate phases, includes monosulfate, mono- and 

hemicarbonate, strätlingite 

AFt calcium tri sulpho aluminate phase, ettringite 

BSE backscattered electrons, method to obtain micrographs that contain phase contrast 

C3A tricalcium aluminate, a cement clinker phase (cement oxide nomenclature) 

C2S  dicalcium silicate, belite, a cement clinker phase (cement oxide nomenclature) 

C3S  tricalcium silicate, alite, a cement clinker phase (cement oxide nomenclature) 

C4AF  tetracalcium aluminoferrite, a cement clinker phase (cement oxide nomenclature) 

C-A-S-H calcium aluminate silicate hydrate, with variable composition 

C-S-H  calcium silicate hydrate, with variable composition 

C$H2  calcium sulfate dihydrate, gypsum 

CEM I  Portland cement, composition according to EN 197-1 

CEM II Portland fly ash cement, composition according to EN 197-1 

CEM III blastfurnace cement, composition according to EN 197-1 

CEM IV pozzolana cement, composition according to EN 197-1 

EDS  energy dispersive X-ray spectroscopy 

FA  fly ash, a byproduct of coal combustion 
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GGBFS ground granulated blast furnace slag, a byproduct of steel production 

HC  hemicarbonate, an AFm phase 

  bicarbonate ion 

IA  image analysis 

KOH  potassium hydroxide 

wt%  mass percent 

MC  monocarbonate, an AFm phase 

MIP  mercury intrusion porosimetry 

MS  monosulfate, an AFm phase 

M-S-H  magnesium silicate hydrate 

NaOH  sodium hydroxide 

OPC  ordinary Portland cement (CEM I) 

SCM  supplementary cementitious materials 

SEM  scanning electron microscopy 

SF  silica fume, a byproduct of silicon and ferrosilicon alloy production 

SO3  named as sulfate in this work; contrary to standard chemistry nomenclature ( �2
4SO ) 

TGA  thermogravimetric analysis 

TH  thaumasite 

w/b  water/binder ratio; mass ratio of water to cementitious binder, including SCM’s 

w/c  water/cement ratio; mass ratio of water to cement 

XRD  X-ray diffraction 

XRF  X-ray fluorescence 
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1 Introduction 

Sulfate attack is a complex topic as chemical, physical, and mechanical processes contribute to the 

deterioration.  The complexity of the deterioration process has fuelled a vast amount of research 

without resolving the controversy about this topic (e.g. [1-6]).  It is widely recognized that the sul-

fate containing phases ettringite and perhaps gypsum cause the damage as sulfate ions ingress into 

cementitious binders from their service environment.   

A number of possible mechanisms have been suggested of which the “volume increase” and “crys-

tallization pressure” are the most popular theories although no general agreement on the actual 

damaging mechanism has been reached.  It is necessary to understand the processes in greater detail 

to be able to predict the interaction of binders with their aqueous environments.  Especially as new 

binder types are developed to increase the sustainability of cement production.  For these new bind-

ers only limited experience is available when it comes to durability issues, but a reliable understand-

ing of the long term behaviour in various conditions is necessary for the fast and successful imple-

mentation of new binder types in standards and markets without relying on long term, empirical da-

ta. 

The objective of this work is to contribute to a better understanding of sulfate attack in complex 

sulfate environments by investigating different binder types and comparing phase and volume 

changes (from thermodynamic modelling) with experimental data.  The new aspects of this work 

can be grouped in three topics, which have been submitted as papers and are reproduced in the fol-

lowing chapters: 

1. The comparison of the predicted volume increase with the experimentally observed length 

changes for different binders and sulfate solutions (Chapter 2; submitted to Cement and 

Concrete Research in July 2012). 
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2. Presence of bicarbonate ions in the sulfate solution (Chapter 3; submitted to Cement and 

Concrete Research in June 2012).  

3. The degradation of mortars exposed to a complex, magnesium containing sulfate solution in 

comparison to simpler sulfate solutions (Chapter 4; submitted to Materials Structures in July 

2012). 

 

The necessary literature overviews are part of the individual papers/chapters as well as the mate-

rials and methods.  The outcome of the work is summarized and commented in the conclusions 

and followed by a brief outlook of what could be done in the future to advance the understanding of 

the deterioration process further. 

 

Additionally, a general literature survey of the relevant topics in this context, a complete description 

of the tested materials and methods as well as the generated data are provided in a comprehensive 

appendix, where parts of the data are also discussed and commented. 
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2 On the relevance of volume increase for the length changes of mortar 

bars in sulfate solutions  

2.1 Introduction 

Sulfate attack is a complex topic as chemical, physical, and mechanical processes contribute to the 

deterioration.  The complexity of the process has fuelled a large amount of research and publica-

tions, (e.g. [1-6]) without resolving the controversy about this topic although it is widely recognized 

that the sulfate containing phases ettringite and perhaps gypsum cause the damage.   

A number of possible mechanisms have been suggested in literature. The two most discussed in the 

past decades are: 

• Expansion occurs due to additional volume generated by ettringite. However, a direct con-

nection between the amount of ettringite formed and the amount of expansion has not been 

documented experimentally. The formation of ettringite seems to be a necessary condition 

for expansion, but it is not sufficient. 

• The expansion is caused by crystallization pressure due to the formation of ettringite from 

oversaturated solution within small pores [7-11]. The crystallization pressure theory is sup-

ported by recent observations that expansion does not depend on how much ettringite is 

formed but strongly on where it is formed [12, 13]. 

Other suggested mechanisms can be dismissed:  

• The topochemical formation of ettringite directly in situ from C3A, without dissolution and 

precipitation reaction [14-16]: the crystal structure of C3A and AFm are completely different 

to that of ettringite, so direct transformation is impossible as also discussed by [17].  

• Mehta [18] suggested that ettringite could imbibe water and thereby cause expansion due to 

swelling. As detailed by Brown and Taylor [17], the crystal structure of ettringite makes it 

improbable that ettringite shows a gel-like swelling behaviour. It is unclear why ettringite 
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should attract water more strongly than C-S-H, ettringite is easily synthesized and in such 

preparations have never been noted to show swelling properties. 

The volume increase explanation, and its use for modelling (e.g. [19, 20]), has persisted up to now 

in the literature, although in 1999, Brown and Taylor stated: “the simple view that expansion can be 

attributed solely to the increase in solid volume is untenable” [17].  The volume increase mecha-

nism is based on the volume difference of one mole of a sulfate containing phase compared with the 

solid volume of the initial solids.  For example, the volume of one mole of gypsum (CaSO4 2H2O; 

74 cm³) is 2.25 times larger than the volume of one mole of portlandite (Ca(OH)2; 33 cm³).  The 

comparison of the volume of monosulfate (309 cm³/mol) with ettringite (707 cm³/mol) indicates a 

similar increase.  The disadvantage of the volume increase mechanism is that it lacks an explanation 

for the force which is needed to cause expansion.  Furthermore, the additional volume from the 

formation of ettringite and gypsum is generally lower than the free pore space available [21].  

The crystallization pressure theory relates the chemical potential of a supersaturated solution and 

the pressure a crystal can develop to perform mechanical work and thereby describes the driving 

force for expansion caused by confined crystals according to equation 1: 

  (1) 

where, p is the pressure; IAP the ionic activity product of the actual solution; Ks0 the theoretical 

equilibrium solubility product of the crystal; so (IAP/Ks0) the supersaturation; T temperature; R the 

molar gas constant, Vm the molar volume.  This mechanism has been experimentally verified [22-

24].   

The expansive stress in a specimen depends on the volume fraction of crytsals exerting pressure as 

has been discussed by Flatt and Scherer [9].  The crystallization pressure mechanism also explains 
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why not all ettringite formed is “expansive”, as the crystals need to be confined in order to exert 

pressure. 

This work systematically analyses the potential volume increase by thermodynamic modelling and 

compares it to the experimentally observed expansion. First the behaviour of the same mortar, based 

on a CEM I cement, exposed to different sulfate solutions and then the behaviour of mortars made 

with different binders in sodium sulfate solutions are discussed. 

 

2.2 Materials and Methods 

2.2.1 Materials 

The CEM I (32.5 R) and CEM I HS (42.5 N HS) cement were cements from Germany, the CEM 

III/B (32.5 N HS LH) was from the same clinker as the CEM I cement containing 70 % slag addi-

tion.  Also a CEM II/B 32.5 N (V-LL) cement containing approx. 30 % of fly ash and limestone 

was used.  The main oxide contents and clinker phases are shown in Table 1.  

Table 1: Chemical analysis of the used cements and main clinker composition according to Rietveld analy-

sis. 

cement L.o.I SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O TiO2 alite belite aluminate ferrite 

CEM I 1.0 20.3 5.2 3.2 63.4 2.5 2.4 0.9 0.2 0.3 55.7 12.1 7.5 7.4 

CEM I HS 3.7 17.9 4.3 5.9 59.8 2.4 3.1 0.8 0.6 0.4 44.2 12.9 4.6 15.4 

CEM II/B 6.7 23.4 7.5 3.4 51.6 1.9 2.6 1.4 0.3 0.4 42.5 3.2 3.4 4.6 

CEM III/B 0.7 29.9 9.4 1.6 47.6 4.3 4.5 0.7 0.1 0.7 17.7 3.1 1.4 1.2 

 

Additionally, a silica fume (SF) containing mortar was produced with 12 wt% CEM I substituted by 

silica fume (EMSAC 500 S: L.o.I. < 2.5 %, SiO2 > 90 %, CaO < 1.0 %, SO3 <2.0 %, Na2O < 1.5 

%), predispersed in a slurry.  
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The volumes of the cement, sand and water were kept constant for all mortars.  The mortars were 

produced with water to binder ratios of 0.55 (CEM I, CEM I HS), 0.58 (CEM I + 12% SF), 0.59 

(CEM III/B) and 0.61 (CEM II/B) as the supplementary cementitious materials (SCM) have lower 

bulk densities than cement clinker.  The sand to cement volume ratio was 3.8. Silicate aggregates 

were used according to DIN EN 196, part 1. 

All test solutions contained 0.35 mol/ l of sulfate as sodium sulfate (50g/l), potassium sulfate 

(61g/l), magnesium sulfate (44.8g/l) and a sulfate mixture solution detailed in Table 2.  The high 

sulfate concentration is comparable to that used in standard tests [25, 26].  The test solutions were 

prepared with deionized water. The solution volume to mortar volume ratio was 20.  The solutions 

were exchanged after every measurement (as detailed below). 

Table 2: Compositions of the tested Solutions; 0,35 mol/l correspond for Na2SO4 solution to 50g/l as com-

monly used in standard tests. 

Solution Na2SO4 K2SO4 MgSO4 CaSO4 

Na2SO4 0.35 mol/l    

K2SO4  0.35 mol/l   

MgSO4   0.35 mol/l  

Mix 0.132 mol/l 0.044 mol/l 0.088 mol/l 0.088 mol/l 

 

2.2.2 Methods 

Length changes  

Length changes were determined on mortar bars (25 x 25 x 150 mm³).  The bars were cut from mor-

tar slabs to remove the surface layer of dense paste and any carbonated surface layer.  
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Prior to cutting, the specimens were cured for one day in a humidity chamber during setting and the 

first day of hardening and for an additional 27 days as slabs in saturated lime solution.  Gauge 

alignments were glued to the ends of the cut mortar bars to improve the repeatability of the meas-

urements.  Thereafter the mortar bars were stored for 12 hours in a 95 % relative humidity chamber 

to harden the two component epoxy adhesive (Araldite 2014-1) before being placed into the solu-

tions in air tight buckets.  

Specimen lengths were determined in comparison to an invar bar before sulfate exposure, after 7, 

14, 28, 56, 91 days of exposure and every 91 days thereafter. Lengths were measured on four spec-

imens. 

 

Thermodynamic Modelling 

Thermodynamic calculations were carried out using the geochemical code GEMS 3 [27].  The built 

in PSI GEMS database was expanded with the CEMDATA07 database [28], which contains solu-

bility products of solids relevant for cementitious systems.  The dataset includes thermodynamic da-

ta of common cement minerals such as C-S-H, different AFt and AFm phases, hydrotalcite and hy-

drogarnets.  No restrictions on the kind of hydrates calculated were imposed, with the exception of 

siliceous hydrogarnet (C3AS0.8H4.4) and thaumasite whose formation was suppressed as their for-

mation is extremely slow at ambient temperature.  The degree of the CEM I and CEM I HS hydra-

tion before the exposure to the sulfate solutions was calculated to be 94 % using a kinetic model 

[29, 30].  It was assumed that 70 % of the slag in the CEM III/B binder had reacted (typical values 

for slag reaction after one year [31]). The degree of reaction of the fly ash was assumed to be 40 % 

[32] and 100 % for the silica fume. 
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The thermodynamic modelling for the sulfate mixture solution was carried out with a solution equil-

ibrated with gypsum and free of precipitates. The calcium sulfate concentration of the calculated 

mixture solution was 0.007 mol/l due to gypsum precipitation.   

As the presence of alkalis increases the pH of the pore solution significantly, the uptake of sodium 

and potassium in C-S-H phases was considered for the CEM I binder according to data provided by 

Hong and Glasser [33], using a distribution coefficient of 0.42 [34]. The uptake of aluminium in C-

S-H was not included and thus the calculated amount of AFm phases is somewhat too high.   

Sulfate attack was mimicked in the modelling by calculating the addition of increasing quantities of 

the sulfate solutions to the cement.  This approach does not correlate with space or time and implic-

itly assumes that all ions in the solution penetrate into the mortar at the same rate.  However, it is 

quickly calculated and has been shown to agree well with the phases evolution predicted with 

transport modelling [21] and measurements [35] for sodium sulfate solutions.   

 

Paste samples 

Paste samples were used to study the phase changes by XRD and TGA, to minimize the dilution ef-

fect occurring in mortars due to the presence of aggregate.  Slabs of cement paste (40 x 140 x 160 

mm3) were cured for one day in a humidity chamber and then stored for an additional 27 days in 

saturated lime solution before the potentially carbonated surfaces were removed and the core sec-

tions of the slabs were cut into smaller pieces, crushed in a ceramic jaw crusher, and sieved through 

a 2 mm sieve. 

2 g of the crushed cement pastes were added directly to the test solutions (sodium, potassium, mag-

nesium sulfate and the sulfate mixture) in 100 ml PVC bottles and equilibrated for 1 - 1.5 years.  A 

w/b ratio of 0.4 was applied for the CEM I binder and adjusted for the other binders to keep the 
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volume ratios of cement and water constant.  The applied solid to solution ratio corresponds to the 

position of the vertical dashed line in the figures of thermodynamic modelling.  

The solid phases were characterized by thermogravimetric analysis (TGA) and X-ray diffraction 

(XRD) after 30 minutes drying period at 40 °C, and grinding by hand.  A Mettler Toldeo 

TGA/SDTA 851e was used, the temperature range was 30 – 980°C with an increment of 20°C per 

minute in a nitrogen atmosphere.  For X-ray diffraction a PANalaytical X’Pert PRO MPD diffrac-

tometer (θ-2θ) was used with an X’Celerator detector and Cu K� radiation. The samples were 

scanned at 1.56° per minute between 5° < 2θ < 75°.  

 

EDS analyses 

The microstructural changes were studied on epoxy impregnated, polished and carbon coated cross 

sections of the mortar bars imaged with backscattered electrons in the SEM (Philips XL 30 ESEM 

FEG with an acceleration voltage of 15 keV).  The changes of the elemental composition within the 

mortar bars were followed by energy dispersive X-ray spectroscopy (EDS).  The EDS measure-

ments were arranged in rectangular grids of 15 by 20 points (with14 μm between the points in both 

vertical and horizontal directions).  Placement of the grids was chosen to represent characteristic ar-

eas at different depths.  Each individual EDS measurement was assigned with a coordinate which 

allowed the data of the different grids to be combined in profiles expressed as distance from the sur-

face.  The actual spots measured were determined automatically by the grid and were therefore ran-

domly distributed.  Data fluctuation was high due to the heterogeneous microstructure of cement 

paste in mortar bars.  The EDS measurements were corrected with the ZAF correction.  Oxide con-

tents (SO3, CaO, SiO2, Al2O3, MgO, Na2O, K2O, TiO2, Mn2O3, and Fe2O3) were calculated from the 

measured elements.  EDS analysis of epoxy resin in air voids or cracks, aggregates, unreacted slag 

or fly ash and unreacted clinker particles were removed after data acquisition based on count rate 
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threshold.  All measurements with large amounts of portlandite, gypsum or calcite were removed in 

an additional data treatment step to display the changes in the C-S-H phases in the sulfate unaffect-

ed parts of the specimens.  To achieve this, all EDS measurements were removed where: 

 

 

2.3 Results  

2.3.1 CEM I mortars exposed to different sulfate solutions 

Figure 1 shows the length changes for the CEM I mortars in the different solutions alongside the 

thermodynamic calculations for the four solutions.  Only small length changes were observed dur-

ing the first three months of sulfate exposure for all four tested solutions. Afterwards, the samples in 

potassium sulfate solution expanded fastest followed by the samples in sodium sulfate. These sam-

ples were discarded after one year due to the appearance of large cracks and partial loss of the 

gauge alignments.  The samples in the magnesium sulfate and the mixture solutions showed smaller 

length changes.   
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Figure 1: A) Length change over time for different sulfate solutions for mortar bars made with CEM I ce-

ment and the corresponding thermodynamic modelling for the CEM I binder exposed to B) sodium, C) pota-

ssium, D) magnesium, and E) sulfate mixture solution; AFt = ettringite, C$H2 = gypsum, Ms = monosulfate, 

Hc = hemicarbonate, Mc = monocarbonate, CH = portlandite, ht = hydrotalcite; V = predicted maximal vo-

lume increase. 

 

The evolution of phases in the thermodynamic predictions is dominated first by the conversion of 

the AFm phases to ettringite; this is similar in all four solutions.  After all available aluminate is 
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converted to ettringite the phases evolve differently for the different solutions.  In sodium sulfate, 

gypsum starts to form, while in the potassium sulfate solution syngenite is formed instead.  In both 

these cases the preformed ettringite remains stable.  In the magnesium sulfate and mixture solution 

gypsum also forms, along with brucite and hydrotalcite. An important difference here is that the 

previously formed ettringite becomes unstable at higher concentrations of the solution and dis-

solves. The phase assemblages of the pastes equilibrated in the different solutions agreed well with 

the predictions of the thermodynamic modelling. 

The calculated maximum volume increase is largest for the CEM I binders exposed to the magnesi-

um sulfate and mixture solutions ( V=57 cm³/100g cement; Figure 1D and E).  Smaller volume in-

creases are predicted for the sodium sulfate ( V=22 cm³/100g cement) and potassium sulfate solu-

tion ( V=39 cm³/100g cement). The calculated maximum volume increase due to ettringite for-

mation is nearly the same for all solutions - Vett ~35 cm³/100g cement – as it depends on the amount 

of aluminium in the AFm phases before exposure. 

The predicted volume changes showed no clear relation with the observed length changes after one 

year (the latest time at which all the samples were measured; Figure 2). However, the samples 

which expanded most were predicted to have persistent ettringite alongside with gypsum. 
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Figure 2: Comparison of the observed length changes after one year of sulfate exposure and the predicted 

volume increase for the CEM I mortars. 

 

Sulfate ingress in the CEM I mortars 

Figure 3 shows the profiles of sulfate content with distance from the surface, these values corre-

spond to the amount of sulfate bound in the solid phases.  At three months, before any of the sam-

ples show a take-off in expansion, these are all very similar and reflect the amount of AFm phases 

available to react in the pastes.  These profiles indicate that the rate of ingress of the sulfate is simi-

lar for all solutions so the differences in expansion cannot be explained by difference in the sulfate 

ingress. Close to the surface the much higher sulfate concentrations correspond to the presence of 

gypsum, whose amount and distribution shows some variation between the mortars in the different 

solutions.  Once expansion takes off, cracking occurs which facilitate sulfate ingress, which then 

becomes a consequence of the expansion rather than a cause.  
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Figure 3: Median sulfate content profiles of CEM I mortar bars after 91 days exposure to the four sulfate so-

lutions. 

 

Generally, the experimentally observed phase changes correspond well to the predicted phase 

changes. However syngenite was only present for the potassium sulfate solution after longer expo-

sure times (> 91 days) in cracks.   

The formation of a brucite layer on the surfaces was observed for both magnesium sulfate and the 

mixture solution.  This localized deposition of brucite indicates that the assumption in the thermo-

dynamic modelling that all ions ingress at the same rate may not be strictly correct. 

 

2.3.2 Mortars with different binders exposed to Na2SO4 solution 

The measured length changes of the mortar bars made from five different cements exposed to sodi-

um sulfate solution are compared with the corresponding thermodynamic predictions in Figure 4.  

The CEM I mortar bars expanded rapidly as previously discussed.  

The length changes of the CEM II/B (V-LL) and the CEM I HS were comparable after 2.5 years of 

exposure but the fly ash blended cement mortars showed initially higher expansion rates which 
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slowed down later.  The CEM I HS mortar bars expanded at later ages.  The silica fume blended 

CEM I mortar bars expanded slowly after one year.  No significant length changes were observed 

for the CEM III/B mortar bars.  

The thermodynamic modelling of the CEM I SF and CEM I HS binder (C, D) follow the same pat-

tern described previously that the phases of the AFm-family (monosulphate, monocarbonate and 

hemicarbonate) form ettringite until all aluminium is bound in this phase.  Less additional ettringite 

is calculated to form for the silica fume blended cement (C) and the CEM I HS (D) compared to the 

CEM I. Gypsum is predicted to form if portlandite is present and the maximum amount of ettringite 

has been formed.  The differences in the predicted volume increase are relatively small in contrast 

to the situation for the different solutions discussed above.  It is also worth noting, that the predicted 

final volumes do not exceed the overall volume of the pastes (approximately 85 cm³/100g cement) – 

i.e. there is more porosity present than the volume increase. As before the paste samples showed the 

same phase assemblages as predicted by the thermodynamic modelling.  
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Figure 4: A) Observed length changes of different mortar bars exposed to sodium sulfate solution and the 

corresponding thermodynamic modelling for B) the CEM I, C) CEM I +12% SF, D) CEM I HS, E) CEM 

II/B and F) the CEM III/B binder exposed to sodium sulfate solution; AFt = ettringite, C$H2 = gypsum, Ms = 

monosulfate, Hc = hemicarbonate, Mc = monocarbonate, Cc = calcite, CH = portlandite, ht = hydrotalcite; 

V = predicted maximal volume increase. 

 

Figure 5 compares the calculated volume increases to the length changes.  In this case there is some 

trend towards higher expansion with higher volume increases, but the correlation is somewhat arbi-

trary. A comparison between expansion and additional ettringite gives a comparable result. Again, 

for the three mortars with significant length changes, the simultaneous presence of ettringite and 

gypsum is predicted. For the two mortars with no/little expansion, the silica fume and slag blended 

mortars, no gypsum is predicted.   

 

Figure 5: Comparison of the predicted volume increase and the observed length changes of different mortar 

bars after one year exposure to sodium sulfate solution. 

 

Sulfate ingress in the mortars 

Figure 6 shows the sulfate profiles of the five tested mortars after 91 days.  There is more variation 

in these than for the same mortar in the different solutions (Figure 3) as expected due to the differ-

ences in the phase assemblages in the binders before exposure. Near the surface peaks correspond-
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ing to gypsum formation are seen in the three cases where its formation is predicted by the thermo-

dynamic modelling (CEM I, CEM HS and CEM II/B).  

The depths of sulphate ingress were comparable for all cements, although for the CEM I slightly 

less penetration was observed. The higher amount of gypsum formed in the CEM I mortar and thus 

the binding of more sulfate near the surface may be responsible for the lower levels of sulfate at 

greater depths (Figure 6).  

 

Figure 6: Median sulfate profiles of the tested mortar bars after 91 days exposure to sodium sulfate solution  

 

2.4 Discussion  

The results presented here clearly show there is no simple relation between the increase in volume 

of phases formed by the ingress of sulfate ions and the observed expansion.  However there does 

seem to be a link between the coexistence of ettringite and gypsum seen in thermodynamic model-

ling and the tendency for expansion.  As discussed in a related paper about exposure in bicarbonate 

solution [13], the fact that ettringite remains stable in the presence of gypsum (at higher solution 

concentrations) increases the probability for conditions of supersaturation with respect to ettringite 

to arise.  
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A high degree of supersaturation with respect to ettringite (AFt) is reached at high calcium and sul-

fate concentrations1. The maximum concentration of calcium and sulfate is limited by the solubility 

of gypsum. Thus, the maximum degree of supersaturation can be estimated by the comparison of 

the solubility product of ettringite with monosulfate and gypsum [9]: 

 

If this value for maximum supersaturation is inserted into equation (1) (page 4), the maximum pres-

sure generated by the growing ettringite crystals corresponds to 52 MPa. In cases where no gypsum 

is present, calcium and/or sulfate concentrations are lower and thus also the expected degree of su-

persaturation with respect to ettringite. 

Considering the CEM I mortars in the different solutions, the predicted zone of common occurrence 

of ettringite and gypsum is larger for the sodium sulfate solution compared to the magnesium sul-

fate and the mixture solutions.  Ettringite becomes unstable at higher concentrations where gypsum 

forms, considerably limiting the potential for supersaturation.  However, this case is further compli-

cated by the precipitation of magnesium as brucite at the surface, so sulfate continues to ingress 

without magnesium ions (hydroxide ions may be leached to maintain the charge balance).  As a re-

sult, at longer ages expansion still occurs.  In the potassium sulfate case, the co-existence of synge-

nite and ettringite is expected also to give a likelihood of supersaturation with respect to ettringite.  

However, it was seen that experimentally syngenite precipitated out in cracks and gypsum formed 

in the paste as in the sodium sulfate case.  These effects seen with magnesium and potassium in the 

solutions could be better captured by the use of reactive transport models [4, 21, 36, 37]. 

In a related paper, where we present the case of exposure to a mixed sodium bicarbonate/sulfate so-

lution, there is little expansion as the presence of bicarbonate suppresses gypsum formation [13]. To 

                                                 
1 Ks0_AFt = {Ca2+}6 . {Al(OH)4

-}2 . {SO4
2-}3 . {OH-}4 . {H2O}26 = 10-44.9 , Ks0_Ms = {Ca2+}4 . {Al(OH)4

-}2 . {SO4
2-} .    {OH-}4 . {H2O}6 

= 10-29.26 and Ks0_C$H2 = {Ca2+} . {SO4
2-} . {H2O}2 = 10-4.58; activity of water {H2O} ~ 1; all data at 25 ° 
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exert sufficient pressure to cause expansion, sufficient crystals need to be exposed to a supersaturat-

ed pore solution to affect the sample on the investigated scale [9, 10].  However, the micromechan-

ics linking crystallization pressure to expansion are beyond the scope of the present paper, which 

focusses on the experimental observations. 

Regarding the mortars with the different binders, the three systems (CEM I, CEM I/HS and CEM 

II/B), where gypsum is predicted (and seen experimentally) to form, expand much more than the 

two systems where gypsum is not predicted (CEM III/B and CEM I/SF).  A small amount of gyp-

sum was observed to precipitate locally in the CEM I/SF mortar, which may explain why it expands 

slightly after long exposure times.  The difference in the rate of expansion between the CEM I and 

the CEM I/HS mortars is more interesting.  The EDS microanalyses in the core of the samples 

(Figure 7) clearly indicate that the C-S-H contains more ettringite than AFm phase in the CEM I/HS 

case than in the CEM I. As there is less AFm confined within the C-S-H so there is less possibility 

for expansive ettringite to form. 

 

Figure 7: Atomic ratio plots (Al/Ca to S/Ca) of the cement pastes in the sulfate unaffected parts of A) CEM I 

and B) CEM I HS mortar bars exposed to sodium sulfate solution for 91 days. 
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2.5 Conclusions 

The amount of volume increase due to the formation of ettringite, gypsum and/or syngenite during 

the interaction with sulfate solutions has no direct link to the amount of expansion observed in dif-

ferent solution or the expansion of different binders.  While the formation of sulfate containing sol-

ids is a prerequisite for expansion, the supersaturation in solution and thus the force exerted by the 

forming mineral seems to be decisive.  

All investigated binders, for which large zones of coexistence of ettringite and gypsum (or synge-

nite) were predicted, displayed more rapid expansions than mortars in which no gypsum was pre-

dicted and only small, localized amounts of gypsum were observed.  The development of crystalli-

zation pressure due to crystals in supersaturated pore solution is more probable when gypsum and 

ettringite can co-exist thermodynamically.  In this situation, any remaining unconverted AFm phas-

es (such as those confined in C-S-H) experience a solution which is supersaturated with respect to 

ettringite and consequently the formation of ettringite generates expansive crystallisation pressure. 
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3 Influence of bicarbonate ions on the deterioration of mortar bars in sul-

fate solutions 

3.1 Introduction 

The mechanisms causing expansion and deterioration in cements due to the interaction with sulfate 

are not well understood [17].  Most commonly the expansion is linked to the formation of ettringite 

and thus the creation of additional volume.  However, only if the pore solution is highly supersatu-

rated, the growth of crystals can generate pressure [7, 9-11].  The expansive stress developed is re-

lated to the volume fraction of the crystalline phase that grows in confined pores, to the size and 

shape of the pores and to the degree of oversaturation.  The fraction of phases which grows unre-

strained in a pore space exert no expansive stress. In a recent paper, Yu and Scrivener [12] present-

ed evidence that expansion in sodium sulfate solutions can be attributed to the formation of ettring-

ite within the confines of C-S-H gel.  As sulfate ions ingress into the material, they react with AFm 

phases in large deposits, to give ettringite without expansion.  During this stage the concentration of 

sulfate ions in solution remains low due to reaction with the AFm.  Once this “readily available” 

source of alumina has been consumed, the sulfate concentration in solution increases (reflected in 

the change in S/Ca ratio of the C-S-H).  This provides the level of supersaturation needed for 

ettringite to form from AFm phases embedded in the C-S-H gel. Some authors [2, 38-40] presented 

data indicating that also gypsum formation can lead to expansion.  However, the preponderance of 

gypsum in cracks (where neither supersaturation nor constraint are probable), strongly suggests that 

the cracks form first and then gypsum forms in them.   

In sulfate containing ground waters carbonates are also often present. In areas with carbonate con-

taining soils and rocks, high dissolved bicarbonates concentrations of up to 1 g/l can be present 

[41].  Bicarbonate (HCO3
-) is the dominant carbonate species in aqueous solutions at pH values be-

tween 7 and 10.  However, despite the widespread presence of bicarbonate ions in natural waters, 
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their role in the deterioration of concrete due to sulfate ions (so called “sulfate attack”) is not well 

established.  

There are indications that carbonation of concrete prior to the interaction with sulfates enhances its 

sulfate resistance [42-44].  Laboratory studies [38, 45] suggested that the precipitation of CaCO3 

and thus the reduction of the available Ca(OH)2 content led to the formation of less expansive prod-

ucts.   

This work investigates the changes in deterioration of two mortars, based on a CEM I and on a 

CEM III/B cement, during exposure to sodium sulfate solution and to solutions containing simulta-

neously sodium sulfate and sodium bicarbonate.  The experimental observations are compared to 

thermodynamic modelling and phase characterization to understand the differences in deterioration. 

 

3.2 Materials and methods 

3.2.1 Materials 

The CEM I cement was commercial cement from Germany, the CEM III/B was a commercial ce-

ment, from the same clinker containing 70% slag addition.  The main oxide contents and main 

clinker phase contents of the cements used, a CEM I and a CEM III/B, are shown in Table 3 and 

Table 4.  

Table 3: Chemical Composition of the cements used (CEM I 32.5 R, CEM III/B 32.5 N HS LH). 

Cement type SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O CO2 L.o.I. 

     [m%]      

CEM I  20.3 5.2 3.1 63.4 2.5 2.4 0.9 0.2 0.4 1.0 

CEM III/B 29.9 9.4 1.6 47.6 4.3 4.5 0.7 0.1 1.1 0.7 

slag  37.0 12.6 0.5 40.5 5.4 2.4 0.6 0.4 0.3 0.0 
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Table 4: The main cement clinker phases according to Rietveld analysis (typical error +/- 1-2%). 

cement alite belite aluminate ferrite 

CEM I 55.7 12.1 7.5 7.4 

CEM III/B 17.7 3.1 1.4 1.2 

 

The volumes of the cement, sand and water were kept constant for both mortars.  The mortars were 

produced with water to binder ratios of 0.55 (CEM I) and 0.59 (CEM III/B) as the slag cement has a 

lower bulk density.  The sand to cement volume ratio was 3.8. A silica sand was used according to 

DIN EN 196, part 1. 

The test solutions contained sodium sulfate, 0.35 mol/ liter (50g/l sodium sulfate), and sodium sul-

fate and sodium bicarbonate, both 0.35 mol/ liter (50g/l sodium sulfate and 30g/l sodium bicar-

bonate; referred to as “bicarbonate solution”).  The high sulfate concentration is comparable to 

standard tests [25, 26].  The test solutions were prepared with deionized water using a solution vol-

ume to mortar volume ratio of 20.  The solutions were exchanged after every measurement (as de-

tailed below). 

 

3.2.2 Methods 

Length changes 

Length changes were determined on mortar bars (25 x 25 x 150 mm³).  The bars were cut from mor-

tar slabs to remove the surface layer of dense paste and any carbonated surface layer.  
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Prior to cutting, the specimens were cured for one day in a humidity chamber during setting and the 

first day of hardening and for an additional 27 days as slabs in saturated lime solution.  Gauge 

alignments were glued to the ends of the cut mortar bars to improve the repeatability of the meas-

urements.  Thereafter, the mortar bars were stored for 12 hours in a 95 % relative humidity chamber 

to harden the two component epoxy adhesive (Araldite 2014-1) before being placed into the solu-

tions in air tight buckets.  

Specimen lengths were determined in comparison to an invar bar before sulfate exposure and after 

7, 14, 28, 56, 91 days of exposure and every 91 days after. Lengths were measured on four speci-

mens. 

 

Thermodynamic modelling 

Thermodynamic calculations were carried out using the geochemical code GEMS 3 [27].  The built 

in PSI GEMS database was expanded with the CEMDATA07 database [28], which contains solu-

bility products of solids relevant for cementitious systems.  The dataset includes thermodynamic da-

ta of common cement minerals such as C-S-H, different AFt and AFm phases, hydrotalcite and hy-

drogarnets.  No restrictions on the kind of hydrates calculated were imposed, with the exception of 

siliceous hydrogarnet (C3AS0.8H4.4) and thaumasite whose formation was suppressed as its for-

mation is kinetically hindered at ambient temperature.  The degree of the CEM I hydration before 

the exposure to the sulfate solutions was calculated to be 94 % using a kinetic model [29, 30].  It 

was assumed that 70 % of the slag in the CEM III/B binder had reacted (typical values for slag reac-

tion are around 40% at one month and 70% after one year).  

The uptake of sodium and potassium in C-S-H phases was considered for the CEM I binder accord-

ing to data provided by Hong and Glasser [25] using a distribution coefficient of 0.42 [34], as the 
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presence of alkalis increase the pH of the pore solution significantly. The uptake of aluminum in C-

S-H was not included in the model. 

Sulfate attack was mimicked in the modelling by calculating the addition of increasing quantities of 

sulfate solutions to the cement.  This approach does not correlate with space or time and implicitly 

assumes that all ions in the solution penetrate into the mortar at the same rate:  However, it is quick-

ly calculated and has been shown to agree well with the phases evolution predicted with transport 

modelling [21] and measurements [35] for sodium sulfate solutions. 

 

Paste experiments 

Paste samples were used to study the phase changes by XRD and TGA, to minimize the dilution ef-

fect occurring in mortars, due to the presence of aggregate.  The two test solutions (sodium sulfate 

with and without sodium bicarbonate) were added directly to 1.5 g of the cements in 100 ml PVC 

bottles and equilibrated for 5 months.  This ratio corresponds to the position of the vertical dashed 

line in the figures of thermodynamic modelling.  

The pH of the solutions equilibrated with the paste samples were measured to compare with the 

modeled effect of the bicarbonates on the pore solutions.  A Knick pH-meter 766 and a Knick SE 

pH/Pt1000 electrode were used.  The electrode was calibrated with buffer solutions (pH 7 and 12). 

The solid phases were characterized by thermogravimetric analysis (TGA) and X-ray diffraction 

(XRD) after 30 minutes drying period at 40 °C, and grinding by hand.  A Mettler Toldeo 

TGA/SDTA 851e was used, the temperature range was 30 – 980°C with an increment of 20°C per 

minute in a nitrogen atmosphere.  For X-ray diffraction a PANalaytical X’Pert PRO MPD diffrac-

tometer (θ-2θ) was used with an X’Celerator detector and Cu K� radiation. The samples were 

scanned at 1.56° per minute between 5° < 2θ < 75°.  
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EDS measurements and data treatment 

The microstructural changes were studied on epoxy impregnated, polished and carbon coated cross 

sections of the mortar bars imaged with backscattered electrons in the SEM (Philips XL 30 ESEM 

FEG with an acceleration voltage of 15 keV).  The changes of the elemental composition within the 

mortar bars were followed by energy dispersive X-ray spectroscopy (EDS).  The EDS measure-

ments were arranged in rectangular grids of 15 times 20 points (vertical and horizontal distances be-

tween the measurements were equal to 14 μm).  The placement of the grids was chosen to represent 

characteristic areas at the investigated depths.  Each individual EDS measurement was assigned 

with a coordinate which allowed the data of the different grids to be combined to give profiles ex-

pressed as distance from the surface. 

The actual spots measured were determined automatically by the grid and were therefore randomly 

distributed.  Data fluctuation was high due to the heterogeneous microstructure of cement paste.  

Analyses corresponding to epoxy resin in air voids or cracks, aggregates, unreacted slag and clinker 

particles were removed after data acquisition based on count rate threshold.  The EDS measure-

ments were corrected with the ZAF correction.  Oxide contents (SO3, CaO, SiO2, Al2O3, MgO, 

Na2O, K2O, TiO2, Mn2O3, and Fe2O3) were calculated from the measured elements. 

All measurements with large amounts of portlandite, calcite and gypsum were removed in an addi-

tional data treatment to display the changes in the C-S-H phases in different penetration depths.  To 

achieve this, all EDS measurements were removed where: 
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Mercury intrusion porosimetry 

Mercury intrusion porosimetry (MIP) was carried out on millimeter size pieces cut from a slice of 

the mortar bar, which were placed in isopropanol for two hours and subsequently dried at 40 °C for 

one week.  Thermo Fisher Pascal 140/440 equipment was used.  The samples were pre-intruded to 

395 kPa in the Pascal 140 and then placed in the Pascal 440 were intrusion was from atmospheric 

pressure to a maximum pressure of pmax = 200 MPa was measured [46].  For the exposed samples, 

slices were taken from the surface and the core of the samples.  

 

3.3 Results 

3.3.1 Length changes 

Figure 8 shows the length changes for both mortars in both solutions.  In the sodium sulfate solution 

the CEM I mortar bars start to expand dramatically after about one month, with the first signs of 

cracking and spalling on edges and corners after two months of exposure. The samples displayed 

large cracks at the end of the tests (364 days). In the mixed sodium sulfate, sodium bicarbonate so-

lution there is little sign of expansion for about one year, after which expansion is seen in two of the 

four samples. For this reason three expansion curves are plotted from this point.  These samples on-

ly showed deterioration at the ends.  The other two specimens expanded after more than 700 days of 

exposure and showed similar cracking patterns. This variability is largely an artifact of the meas-

urement.  The ends are not sealed and sulfates ingress here in several directions; the glued on studs 

mean that deformation at the ends has a large impact on the overall measurement.  The microstruc-

ture and other details of the deteriorated regions are examined further below.  However, overall it is 

clear that the deterioration is much reduced in the presence of the bicarbonate ions. 
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The CEM III/B mortar shows little sign of expansion (<0.1%) in either solution (Figure 8B).  This 

agrees with previous work, indicating that cements containing high quantities of slag show good re-

sistance to sulfate attack.   

 

Figure 8: Length changes of A) CEM I and B) CEM III/B mortar bars exposed to sodium sulfate (black) and 

bicarbonate solution (grey). 

 

3.3.2 Thermodynamic modelling 

As already published for CEM I binders [36, 47], thermodynamic modelling of the changes caused 

by the interaction with sodium sulfate predicts for the CEM I the destabilization of portlandite and 

the AFm phases (monosulfate and hemicarbonate) and the precipitation of ettringite and gypsum 

(Figure 9A). Only after all the AFm phases have been converted to ettringite does portlandite dis-

solve and gypsum precipitate.  Ettringite remains stable in the range of gypsum formation.  Calcium 

silicate hydrates (C-S-H) are predicted to dissolve at the highest addition of sodium sulfate (close to 

the surface).  
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Figure 9: Schematic representation of the phase changes of the main cement hydrates of the CEM I (left) 

and CEM III/B (right) binder exposed to sodium sulfate (A and B) and sodium bicarbonate solution (C and 

D), AFt = ettringite, CH = portlandite, Cc = calcite, C$H2 = gypsum, Hc = hemicarbonate, Mc = Monocar-

bonate, Ms = Monosulfate, ht = hydrotalcite; the vertical dashed lines indicate the predicted composition of 

the paste experiments. 

 

The calculated phase assemblage of the unaffected CEM III/B (corresponding to the left hand side 

(small solution concentrations) of Figure 9B and D) consists of C-S-H, ettringite, strätlingite (an 

AFm phase, Ca2Al2SiO2(OH)10 3H2O) and small amounts of monocarbonate and calcite.  Portland-

ite was not predicted for the CEM III/B phase assemblage. 

The addition of the sodium sulfate solution was calculated to increase the amount of ettringite at the 

expense of strätlingite and monocarbonate (Figure 9B). The precipitation of gypsum was not pre-

dicted. Less additional ettringite was calculated to form in the CEM III/B, although this cement has 
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a higher total Al2O3 content than the CEM I (Table 3). A significant part of the Al2O3 remained in 

unreacted slag particles – approximately 26 wt% of the total Al2O3 are present in unreacted slag at a 

degree of slag reaction of 70 %.  Another 16 wt% of Al2O3 are predicted to be bound in hydrotalcite 

(Mg4Al2(OH)14 3H2O).  Furthermore aluminum taken up by the C-S-H is not available to form 

ettringite [48]. The aluminum uptake in C-S-H phases can be estimated as Al/Si = 0.18, (from EDS 

analyses below). This corresponds to an uptake of approximately 37 wt% of the total Al2O3.  Thus it 

is estimated that only 20 wt% of the Al2O3 is available to form ettringite in the CEM III/B binder. 

The phase changes predicted for both binders exposed to the bicarbonate solution are shown in Fig-

ure 9C for CEM I and Figure 9D for the CEM III/B.  In the CEM I case, first ettringite forms at the 

expense of AFm phases as before, the maximum amount of ettringite formed is only slightly less 

than in the sodium sulfate case.  The dramatic difference is that once all the available alumina has 

formed ettringite, calcite starts to form consuming calcium and suppressing the formation of gyp-

sum. From this point ettringite becomes unstable.  This instability of ettringite can be expected to 

reduce the likelihood of supersaturation of the pore solution with respect to ettringite.  At the high-

est concentrations (representing the near surface of the samples) calcite and small amounts of amor-

phous silica and aluminum hydroxide are predicted as stable phases.  

Similar phase changes are predicted for the CEM III/B binder (Figure 9D), except that the predicted 

amount of ettringite is much smaller than for the sodium sulfate exposure. 

The interaction of NaHCO3 with cement hydrates precipitates calcite and consumes Ca2+ from 

Ca(OH)2, ettringite and C-S-H: 

 

The pH of the pore solution is predicted to decrease considerably. The predicted pH for the corre-

sponding paste experiments, represented as dashed, vertical lines in Figure 9, are summarized in 

Table 5 along with the real values measured as discussed below. 
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Table 5: Predicted pH of the test solutions corresponding to the paste experiments. 

 Na2SO4 solution Bicarbonate solution 

CEM I, modeled 13.1 10.0 

CEM I, measured 12.7 9.7 

CEM III/B modeled 12.3 8.9 

CEM III/B measured 12.5 9.0 

 

3.3.3 Paste samples 

TGA and XRD analyses of the paste samples exposed to sodium sulfate solution for 5 months show 

the presence of C-S-H, gypsum and ettringite for the CEM I and the complete dissolution of port-

landite and AFm phases.  In the CEM III/B samples mainly ettringite and C-S-H and traces of cal-

cite were observed while no portlandite or gypsum was detected.  

In the samples exposed to bicarbonate solution, calcium carbonates (calcite and aragonite) were ob-

served as the only crystalline phase. Neither portlandite, ettringite nor gypsum was detected in the 

paste samples.  

The observed phases compare well with the thermodynamic predictions as shown in Figure 9. 

The pH values were around 12.6 for the samples immersed in Na2SO4 solution and much lower 

(<10) for the samples in the bicarbonate solution (Table 5).  Both, the observed phase assemblage 

and the pronounced changes in the pH value of the pore solution confirm the changes predicted by 

thermodynamic modelling. 

 

3.3.4 Sulfate profiles 

Figure 10 shows the sulfate profiles obtained in mortar bars exposed to sodium sulfate and bicar-

bonate solution for three months.  The sulfate content is higher towards the surface for the mortars 
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with both binders exposed to sodium sulfate solution, as previously reported by other researchers 

for plain Portland cements [35, 36].  Differences between the CEM I and CEM III/B samples were 

the larger amount of gypsum precipitated and the greater depth to which ettringite had formed in the 

CEM I sample.  Lower sulfate concentrations at the surface were observed for the CEM III/B; gyp-

sum precipitation occurred only occasionally in cracks and air voids, as also described by Gollop 

and Taylor [48].  At later ages, when the samples were expanding and cracked the differences be-

tween the mortars with the different binders became more pronounced.   

 

Figure 10: Sulfate profiles for A) CEM I and B) CEM III/B mortar bars exposed for 91 days to sodium sul-

fate (black) and sodium bicarbonate solution (grey, the dashed line is the profile after 546 days of exposure); 

below the profiles the regions of the most important, observed phases are indicated. 

 

When bicarbonate ions were present in the test solution a much lower amount of sulfate was incor-

porated in the phase assemblage (grey lines, Figure 10). The CEM III/B binder showed distinct 

leaching up to 4.3 mm from the surface (grey line, Figure 10B) after 91 days that progressed almost 

through the whole sample during the 2.5 years testing period. 
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3.3.5 Microstructures 

Figure 11A shows the microstructure of the samples exposed to sodium sulfate solution, here gyp-

sum veins have formed in surface parallel cracks. In the bicarbonate solution after 91 days of expo-

sure (Figure 11B) there are dispersed clusters of calcite in the proximity of the surface.  The for-

mation of a calcite “layer”, as might be implied from the thermodynamic modelling is not seen.  At 

very late ages (500 days) the deposits of calcite become more extensive and might be interpreted as 

a “layer” similar to that reported previously for samples exposed to seawater [49].  

Close to the surface, away from the areas of calcite precipitation, some ettringite can be detected 

and its amount increases slowly with time.  The increase in formation of ettringite accounts for the 

increase in sulfate profile between 91 and 546 days (dotted grey line in Figure 10A).  

 

Figure 11: BSE micrographs of the leached zone in the CEM I mortar bar exposed to A) sodium sulfate so-

lution and B) the bicarbonate solution for 91 days. 

 

Figure 12 shows the microstructure of the CEM III/B mortar exposed to sodium sulfate solution.  

Only a thin leached layer at the surface is observable and gypsum was only found as occasional 

precipitates in air voids.  Signs of expanding pastes such as cracks around aggregates were not ob-

served (although some aggregates were removed during samples preparation and conditioning, giv-

ing large black gaps at the surface).   
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Figure 12: BSE micrographs of the surface region of a CEM III/B mortar bar exposed to sodium sulfate so-

lution for 91 days. 

 

The microstructural changes in the CEM III/B mortar exposed to the bicarbonate solution (Figure 

13) were quite different to the CEM I binder. There were dispersed precipitates of calcite and sul-

fate phases were absent in the surface zone, consistent with the sulfate profile in Figure 10B.  In be-

tween the leached and unaffected part of the sample was a small zone with slightly higher sulfate 

concentrations.  These zones are illustrated in Figure 13B.   

 

Figure 13: BSE micrographs of A) the leached zone in the CEM III/B mortar bar exposed to the bicarbonate 

solution for 91 days and B) the transition zone of the leached and unaffected zone at a depth of approxi-

mately 4.3 mm. 
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3.3.6 EDS analyses 

In cement pastes C-S-H, AFm phases and ettringite are usually finely intermixed.  EDS analyses 

can be used to study the phases present and estimate the C-S-H composition.  Figure 14 shows the 

evolution of the EDS analyses in the undifferentiated product (avoiding areas of anhydrous grains, 

calcium hydroxide and gypsum) with distance from the surface for the CEM I mortar exposed in the 

two solutions for 91 days.  

 

Figure 14: Atomic ratio plots (Al/Ca to S/Ca), modified by the removal of EDS measurements that were 

dominated by portlandite, calcite or gypsum, at selected depths for CEM I exposed for 91 days to sodium 

sulfate (top; A to C) and bicarbonate solution (bottom; D to F). 



 

Chapter 3: Influence of bicarbonate 38

The core of the samples (Figure 14A and D), more than 4mm from the surface, corresponds to the 

unaffected region and shows C-S-H intermixed with AFm phases and small amounts of ettringite.  

In the sodium sulfate solution more ettringite and less AFm is found nearer to the surface (Figure 

14B) at the same time there is a shift in the cloud of points corresponding to the C-S-H towards 

higher sulfur to calcium ratios.  Close to the surface (Figure 14C) the analyses correspond to mix-

tures of C-S-H and ettringite, there is a further increase in the S/Ca of the C-S-H and some points 

corresponding to mixtures of C-S-H with gypsum.  The Al/Ca ratios (indicated by the vertical dot-

ted lines) do not change significantly indicating the aluminum in C-S-H does not participate in the 

reactions with sulfate (as previously reported [48]).   

The increase in S/Ca ratio is important as this is considered to reflect the higher sulfate concentra-

tion of the solutions as studied by Barbarulo et al. [50, 51] and discussed by Yu and Scrivener [12].  

The sulfate concentration of the solution is critical in affecting the supersaturation with respect to 

ettringite.  High supersaturation is needed for ettringite to form from AFm phases in the CS-H and 

to develop crystallization pressures giving expansion.  In fact the increase in S/Ca ratios was also 

reported by Gollop and Taylor [52] although they did not make the link with solution concentration. 

In the bicarbonate solution (Figure 14D-F) there is some shift from C-S-H/AFm mixtures in the 

core to C-S-H/ettringite mixtures towards the surface.  However, most importantly, there is no sig-

nificant shift in the composition of the C-S-H cloud.  Unfortunately we do not have data for the ab-

sorption of sulfate ions on C-S-H in the presence of bicarbonate ions, so we cannot infer what is 

happening to the sulfate concentration in solution.  Nevertheless, this difference between the two 

solutions is quite striking and does suggest that the solution affects the development of crystalliza-

tion pressure by ettringite formation avoiding expansive forces.  
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Figure 15: Atomic ratio plots (Al/Ca to S/Ca), modified by the removal of EDS measurements that were 

dominated by portlandite, calcite or gypsum, at selected depths for CEM III/B exposed for 91 days to sodium 

sulfate (top; A to C) and bicarbonate solution (bottom; D to F). 

 

For the CEM III systems the EDS analyses are shown in Figure 15.  In the unaffected core there is a 

clear shift in the C-S-H compositions to higher Al/Ca as expected for slag blends.  As the surface is 

approached, the S/Ca ratios increase as before.  So it would be expected that the changes in the sul-

fate concentration in solutions are similar.  However, in the slag blends, there is much less available 

AFm phase (as discussed in section 3.3.2).  The wider scatter of points, with less points close the C-
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S-H indicates less ettringite within the C-S-H (as opposed to in large pores).  Furthermore, there 

may also be differences in the concentration of other ions in solutions.  All these aspects can explain 

why expansion does not occur – due to different supersaturation, less AFm present and a tendency 

for ettringite not to form in C-S-H.   

In the bicarbonate solution there is no increase in the S/Ca ratio as for the CEM I case.  Further-

more, the analyses close to the surface show the disappearance of sulfate containing phases. 

 

3.3.7 Observations on expanded CEM I specimens in bicarbonate solution 

As discussed in section 3.1 there was some degradation at the extremities of the CEM I samples at 

long ages in the bicarbonate solution.  Cracks formed on the ends of the specimens where the solu-

tion penetrated the samples from three directions (Figure 16). Potentially, this is due to the long in-

tervals between solution exchanges.  The bicarbonate ions are bound in calcite and the solution may 

locally tend toward sodium sulfate solution.  Under these conditions the formation of ettringite or 

gypsum would be possible.  

 

Figure 16: Visual signs of deterioration of the expanding mortar bars were cracking on the specimens ends 

after 637 days of exposure to sodium bicarbonate solution. 
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The surface zones are heavily leached due to the high amount of free surface.  If a crack forms in 

this weakened region, bicarbonate ions will be strongly bound on the exposed surface of the crack 

and not penetrate further into the specimen.  Figure 17 shows microstructures of deteriorated bars.  

In the surface zone (Figure 17A) a network of calcite veins is observable along with heavily leached 

areas. At greater depths (Figure 17B) classic signs of expansion as seen in sodium sulfate solution 

are visible. 

 

Figure 17: BSE micrographs of A) the leached zone in the CEM I mortar bar exposed to the bicarbonate so-

lution for 546 days and B) the microstructure of an area at greater depth. 

 

3.3.8 Porosity 

Deposits of calcite were seen in the surface region. At very long ages these deposits were dense, but 

still discontinuous (Section 3.3.5).  Other researchers have suggested that a calcite surface layer is 

formed which is “protective” [49, 53].  Changes in the porosity of the surface region were looked at 

to see if this was affected by calcite deposition. 

Figure 18 compares the pore volume of the surface and core region of the CEM I mortar after 18 

months of exposure to sodium bicarbonate solution.  It can be seen that the overall pore volume was 
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slightly less for the carbonated surface zone (Figure 18) and the pore entries moved to smaller sizes, 

but this effect is fairly minor and unlikely to significantly impact the ingress of ions.  

 

Figure 18: Cumulative pore size distribution of the surface (full line) and core (dashed line) regions of the 

CEM I mortar bars after 1.5 years of exposure to sodium bicarbonate solution 

 

3.4 Discussion 

Qualitatively, the experimental observations agree with the predictions of thermodynamic model-

ling.  The formation of calcite in the surface zone is observed for CEM I mortars exposed to the bi-

carbonate solution, but there is no substantial evidence that this significantly inhibits the transport 

of ions – the level of sulfate beyond the calcite layer continues to increase (Figure 10A). 

Thermodynamic modelling of the CEM I binder, predicts the formation of similar maximum 

amounts of ettringite in the systems without and with bicarbonate.  The important difference is that 

ettringite becomes unstable at solution concentrations beyond that needed to form this maximum 

amount.  At this point gypsum would precipitate in sodium sulfate solution, but calcite forms in the 

bicarbonate case.  Furthermore, the EDS analyses also show that there is no increase in the S/Ca ra-

tio of the C-S-H phase (Figure 14).  Together these observations suggest that it is more difficult to 

get conditions of supersaturation with respect to ettringite to give crystallization pressure over suffi-
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ciently large regions to generate expansion in the presence of bicarbonate ions.  A high degree of 

supersaturation with respect to ettringite is reached at high calcium and sulphate concentrations; the 

maximum calcium and sulphate concentrations are limited by gypsum precipitation. Thus, the high-

est degree of oversaturation is reached under conditions where gypsum can precipitate, while mono-

sulphate is still present. This phase combination has also been used to by Flatt and Scherer [9] to es-

timate the maximum supersaturation of ettringite.  

If gypsum is absent, the calcium and sulphate concentrations and thus the degree of supersaturation 

with respect to ettringite will be lower. The absence of gypsum together with the destabilization of 

ettringite, in the presence of calcite, explain the reduced expansions observed in the presence of bi-

carbonate.   

The CEM III/B samples did not expand in either solution.  Thermodynamic modelling showed that 

the CEM III/B had less potential for ettringite formation due to the limited availability of Al2O3, 

thus reducing the amount ettringite that could exert pressure. Gypsum was observed only occasion-

ally, such that a high supersaturation with respect to ettringite is not probable. However, it is noted 

that, for slags with higher alumina content, deterioration, loss of surface and cracking have been ob-

served over longer exposure times [54].  In this study, in the bicarbonate solution, extensive leach-

ing occurred close to the surface and progressed through the specimen during the tests.  This exten-

sive leaching might itself pose a problem over the very long term as after 2.5 years of exposure al-

most 10 mm were affected by leaching.  

Thaumasite formation was not observed experimentally as expected due to its slow formation at 

ambient temperature [47]. In the long term, however, the formation of thaumasite could be possible.  
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3.5 Conclusions 

Bicarbonates have a significant effect on the deterioration of the two investigated binders in the 

presence of sulfate ions.  The expansions for the CEM I mortar were significantly delayed and then 

only occurred at the ends of the specimen.  Thermodynamics modelling shows that ettringite be-

comes unstable in the presence of bicarbonate ions and gypsum does not form.  This implies that 

conditions where ettringite can form from a highly supersaturated solution, so exerting crystalliza-

tion pressure are less likely to occur.  The absence of strongly supersaturated conditions with re-

spect to ettringite are suported by the EDS analyses of the C-S-H. 

Calcite is formed at the surface in these systems in bicarbonate solution, but the lack of continuity 

to give a “layer” and the continued ingress of sulfate suggest that it does not provide a physical bar-

rier.  Any effect on ion transport is less relevant than the changed phase stabilities.  

The slag mortar bars did not expand significantly in either solution.  However in the solution con-

taining bicarbonate, calcium containing phases (other than calcite) such as calcium hydroxide, C-S-

H and ettringite were destabilized progressively throughout the whole specimens.  It seems likely 

that the newly formed phase assemblage is stable.  However, the reduced density and increased 

permeability might cause other deterioration issues under field conditions. 

The present work shows that the overall composition of the aqueous solution is an important pa-

rameter that determines the deterioration of the specimens by the ingress of sulfate ions, especially 

when bicarbonates are present.  The presence of carbonate species in the aqueous environment 

(such as ground waters) has the potential to reduce sulfate related degradation, which may partially 

explain why the number of reported cases under field conditions is relatively small.  This has strong 

implications for the relevance of most laboratory test which study only sodium sulfate solutions.   
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4 Deterioration of mortar bars immersed in magnesium containing sulfate 

solutions 

4.1 Introduction 

Magnesium is a common cation in natural waters and thus often in contact with concrete structures.  

The attack is labelled as sulfate attack when the magnesium is combined with sulfate ions, such so-

lutions have been extensively investigated in laboratory studies.  The combined occurrence of sul-

fate and magnesium ions is known to be a severe form of sulfate attack as the both the sulfate and 

magnesium ions interact with cement hydrates [55].  Gollop and Taylor [52, 56] reported that the 

deterioration is more severe at the edges and corners than at the plane surfaces. 

The solubility of magnesium sulfate in water is high. However, magnesium hydroxide (brucite) pre-

cipitates in high pH environments due to a very limited solubility of this mineral. The hydroxide 

ions are supplied by destabilization of cement hydrates like portlandite and C-S-H. The result of this 

process is decalcification of the binder with precipitation of gypsum as the released calcium reacts 

with the sulfate ions in solution. 

Testing with magnesium sulfate is reported as being more deleterious for blended cements, like slag 

blended CEM III/B cement with high levels of cement substitution [57, 58].  Slag blended cements 

have been  reported to show surface deterioration rather than expansion compared to CEM I binders 

[59].  The formation of M-S-H and brucite have been reported for different cements exposed to 

magnesium sulfate solutions [58, 60, 61].  M-S-H phases are the last stage of deterioration after de-

calcification of the C-S-H phases [62, 63]. 

The formation of a dense composite layer of brucite and gypsum on the surface has been assumed 

to reduce the ionic transport [64]. Smaller length changes were reported along with a brucite layer 

for samples exposed to seawater compared to groundwater, it was suggested that the brucite layer 
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could have slowed down the ingress of ions [64]. However, recent work, by the authors, on the in-

fluence of bicarbonates on sulfate attack [13] suggests an alternative explanation for the reduction 

of length changes due to the destabilization of ettringite, which lowers the likelihood of supersatura-

tion with respect to ettringite and hence expansive crystallisation pressure.  

National standards, such as ASTM C 1012 [26], were developed for plain Portland cement based 

binders and these typically use sodium sulfate solutions and focus on length changes. The possibil-

ity of testing complex sulfate solutions, containing other or combinations of sulfate salts, is sug-

gested in the ASTM standard for special exposure conditions.  However, studies of the deterioration 

of sulfate salts other than magnesium or sodium are uncommon and mixture solutions are only re-

ported to simulate seawater, with the focus on chloride ingress rather than sulfate attack. 

The objective of this work is to understand the differences in deterioration for mortars made from a 

Portland cement and slag blended cement exposed to different sulfate solutions based on sodium 

and magnesium sulfates. 

 

4.2 Materials and methods 

4.2.1 Materials 

The CEM I cement was commercial cement from Germany, the CEM III/B was also a commercial 

cement, from the same clinker containing 70% slag addition.  The main oxide contents and main 

clinker phases of the cements used, a CEM I and a CEM III/B, and are shown in Table 6 and 7.  
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Table 6: Chemical composition of the cements used (CEM I 32.5 R, CEM III/B 32.5 N HS LH) 

Cement type SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O Na2O CO2 L.o.I. 

     [m%]      

CEM I  20.3 5.2 3.1 63.4 2.5 2.4 0.9 0.2 0.4 1.0 

CEM III/B 29.9 9.4 1.6 47.6 4.3 4.5 0.7 0.1 1.1 0.7 

slag  37 12.6 0.5 40.5 5.4 2.4 0.6 0.4 0.3 0.0 

 

Table 7: The main cement clinker phases according to Rietveld analysis (typical error +/- 1-2%). 

cement alite belite aluminate ferrite 

CEM I 55.7 12.1 7.5 7.4 

CEM III/B 17.7 3.1 1.4 1.2 

 

The volumes of the cement, sand and water were kept constant for both mortars.  The mortars were 

produced with water to binder ratios of 0.55 (CEM I) and 0.59 (CEM III/B) as the slag cement has a 

lower bulk density.  The sand to cement volume ratio was 3.8. Sand was used according to DIN EN 

196, part 1. 

The exposure solutions contained 0.35 mol/ liter sulfate of sodium (50 g/l); magnesium (44.8 g/l) or 

a mixture of sodium, magnesium, calcium, and potassium (for detailed composition see Table 8). 

Some of the calcium sulfate precipitated from the mixture solution; approx. 10% of the added calci-

um sulfates were calculated to be dissolved, the rest buffers the solution and might dissolve at later 

times.  The high sulfate concentration is comparable to standard tests [25, 26]. Another magnesium 

sulfate solution was used with 10% of this concentration (0,035 mol/l). 
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Table 8: Molar composition of the sulfate mixture solution. 

Sulfate salt [mol/l] 

Na2SO4 0,132 

K2SO4 0,044 

MgSO4 0,088 

CaSO4 0,088 

 

All test solutions were prepared with deionized water using a solution volume to mortar volume ra-

tio of 20.  The solutions were exchanged after every measurement (as detailed below). 

 

4.2.2 Methods  

Length changes 

Length changes were determined on mortar bars (25 x 25 x 150 mm³).  The bars were cut from mor-

tar slabs to remove the surface layer of dense paste and any carbonated surface layer.  

Prior to cutting, the specimens were cured for one day in a humidity chamber during setting and the 

first day of hardening and for additional 27 days as slabs in saturated lime solution.  Gauge align-

ments were glued to the ends of the cut mortar bars to improve the repeatability of the measure-

ments.  Thereafter the mortar bars were stored for 12 hours in a 95 % relative humidity chamber to 

harden the two component epoxy adhesive (Araldite 2014-1) before being placed into solution in air 

tight buckets.  
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Specimen lengths were determined in comparison to an invar bar before sulfate exposure and after 

7, 14, 28, 56, 91 days of exposure and every 91 days after. Lengths were measured on four speci-

mens. 

EDS measurements and data treatment 

The microstructural changes were studied on epoxy impregnated, polished and carbon coated cross 

sections of the mortar bars imaged with backscattered electrons in the SEM (Philips XL 30 ESEM 

FEG with an acceleration voltage of 15 keV).  The changes of the elemental composition within the 

mortar bars were followed by energy dispersive X-ray spectroscopy (EDS).  The EDS measure-

ments were arranged in rectangular grids of 15 × 20 points (vertical and horizontal distances points 

= 14 μm).  The placement of the grids was chosen to represent characteristic areas at the depths in-

vestigated.  Data fluctuation was high due to the heterogeneous microstructure.  The EDS meas-

urements were corrected with the ZAF correction.  Oxide contents (SO3, CaO, SiO2, Al2O3, MgO, 

Na2O, K2O, TiO2, Mn2O3, and Fe2O3) were calculated from the measured elements.  Each individu-

al EDS measurement was assigned with a coordinate which allowed the data of the different grids to 

be combine as profiles expressed as distance from the surface.  EDS analysis of epoxy resin in air 

voids or cracks, aggregates, unreacted slack and clinker particles were removed after data acquisi-

tion based on count rate threshold.   

The used maximum oxide profiles display only the maximum oxide content from a group of meas-

urements at the same depth instead of the average of this group.  Maximum profiles indicate the 

phase changes more clearly than average profiles by minimising the effects of intermixing of phases 

and averaging of data.  
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4.3 Results 

4.3.1 CEM I 

Only small length changes were observed during the first three months of sulfate exposure (Figure 

19).  The subsequent expansion differed significantly for the different sulfate solutions.  The fastest 

expansion was observed for the sodium sulfate solution.  The expansions observed for the magnesi-

um sulfate solution were smaller and the expansion of the mixture solution, which contained mainly 

sodium sulfate plus lower quantities of magnesium, calcium and potassium, was even lower. The 

samples exposed to the magnesium sulfate solution of lower concentration expanded less than the 

samples exposed to magnesium sulfate solution of higher concentration, but similar to the samples 

exposed to the sulfate mixture solution, although the sulfate ion content is ten times higher in the 

mixture solution.   

 

Figure 19: Length changes of CEM I Mortar bars exposed to different sulfate solutions. 

 

In addition to the expansion, deterioration of the edges and corners of the specimens occurred as 

early as after four weeks for exposure to magnesium sulfate solutions (0.35 mol/l).  At the higher 

magnesium concentration (0.35 mol/l) brucite precipitated as white deposits on the surface of 

prisms (Figure 20A).  For the lower magnesium concentration (0.035 mol/l; Figure 20B) and the 
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sulfate mixture solution (Figure 20C) there was much less deposition of brucite.  The detailed mi-

crostructural investigations focussed on the surfaces away from the ends where one-dimensional 

transport can be expected. 

 

Figure 20: Visual appearance after one year of exposure and later. BSE micrographs of CEM I mortar bars 

exposed to A) and C) MgSO4, B) an D) low MgSO4, C) and F) sulfate mixture solution. 

 

Figure 20 shows the visual appearance of the ends of the mortar bars at one year along with micro-

graphs perpendicular to the main surfaces taken at one year for the MgSO4 solution; and around 2 

years for the low magnesium and sulfate mixture solutions.  The samples exposed in sodium sulfate 

solution are not shown as these have been discussed elsewhere [13].  The micrographs show sam-

ples exposed in solution containing magnesium ions form a brucite layer on the surface.  Veins of 

gypsum can be clearly identified in the high MgSO4 and mixture solutions, whereas there are only a 

few deposits of this phase around aggregate particles in the low MgSO4 case.  There is much more 

cracking evident in the sample exposed to the high magnesium sulfate solution than the other two 

test solutions.   
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The sulfate profiles are very similar for the three magnesium containing solutions (Figure 21) after 

91 days of exposure (before larger expansions are observed).  It has been shown [65] that the bind-

ing before cracking is very similar for sulfate solutions containing different cations (Na2SO4, 

K2SO4, MgSO4 and the sulfate mixture; all with 0.35 mol/l sulfates) as it is determined by the phase 

assemblage of the mortar before exposure (amount of AFm phases which can transform to ettring-

ite).  Even at a ten times lower sulfate ion concentration “low MgSO4” a similar sulfate uptake in 

the cement paste is observed after 3 months (Figure 21, black dashed line).  This confirms that dur-

ing the first months, the speed of sulfate ion ingress and the amount of sulfate binding depends on 

the binder only.   

 

Figure 21: Median sulfate content profiles of CEM I mortar bars after 91 days exposure to the different test 

solutions. 

 

Figure 22 shows maximum oxide profiles for magnesium, sulfate and calcium, which are more sen-

sitive indicators for phase changes than average profiles.  The profiles illustrate that magnesium re-

acts very rapidly on the surface of the specimens, where brucite precipitates, and the depth of pene-

tration changes little with time (Figure 22A).  Nevertheless, the zone inside of the brucite layer con-

tinues to change with the formation of ettringite and gypsum (Figure 22B) and disappearance of 
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portlandite (Figure 22B and C).  After one year, ettringite has formed to a depth of 6 mm, but this 

sample has cracked by this stage facilitating sulfate ingress. 

 

Figure 22: Maximum oxide content profiles for A) MgO , B) SO3 and C) CaO in CEM I mortar bars ex-

posed to magnesium sulfate solution (0.35 mol/l) for different times;  arrows indicate phases present after 1 

year. 

 

4.3.2 CEM III/B 

The observed length changes of the CEM III/B mortar bars (Figure 23) are much smaller than for 

the previously discussed CEM I mortars.  Only the exposure to magnesium sulfate solution (0.35 

mol/l) leads to some expansion and even here a large part of the observed length changes may be 

due to the severe degradation seen at the ends in proximity of the glued on gauge alignments.  The 

first signs of surface degradation on edges and corners were seen after only four weeks of magnesi-

um sulfate exposure; after 1 year the ends were degraded significantly (Figure 24A).  The amount 
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of surface degradation seems visually comparable to that of the CEM I mortars in the same solution, 

but during handling of the samples the surface of the CEM III samples was clearly weaker and more 

easily removed.   

 

Figure 23: Length changes and visual appearance of CEM III/B Mortar bars exposed to different sulfate so-

lutions. 

The samples exposed to the lower concentrated magnesium sulfate solution (0.035 mol/l) showed 

somewhat less spalling at the edges and corners (Figure 24B), which only progressed slowly during 

the second year of testing.  In this solution the degradation of the surface of the CEM III mortars is 

clearly more severe than in the CEM I case.  

No spalling at edges and corners occurred for the samples exposed to the sulfate mixture solution 

during the first year (Figure 24C).  This last observation is remarkable as the sulfate concentration 

is ten times higher and the magnesium concentration 2.5 times higher in the mixture solution com-

pared to the low magnesium sulfate concentration (Figure 24B).  Nevertheless some spalling started 

on edges and corners for the samples exposed to the sulfate mixture solution during the second year 

of exposure, which was not the case for the CEM I mortars.   
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Figure 24: Visual appearance after one year of exposure and BSE micrographs of CEM III/B mortar bars 

exposed to A) and D) MgSO4, B) an E) low MgSO4, C) and F) sulfate mixture solution. 

 

In all three samples gypsum veins have formed and the material between the veins is dominated by 

M-S-H phase (Figure 24D - F). The Mg/Si ratios of EDS measurements were mostly between 0.6 - 

1 in the M-S-H domains as described in the literature [56, 63].  The lower calcium content of the 

slag blended mortars means that gypsum formation leads to a stronger decalcification of C-S-H, so 

that M-S-H forms instead of leached C-S-H and brucite as in the case of CEM I.  As mentioned, the 

surfaces of the samples in the both pure magnesium sulfate solutions were easily lost during sample 

handling.  So the original surfaces cannot be identified.  Surface erosion for slag blended cements 

appears to be an iterative process as further phase changes are facilitated by the removal of the pre-

vious surface.  The irregular surfaces in Figure 24D and E and particularly the partial lack of an M-

S-H region at the surface in Figure 24E clearly illustrate this phenomenon of surface loss.  

Figure 25 shows the sulfate profiles, although there is some uncertainty about the exact depths due 

to surface loss.  Again, the sulfate binding appears to be very similar for the all the mortars with the 

same binder exposed to the magnesium containing solutions (Figure 25).  However, the sulfate pen-
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etration is less than that observed for the CEM I binder.  (The profile for the mixture solution is that 

at one year as measurements were not made for this sample at 91 days).   

 

Figure 25: Median sulfate content profiles of CEM III/B mortar bars after 91 days (and one year for the sul-

fate mixture) exposure to the different test solutions. 

 

Figure 26 shows the maximum oxide profiles of MgO, SO3, and CaO. Again, the magnesium pene-

tration is very limited (approx. < 0.6 mm).  The MgO content in surface proximity is smaller than 

for CEM I due to the precipitation of M-S-H instead of brucite.  

In contrast to the CEM I mortars, the changes in SO3 and CaO are also confined to the surface zone 

(within 1 – 2 mm) and seem to not progress during the test duration, even when expansion of the 

high MgSO4 sample is observed (Figure 23).  However, as discussed above, the repeated falling off 

of the surface layers results in the formation of new surfaces which may explain the apparent low 

penetration depth.   
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Figure 26: Maximum oxide content profiles for A) MgO , B) SO3 and C) CaO in CEM III/B mortar bars ex-

posed to magnesium sulfate solution (0.35 mol/l) for different times; indicated arrows indicate present phases 

after 182 days. 

 

4.4 Discussion 

The CEM I mortar expanded in all the solutions.  The expansions seem to “take-off” at similar 

times, but expand at different rates thereafter.  Apart from the low MgSO4 solution, all the solutions 

have similar concentrations of sulfate ions, so the type of counter-ion present has an important ef-

fect on expansion.  In particular the mixture solution which contains both sodium and magnesium 

ions shows much less expansion than either of the “pure” solutions.  The reasons for these differ-

ences are not clear, we can speculate that the different ions affect the degree of supersaturation with 

respect to ettringite in the pore solution, but this cannot be measured directly. 
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As noted previously a layer of brucite was seen to form on the surface of the CEM I mortars in solu-

tions containing magnesium.  However there was no evidence that this prevented the ingress of sul-

fate ions (as seen in the profiles, Figure 21 and Figure 22) or prevented expansion (Figure 19).  Sur-

face erosion is a less significant form of deterioration for the CEM I mortars as it occurs only on the 

edges and corners.  On the main faces of the prisms the original surfaces persist over long exposure 

time.   

For the CEM III/B binder, surface erosion is the dominant deterioration mechanism.  Weak zones, 

of predominantly M-S-H, form and fall off; exposing fresh surface to degradation.  Consequently 

the sulfate ions do not penetrate to any significant depth and macroscopic expansion does not occur.  

Any length changes observed are due to surface degradation in proximity of the gauge alignments, 

and would probably not be seen if the alignment pins were more deeply embedded.   

As for the expansion of the CEM I mortars, the surface degradation in the mixture solution was 

much less for both binders than either of the single salt solutions.  And even more remarkably the 

surface degradation in the mixture solution was much less than the low MgSO4 solution which con-

tained 2.5 times less magnesium and ten times less sulfate.  The same general phase changes occur 

in all three magnesium containing solutions, so it is unclear which factors contribute to the im-

proved performance of the mixture solution, or if these factors differ for the two binders.  

4.5 Conclusions 

This paper confirms previous observations that the magnesium sulfate solutions cause more surface 

damage than sodium sulfate solutions.  However, the relative importance of expansion and surface 

deterioration are very different for CEM I and CEM III/B binders.  In the CEM I binders expansion 

dominate deterioration, even when surface deterioration is also present.  For the CEM III/B binder, 

severe surface degradation can occur without any macroscopic expansion being measured.  This 

underlines the unsuitability of expansion related tests for such binders.   
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The second main conclusion is that samples immersed in solutions containing different cations 

showed less expansion and also much less surface deterioration than samples containing only 

MgSO4 or Na2SO4.  The combination of different sulfate salts did not correspond to a superposition 

of the individual effects.  Interestingly, both the surface erosion and the expansion were reduced, 

although the mechanisms remain unclear at the moment. The fact that a complex sulfate solution 

leads to slower deterioration process highlights the need to understand the interaction of ions in the 

test and pore solution better to be able to predict the performance of new binders in general. 

Mixed solutions are likely to be present under real exposure situations to natural waters, which 

might help explain why relatively few cases of sulfate attack are described in the field. In addition, 

other anions such as bicarbonates (frequently present in natural water) may also strongly reduce the 

expansion caused by sulfate ions [13].  
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5 Conclusions and Outlook 

5.1 Conclusions 

The comparison of the predicted and observed phase changes provides valuable insights into the 

degradation phenomena. The phase changes predicted agreed very well with the paste samples and 

in most cases also with the mortar samples. Deviations from the thermodynamic predictions could 

be related to the kinetics of phase formations or are due to the simplified assumptions that all ions 

penetrate with the same rate as differences in the binding of different ions allows different penetra-

tion depths. 

However, it was shown that the observed length changes are not directly linked to the predicted 

volume increase from the applied thermodynamic modelling.  Explanations for expansion based 

purely on the volume increase can be dismissed, especially as this concept does not provide a driv-

ing force for the mechanical work to overcome mechanical constraints.   

This leaves “crystallization pressure” as the most plausible explanation for expansion, which pro-

vides a proven mechanism for the conversion of chemical potential into mechanical work.  Howev-

er it is difficult to confirm this mechanism experimentally as we cannot directly measure the solu-

tion concentration at different depths from the exposed surface. The different deterioration symp-

toms of the binders in different sulfate solutions provide a good indicator that the on-going process-

es are strongly affected by the aqueous environment and the consequent changes in the pore solu-

tion.  Indirectly, the changes of the pore solution can be also deduced by monitoring the phase 

changes in specimens and the sulfate distribution in C-S-H. 

Systems in which the predicted and experimentally observed phase assemblages showed the simul-

taneous presence of ettringite and gypsum consistently showed larger expansions than phase assem-

blages for which no gypsum precipitation was predicted.  This agrees with the expectations that 

higher supersaturations with respect to ettringite can be generated under these conditions.  The in-
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crease of sulfate contents in the C-S-H phase has been observed for these cases, indicating the in-

creased sulfate concentration in the pore solution while providing the necessary confinement for the 

crystals in intimate phase mixtures to exceed pressures. 

In the presence of bicarbonate ions ettringite is destabilized and no gypsum precipitates.  Conse-

quently there is a low probability of large supersaturations with respect to ettringite.  This reduces 

the degradation significantly. The uptake of sulfate in C-S-H is not observed. The CEM I binder de-

teriorates much later and only on the corners of the specimens. The sulfate containing phases in the 

CEM III/B binder are destabilized, which may prevent sulfate uptake in general as severe leaching 

has been observed.  Bicarbonate ions are common carbon species in natural waters and may also re-

duce or delay deterioration in the field cases.   

Even at high concentration of sulfate ions, solutions with a mixture of cations, similar to those 

commonly found in ground waters, produce much less deterioration than solution of either magne-

sium sulfate or sodium sulfate alone.  The cause for the reduced deterioration is unclear but these 

effects can also be expected to reduce the symptoms of sulfate attack in the field. 

With regard to the rate of ingress of sulfate ions it appears that this is little affected by the porosity 

or permeability of the binders.  The thermodynamic modelling shows that sulfates react with the 

phases present to give fist ettringite and then in some cases gypsum.  This binding of sulfates seems 

to dominate the rate of ingress in the first stage of exposure before cracking occurs.  The dominant 

role of sulfate binding by the phases present means that different sulfate solutions also provide the 

same sulfate profiles before significant cracking and expansions were observed. 

A comparison of the deterioration of CEM I and CEM III showed that CEM I mortars, which dete-

riorate by expansion, had much deeper sulfate penetration due to the conversion of AFm-phases to 

ettringite.  The pressure development in deeper parts of the specimens seems to allow the specimens 

to display significant length changes before they crack and disintegrate.  This is in contrast to the 

CEM III/B mortars, which show almost no expansion, but deteriorate by removal of the surfaces.  
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These samples bind sulfates almost only in proximity of the surfaces.  It can be expected that the 

development of tensile stresses in proximity of the surfaces leads to the removal of the surface layer 

of the affected material. 



 

Conclusions 64

 



 

Outlook 65

5.2 Outlook 

This work shows that the nature of the sulfate containing aqueous environment is of high im-

portance for deterioration.  It can be expected that the pore solution composition in the binders and 

thus the supersaturation with respect to ettringite is influenced by the aqueous environment.  Unfor-

tunately the extent of supersturation under different conditions is unclear. The ability to measure the 

composition of the pore solution or individual crystals within the microstructure would provide new 

opportunities to investigate sulfate attack from a more fundamental level but are unlikely due to the 

limitations of the analytical techniques. 

Consequently, it could be helpful to experiment with the pressure generation of ettringite crystals in 

different exposure conditions under more controlled conditions than mortar bars can provide.  Sim-

ple test set-ups could be designed to experimentally determine the excess pressure generated by an 

ettringite sample (paste), while minimizing transport aspects (and thus look at relatively homoge-

nous pressure generation), while controlling the porosity/density of the samples to improve the un-

derstanding of the conditions of pressure generation.  

From these aspects the necessary information for the mechanical implementation might be obtained.  

Other important aspects such as the kinetics of the pressure generation and pore solution infor-

mation could also be estimated if the tests provide homogeneous conditions.  These aspects could 

then be implemented into complex modelling tools which combine reactive transport with mechani-

cal aspects to model the deterioration in greater detail and less unknown parameters.  
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6 Appendix 

6.1 Sulfate Attack – A Literature Survey 

6.1.1 Sulfate Attack 

Hardened cement paste is chemically reactive. The mineralogical composition changes depending on the 
service conditions. Sulfate attack is the technical term for the deleterious interaction of hardened cement 
paste with sulfate ions that migrate from the service environment into the cementitious binder. Such altera-
tions are influenced by various factors including temperature, relative humidity (wetting/drying) and the 
chemical composition of the solution that exchanges ions with the cement paste. The physical and chemical 
properties of the cements play an essential role as well. All of the mentioned factors vary with time and 
space due to the involved transport mechanism and can lead to various degradation types like softening, loss 
of cohesion, cracking, delamination or expansion. 

Sulfate attack is a very complex degradation mechanism for cementitious binder. Generally, it is believed 
that the expansion is driven by late ettringite and/or gypsum formation but other phases like thaumasite can 
form under specific conditions and affect the deterioration process. 

6.1.2 A Brief History and Overview  

In Germany and Italy cements were developed in the beginning of the twentieth century, which followed a 
concept from Le Chatelier, by substitution of alumina with iron oxide [6, 66]. The identification of alumi-
nates in cement as a critical compound for sulfate attack was an important step and the limitation of alumi-
nate phases in cement clinker is still represented in today’s prescriptive standards. 

Many reviews, state of the art reports, conference proceedings and comprehensive books are available on the 
topic of sulfate attack [3, 5, 6, 67-70]. While the general processes are clear, many aspects are still under de-
bate. 

One of the key aspects, besides the presence of sulfates, is the presence of water. Water serves as transport 
medium and allows the sulfate ions to enter the cementitious binder; the degradation itself requires some wa-
ter but no saturated conditions. The presence of water as a transport media links sulfate attack to other 
transport related topics like leaching and decalcification.  

6.1.3 Sulfate Attack in Research and Concrete Technology 

Until approximately 1990 the investigation on sulfate attack focussed on the changes of length or compres-
sive strength for samples exposed to sulfate environments in the laboratory or under field exposure, with on-
ly few studies using also analytical techniques. Gradually, more analytical techniques were employed and 
combined to investigate cementitious binder exposed to sulfates, typically at the end of the exposure period. 
Most laboratory experiments focused on sodium sulfate solutions with magnesium sulfate being the second 
most investigated sulfate solution. 

Several approaches were used to reduce the testing times for the laboratory tests, often in combination. The 
main approaches to accelerate the deterioration were the increase of sulfate concentration, the reduction of 
curing time, and the use of binders with high w/b ratios to increase the permeability of the samples. 
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Today, no European standard test is in effect and older national standard tests are under debate as they pro-
duce artefacts and are subjected to size effects; partially these artefacts are described by Ferraris et al. [71]. 
Standard tests are nevertheless of interest for the construction industry as they provide guidance for engi-
neers in cases where prescriptive standards are not applied directly.  

One of the main flaws of the observation of length changes is that the mechanical interactions, which lead 
ultimately to the observed expansion, between different mineralogical zones are unclear [72], and that it is 
impossible to obtain from the sum parameter “length change” information about the underlying mechanisms. 
In research projects advanced analytical techniques are employed to investigate the systems typically at the 
end of the exposure period. The reduced costs of computer calculation time increased also the use and devel-
opment of computer based models in the last two decades drastically, including the development of powerful 
thermodynamic and reactive transport models. 

6.1.4 Limitations of the Investigation 

In this thesis, the experimental results are compared to modelling with equilibrium thermodynamics, which 
limits the arguments that can be followed, as (i) thermodynamic modelling cannot be applied to investigate 
systems if thermodynamic properties are unknown and (ii) thermodynamic calculations can only predict the 
total volume generated but provides no microstructural information. Equilibrium thermodynamics was used 
in this work to calculate volume and phase changes. Volume increase is in a porous material a necessary 
condition for pressure development but not a sufficient one [17]. 

Also the expansion mechanism of sulfate attack is still under debate. Brown and Taylor [17] reviewed the 
expansion mechanisms for sulfate attack that were discussed in the last decades like different ettringite mor-
phologies and growth locations. They concluded that a combination of mechanisms seems likely as no single 
mechanism seems capable of explaining the observed degradations.  

One of the most promising mechanisms is the concept of crystallization pressures developed by growing 
crystals under supersaturated and confined conditions, which will be discussed in the next section.  

 

6.1.5 Crystallization Pressure as a Cause for Length Changes 

Crystals growing in supersaturated solutions are able to do work, like lifting a weight or pushing particles, 
under defined conditions by converting chemical energy into mechanical work [10, 22]. The concept is based 
on the presence of a solution oversaturated with respect to a crystal. The pressure that is required to prevent a 
crystal to grow ( p) can be calculated according to the following equation and represents the maximal pres-
sure generated by a crystal for a given supersaturation: 

 

where R is the molar gas constant, T the temperature, Vm the molar volume and IAP is the ionic activity 
product and Ks0 the theoretical equilibrium solubility product of a crystal under ambient pressure. The IAP is 
determined by the actual concentrations in the solution. The degree of supersaturation is defined by the ratio 
of IAP/Ks0. Supersaturation is influenced by changes in temperature, relative humidity (evaporation), or pres-
sure. In specimen affected by sulfate attack under isothermal, isobaric, saturated conditions, as it is typically 
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the case for laboratory tests, the diffusion of sulfate ions and slow precipitation kinetics are the causes for a 
possible supersaturation of the pore solution with respect to sulfate bearing crystals. 

The requirements to generate pressure in porous materials due to supersaturation include crystal growth in a 
confined space under maintenance of a supersaturated liquid film between the crystal and the pore wall [7, 9-
11]. The geometrical requirement for the confinement is that the entrances of a pore are smaller than the 
pore, which allows the crystals to form a surface with more curvature at the pore entrance (Figure 27). 
Curved surfaces have more surface energy, i.e. a surface that is in equilibrium with a higher concentrated so-
lution.  

crystal

cement
paste

pore

tensile stress
 

Figure 27: Large crystal growing in a spherical pore with cylindrical pore entrances (modified after [11, 73]) 

The main part of the crystal, which has less surface curvature and thus less surface energy, remains under 
these conditions in a supersaturated solution without growing through the smaller pore entrances. Otherwise 
the crystal would dissolve and contribute to the growth of a larger crystal in unconfined space. The formation 
of larger crystals and growing in unconfined spaces is thermodynamically preferred (Ostwald ripening). 

A higher surface curvature of the crystal, than present at the pore entrance, would be required to fill the pore 
completely if a pore has an irregular outline, like a small pit [74]. Such a pit would not be filled with the 
crystal as such a surface would require higher supersaturation to be stable. No pressure from a growing crys-
tal could be exerted, which complicates the analysis as the pore wall could be exposed to different pressures. 
Generally, simplified geometries are discussed as the pore structure of a cementitious material is very com-
plex. 

Classical mechanics can be used to understand the stress development in materials assuming material param-
eters and geometries, which are both unknown on the scale of interest but these models help understand ob-
served crack patterns, like ring cracks around aggregates, typical for expanding pastes, or radial cracks for 
expanding domains in a non-expanding matrix [75-77]. The material around an expanding domain fails due 
to tensile stresses [75-77]. For growing crystals in a pore this corresponds to tensile stresses in the cement 
paste induced by the pressure generated by a growing crystal (Figure 27). The developed tensile stress is can 
be expressed in relation to the pore dimensions and strain to avoid making assumption about unknown mate-
rial parameters. The maximal tensile stresses occur at the “interface” between the expansive domain and pore 
wall [75-77]. 
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For a more uniform expansion mechanism, like delayed ettringite formation, another expression based on 
volume fractions of crystals exerting pressure in the sample has been described [9, 10]. Minimal pore radii 
are calculated for spherical (> 20 nm) and cylindrical (> 2 nm) pores for delayed ettringite formation [9]. The 
calculated pore radius for cylindrical pores is in the range of the maximal distance in the unit cell of ettringite 
(1.94 nm), which corresponds to the larger width of a single ettringite needle [78]. The nucleation of crystals 
in a constrained system has a limit that depends on the particle size of the formed crystal and might be larger 
than one unit cell of a crystal [79]. 

External sulfate attack is more complex than delayed ettringite formation, because it cannot be assumed that 
the expansion of the cement paste occurs uniformly throughout the sample as the sulfate ingress advances in 
a front. The expanding parts of a specimen have to overcome the restrain from sulfate unaffected parts before 
significant length changes are observed, which complicates the mechanical investigation. Additionally, to 
make an assumption about the maximal supersaturation is difficult as the pore solution is often oversaturated 
with respect to gypsum, which potentially increases the supersaturation beyond values which are assumed for 
delayed ettringite formation. 

That crystallization pressure is only exerted after a confined pore is fully filled with an crystal explains to 
some extent why no linear relation was found between ettringite formation and observed expansion for sul-
fate attack [8, 80], delayed ettringite formation [81, 82], and model systems [15, 83]. This could be due to 
small differences in crystal contents between a pore almost filled, i.e. without pressure development, and a 
crystal that exerts pressure. The filling of pores could also explain the delay in observed expansion, as only 
small length changes are observed during the unconfined growth of crystals in pores. 

Thermodynamic modelling techniques, based on an equilibrium approach, are not able to calculate supersat-
uration without imposing kinetics for phase precipitation and dissolution [84]. 

 

6.1.6 Relevant Phases for Sulfate Attack 

Monosulfate (Ca4 Al2 (SO4) (OH)12 6H2O), monocarbonate (Ca4 Al2 (CO3) (OH)12 5H2O) or other AFm phas-
es are present if the sulfate concentrations are too low to stabilize ettringite. Cements with high C3A contents 
or generally hydrated cements with a high AFm content are susceptible to sulfate attack. Ettringite crystals 
(Ca6 Al2 (SO4)3 (OH)12 26H2O) are therefore the principal suspects for the pressure generation. Ettringite 
crystals form from aluminate phases in the presence of sufficient calcium, sulfates and water. 

Cements with high C3S and low C3A contents are also susceptible to sulfate attack [39, 40], even binders that 
lack aluminate bearing phases altogether expand due to gypsum formation (CaSO4 2 H2O or C$H2; [2, 38, 
85]). As a consequence, the formation of both crystalline phases, ettringite and gypsum, can be considered to 
be responsible for expansion. Ettringite is normally present in hydrating cements and in most cases not dele-
terious unless the formation occurs after setting. Gypsum is typically part of unhydrated cements and reacts 
during normal hydration within hours. 

Ettringite is stable at pH values above 10.5 [86, 87], gypsum is stable throughout a large range of pH values 
and of the possible sulfate containing phases the only one stable at pH values below 10. However, gypsum is 
less likely to form at very high pH values [88]. 

Gollop and Taylor [48, 52, 56, 89] investigated several cements under sodium and magnesium sulfate expo-
sure. Generally, a leached and decalcified zone was found on the surface with gypsum bands running below 
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the surface. Deeper within the samples, ettringite was found that had formed on the expense of monosulfate. 
Monosulfate was found in the unaffected core of the mortar specimen. It was concluded that ettringite initiat-
ed the damage while gypsum was formed later.  

Additionally, syngenite (K2Ca(SO4)2 H2O) can precipitate in the presence of high sulfate and potassium con-

centrations. The U-phase (Ca4 Al0.9 (SO4)1.1 (Na2O)0.5 16H2O [90]), a phase of the AFm family and there-
fore with variable composition, is stable under very high sodium concentrations and at higher temperatures 
[91]. 

The thaumasite form of sulfate attack is not within the scope of this work. Thaumasite 
(Ca3Si(OH)6(CO3)(SO4)12H2O) formation is relatively fast at low temperatures but very slow around 20 °C 
[47] and is thus not relevant for the time frame and temperatures examined in this work. 

Sulfate can be adsorption or absorption by C-S-H or C-A-S-H phases. This is not considered in the thermo-
dynamic calculations due to a lack of thermodynamic data. The sulfate uptake depends on the calcium to sil-
icon ratio of C-S-H and the presence of aluminium in C-A-S-H phases [92-94]. A reduction of available sul-
fate due to binding in C-S-H/C-A-S-H affects the formation of monosulfate, ettringite, and gypsum. 

 

6.1.7 Transport and Permeability 

The permeability/diffusivity of the cement paste is of importance as a well-connected pore network facili-
tates ionic transport and thereby allows the fast deterioration of cementitious materials in aggressive envi-
ronments. The pore space of cementitious materials depends on the kind and amount of hydrates formed and 
on the mix design as the initially used mixing water provides the initial pore space. The complete filling of 
the pores during hydration is not expected for conventional cementitious materials as typically more water is 
used than chemically needed for complete hydration. 

It has also been found that the chemical composition of the cement has a large influence on the performance 
of cementitious binders if the water/cement (w/c) ratio is higher than 0.45 while binders with a w/c ratio 
lower than 0.45 are not susceptible to sulfate attack [40, 95].  

The relation between diffusion and microstructures of hydrated cement is often investigated by modelling 
techniques due to the complex and multi-scale pore structure in hydrated cements. The permeability of the 
cements determines the transport and interaction with ions in solution. The ions interact with each other and 
with the solids present in chemical reactions and physical interactions [21, 37, 96, 97]. The concentrations of 
the ions in solution depend on the local equilibrium of pore solution and solid phases, provided that the 
transport is slower than the phase formation kinetics [98]. 

 

6.1.8 Different Sulfate Solutions 

6.1.9 Alkali Sulfates 

Generally, sodium and potassium sulfate are assumed to interact similarly with cementitious materials and 
are therefore often discussed together using the term alkali sulfates [6, 67]. However, differences are ex-
pected in highly concentrated solutions as syngenite might precipitate in the presence of very high potassium 
sulfate and the U-phase in the presence of very high sodium concentrations. 
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Sodium Sulfate 

Sodium sulfate solution is the most commonly used sulfate solution in sulfate tests as only little interaction 
of sodium with the cement hydrates is expected. Typically, monosulfate and other AFm phases react with the 
sulfate, calcium, and water to form ettringite. Gypsum precipitates at high sulfate concentrations or where no 

aluminates are present [47]. At very high sodium sulfate concentrations the U-phase may precipitate [90]. 

Potassium Sulfate 

Very little data is published on the interaction of potassium sulfate with cementitious binders. Biczók [99] 
mentions that potassium sulfate is less harmful to Portland cements than sodium, magnesium or calcium sul-
fate solutions. However, Biczók [99] does not name the criterion on which he bases this statement. Addition-
ally to ettringite and gypsum, syngenite (K2Ca(SO4)2 H2O) can precipitate when potassium sulfate is used in 
high concentrations [100, 101]. 

Magnesium Sulfate 

Magnesium sulfate solution is the second most commonly used laboratory test solution. Magnesium hydrox-
ide (brucite, Mg(OH)2) precipitates close to the surface in hydrated cements additionally to the formation of 
ettringite and gypsum. The formation of dense double layer consisting of a brucite and a gypsum layer is ob-
served for Portland cements and is claimed to be responsible for the reduced sulfate penetration and expan-
sion [49, 102-104]. The binding of hydroxide in the very insoluble brucite reduces the pH value of the pore 
solution and is compensated by hydroxide release from portlandite and C-S-H. A strong decalcification, 
which is observed to reduce the cohesion of the binder, and gypsum precipitation are the main features of 
this process. In the leached zones also other amorphous or poorly crystalline phases like silica (SiO2) and 
magnesium-silicate-hydrates (M-S-H) are observed [56, 105]. 

Calcium Sulfate 

Tests employing calcium sulfate solution cannot be carried out at higher concentrations, as the solubility of 
gypsum in water is low (0.016 mol/l equalling 1.2 g SO3/l) compared to the other sulfate salts (sodium, po-
tassium and magnesium sulfate). However, gypsum or anhydrite present in the host rock of the concrete 
structures can be a continuous source of sulfates and therefore damages are observed [106]. 

It is expected that the presence of calcium in the sulfate solution reduces calcium leaching [1, 6] as no calci-
um needs to be leached to form ettringite and the diffusion gradient is reduced due to the presence of calcium 
in solution. 

 

6.1.10 Influence of Mineral Admixtures on the Sulfate Resistance of Cements 

The literature survey focuses only on cementitious binders similar to those used by the author, which are 
Portland cement dominated blends with silica fume, fly ash and limestone, and slag blended cements with 
high degrees of substitution. Alternative binders, like slag based supersulfated cements or geopolymer based 
binders, might display superior sulfate resistance in similar tests but are not discussed in this work. 

The use of SCM’s is generally regarded to be beneficial for the sulfate resistance of cements [107, 108].  

The addition of SCM’s has several effects [109]: 
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• Portland cement, which is susceptible for sulfate attack, is diluted by silica rich SCM’s. 

• The pozzolanic reaction of SCM’s with portlandite reduces the amount of portlandite that can be af-
fected by aggressive solutions. 

• At the same time the microstructure is refined, which reduces the permeability /diffusivity. 

• Due to the so-called filler effect the cement hydration is promoted, which also refines the micro-
structure. 

• The reactivity of fly ash and slag particles is typically lower than the reactivity of Portland cement 
phases, which allows fixing significant amounts of the aluminium in unreacted particles. In addition, 
the low Ca/Si C-S-H formed in the presence of silica rich SCM’s can immobilise additional alumini-
um [92] thus lowering the potential for ettringite formation.  

It has been suggested that the concentrations of aluminium in the pore solution are reduced in the presence of 
high calcium concentrations [110]. Cements, which are relatively poor in calcium like blended cements, 
might allow aluminium to travel further away from dissolution sites, which increases the possibility to pre-
cipitate aluminium bearing crystals like ettringite in unconfined spaces. However, such cements generally 
also have pore solutions with lower pH values, an effect that decreases dissolved aluminium concentrations. 
On the other hand, binders low in calcium suffer more from decalcification than Portland cements, which 
makes blended cements more prone to magnesium sulfate attack [89, 105, 111]. Surface deterioration of 
blended cements does not necessarily contribute to expansions [58, 89, 111]. 

The amount of calcium sulfates originally present in a Portland cement, which is often adjusted when ce-
ments are blended, influences the susceptibility of the cement to sulfate attack as more ettringite and less 
AFm phases are present in the hydrated Portland cement and thus a lower potential for additional ettringite 
formation [112]. 

However, the performance of SCM blended cements also depends on the material properties, chemical com-
position and the sulfate environment [89, 113, 114]. The substitution levels vary for the different SCM’s to 
be effective. The substitution is lowest for silica fume (5-15 percent, [107, 108]), higher for fly ash blended 
cements ([107, 108]) and highest for slag blended cements (above 65%, [113]). 

Influence of Silica Fume 

Silica fume has the highest reactivity of the used SCM’s due to the small particle size [109]. It consists of sil-
ica and thereby dilutes the aluminium from the cement and lowers the calcium to silica ratio of the cement 
paste, which makes silica fume blended cements more susceptible to magnesium sulfate attack [105]. The 
permeability of silica fume blended cements is typically low and contributes to the improved performance. 

Influence of Granulated Blast Furnace Slag 

Ground granulated blast furnace slags (GGBFS) have typically slower reaction kinetics than silica fume and 
contain more calcium and aluminium [109]. Slag blended cements, incorporating high amounts of slag, are 
considered to be sulfate resistant while Portland cements are regarded as not appropriate for the use in sulfate 
environments [25]. Cements with substitution of Portland cement with slag contents larger than 65 % show a 
good sulfate resistance [113]. The same study showed that portlandite and AFm phases are much reduced in 
the binders with high slag contents although the total Al2O3 content can be much higher than in Portland ce-
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ments. However, a large fraction of Al2O3 can be present in the unreacted slag particles. In principal, the 
AFm content of hydrated slag blended cements could be higher than for Portland cements. Recent work on 
this topic suggests that monosulfate can form from previously unreacted slag particles [115]. The late for-
mation of monosulfate increases the potential to from late ettringite and thus the potential for late expansion. 
The microstructure of slag blended cements is refined and has less capillary pores which are mostly respon-
sible for the transport properties of the material.  

Influence of Fly Ash 

Fly ash has typically slower reaction kinetics than silica fume and slag [109] and contains most calcium and 
least silica of the used SCM’s. The sulfate resistance of fly ash blended cements depends on the substitution 
degree and composition of the fly ash as calcium rich fly ashes can be susceptible to aggressive environ-
ments but more cases of improved performance are reported [108, 116-119].  

 

6.1.11 Effect of Carbonation on the Sulfate Resistance  

The expression carbonation is used when H2CO3 forms in solution from CO2 from the air and reacts with hy-
drated cement paste. H2CO3 dissociates at high pH values: 

 

Carbonation thus reduces the pH value by the release of protons into the pore solution and the reduction of 
portlandite, which forms calcite in the presence of carbonate ions. Ettringite and other cement hydrates are 
destabilized and the reinforcement depassivates due to the reduction of pH in the pore solution. Extensive 
carbonation is therefore deleterious for reinforced concrete. 

In addition to carbonation due to CO2 from the air, ground waters in calcite and dolomite containing envi-

ronments can contain high concentrations of bicarbonates (HCO3
-, up to 1 g/l). The transport of bicarbonate 

ions with water into cementitious materials can thus also cause carbonation. The reduction in pH from bicar-
bonate is less severe as only one H+ per bicarbonate ion is liberated. However, the high bicarbonate concen-
trations in ground water and continuous supply can result in considerable carbonation. Under field conditions 
sulfate attack and carbonation due to the presence of dissolved bicarbonate can occur simultaneously and in-
fluence each other.  

The combination of sulfate attack and carbonation is not well documented. Field studies suggest that carbon-
ation is beneficial for the resistance of hardened cementitious materials against sulfate attack [42, 120]. Two 
arguments are used to explain the improved performance of carbonated samples, (i) the formation of a dense, 
protective calcite layer and (ii) the unavailability of calcium to form expansive phases. The two arguments 
are briefly discussed, a separation of the effects by experiments has not been attempted in the literature, 
however both mechanisms are likely to contribute at the same time to the improved performance of the mate-
rials. 

The link between sulfate attack and carbonation has been investigated on samples carbonated in air before 
sulfate containing solutions were applied. The presented work focuses on the simultaneous occurrence of 
both sulfates and bicarbonates as this is the relevant condition for underground structures. 
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Protective Layer Formation 

Biczók [99] mentioned that “normal Portland cement, sensitive to sulfate attack can be made sulfate-resistant 
by carbonation” without providing details on the mechanism. A positive, retarding effect of potentially pro-
tective carbonate films on the expansion is acknowledged [99]. Neville [121] also identified the beneficial 
influence of carbonation on all transport induced deterioration mechanisms, which he explained with lower 
permeability and sorptivity. A densification of carbonated concrete surfaces has been observed experimental-
ly for Portland cements [122, 123]. Carbonate layers are often found in field samples exposed to sulfate envi-
ronments [124]. Aragonite, a metastable form of calcium carbonate (CaCO3), is often found in seawater; its 
persistence is influenced by the presence of magnesium ions [49]. 

Coarsening of the pore structures of blended cements is reported for carbonated samples [45, 125]. 

 

Chemical Effects of Carbonation 

Lea [38] published experiments on mortars made from lime and silica gel only. The amount of reactive free 
lime in the hardened samples was experimentally reduced by carbonation, resulting in lower expansions of 

the carbonated samples. The observed lower expansion was attributed to a �ecreased gypsum formation due 
to the carbonation of the free lime. Lea [38] showed that the fixing of calcium in thermodynamically stable 
calcium carbonate prevents the formation of sulfate bearing phases, although he investigated a system rela-
tively far from common cementitious materials. For mortars made from Portland cement, Lea concluded that 
“the removal of free calcium hydroxide by carbonation only retards expansion in sodium sulfate solutions” 
due to the interaction of sulfates with calcium aluminate phases [38]. 

Mangat and El-Khatib [45] investigated the influence of initial curing conditions of concretes and pastes 
produced with OPC, fly ash, blastfurnace slag, and silica fume. The increased sulfate resistance of the car-
bonated samples was also explained with the reduction of available portlandite to form additional sulfate 
bearing phases.  

Sersale et al. [125] studied CEM I, CEM III/B, and CEM IV mortar bars exposed to sodium and magnesium 
sulfate solutions. The results showed that carbonation before sulfate exposure increased the sulfate resistant. 
This was attributed to the consumption of portlandite in the carbonated regions. 
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6.2 Materials and Methods 

Concept of the Measurement Campaign 

The aim of this work is to compare the performance of various cements in different sulfate solutions. Some 
sulfate solutions are commonly used for laboratory tests, like sodium and magnesium sulfate solutions, and 
others are less common like potassium sulfate, sulfate mixtures, or bicarbonate containing solutions. Several 
different cements were part of the measurement campaign. The experimental data were compared to thermo-
dynamic modelling. To facilitate the comparison of the different systems the same structure was used for 
each investigated solution, reflecting the concept of the measurement campaign, which is described in the 
following: 

 

Macroscopic Changes 

The sections for each investigated system start with the introduction and discussion of the observed length 
and mass changes. The measurement of length changes is the most used indicator for volume stability of 
samples under sulfate attack. However, no standard test was used to measure the expansion of the mortar 
bars but the same sulfate concentration was used (50 g Na2SO4/l) as in the Swiss SIA standard [25] for sul-
fate resistance of concrete samples. The use of mortar bars of similar dimensions to the SIA standard in-
creases the paste content and reduces the amounts of aggregates of the specimen and accelerates the expan-
sion. In plain cement paste samples the transport would be slower, due to the absence of sand or larger ag-
gregates [126]. 

The drying cycles, which are prescribed in the SIA standard [25], were not applied in order to have diffusion 
as the only transport mechanism. The use of drying and wetting cycles accelerates the sulfate uptake but 
complicates the deterioration mechanism as salt crystallisation might occur and extensive drying might alter 
hydrated cement phases and the microstructure. 

The observed macroscopic length changes were used to identify the different stages of deterioration. At dif-
ferent times mortar samples were investigated for their phase composition and the change thereof with pene-
tration depth, especially before and after the samples showed an increase of the expansion rate.  

 

Phase Changes 

The composition of the phase assemblages and the changes due to the interaction with the sulfate solutions 
were predicted by thermodynamic modelling. Also the volume changes and the amount of sulfates bound 
was calculated and discussed. The predicted phase changes were compared to experimental data gained from 
paste and mortar samples. 

Paste experiments were carried out at different water to liquid ratios to verify the thermodynamic calcula-
tions. The paste samples consisted either of small particles of ground, hydrated cement pastes or in some 
cases the unhydrated cement was mixed directly with the sulfate solution and equilibrated for several 
months. Thus the sulfate transport was minimized, mechanical aspects were reduced and most importantly 
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no loss of material during equilibration of the cement paste and test solution occurred as the sulfate solutions 
were not exchanged. The samples were characterized by TGA and XRD. 

The investigation of the mortar experiments was more complex as transport, mechanical aspects and the 
exchange of the testing solution increased the complexity of the tests. The samples were characterized by 
EDS measurements as a compromise between qualitative characterizations on a small scale and the charac-
terization of the sulfate fronts that moved inwards and required several millimetre of depth to be investigat-
ed. The measured data provides several ways of analysis, as phase characterization by atomic ratio plots and 
oxide profiles (median, maximal values). 

The experimental data were compared to the thermodynamic investigations to identify agreement and devia-
tions between the different information to gain a better understanding how the phases interact and might con-
tribute to the observed macroscopic changes. 

  

6.3 Materials 

Nine cements were used to prepare a variety of cement pastes (w/b: “cem”, “0.40”, “0.70”) and mortar bars 
(w/b: “0.55”), and exposed to a variety of test solutions. Tests were conducted with up to eleven solutions, 
including reference samples stored in deionized water and saturated lime solution. However, only for the 
CEM I and CEM III/B cements all sulfate and reference solutions were investigated, as they represent the 
most extreme positions of the used commercial cements.  

 

6.3.1 Cements 

The oxide contents, loss on ignition, Blaine surface area and density of the used cements are shown in Table 
1. The cements blended in the laboratory (CEM I +2% gypsum, CEM II/B, and CEM III/C) were mixed and 
homogenized over a period of 12 – 14 hours. The silica fume blended binders were prepared upon mixing as 
a silica fume slurry was used (EMSAC 500S). The water content of the slurry was taken into account for the 
mixing water. 
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6.4 Sample Preparation 

6.4.1 Mortar Samples 

Mortar bars were used to observe length and mass changes during sulfate exposure. Additionally, the 
development of the dynamic E-modulus was monitored during sulfate exposure for selected test series. 

For investigations using scanning electron microscopy (SEM), cross sections were cut, vacuum im-
pregnated with epoxy resin, polished, and coated with carbon for BSE and EDS investigations. 

The mortar bars were produced with constant water, aggregate and cement volumes to ensure a similar 
initial pore volume of the mortar bars, which requires the adjustment of the water to binder ratios as 
the cements have different densities. The reference water to binder ratio of the CEM I cement was 
“0.55”, and is used as indicator to simplify the identification of mortar samples. The water to binder 
ratios for the different mortars are listed in Table 11. The sand to cement volume ratio was 3.8.  

The mortar bars, which were cast as slabs (4 x 16 x 28 cm3), were cut to prisms of the dimensions 2.5 
x 2.5 x 15 cm3 for the length and mass changes; the surfaces were cut to facilitate sulfate ingress and to 
remove a potential carbonation layer from curing. Curing consisted of one day in a humidity chamber 
with 100 percent relative humidity and 27 days storage in saturated lime solution. Gauge alignments 
were glued to the ends of the mortar bars to improve the repeatability of the measurements. The sam-
ples were stored in a 95 percent relative humidity environment during hardening of the two component 
epoxy adhesive (Araldite 2014-1) for 12 hours. 
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Table 11: Mix designs of mortar slabs; 2.7 kg CEN normsand (DIN EN 196 - Part 1) were used as aggregates 

 w/b = “0.55”  

 cement w/b 

 [g] [---] 

CEM I 848.0 0.55 

+ 2% gypsum 842.7 0.55 

+ 6% SF 827.2 0.56 

+ 12% SF 809.1 0.58 

CEM I HS 842.7 0.55 

CEM II/A 770.4 0.61 

CEM II/B 743.8 0.63 

CEM III/B 786.5 0.59 

CEM III/C 781.7 0.60 

 

Stopping of Hydration/Sulfate Exposure 

The hydration was stopped by placing the specimens in isopropyl alcohol for 2 hours, before being 
dried at 40°C if mortar bars were removed from the testing schedule and required storage or further 
sample preparation. 

 

6.4.2 Paste Samples 

Paste samples were used to verify the thermodynamic calculations. The samples were investigated 
with TGA and XRD, few samples were also impregnated with epoxy resin, polished and carbon coat-
ed before being investigated in the SEM. 
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Cement Paste “cem” 

The “cem” paste samples were prepared from CEM I and CEM III/B cements only. The cements were 
mixed directly with sulfate solutions in 100 ml PVC bottles, curing was not necessary as the water to 
cement (w/c) ratio was high (66.7). This solid to liquid ratio corresponds to 103.8 ml/100 g cement in 
the thermodynamic calculations, as displayed in most graphs in this work on the “added solution”-
axis. The sulfate solutions were not exchanged to avoid the loss of fine particles.  

 

Cement Paste “0.40” and “0.70” 

Crushed cement pastes were prepared with different water to binder ratios, which are labelled accord-
ing to the CEM I equivalent water to binder (w/b) ratio to simplify the naming (“0.40” and “0.70”). 
The w/b ratios for the different cement pastes are listed in Table 12. Constant water and cement vol-
umes were used, in analogy to the mortar mix design, to ensure a similar initial pore volume of the 
paste samples.  

The cement paste slabs (4 x 16 x 14 cm3) were cured for one day in a humidity chamber with 100 per-
cent relative humidity and storage for 27 days in saturated lime solution before the potentially car-
bonated surfaces were removed and the core sections of the slabs were cut into smaller pieces, crushed 
in a ceramic jaw crusher, and sieved through a 2 millimetre sieve for the “0.4” cement paste. The “0.7” 
cement paste could not be sieved as the paste contained too much water and clogged the sieve.  

The solid to liquid ratio for the thermodynamic calculations varies around 103 ml/100 g cement de-
pending on the binder and is indicated in the graphs as a vertical line across the “added solution”-axis. 
The small deviations are not relevant as the axis itself has a logarithmic scale. The sulfate solutions 
were not exchanged to avoid the loss of fine particles. 

 

Table 12: Mix designs of the cement pastes 

 w/b = “0.40”  w/b = “0.70”  

 cement w/b cement w/b 

 [g] [---] [g] [---] 

CEM I 1224.9 0.40 902.6 0.70 

+ 2% gypsum 1217.3 0.40 897.0 0.70 

+ 6% SF 1109.0 0.44 862.2 0.73 

+ 12% SF 1028.5 0.48 831.5 0.76 

CEM I HS 1217.2 0.40 896.9 0.70 

CEM II/A 1112.9 0.44 820.0 0.77 

CEM II/B 1074.4 0.46 --- --- 
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CEM III/B 1136.1 0.43 837.1 0.75 

CEM III/C 1129.1 0.43 832.0 0.76 

 

Stopping of Hydration after Sulfate Exposure 

The samples were investigated after 5 month of sulfate exposure for the “cem” pastes and longer ex-
posure times for the crushed cement pastes. The crushed cement paste samples required longer expo-
sure times as the larger cement paste particles provided more “microstructure” than the “cem” pastes. 
The samples were vacuum filtered through a Whatman 40 filter, and rinsed with isopropyl alcohol and 
diethyl ether. The remaining solids were examined by XRD and TGA on the same day to minimize 
carbonation after a short drying period at 40 °C and soft grinding by hand. 

 

6.5 Measurement Methods 

6.5.1 Length and Mass Changes 

Lengths changes were measured in comparison to an invar bar at 7, 14, 28, 56, 91, and every 91 days after 
that until the specimens were considered to be destroyed due to severe cracking or surface deterioration. 
Lengths were measured on four specimens and averaged. The test solution volume was 20 times larger than 
the volume of the mortar samples and exchanged after every measurement. The sample mass was determined 
after the length was measured. 

 

6.5.2 Thermodynamic Modelling 

Thermodynamic calculations were carried out using the geochemical code GEMS 3 [127]. The built in PSI 
GEMS database [128, 129] was expanded with the CEMDATA07 database [28], which contains solubility 
products of solids relevant for cementitious systems. The degree of the CEM I hydration before the exposi-
tion to the sulfate solutions was calculated using the approach of Parrott and Killoh [29, 30]. It was assumed 
that 20% of the fly ash [32, 130], 40 % of the slag, and 80% of the silica fume had reacted until the end of 
the curing period of 28 days. A full reaction of the SCM’s, especially for silica fume, was not assumed be-
cause portlandite was found in samples cured for 28 days (see Appendix A3), which shows that not all silica 
fume has reacted during the initial curing period. Image analysis was used to estimate the degree of reaction 
of the SCM’s, but the error of the data was large and the values not used for the modelling (see Appendix 
A5). 

Sulfate attack was mimicked by adding increasing quantities of sulfate solutions to the cement. The cement 
equilibrated with no or little of the sulfate solution relates to the unaffected part of the specimen in the centre 
of the mortar bar, while the cement equilibrated with a large quantity of sulfate solution describes the phase 
assemblage near the surface of the mortar bar. The predictions were quickly calculated and showed a good 
qualitative agreement with measurements [47] and transport modelling [21], but they do not correlate with 
time and space. The local equilibrium of pore solution and solid phases can be assumed if the transport is 
slower than the phase formation kinetics [98]. 
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6.5.3 Phase Characterization 

Thermogravimetric (TGA) and X-ray diffraction (XRD) were performed on paste samples, while energy dis-
persive X-ray spectroscopy (EDS) was used on mortar samples to characterize the phase assemblages. 

 

X-ray Diffraction 

X-ray diffraction was performed in a PANalaytical X’Pert PRO MPD diffractometer (θ-2θ) with an 
X’Celerator detector and copper K� radiation. 

 

Thermogravimetric Measurements 

Thermogravimetric measurements were performed with a Mettler Toldeo TGA/SDTA 851e on 10 to 15 mg 
samples. The temperature range was 30 – 980°C with an increment of 20°C per minute in a nitrogen atmos-
phere.  

 

Energy Dispersive X-ray Spectroscopy 

The changes of the elemental composition within the mortar bars were followed by energy dispersive X-ray 
spectroscopy (EDS). The measurements were performed with a Philips XL 30 ESEM FEG with an accelera-
tion voltage of 15 keV, as a compromise between interaction volume and excitation of the iron K� emission, 
on epoxy impregnated, polished, and carbon coated mortar specimens.  

Oxide Profiles 

The EDS measurements were arranged in rectangular grids of 15 times 20 points (vertical and horizontal dis-
tance equals 14 �m). Placement of the grids was chosen to represent characteristic areas at the investigated 
depths while minimizing the amount of clinker and aggregates to be measured. The actual measurement 
spots were determined automatically within the grid and were therefore randomly distributed. Data fluctua-
tion was high due to the heterogeneous microstructure of cement paste in mortar bars. EDS analysis of air 
voids, cracks, aggregates, unreacted SCM’s, and clinker grains were removed after data acquisition based on 
the count rate, which had a higher accuracy than a selection based on chemical information. The removal of 
data was visually checked for approximately 30 - 40 % of the measurements and it was concluded that the 
accuracy was above 99 percent.  

The performed EDS measurements were corrected for atomic number differences, absorption, and fluores-
cence (ZAF correction). The obtained data were expressed relative to the measured elements (Na, Mg, Al, Si, 
S, K, Ca, Ti, Mn, Fe). Oxide profiles (Na2O, MgO, Al2O3, SiO2, SO3, K2O, CaO) were calculated for the ce-
ment paste to facilitate the comparison with already published data. An example of such a dataset is shown in 
Figure 28A) for a sulfate profile of a CEM I mortar bar. 
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Figure 28: A) maximal and median sulfate profiles and B) sulphur micro X-ray fluorescence map [131] of the cross 
section of a CEM I mortar bar exposed to sodium sulfate solution for one year; the area where the profiles were ob-
tained is indicated with the box in B 

Each data point in the profile was determined from a minimum of five, in average ten, EDS measurements. 
The displayed profiles in this work are shown as a moving average of 8 depths to smoothen the data without 
losing the main features (e.g. Figure 28A). The displayed concentrations are lower than the theoretical val-
ues, and the highest observed values, because mixed analysis were common and the use of moving averages 
to smooth the data reduced the determined values additionally. 

All profiles start at zero, i.e. at the outermost surface, usually where a cut sand grain indicated the original 
mortar bar surface. The displayed moving averages start after the first eight depth values. Profiles were ob-
tained starting close to the middle of one of the side faces because some top faces displayed precipitates and 
bottom faces were losing particles earliest (see also Figure 28B).  

The differences of penetration depth on the four faces were studied exemplary. It was concluded that the var-
iation of the penetration depth varies in a range of up to four hundred microns also depending on the ar-
rangement of sand grains. Lateral expansions were neglected for the assignment of coordinates but they 
might increase the variability. 

Figure 28B shows the micro X-ray fluorescence map of the mortar investigated mortar bar, which has been 
converted to grey levels and colour inverted to increase the visibility on paper. The reduction of the sulfate 
concentration is captured better by the EDS measurements, while the sulphur map provides a better over-
view. The sulfate concentration in the cement is 2.4 wt% SO3, but heterogeneously distributed between 
ettringite, monosulfate and sorbed to C-S-H/C-A-S-H. The sulfate contents of different phases in cementi-
tious materials are very different (gypsum: 46.5%, ettringite: 19.1%, monosulfate: 12.9%, C-S-H: ≤ 0.1%, 
portlandite/calcite: 0%, these values are even higher for EDS analysis as water and hydroxyl molecules are 
not measured).The important feature of Figure 28A is that the sulfate concentration of the peaks are similar 
in zones dominated of gypsum (> 50 percent) and ettringite (22 - 25 percent). Sulfate ions are transported 
through solution into the specimen along a diffusion gradient. Surface near regions contain therefore more 
sulfate than the core of a specimen and allow a separation between unaffected and affected areas. The maxi-
mal values are more sensitive to changes than average or median values and provide penetration depths clos-
er to the actual sulfate penetration.  

Phase Characterization by Maximal Oxide Profiles 

Exemplary, the sulfate and calcium oxide profiles are displayed in Figure 29 for the CEM I mortar exposed 
for one year. The maximal calcium oxide profile connects the maximally observed value of at least five, in 
average ten, EDS measurements for each distance of the profile and the maximal sulfate profile connects the 
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same type of data for sulfate. EDS measurements are not reliable for light elements like hydrogen, carbon 
and oxygen due to the low signal intensity and are not part of the measured elements. 
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Figure 29: Profiles of measured maximal sulfate and calcium oxide contents in an CEM I mortar bar exposed to sodium 
sulfate solution for 364 days; the arrows indicate the presence of gypsum and portlandite, which control the maximal 
concentration values under the given test conditions 

To determine oxide contents recalculation was necessary. Oxides were chosen to be displayed to facilitate 
the comparison with data from the literature. 

The maximal CaO value at each depth shows that between the surface of the specimen and approximately 
two millimetre portlandite and calcite are essentially absent (CaO content of portlandite and calcite: 100 per-
cent, Figure 29), which is also supported by atomic ratio plots. The maximally observed CaO concentration 
suggests the presence of C-S-H (jennite, 61 percent CaO), gypsum (41 percent CaO) or mixtures of those 
phases as the present phases with the highest calcium oxide content instead of portlandite or calcite. The 
EDS measurement that provided the maximal calcium oxide content did usually not provide the highest sul-
fate concentration. Both values have typically no relation and must not add up to 100 percent. The maximal 
sulfate concentration corresponds in analogy to the presence of gypsum and the lower plateau to ettringite as 
has been explained before. 

 

Phase Characterization by Atomic Ratio Plots 

The same EDS data points from the profiles were used for the atomic ratio plots to characterize the phase as-
semblage. The chemical composition determined by EDS measurements was normalized to the overall con-
tent of the measured elements. Thus the external addition of sulfates reduces the relative amount of other el-
ements measured while the leaching of calcium has the opposite effect. The normalization during EDS data 
treatment requires a careful interpretation of the data as the data becomes relative to the changes, which 
might amplify the changes. 

6.5.4 Dynamic E-Modulus 

A Labek Elastometer ELM 324 was employed to observe the changes in acoustic/ultrasonic resonance fre-
quency and response time for mortar bars during sulfate exposure. The measurements were performed in di-
rection of the length measurement directly after length and mass changes were performed. 

The dynamic E-modulus was calculated according to the following equation: 
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where Ca is a geometry dependent correction factor, fD is the measured resonance frequency and m is the 
mass, l the length and b the width of the specimen.  
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6.6 Porosimetry 

The pore structures of the different mortars were characterized with different techniques before sulfate expo-
sure to aid the understanding of the different microstructures that developed during curing and to improve 
the understanding of the on-going transport related porosity aspects. The investigations were not continued 
during sulfate exposure. Information about the pore structure was gathered by mercury intrusion porosimetry 
(MIP), water conductivity, and image analysis (IA) on mortar samples. Generally no technique used to char-
acterize porosities or pore structures is undisputed [132, 133]. The discussions about the different techniques 
and their applicability to cementitious materials suggest that the sample preparation is a crucial, but not the 
only factor that influences the measurements. It is difficult to compare the different techniques also because 
the techniques describe different pore size ranges of the pore volume. Image analysis only captures the larger 
or “coarse” pores, mercury intrusion porosimetry covers a wide range. Diamond [134] suggested that only 
the breakthrough pore size and total intrudable pore space should be used as comparative indices, as the pore 
structure is not ordered by size which does not allow to characterize the pore size distribution of the first in-
trusion. The water conductivity method describes the changes in water content and transport in the micro-
structure during samples conditioning, which is used to estimate the so-called water conductivity of a build-
ing unit with a thickness of 0.2 m. 

 

Mortar Sample Preparation 

The samples were prepared together with the mortar bars for length and mass changes. Hydration was 
stopped by solution exchange with isopropanol alcohol followed by drying at 40°C for seven days. 

 

Water Conductivity 

Water absorption was performed on mortar samples according to Suisse SIA standard [25]. This technique 
describes water transport properties of the tested mortar by using different saturation states during and after 
water uptake of previously dried samples. The different degrees of water saturation are used to determine so 
called capillary pore content (50°C), gel pore content (110°C) and air void content (vacuum saturated). Addi-
tional water saturation under vacuum/pressure is performed if the overall density is calculated to be lower 
than 2.65 kg/m3 or higher than 2.75 kg/m3 as it is assumed that not all air voids were filled during the normal 
sample conditioning. The water conductivity is calculated for a building unit with a thickness of 0.2 m ac-
cording to the following equation: 

 

The water conductivity qw has the unit g/(m2h) and is calculated from the water uptake during 24 hours (M24) 
normalized by the testing time (t24), h24 is the water front height at t24, UB is the initial water content of the 
sample, and UE is the percentage of hydration pores of the total porosity. Comparable standard deviations are 
given in the SIA standard with 1.5 percent for the water conductivity. An overview of the main porosity data 
is given in Table 13. 
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Table 13: Water conductivity obtained on mortars before sulfate exposure; according to SN EN 206-1 

cement UB std dev UE std dev n std dev LP std dev qw std dev
CEM I 4.1 0.3 17 0.1 18.7 0.1 1.6 0 31 2.4
CEM I + 2% gypsum 4.6 0 18.1 0.1 19.7 0.1 1.7 0.1 29 0.3
CEM I + 6% SF 6.6 0.2 19.6 0.2 24.4 0.2 4.7 0.4 4 0.1
CEM I + 12% SF 8.2 0.1 20.7 0.1 24.8 0.4 4.1 0.5 5 0.2
CEM I HS 4.2 0.2 18.8 0 19.9 0.3 1.1 0.3 27 2.4
CEM II/A V-LL 3.5 0.1 19.4 0.1 20.0 0.1 0.6 0 35 0.5
CEM III/B 10 0.1 20.8 0.1 22.4 0.2 1.6 0.1 5 0.1
CEM III/C 10.1 0.1 20.8 0.1 22.4 0.1 1.6 0.1 4 0.2

total porosityhydration poresinitial water 
content

water 
conductivity

air content

 

The advantage of this technique is that it determines quantities that are directly related to water transport in 
the samples, which is one of the key aspects for transport related durability mechanisms. However, the sam-
ples are dried at up to 110°C, which is likely to affect the microstructure severely. Pore sizes are not deter-
mines, only volume contents are determined. 

 

Mercury Intrusion Porosimetry 

Mercury intrusion porosimetry was performed on Thermo Fisher Pascal 140/440 equipment. First, the sam-
ples were pre-intruded to 395 kPa (release to atmospheric pressure) in the Pascal 140 and then moved to the 
Pascal 440 were intrusion was from atmospheric pressure to a maximum pressure of pmax = 200 MPa and 
then released (extruded) to atmospheric pressure again. Without sample removing a second cycle to pmax and 
release to atmospheric pressure was added [135]. The benefit of this technique is that it covers the broadest 
range of pore sizes of the techniques used, but it applies large pressures which are likely to introduce arte-
facts. The mercury volume at a given pressure does not indicate a certain pore size during the first intrusion 
as the microstructure is complex and not ordered according to the pore sizes from large to smaller pores. 
Some pores, so called ink bottle pores might not be investigated because they are only filled ones, if at all. 
The content of ink bottle pores can be estimated by the difference of the total porosity minus the remaining 
mercury in the samples after the first intrusion cycle. The porosities of the mortars before sulfate exposure 
are summarized in Table 14. 

Table 14: Volume and porosity values from MIP measurements, 28 days of curing 

Tot. Cum. Vol. Total  porosity Tot. Cum. Vol. Total  porosity
cement  [mm3/g] [%]  [mm3/g] [%]
CEM I 63.40 13.7 33.72 7.3
CEM I + 2% gypsum 64.68 13.4 31.94 6.6
CEM I + 6% SF 63.69 13.3 28.03 5.9
CEM I + 12% SF 50.12 10.6 21.28 4.5
CEM I HS 63.66 13.6 32.62 7.0
CEM II/A V-LL 66.95 14.2 35.08 7.4
CEM II/B V-LL 68.37 14.8 33.77 7.3
CEM III/B 73.98 15.8 36.25 7.7
CEM III/C 78.44 16.6 38.02 8.0

1. Intrusion 2. Intrusion

 

 



 

Appendix Porosity and Permeability 6-25 
 

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

1st intrusion2nd intrusion

A)

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

1st intrusion

2nd intrusion

B)

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

1st intrusion2nd intrusion

A)

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

1st intrusion

2nd intrusion

B)

 

Figure 30: Relationship between the mercury volume and the applied pressure for A) CEM I and B) CEM III/B mortar, 
before sulfate exposure 

The pressure that needed to be applied to increase the used mercury volume significantly was higher for 
CEM III/B mortar than for the CEM I mortar, indicating a refined pore structure for the slag blended mortar. 
Figure 30 shows that the same total pore volume is assessed for the two intrusion cycles and indicates that no 
severe changes in the microstructure occurred. The hysteresis of the second intrusion cycle can be explained 
by the different contact angles of advancing and retracting mercury during testing [136]. 

 

Image Analysis 

The samples for IA were prepared exactly like for the SEM/EDS analysis (section 3.4.3.4). Cross sections 
were cut, vacuum impregnated with epoxy resin, polished, and coated with carbon to obtain BSE micro-
graphs. 

The set-up of the micrograph acquisition was exactly as described for SEM and BSE analysis (section 
3.4.3.4). BSE image analysis was used to determine the amount of unreacted slag, fly ash as well as the 
amount of coarse porosity. The technique uses grey level histograms and morphological segmentation to de-
termine the different phases observed in a BSE image [32, 137]. The grey level in the backscattered electron 
images depends on the average atomic number of the examined area [138]. Unreacted slag or clinker parti-
cles appear in bright, hydrates appear grey and the pores appear black. The degree of reaction of the anhy-
drous slag or fly ash was determined by comparing the anhydrous SCM content in the hydrated pastes with 
the known, initial volume in the unhydrated paste. The uncertainty is high for fly ash blended cements (cer-
tainly in the range of ± 5 -10 percent (Table 15), which is why these values were not used for the thermody-
namic modelling). Fly ash blended samples are generally difficult to segment because the fly ash particles 
display similar grey values as cement hydrates. The use of morphological filter is therefore required. Most 
investigated binders did not require the use of morphological filters, the mortars based on CEM I and CEM 
III cement. The process of image analysis for fly ash blended cements was described by Ben Haha et al. [32] 
in detail.  
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Table 15: Results of image analysis on mortars before sulfate exposure; standard deviation approx. ± 2% 

coarse porosity C-S-H portlandite anhydrous degree of hydration

CEM I 14 62 18 6 83
CEM I + 2% gypsum 12 61 19 8 77
CEM I + 6% SF 9 85 1 5 85
CEM I + 12% SF 5 91 1 4 89
CEM I HS 16 65 8 11 70
CEM II/A 22 49 1 5 / 23 (FA)* 72 / 1 (FA)*
CEM II/B 28 58 4 4 / 6 (FA)* 75 / 53 (FA)*
CEM III/B 11 65 1 1 / 22 (slag)* 100 / 10 (slag)*
* second number applies to the supplementary cementitious material

cement
[%; normalized to cement paste]
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Discussion of the Results of the Different Techniques 

General Remarks 

In this section, the porosity data obtained by MIP, IA and water conductivity measurements are com-
pared with the progress of the ettringite front, and some observed length changes. However, porosity 
data were obtained for the initial conditions after 28 days curing, before sulfate exposure. It was not 
the objective of this work to characterize the on-going changes in the pore size distribution or total 
pore volume during sulfate exposure, although this type of information would be very useful. The pre-
sented data is therefore rather a base for discussion than a comprehensive study of the pore structure 
and the related transport aspects.  

The permeability/diffusivity and the distribution of pore space in the microstructure are crucial for the 
progress of deterioration because the sulfates penetrate the samples slower than the mineralogical 
changes occur. Especially since the theories of developing crystallization pressures include always the 
confinement as a necessary condition [7, 9-11, 73]. Generally it is assumed that a low permeability is 
beneficial for the sulfate resistance of cementitious binders [40].  

 

Comparison of the different porosity data sets 

Selected results of MIP, water conductivity and IA are summarized in Table 16. The data shows that 
the total porosities as obtained by water conductivity measurements and MIP show little variation, 
with the values of the water conductivity are larger. The values for the coarse porosity as obtained by 
IA provide more variability, in a similar range as the water conductivity measurements. All samples 
were cured for 28 days, which is a relatively short curing time for slag and fly ash blended cements as 
these SCM’s react slowly. 

The values for the water conductivity allow the separation of the different mortar samples according to 
their water transport properties during sample conditioning providing that sufficient water penetrated 
the samples. The data suggests that the mortars made from silica fume and slag blended cements have 
much lower water conductivity than the CEM I based mortars, which corresponds to empirical 
knowledge. However, the values are so close for the two silica fume and the two slag blended cements 
that the water permeability is so low that it does not really allow to separate the different mortars. 
Therefore it is difficult to compare the data between the different techniques: 

• The capillary porosity as determined by water conductivity does not compare with the differ-
ent water conductivity values (permeability). The very small variability of the capillary porosi-
ty does not relate to a similar permeability. For example the CEM I mortar has almost the 
same capillary porosity as the CEM I blended with 6 percent silica fume but the measured wa-
ter conductivity is reduced significantly for image analysis if silica fume was used. 

• The water conductivity porosities do not relate to the total porosities obtained by MIP. This is 
especially evident for the slag blended mortars for which low water conductivities were ob-
served, but the total porosity, as determined by MIP, is much larger for the CEM III/B mortar 
than for the CEM I mortar (Table 16), which corresponds well with the lower bulk density of 
the mortars.  
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• The capillary pore content obtained from the water conductivity measurement corresponds 
relatively well to the coarse porosity from IA.  
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Comparison of the Porosity Data and Progressing Ettringite Fronts 

The water conductivity values provide a similar assessment of sulfate transport in the different mortars as the 
observed ettringite formation depths (Table 16). The water conductivity is high for the CEM I based mortars 
(CEM I, CEM I +2 percent gypsum, CEM I HS) and the CEM II/A mortar. The water conductivity was not 
investigated on CEM II/B mortar because of bleeding during samples production and the slow reaction of the 
fly ash, which also explains the high initial sulfate penetration in for this mortar. High sulfate penetration 
depths were observed for all mortars with high water conductivity values, especially after larger expansions 
were observed.  
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Figure 31: Development of the maximal ettringite formation depth with time for the different cement mortars; penetra-
tion depth approx. ± 0.2 mm 

The mortar bars with low water conductivity, made with CEM I with silica fume addition and slag blended 
cements, display small ettringite penetration depths. The actual value of the water conductivity cannot direct-
ly be used to separate the different binders directly as water conductivity is identical for the two silica fume 
mortars and the two slag blended mortars. Altogether, the water conductivity provides a good first approxi-
mation of the permeability of the samples. 

The total porosities provided by MIP measurements do not provide a good insight as the largest total porosi-
ties were observed for the slag blended mortars, which rather shows that the total porosities are not the rele-
vant quantity and that the actual pore structure and connectivity are the important parameters. 

 

Changes in Pore Size Distribution during Curing 

Figure 32 shows that the mortar prepared with CEM II/A cement showed almost no expansion during the 
first year of sodium sulfate exposure after additional curing (19 months in total). That additional curing is 
beneficial for CEM II/A mortar is expected as the fly ash reaction is slow.  
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Figure 32: Linear expansion of CEM II/A mortars tested with sodium sulfate solution at 20°C after curing for one and 
nineteen months in saturated lime solution 

The permeability after one month curing was initially high. MIP results indicate that the total porosity did 
not change much during the additional curing time of 19 months (Figure 33A). The pore structure was re-
fined during the additional curing (Figure 33B). More small pores, smaller than 10-20 nm and less large 
pores, of up to few hundred nanometre pore radius, were calculated based on the MIP measurements. 

The pore radii were calculated from the data obtained by the second intrusion cycle to describe the connected 
porosity, excluding the ink pores and air voids which trap mercury (see Figure 33A).  
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Figure 33: A) comparison of the first mercury intrusion for the CEM II/A mortar after different curing times and B) the 
corresponding cumulative volume to pore radius as obtained from the second intrusion to obtain the pore size distribu-
tion of the connected pores by excluding ink pores 

Which Pore Size Controls the Connected Pore Network? 

The distribution changes of the calculated pore radii of the connected pores as determined from the second 
intrusion are shown in the following graphs. The volume for the CEM II/A and the CEM I mortar are dis-
played in Figure 34. The CEM II/A microstructure of the connected pore network was refined for pore radii 
larger than 50 nm, and an increased amount of pores between 20 and 50 nm was observed (Figure 34A). 
During the same time only small changes were observed for the CEM I mortar (Figure 34B). 
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Figure 34: Changes in the pore radius distribution displayed as cumulative and derivative curve of A) CEM II/A and B) 
CEM I mortar with time 

The changes in pore size distribution of the calculated pore radii and the volume for the CEM I +12 percent 
silica fume and the CEM III/B mortar with curing are displayed in Figure 35. Both binders display a clear 
refinement of the connected pore network during additional curing, with the most volume being contributed 
by pores with calculated radii below 20 nm. This suggests that the pore network is very fine and slow 
transport should be expected for the CEM III/B and CEM I + 12 percent of silica fume. This corresponds 
well with the low water conductivity for these mortars. 
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Figure 35: Changes in the pore radius distribution displayed as cumulative and derivative curve of A) CEM I + 12 per-
cent silica fume and B) CEM III/B mortar with time 

The pore entrances of pores in which stressed crystals grow needs to be smaller than the pore itself to main-
tain a sufficiently high degree of supersaturation [11, 73]. These pores could be thought of as ink bottle 
pores. The volume of mercury in MIP tests, which remains in the sample after the first intrusion, could indi-
cate the total amount of these ink bottle pores, but this volume could also contain mercury trapped in air 
voids, an approximation of the ink pores (by MIP) without air voids (by water conductivity) has been includ-
ed. However, the combination of data seems to relate not so well with the observed expansions or ettringite 
penetration as the lowest amount of “corrected” ink pores would be assigned to the silica fume blended mor-
tars while the highest amount is assigned to the slag blended mortars, which displayed even less length 
changes than the silica fume blended mortars.  

Potentially not all of pores allow the nucleation and growth of crystals due to space or thermodynamic con-
strains. Locher [113] suggested that the microstructure of slag blended cements could be too fine to allow the 
formation of ettringite, unfortunately without providing data. Wilcox [79] stated that the particle size of a 
crystal could be a barrier for nucleation depending on the surface energy of the particle small particles. The 
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minimal pore diameter cannot be smaller than the width of an ettringite needle (unit cell) plus space to main-
tain a solution layer that fills the distance towards the surface of the pore. The maximal distance of an 
ettringite unit cell is determined as 1.94 nm based on data from Rietveld refinement of synthesized ettringite 
crystals [78].  

Additionally, the influence of present sulfates and the availability of calcium and aluminium in solution as 
well as the on-going hydration are not considered and the following aspects could additionally affect the dis-
tribution of potential sites to generate crystallization pressure base on the porosity measurements: 

• A part of the trapped mercury is located in bigger pores, which do not contribute to the expansion, 
while potentially consuming supersaturation in unconstrained crystal growth, which is difficult to as-
sess. 

• The connectivity/percolation in the pore structure are important to maintain the supersaturation dur-
ing growth and pressure development. An open pore structure can help consuming supersaturation of 
small crystals due to the growth of larger, thermodynamically more stable, crystals in large pores and 
air voids. 

 

Additional MIP Data 
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Figure 36: Intrusion and extrusion branches of the first and second MIP cycle of CEM I mortar bars A) cured in lime 

solution at 20°C and 40°C and B) surface and core parts of a sample exposed to sodium bicarbonate solution 
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Figure 37: Intrusion and extrusion branches of the first and second MIP cycle of A) CEM I +2% gypsum mortar bars 

and B) CEM I HS mortar bars cured in lime solution 
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Figure 38: Intrusion and extrusion branches of the first and second MIP cycle of A) CEM I +6% silica fume mortar 

bars and B) CEM I +12% silica fume mortar bars cured in lime solution 

 

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

28d curing

B)

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

1.5y curing

28d curing

A)

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

28d curing

B)

0

10

20

30

40

50

60

70

80

0.1 1.0 10.0 100.0 1000.0
pressure [MPa]

vo
lu

m
e 

[m
m

3 /g
]

1.5y curing

28d curing

A)

 

Figure 39: Intrusion and extrusion branches of the first and second MIP cycle of A) CEM II/A mortar bars and B) CEM 

II/B mortar bars cured in lime solution 
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Figure 40: Intrusion and extrusion branches of the first and second MIP cycle of CEM III/B mortar bars cured in lime 

solution at 20°C and 40°C 
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Figure 41: Intrusion and extrusion branches of the first and second MIP cycle of CEM III/C mortar bars A) cured in 

lime solution and B) surface and core parts of a sample exposed to sodium bicarbonate solution
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6.7 Sodium Sulfate Solutions - Additional Aspects 

6.7.1 Ionic Transport and the Influence of the pH Value of the Test Solution 

During ionic exchange between the test solution and the sample, sodium and sulfate are expected to penetrate 
the cementitious matrix, and ions with a high solubility, like potassium, might leave the sample. 

Figure 42 illustrates the loss of potassium, expressed in K2O profiles, for the CEM I and CEM III/B mortar 
bars exposed to sodium sulfate. The initial K2O content of the unhydrated cements was similar; 0.9 for the 
CEM I and 0.7 for the CEM III/B. The distribution of the potassium oxide was heterogeneous during the first 
few weeks in the CEM I mortar bars. The comparison of the profiles at different times shows that of the po-
tassium oxide was leached almost completely from the CEM I mortar between 91 and 182 days of exposure 
(Figure 42A). The expansion rate was also increased during the same period. It cannot be concluded from the 
presented data whether there is a direct link between the leaching of potassium and the observed expansion. 
However, the depletion of potassium in the profiles illustrates that the potassium transport in the pore solu-
tion is faster than the sulfate binding. The transport varies considerably between different ions.  

The potassium oxide is more equally distributed in the mortar bars made with CEM III/B and changes little 
with time (Figure 42B), CEM III/B mortars have refined microstructures and C-S-H phases with lower Ca/Si 
ratios. C-S-H with a reduced Ca/Si ratio binds more alkali than calcium rich C-S-H [33]. This effect might 
contribute to a better distribution and binding of potassium. 
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Figure 42: K2O profiles of A) CEM I and B) CEM III/B mortar bars exposed to sodium sulfate solution for exposure 
times between 7 days and one year 

High alkali concentrations increase the pH, sulfate and aluminium concentration of the pore solution but re-
duce the calcium concentration, which could affect the supersaturation of the pore solution with respect to 
ettringite [139]. The reduction of expansion at higher pH values could also be due to the increase of alumini-
um concentrations [140], which can affect the location where ettringite could nucleate and grow. A higher 
aluminium concentration in the pore solution could also increase the oversaturation with aluminate phases, 
depending on the other phases present in solution. 

Bellmann et al. [88] increased the pH of the testing solution by NaOH addition and observed a reduction of 
expansion. A similar observation has been observed for delayed ettringite formation. Famy et al. [81] 
showed for cases of delayed ettringite formation that the expansion of mortar bars increased when leaching 
of alkali occurred during storage time. Expansion was greatly reduced in KOH solution [81].  

Flatt and Scherer [9] used an expression to investigate the influence of hydroxide on the supersaturation of 
the pore solution with respect to ettringite for delayed ettringite formation. The equation employs also the 
solubility products (Ks0) of monosulfate and portlandite: 
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The equation shows that an increase in pH will reduce the supersaturation of the pore solution with respect to 
ettringite for a solution in equilibrium with monosulfate and portlandite. The interpretation is consistent with 
the reported experimental data.  

Fernàndez-Altable et al. [115] suggested that the deterioration of slag blended mortar bars is reduced by fre-
quent solution exchange compared to tests in which the solution were not exchanged and higher pH values 
were maintained throughout the experiments. The difference in deterioration was assigned to a higher hy-
droxide activity in the general ionic activity product for ettringite: 

 

Slag blended cements do not contain much portlandite at high substitution levels, which does not allow to 
use the previously used ionic activity product for ettringite (IAPAft(AFm,CH)) that has been used for CEM I bind-
ers in equilibrium with monosulfate and portlandite but limits also the pH of the test solution as less hydrox-
ide can be released by the binder. Cao et al. [107] reported that slag blended cements were more severely af-
fected by changes in pH value than CEM I based binders. 

6.7.2 Influence of Specimen Size 

Curing, Temperature and Size Effects 

Figure 43 shows the different maximum ettringite and gypsum penetration depths compared with the ob-
served length change of the time of observation. Several sizes of the CEM I mortar bars included, which re-
quires the change to relative penetration depths. 

The data shows that small relative penetration depths, < 20 percent penetration for ettringite and < 10 percent 
for gypsum, result in small length changes. This confirms the general understanding that a very dense and 
impermeable binder performs better in a sulfate environment [40]. 

The relation between the length changes and penetration depth are different for ettringite and gypsum for 
larger penetration depths. The relation between ettringite penetration depth and observed length changes is 
complex (Figure 43A). The observed values for mid-size mortar bars (2.5 x 2.5 cm2) are connected with a 
line and show that a consistent trend is observable. This trend is affected by the different exposure and curing 
conditions and by size effects.  

The gypsum development seems to follow one trend, contrary to the ettringite, for the different sizes, curing 
times and temperature (Figure 43B). 
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Figure 43: Comparison between measured length changes and relative A) ettringite and B) gypsum penetration depths 
for CEM I mortar bars exposed to sodium sulfate after different curing times and different temperatures; red line con-
nects the observed properties for samples cured for 28 days and exposure at 20°C (2.5 x 2.5 x15 cm3) 

Figure 44 provides more details for the effects of the different curing and exposure condition on specimen of 
different sizes with respect to ettringite. The observed length changes are lower with decreased sample 
width. Exposure at 40 °C increases the observed expansions while curing at 40°C before sulphur exposure 
reduces the observed expansion. This shows that the observed macroscopic changes, using the same cement 
and sulfate solution, depend on the sample size, curing history and test conditions and might only be com-
pared if most of these parameters are identical. 
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Figure 44: Comparison between measured length changes and relative ettringite penetration depths for CEM I mortar 
bars exposed to sodium sulfate after different curing times and conditions; triangles indicate samples with cross sections 
of 1.25 x 1.25 cm2, squares indicate samples with cross sections of 2.5 x 2.5 cm2, diamonds indicate samples with cross 
sections of 5 x 5 cm2; full samples represent samples cured for 28 days and empty symbols represent samples cured for 
25 months 

Sulfate Binding 

Figure 45A displays the penetration depth of ettringite over time for CEM I mortar bars of different sizes and 
at different temperatures. The ettringite penetration depth is similar for the two larger sample sizes at 20°C 
(green and blue data). The observed penetration seems to be somewhat higher for the early exposure to sodi-
um sulfate solution at 40°C. The ettringite penetration is higher for the smallest prisms at 20°C most likely 
due to the sample preparation procedure, as the prisms stayed for several hours in a 95 percent relative hu-
midity chamber before sulfate exposure while the glue for the measurement pins hardened. During this time 
the samples dried slightly, which could have accelerated the sulfate penetration once the samples were im-
mersed into sulfate solution. 
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Figure 45B shows the development of the gypsum penetration depth with time. The graphs show that the 
gypsum precipitation was similar for all specimen stored at 20°C while the gypsum precipitation was slightly 
accelerated for the 40°C samples. The increase of gypsum precipitation of gypsum might be due to increased 
diffusion rates, chemical reactions rates or both. 
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Figure 45: Development of the maximal A) ettringite and B) gypsum penetration depth with time for CEM I mortar 
prisms of different sizes and temperatures (20°C and 40°C); penetration depth approx. ± 0.2 mm 

 

Length Changes and Dynamic E-Modulus 

Figure 46A shows that mortar specimen of different sizes made with the same cement display different ex-
pansion behaviours. The smaller the samples are, the faster they expand. The width of the specimen doubles 
between the different specimen dimensions (1.25 cm, 2.5 cm, and 5 cm), the volume increases with a factor 
of four and the surface to volume ratio decreases with increased width. The volume ratio of the samples and 
the sulfate solution is constant at 20. 

The geometrical aspect should favour the resistance of bigger samples due to a reduced surface to volume 
ratio, which could limit the interaction of the sample and the solution. Figure 46 shows that the penetration 
rate is similar for the different sample sizes. More time is therefore required to penetrate similar volume frac-
tions of the larger specimen. The different expansions times and rates depend on transport and mechanical 
processes. 

Measuring the dynamic E-modulus is a destruction free method to obtain data about the structural integrity 
of the specimen by determining a stress strain relation from measurements of resonance frequencies of prop-
agating sound/ultrasound waves. The dynamic E-modulus increased at the beginning of the test for samples 
that are cured for one month (Figure 46B). In section 0 it is shown that the increase of dynamic E-modulus is 
not observed in mature samples that are exposed to sodium sulfate solution. This suggests that the on-going 
hydration in relatively young samples is responsible for the increase in dynamic E-modulus and not the late 
ettringite formation due to sulfate ingress.  
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Figure 46: Development of the A) length changes and B) dynamic E-modulus over time for three different sizes of 
CEM I mortar bars at 20°C 

A comparison of Figure 46A and B shows that the reduction of the dynamic E-modulus is inverse propor-
tional to the observed length changes. An increase in length change is accompanied by a reduction of dynam-
ic E-modulus, which illustrates that the expansion is a useful indicator for internal damage. 

6.7.3 Influence of Exposure Temperature 

CEM I 

The observed length changes are larger for the samples cured at 40°C (Figure 47). The thermodynamically 
predicted phase assemblages and volume changes are very similar.  

The temperature increase could have effects that reduce the expansion, like the increase of ettringite solubili-
ty [86, 141] and potential reorganization of the pore structure towards larger pores. The reason for the in-
creased expansion should therefore be found in increased reaction rates of chemical processes, as can be ap-
proximated by the Arrhenius equation: 

 

where k is the rate constant of the chemical process, A is an empirical factor, Ea is the activation energy of 
the chemical process, R is the molar gas constant, and T the temperature, 

The diffusion related transport should not be affected significantly. For illustrational purposes Fick’s first 
law can be used. Fick’s first law states that the diffusion flux (Ji) of each species i is inversely proportional to 
the temperature:  

 

where D is the diffusion coefficient, c the concentration, � the chemical potential and x is the diffusion 
length. The temperature dependence of this expression is offset by the temperature dependence of the diffu-
sion coefficient of charged particles (Einstein relation): 

 

where �q the electrical mobility of the charged particle, kB is the Boltzmann constant, and q is the electrical 
charge of the particle. Using the relation of the molar gas constant and the Bolzman constant, 
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BAkNR =  

where NA represents the Avogadro constant. Fick’s first law can then be written as expression that does not 
directly depend on the temperature: 
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Figure 47: A) Linear expansion and B) relation between mass and length changes of CEM I mortar bars during expo-
sure to sodium sulfate solution at 20°C and 40°C 

Figure 47B shows the relationship between the mass uptake and length changes for the CEM I mortar bars 
for the exposure temperature of 40°C. The CEM I mortar bars expand at 40°C almost with a constant relation 
between length and mass changes. Less mass was taken up during the first few weeks of exposure compared 
to the samples stored at 20°C. 

CEM III/B 

The CEM III/B mortar bars display at 40°C storage also almost no length changes and lose mass continuous-
ly due to calcium leaching (Figure 48A). The mass loss is due to calcium leaching (Figure 48B). The leach-
ing is not observed 
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Figure 48: A) Mass uptake to length change relation changes for the CEM III/B mortars when the sulfate exposure 
temperature is changed from 20°C to 40°C and B) changes in the Al/Si to Ca/Si ratios with depth for the CEM III/B 
mortar exposed to sodium sulfate solution for 637 days at 40°C 
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6.7.4 Effect of Prolonged Curing 

Length Changes  

Mortar bars made from all CEM I cements and the CEM II/A cement were exposed to sodium sulfate after 
25 months of curing of the mortar bars in saturated lime solution. The recorded length changes are displayed 
in Figure 49. The additional curing led to faster expansions. Similar results have been obtained by Ferraris et 
al. [71]. Taylor et al. [82] discussed a similar phenomenon for delayed ettringite formation.  

The CEM II/A mortar showed only small expansion compared to the samples cured for 28 days,. For the 
CEM II/A mortar additional curing was beneficial, several mechanisms seemed to overlap. Additional curing 
time should refine the pore structure, which appeared to accelerate the expansion for the other mortars. The 
fly ash mortar bars were bleeding during sample preparation, which provides a better connected pore struc-
ture which might help to consume supersaturation by facilitating recrystallization of crystals in unconfined 
spaces. 
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Figure 49: Length changes of mortar bars made from different cements tested with sodium sulfate solution at 20°C af-
ter A) curing for additional two years and B) the length changes of the reference mortars cured for 28 days in saturated 
lime solution 

 

Initial Swelling 

The initial swelling at the beginning of the exposure period was reduced. After 28 days curing all mortar 
prisms were exposed to a 95% relative humidity environment in which the specimen could dry slightly for a 
few hours, while the glue for the measurement pins hardened, before the measurements started. The loss of 
pore solution due to slight drying facilitated the ingress of sulfate solution and swelling occurred during ex-
posure to sulfate solution. The longer cured samples had already pins and needed no additional preparation 
time in which drying could occur. 

Figure 50 shows exemplary the length changes in the first 50 days of CEM I mortars cured for 28 days and 
25 months at 20°C and then exposed to sodium sulfate solution at 20°C in blue and the mortar cured for 28d 
at 20°C, additional 24 month curing at 40°C in saturated lime solution with consecutive immersion into so-
dium sulfate solution at 40°C. The swelling during the first weeks was reduced to a minimum for the addi-
tionally cured samples. The quick transition between curing and sulfate exposure allowed no drying of the 
samples. 
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Figure 50: Early age linear expansion of the CEM I tested with sodium sulfate solution at 20°C and 40 °C with curing 
times of 1 month (solid lines) and 25 months (dashed lines) 

 

Effect of Prolonged Curing at 40°C 

Length Changes 

The temperature of curing and sulfate exposure has a strong influence on the linear expansion of the mortar 
bars. Samples cured at 20°C for 28 days but exposed at 20°C and 40°C expand differently (Figure 51). The 
faster expansions of the samples cured for 28 days and, exposed to 40°C sulfate solution should be influ-
enced by faster chemical reactions. The ettringite solubility is increased at higher temperatures [86, 142, 
143], the increased solubility and accelerated reaction rates should reduce a possible supersaturation. 
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Figure 51: Linear expansion of the CEM I tested with sodium sulfate solution at 20°C and 40 °C with curing times of 1 
month (dashed lines) and 25 months (solid lines) 

However, if the samples are cured for two additional years at 40°C in saturated lime solution little expansion 
is observed after exposure to sodium sulfate solution. This is due to interaction of several aspects: 

• Change in transport properties due to changes in the pore structure; coarsening of pore structure and 
higher permeability [144, 145] which might also affect the pores which could otherwise contribute to 
the expansion. 
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• Increase in ettringite solubility. 

• Change in mineralogy. 

Together, these aspects allow the ettringite to precipitate in spaces where the stress generation does not occur 
during testing. The thermodynamically predicted phase assemblages and volume changes are very similar for 
28 days cured samples. The reason for the different expansion behaviours are therefore more likely to be 
found in the microstructural changes than in changes in thermodynamic properties; an increased solubility 
enhances the relocation of crystals into larger pores. 

Mineralogical Changes 

Figure 52 shows the changes in the phase assemblage during additional curing in saturated lime solution by 
comparing the phase assemblage before sulfate exposure, which consists of portlandite, C-S-H and AFm 
phases, with the phase assemblages after two additional years. The phase assemblage changed during curing 
in saturated lime solution. Monosulfate is destabilized and monocarbonate and ettringite are observed in-
stead. This is unexpected because thermodynamic calculations predict monosulfate. Three potential mecha-
nisms can be involved, i) the recrystallization of small ettringite crystals, which developed during hydration 
(Appendix A3), ii) the carbonation of sulfate AFm which also stabilizes ettringite [30, 130, 146-149], or iii) 
calcium leaching could affect the distribution of sulfates in the phase assemblage. 

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca [-]

S
/C

a 
[-

]

28 days curing

0.289  -  0.569 mm

AFt

MC
HC

MSTH

C$H2

CH
calcite

A)

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca [-]

S
/C

a 
[-

]

28 days curing

3.173  -  3.453 mm

AFt

MC
HC

MSTH

C$H2

CH
calcite

B)

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca [-]

S
/C

a 
[-

]

28 days curing

0.289  -  0.569 mm

AFt

MC
HC

MSTH

C$H2

CH
calcite

A)

0

0.2

0.4

0.6

0.8

1

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca [-]

S
/C

a 
[-

]

28 days curing

3.173  -  3.453 mm

AFt

MC
HC

MSTH

C$H2

CH
calcite

B)

 

Figure 52: Comparison of the S/Ca to Al/Ca ratios of the bulk phase assemblage of the CEM I mortar bars after 24 ad-
ditional months of curing in saturated lime solution at A) 20°C (full symbols) and B) 40°C (full symbols) and the refer-
ence phase assemblage before additional curing (empty symbols) 

Additionally, to the described phase changes are large portlandite crystals leached in surface proximity. This 
aspect is important because the drop in CaO allows the observation of calcite, which cannot be distinguished 
otherwise as portlandite and calcite have the same CaO concentrations in EDS analysis (100 percent). Figure 
53A shows that the sulfate concentrations are increased in surface proximity due to the stabilization of 
ettringite in surface proximity, while Figure 53B shows that the portlandite is leached at the surface, visible 
in the drop of maximally observed calcium concentration. 
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Figure 53: A) sulfate profile and B) CaO profile of CEM I cured for 25 months at 20°C before sulfate exposure 

In the next section it will be shown that at longer curing times the mass of the mortar bars reduces after an 
initial mass gain for the 20°C samples. Portlandite is a very soluble cement hydrate and it has been shown for 
undersaturated lime solutions that portlandite can be leached over longer curing times [150]. The most likely 
explanation for the observed leaching is that the used calcium hydroxide used to prepare the lime solution 
carbonated during the two years of storage or that calcite was formed in the solution during curing. In addi-
tion, the pH of a saturated lime solution (approx. 12.5), even without carbonation, is much lower than the pH 
of the pore solution of mortar (approx. 13.5). Such a reduction in pH in surface proximity increases the cal-
cium solubility and facilitates calcium leaching. 

Similar changes are also observed for the samples cured at 40°C for two years (Figure 54). The extent of 
ettringite stabilization and portlandite leaching is much larger and affects almost the first 3.5 millimetres 
from the surface (Figure 54A). In surface proximity calcite is observed where the CaO contents increase 
again significantly (Figure 54B). 
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Figure 54: A) sulfate profile and B) CaO profile of CEM I cured for 25 months at 40°C before sulfate exposure 

The difference between the curing at 20 and 40°C is the depth to which these changes occur, up to 0.5 mm at 
20°C and up to 3.5 mm at 40°C. The increased portlandite leaching is due to increased reaction rates, at 
higher temperatures. The leaching of portlandite is expected to increase the porosity of the samples [151], 
which would additionally enhance the progress of portlandite dissolution. As a consequence, the potential to 
form late ettringite under the elevated temperature is greatly reduced for the samples cured at 40°C, but not 
completely prevented. 

The difference between the two affected zones (0 - 0.6 mm for 20°C; 0 – 3.5 mm for 40°C) suggests that 
more than 40 percent of the specimen volume was affected additionally by curing at 40°C compared to the 
20°C. This reduces the potential to form late ettringite significantly and explains why almost no expansions 
were observed. 
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Relation between Mass and Length Changes 

Comparing the mass to length changes for the differently cured mortar bars indicates that part of the early 
mass uptake can be attributed to the on-going hydration. Figure 55 shows a comparison between the mortars 
made from CEM I and its blends with gypsum and silica fume. It seems that the initial relation between 
length changes and mass gain due to hydration and sulfate attack follow the same initial behaviour (Figure 
55A and B). 
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Figure 55: A) Relationship between the mass changes and length changes for the CEM I and its blend with gypsum and 
B) for the CEM I blends with silica fume during exposure to sodium sulfate solution; cured for 1 month (dashed lines), 
and 25 months (in bold lines); the development during curing in saturated lime solution is displayed by grey lines 

CEM I Based Mortars 

The CEM I and CEM I +2percent gypsum mortar bars start to lose mass due to leaching after long curing 
times compared to the 28 days cured samples (Figure 55A). Mass uptake restarts and expansion follows once 
the samples are exposed to sodium sulfate solution. The following mass uptake and expansion behaviour 
shows the same characteristic as the reference (28 days curing), but the lines are parallel. A similar behaviour 
is observed for the mortar bars made with CEM I HS cement (Figure 56). 

Silica Fume and Fly Ash Blended Mortars 

The silica fume blended mortars gain more mass than the two CEM I mortars, which could indicate the con-
sumption of lime from solution in pozzolanic reactions. Mass uptake continues and expansion follows once 
the samples are exposed to sodium sulfate solution. The following mass uptake and expansion behaviour 
shows a similar characteristic as the reference (28 days curing).  

A similar behaviour is observed for the mortar bars made with CEM II/A cements (Figure 56). 
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Figure 56: Relationship between the mass changes and length changes for the CEM I HS and CEM II/A during expo-
sure to sodium sulfate solution; cured for 1 month (dashed lines), and 25 months (in bold lines; the development during 
curing in saturated lime solution is displayed by grey lines 

This shows that the expansion of sulfate exposed mortar bars does not only depend on the chemical potential 
of the cements to form “expansive” phases, but also on the degree of space filling by cement hydrates in 
general. This highlights that the pore structure is an important factor for the observed length changes. The 
pore structure of the different binders provides something like a physical potential for the expansion as the 
time and location of formation of potentially “expansive” phases also determines the observed changes. The 
on-going hydration contributes to the space filling in the samples and contributes thereby to the expansion 
due to late ettringite formation. 

Dynamic E-modulus 

Figure 57A shows the development of the dynamic E-modulus for the CEM I mortar bars, which were cured 
for 25 months before sulfate exposure. A comparison with the length changes in Figure 57B shows that the 
dynamic E-modulus drops when expansions are observed. The same observation was obtained for samples 
cured for 28 days. For the extensively cured samples at 40°C no decrease in dynamic E-modulus and only 
small length changes were observed. 
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Figure 57: A) Development of the dynamic E-modulus and B) length changes over time for CEM I mortar bars cured 
for 25 months at 20°C and 40°C before exposure to sodium sulfate solution 

Figure 58 shows that none of the extra cured mortars increased the dynamic E-modulus during subsequent 
exposure to sodium sulfate solution. This suggests that the impact of the on-going hydration is still observa-
ble after 28 days. 
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Figure 58: Development of the dynamic E-modulus over time for extra-long cured samples at 20°C 
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Phase Characterization by XRD, TGA and EDS 

Table 17: XRD characterization of pastes made from all tested cements before sulfate exposure, 28 days curing 

cement reference w/b testing age
CEM I 0.4 portlandite ettringite monosulphate calcite

0.7 portlandite ettringite monosulphate
CEM I +2% gypsum 0.4 portlandite ettringite

0.7 portlandite ettringite calcite
CEM I +6% SF 0.4 portlandite ettringite monosulphate

0.7 portlandite ettringite monosulphate
CEM I +12% SF 0.4 portlandite ettringite monosulphate

0.7 portlandite ettringite monosulphate
CEM I HS 0.4 portlandite ettringite calcite

0.7 portlandite ettringite monocarbonate calcite
CEM II/A 0.4 portlandite ettringite monocarbonate calcite

0.7 portlandite ettringite monocarbonate calcite
CEM II/B 0.4 portlandite ettringite calcite
CEM III/B 0.4 portlandite ettringite monosulphate calcite

0.7 portlandite ettringite monosulphate monocarbonate
CEM III/C 0.4 portlandite ettringite

0.7 portlandite ettringite monosulphate monocarbonate
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Table 18: TGA characterization of pastes made from all tested cements before sulfate exposure, 28 days curing 

portlandite calcite CSH / 
bound water 
(30 - 455 °C)

cement reference w/b testing age g/100g g/100g ettringite g/100g
CEM I 0.4 -3.5 14.4 -2.1 4.8 -7.3 15.2

0.7 -4.5 18.5 -2.4 5.5 -6.9 14.5
CEM I +2% gypsum 0.4 -3.5 14.4 -2.1 4.8 -7.6 14.8

0.7 -4.5 18.5 -2.5 5.7 -8.2 15.7
CEM I +6% SF 0.4 -1.6 6.6 -1.6 3.6 -9.0 17.2

0.7 -3.4 14.0 -2.0 4.5 -8.9 18.7
CEM I +12% SF 0.4 -2.5 10.3 -1.8 4.1 -8.2 17.0

0.7 -1.7 7.0 -1.9 4.3 -10.0 18.9
CEM I HS 0.4 -3.5 14.4 -3.9 8.9 -8.1 15.6

0.7 -4.0 16.5 -3.6 8.2 -7.7 15.7
CEM II/A 0.4 -3.2 13.2 -6.5 14.8 -8.1 14.7

0.7 -4.0 16.5 -6.2 14.1 -7.6 14.9
CEM II/B 0.4 -2.2 9.0 -5.5 12.5 -9.7 15.9
CEM III/B 0.4 -1.4 5.8 -2.5 5.7 -11.2 15.6

0.7 -1.5 6.2 -2.4 5.5 -9.3 16.4
CEM III/C 0.4 -1.1 4.5 -2.6 5.9 -9.0 13.9

0.7 -1.2 4.9 -2.4 5.5 -9.5 15.6
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Figure 59: CEM I mortar before sulfate exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 60: CEM I mortar after 91 days in deionized water; S/Ca to Al/Ca atomic ratio plot 
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Figure 61: CEM I mortar after 364 days in deionized water; S/Ca to Al/Ca atomic ratio plot 
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Figure 62: CEM I mortar after 91 days in saturated lime solution at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 63: CEM I mortar after 91 days in saturated lime solution at 40°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 64: CEM I mortar after 728 days in saturated lime solution at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 65: CEM I mortar after 728 days in saturated lime solution at 40°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 66: CEM I mortar after 7 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 67: CEM I mortar after 7 days of sodium sulfate solution exposure at 40°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 68: CEM I mortar after 14 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 69: CEM I mortar after 28 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 70: CEM I mortar after 28 days of sodium sulfate solution exposure at 40°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 71: CEM I mortar after 91 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 72: CEM I mortar after 182 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 73: CEM I mortar after 182 days of sodium sulfate solution exposure at 40°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 74: CEM I mortar after 273 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 75: CEM I mortar after 364 days of sodium sulfate solution exposure at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 76: CEM I mortar after 56 days of sodium sulfate solution exposure at 20°C after two years of additional curing; 

S/Ca to Al/Ca atomic ratio plot 
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Figure 77: CEM I mortar after 56 days of sodium sulfate solution exposure at 40°C after two years of additional curing; 

S/Ca to Al/Ca atomic ratio plot 
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Figure 78: CEM I mortar after 7 days of sodium sulfate solution exposure (1.25 x 1.25 x15 cm3); S/Ca to Al/Ca atomic 

ratio plot 
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Figure 79: CEM I mortar after 14 days of sodium sulfate solution exposure (1.25 x 1.25 x15 cm3); S/Ca to Al/Ca atom-

ic ratio plot 
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Figure 80: CEM I mortar after 28 days of sodium sulfate solution exposure (1.25 x 1.25 x15 cm3); S/Ca to Al/Ca atom-

ic ratio plot 
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Figure 81: CEM I mortar after 56 days of sodium sulfate solution exposure (1.25 x 1.25 x15 cm3); S/Ca to Al/Ca atom-

ic ratio plot 
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Figure 82: CEM I mortar after 28 days of sodium sulfate solution exposure (5 x 5 x15 cm3); S/Ca to Al/Ca atomic ratio 

plot 
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Figure 83: CEM I mortar after 91 days of sodium sulfate solution exposure (5 x 5 x15 cm3); S/Ca to Al/Ca atomic ratio 

plot 
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Figure 84: CEM I mortar after 182 days of sodium sulfate solution exposure (5 x 5 x15 cm3); S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 85: CEM I mortar after 273 days of sodium sulfate solution exposure (5 x 5 x15 cm3); S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 86: CEM I mortar after 45 days of sodium bicarbonate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 87: CEM I mortar after 91 days of sodium bicarbonate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 88: CEM I mortar after 546 days of sodium bicarbonate solution exposure; S/Ca to Al/Ca atomic ratio plot of a 

not cracked part of a mortar 
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Figure 89: CEM I mortar after 546 days of sodium bicarbonate solution exposure; S/Ca to Al/Ca atomic ratio plot of a 

cracked part of a mortar 
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Figure 90: CEM I mortar after 91 days of potassium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 91: CEM I mortar after 182 days of potassium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 92: CEM I mortar after 364 days of potassium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 93: CEM I mortar after 91 days of magnesium sulfate solution exposure (0.35 mol/l); S/Ca to Al/Ca atomic ratio 

plot 
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Figure 94: CEM I mortar after 364 days of magnesium sulfate solution exposure (0.35 mol/l); S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 95: CEM I mortar after 91 days of magnesium sulfate solution exposure (0.035 mol/l); S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 96: CEM I mortar after 728 days of magnesium sulfate solution exposure (0.035 mol/l); S/Ca to Al/Ca atomic 

ratio plot 
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Figure 97: CEM I mortar after 91 days of magnesium bicarbonate solution exposure (0.035 mol/l); S/Ca to Al/Ca atom-

ic ratio plot 
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Figure 98: CEM I mortar after 728 days of magnesium bicarbonate solution exposure (0.035 mol/l); S/Ca to Al/Ca 

atomic ratio plot 
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Figure 99: CEM I mortar after 91 days of sulfate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 100: CEM I mortar after 637 days of sulfate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 101: CEM I mortar after 14 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 102: CEM I mortar after 45 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 103: CEM I mortar after 91 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 104: CEM I mortar after 182 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 105: CEM I mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 106: CEM I mortar after 91 days of bicarbonate mixture solution exposure (0.035 mol/l); S/Ca to Al/Ca atomic 

ratio plot 
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Figure 107: CEM I mortar after 364 days of bicarbonate mixture solution exposure (0.035 mol/l); S/Ca to Al/Ca atomic 

ratio plot 
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Figure 108: CEM I + 2% gypsum mortar after 728 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot 
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Figure 109: CEM I + 2% gypsum mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio 

plot 
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Figure 110: CEM I + 2% gypsum mortar after 273 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 111: CEM I + 2% gypsum mortar after 273 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 112: CEM I +6% SF mortar after 728 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot 

 

Sodium Sulfate Solution 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca

S
/C

a

0.00  - 0.28  mm 0.12  - 0.40  mm 0.40  - 0.68  mm

0.67  - 0.95  mm 0.96  - 1.24  mm 1.25  - 1.53  mm

1.54  - 1.82  mm 1.84  - 2.12  mm 2.11  - 2.39  mm

2.38  - 2.66  mm 2.67  - 2.95  mm 2.96  - 3.24  mm

3.25  - 3.53  mm 9.84  - 10.12  mm 9.47  - 9.75  mm

8.92  - 9.20  mm

CEM I + 6% SF
Na2SO4

91 days
gypsum

ettringite

monosulphate

 

Figure 113: CEM I + 6%SF mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 114: CEM I + 6%SF mortar after 364 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 

 

Bicarbonate Mixture Solution 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca

S
/C

a

0.13  - 0.41  mm 0.42  - 0.70  mm 0.72  - 1.00  mm

1.01  - 1.29  mm 1.30  - 1.58  mm 1.59  - 1.87  mm

1.88  - 2.16  mm 2.17  - 2.45  mm 2.45  - 2.73  mm

2.82  - 3.10  mm 3.11  - 3.39  mm 3.37  - 3.65  mm

3.65  - 3.93  mm 3.94  - 4.22  mm 4.24  - 4.52  mm

4.51  - 4.79  mm 4.80  - 5.08  mm 5.09  - 5.37  mm

5.38  - 5.66  mm

CEM I + 6% SF
SO3 mixture+ NaHCO3

364 days

gypsum

ettringite

monosulphate

 

Figure 115: CEM I + 6%SF mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio 

plot 
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Figure 116: CEM I + 12% SF mortar before sulfate exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 117: CEM I +12% SF mortar after 728 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot 
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Figure 118: CEM I + 12%SF mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 119: CEM I + 12%SF mortar after 364 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio 

plot 
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Figure 120: CEM I + 12%SF mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ra-

tio plot 
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Figure 121: CEM I HS mortar before sulfate exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 122: CEM I HS mortar after 728 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot 
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Figure 123: CEM I HS mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 124: CEM I HS mortar after 364 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 125: CEM I HS mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 126: CEM II/A mortar after 728 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot 
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Figure 127: CEM II/A mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 128: CEM II/A mortar after 364 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 129: CEM II/A mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 130: CEM II/B mortar after 364 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot  
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Figure 131: CEM II/B mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 132: CEM II/B mortar after 364 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 133: CEM II/B mortar after 91 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 134: CEM II/B mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 135: CEM III/B mortar before sulfate exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 136: CEM III/B mortar after 91 days in deionized water; S/Ca to Al/Ca atomic ratio plot 
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Figure 137: CEM III/B mortar after 364 days in deionized water; S/Ca to Al/Ca atomic ratio plot 
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Figure 138: CEM III/B mortar after 91 days in saturated lime solution at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 139: CEM III/B mortar after 728 days in saturated lime solution at 20°C; S/Ca to Al/Ca atomic ratio plot 
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Figure 140: CEM III/B mortar after 7 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 141: CEM III/B mortar after 91 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 142: CEM III/B mortar after 182 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 143: CEM III/B mortar after 364 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 144: CEM III/B mortar after 637 days of sodium sulfate solution exposure at 40°C; S/Ca to Al/Ca atomic ratio 

plot 
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Figure 145: CEM III/B mortar after 91 days of sodium bicarbonate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 146: CEM III/B mortar after 728 days of sodium bicarbonate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 147: CEM III/B mortar after 364 days of potassium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 148: CEM III/B mortar after 546 days of potassium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 149: CEM III/B mortar after 91 days of magnesium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 150: CEM III/B mortar after 182 days of magnesium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 151: CEM III/B mortar after 91 days of magnesium sulfate solution exposure (0.035 mol/l); S/Ca to Al/Ca 

atomic ratio plot 
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Figure 152: CEM III/B mortar after 728 days of magnesium sulfate solution exposure (0.035 mol/l); S/Ca to Al/Ca 

atomic ratio plot 
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Figure 153: CEM III/B mortar after 91 days of magnesium bicarbonate solution exposure (0.035 mol/l); S/Ca to Al/Ca 

atomic ratio plot 
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Figure 154: CEM III/B mortar after 728 days of magnesium bicarbonate solution exposure (0.035 mol/l); S/Ca to Al/Ca 

atomic ratio plot 
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Figure 155: CEM III/B mortar after 364 days of sulfate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 156: CEM III/B mortar after 637 days of sulfate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 157: CEM III/B mortar after 91 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 158: CEM III/B mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 159: CEM III/B mortar after 364 days of bicarbonate mixture solution exposure (0.035 mol/l); S/Ca to Al/Ca 

atomic ratio plot 
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Figure 160: CEM III/C mortar after 728 days in saturated lime solution; S/Ca to Al/Ca atomic ratio plot 
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Figure 161 CEM III/C mortar after 546 days of sodium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 162 CEM III/C mortar after 364 days of potassium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 163 CEM III/C mortar after 91 days of magnesium sulfate solution exposure; S/Ca to Al/Ca atomic ratio plot 
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Figure 164: CEM III/C mortar after 364 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3 0.4 0.5 0.6

Al/Ca

S
/C

a

-0.11  - 0.17  mm 0.18  - 0.46  mm 0.47  - 0.75  mm
0.76  - 1.04  mm 1.05  - 1.33  mm 1.34  - 1.62  mm
1.63  - 1.91  mm 1.91  - 2.19  mm 2.20  - 2.48  mm
2.49  - 2.77  mm 2.77  - 3.05  mm 3.06  - 3.34  mm
3.35  - 3.63  mm 3.64  - 3.92  mm 3.93  - 4.21  mm
4.22  - 4.50  mm 4.51  - 4.79  mm 4.80  - 5.08  mm
5.09  - 5.37  mm 5.38  - 5.66  mm 5.66  - 5.94  mm
5.95  - 6.23  mm 6.23  - 6.51  mm 6.52  - 6.80  mm
6.81  - 7.09  mm 7.10  - 7.38  mm 7.39  - 7.67  mm
7.68  - 7.96  mm 7.97  - 8.25  mm 8.54  - 8.82  mm
9.33  - 9.61  mm 11.28  - 11.56  mm 12.43  - 12.71  mm

gypsum

ettringite

monosulphate

CEM III/C
SO3 mixture + NaHCO3

728 days

 

Figure 165: CEM III/C mortar after 728 days of bicarbonate mixture solution exposure; S/Ca to Al/Ca atomic ratio plot 



 

Appendix  Sulfate profiles 6-124



 

Appendix  Sulfate profiles 6-125

Sulfate Binding Characterization by EDS 

CEM I 

Deionized water 

0

5

10

15

20

25

30

35

40

012345678910
distance from sample surface [mm]

S
O

3 
[w

t%
]

364d

91d

 

Figure 166: CEM I mortar in deionized water, sulfate profiles (median) for different exposure times 
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Figure 167: CEM I mortar exposed to sodium sulfate solution, sulfate profiles (median) for different exposure times 
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Figure 168: CEM I mortar exposed to sodium sulfate solution at 40°C, sulfate profiles (median) for different exposure 

times 
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Figure 169: CEM I mortar (1.25 x 1.25 x15 cm3) exposed to sodium sulfate solution, sulfate profiles (median) for dif-

ferent exposure times 
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Figure 170: CEM I mortar (5 x 5 x15 cm3) exposed to sodium sulfate solution, sulfate profiles (median) for different 

exposure times 
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Figure 171: CEM I mortar exposed to sodium bicarbonate solution, sulfate profiles (median) for different exposure 

times 
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Figure 172: CEM I mortar exposed to potassium sulfate solution, sulfate profiles (median) for different exposure times 
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Figure 173: CEM I mortar exposed to magnesium sulfate solution, sulfate profiles (median) for different exposure 

times 
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Figure 174: CEM I mortar exposed to magnesium sulfate solution (0.035 mol/l), sulfate profiles (median) for different 

exposure times 
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Figure 175: CEM I mortar exposed to magnesium bicarbonate solution (0.035 mol/l), sulfate profiles (median) for dif-

ferent exposure times 
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Figure 176 CEM I mortar exposed to sulfate mixture solution, sulfate profiles (median) for different exposure times  
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Figure 177: CEM I mortar exposed to bicarbonate mixture solution, sulfate profiles (median) for different exposure 

times 
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Figure 178: CEM I mortar in bicarbonate mixture solution (0.035 mol/l), sulfate profiles (median) for different expo-

sure times 
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Figure 179: CEM I + 2% gypsum mortar exposed to sodium sulfate solution, sulfate profiles (median) for different ex-

posure times 

 

0

5

10

15

20

25

30

35

40

012345678910
distance from sample surface [mm]

S
O

3 
[w

t%
]364d

273d

91d



 

Appendix  Sulfate profiles 6-133

CEM I + 6% Silica Fume 

Sodium Sulfate Solution 

0

5

10

15

20

25

30

35

40

012345678910
distance from sample surface [mm]

S
O

3 
[w

t%
]

364d

91d

 

Figure 180: CEM I + 6% SF mortar exposed to sodium sulfate solution, sulfate profiles (median) for different exposure 

times 
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Figure 181: CEM I + 6% SF mortar exposed to bicarbonate mixture solution, sulfate profile (median) after 364 days of 

exposure 
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Figure 182: CEM I + 12% SF mortar exposed to sodium sulfate solution, sulfate profiles (median) for different expo-

sure times 
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Figure 183: CEM I + 12% SF mortar exposed to bicarbonate mixture solution, sulfate profile (median) after 364 days 

of exposure 
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Figure 184: CEM I HS mortar exposed to sodium sulfate solution, sulfate profiles (median) for different exposure times 
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Figure 185: CEM I HS mortar exposed to bicarbonate mixture solution, sulfate profile (median) after 364 days of expo-

sure 
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Figure 186: CEM II/A mortar exposed to sodium sulfate solution, sulfate profiles (median) for different exposure times 
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Figure 187: CEM II/A mortar exposed to bicarbonate mixture solution, sulfate profile (median) after 364 

days of exposure
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Figure 188: CEM II/B mortar exposed to sodium sulfate solution, sulfate profiles (median) for different exposure times 

 

Bicarbonate Mixture Solution 

0

5

10

15

20

25

30

35

40

012345678910
distance from sample surface [mm]

S
O

3 
[w

t%
]

364d top side

91d

364d side

 

Figure 189: CEM II/B mortar exposed to bicarbonate mixture solution, sulfate profiles (median) for different exposure 

times 
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Figure 190: CEM III/B mortar before exposure, sulfate profile (median) 
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Figure 191: CEM III/B mortar in deionized water, sulfate profiles (median) for different exposure times 
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Figure 192: CEM III/B mortar exposed to sodium sulfate solution at 20°C, sulfate profiles (median) for different expo-

sure times 
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Figure 193: CEM III/B mortar exposed to sodium sulfate solution at 40°C, sulfate profile (median) for 637 days of ex-

posure 
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Figure 194: CEM III/B mortar exposed to sodium bicarbonate solution, sulfate profiles (median) for different exposure 

times 
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Figure 195: CEM III/B mortar exposed to potassium sulfate solution, sulfate profiles (median) for different exposure 

times 
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Figure 196: CEM III/B mortar exposed to magnesium sulfate solution, sulfate profiles (median) for different exposure 

times 
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Figure 197: CEM III/B mortar exposed to magnesium sulfate solution (0.035 mol/l), sulfate profiles (median) for dif-

ferent exposure times 
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Figure 198: CEM III/B mortar exposed to magnesium bicarbonate solution (0.035 mol/l), sulfate profiles (median) for 

different exposure times 
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Figure 199: CEM III/B mortar in sulfate mixture solution, sulfate profiles (median) for different exposure times 
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Figure 200: CEM III/B mortar exposed to bicarbonate mixture solution, sulfate profiles (median) for different exposure 

times 
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Figure 201: CEM III/B mortar exposed to bicarbonate mixture solution (0.035 mol/l), sulfate profiles (median) for dif-

ferent exposure times 
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Figure 202: CEM III/C mortar exposed to sodium sulfate solution, sulfate profile (median) for 546 days of exposure 
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Figure 203: CEM III/C mortar exposed to potassium sulfatesolution, sulfate profile (median) for 346 days of exposure 
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Figure 204: CEM III/C mortar exposed to magnesium sulfate solution, sulfate profile (median) for 91 days of exposure 
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Figure 205: CEM III/C mortar exposed to bicarbonate mixture solution, sulfate profiles (median) for different exposure 

times 
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6.9 Mechanical Properties 

Table 37: Compressive and flexural strength development for mortars (“w/b” = 0.55) 

flexural strength
cement testing age average std. dev. average std. dev.

[d]
CEM I 1 10.7 0.3 2.8 0.1

7 28.0 0.1 5.3 0.5
28 40.6 1.7 6.6 0.7

730 59.4 --- 8.4 ---
CEM I + 2% gypsum 7 25.2 0.8 4.6 0.1

28 35.0 0.6 6.1 0.3
730 53.4 --- 8.5 ---

CEM I + 6% SF 7 30.1 0.2 6.0 0.2
28 48.0 0.9 7.1 0.5

730 64.0 --- 8.1 ---
CEM I + 12% SF 7 29.2 0.1 5.7 0.3

28 52.4 0.9 7.4 0.9
730 67.5 --- 8.2 ---

CEM I HS 1 7.8 0.4 2.2 0.2
7 30.8 0.6 6.2 0.2

28 41.9 0.4 7.2 0.4
730 64.1 --- 9.1 ---

CEM II/A V-LL 1 6.3 0.0 1.9 0.1
7 25.8 0.4 5.0 0.1

28 33.0 0.5 6.1 0.3
730 55.6 --- 9.9 ---

CEM III/B 1 3.5 0.1 1.1 0.0
7 21.1 0.4 4.7 0.4

28 40.3 0.3 7.4 0.1
730 75.6 --- 10.7 ---

CEM III/C 7 19.8 0.5 4.6 0.1
28 36.0 0.6 7.2 0.0

730 65.1 --- 9.9 ---

[N/mm2]

compressive strength
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6.10 Length Changes 
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Figure 206: A) compressive strength and B) flexural strength development of the tested mortars 
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Figure 207: Length changes of CEM I mortar bars exposed to A) sulfate solutions with sodium bicarbonate and B) ref-

erence solutions 
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Figure 208: Length changes with time for all solutions tested with the A) CEM I +2% gypsum and B) CEM I HS mor-

tar bars 
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Figure 209: Length changes with time for all solutions tested with the A) CEM I +6% SF and B) CEM I +12% SF mor-

tar bars 
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Figure 210: Length changes with time for all solutions tested with the A) CEM II/A and B) CEM II/B mortar bars 
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Figure 211: Length changes of CEM III/B mortar bars exposed to A) sulfate solutions with sodium bicarbonate and B) 

reference solutions 
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Figure 212: Length changes of CEM III/C mortar bars exposed to A) sulfate solutions and B) sulfate solutions with so-

dium bicarbonate 
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Figure 213: Length changes of CEM III/C mortar bars exposed to saturated lime solution and bicarbonate mixture 

(0.035 mol/l) 
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Size Effects:  
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Figure 214: Development of the A) length changes and B) dynamic E-modulus for CEM I mortar prisms of different 

sample sizes exposed to sodium sulfate solution at 20°C; full squares represent mortars with sealed ends 
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Figure 215: Development of the A) length changes and B) dynamic E-modulus for CEM I mortar prisms of different 

sample sizes exposed to sodium sulfate solution at 40°C; full squares represent mortars with sealed ends 
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Figure 216: Comparison of length changes in the long and short axes (average of both) of CEM I mortar prisms for in 

sodium sulfate solution (specimen size: 1.25 x 1.25 x 15 cm3) 
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Figure 217: Comparison of length changes in the long and short axes (average of both) of CEM I mortar prisms for in 

sodium sulfate solution (specimen size: 2.5 x 2.5 x 15 cm3) 
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Figure 218: Comparison of length changes in the long and short axes (average of both) of CEM I mortar prisms for in 

sodium sulfate solution (specimen size: 5 x 5 x 15 cm3) 

 

Effect of Additional Curing on Length Changes 
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Figure 219: Length changes with time for the CEM I mortar bars in sodium sulfate solution with and without extensive 

curing at A) 20°C and B) 40°C 
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Figure 220: Length changes with time for the A) CEM I +2% gypsum and B) CEM I HS mortar bars in sodium sulfate 

solution with and without extensive curing 
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Figure 221: Length changes with time for the mortar bars in sodium sulfate solution with and without extensive curing 

made from A) CEM I +6% SF and B) CEM I +12% SF 
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Figure 222: length changes with time for the CEM II/A in sodium sulfate solution with and without extensive curing 

 

Effect of Additional Curing on Dynamic E-Modulus 

10000

20000

30000

40000

50000

60000

0 100 200 300 400

time [d]

d
yn

. E
-m

o
d

u
lu

s 
[M

P
a]

 

Figure 223: development of the dynamic E-modulus for CEM III prisms in magnesium sulfate solution at 20°C and 

40°C after two years of extra curing in lime water 
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6.11 Length and Mass Changes 
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Figure 224: Relation of length and weight changes for selected sulfate solutions up to one year, for A) solutions with-

out and B) solutions with sodium bicarbonate, CEM I 
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Figure 225: Relation of length and weight changes for reference solutions and low expansion systems up to one year, 

CEM I 
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Figure 226: Relation of length and weight changes for all tested solutions up to one year; for A) CEM I + 2% gypsum 

and B) CEM I HS mortar bars  
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Figure 227: Relation of length and weight changes for all tested solutions up to one year for A) CEM I + 6% SF and B) 

CEM I + 12% SF mortar bars 
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Figure 228: Relation of length and weight changes for all tested solutions up to one year for A) CEM II/A and B) CEM 

II/B mortar bars 
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Figure 229: Relation of length and weight changes for selected sulfate solutions up to one year, for A) solutions with-

out and B) solutions with sodium bicarbonate, CEM III/B 



 

Appendix  Length changes 6-162

0.00

0.02

0.04

0.06

0.08

0.10

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

weight change [%]

le
n

g
th

 c
h

an
g

e 
[%

]

Ca(OH)2

bicarbonate + SO4mix (0.035 mol/l)

deion. water

bicarbonate + MgSO4  (0.035 mol/l)

 

Figure 230: Relation of length and weight changes for reference solutions and low expansion systems up to one year, 

CEM III/B 
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Figure 231: Relation of length and weight changes for selected sulfate solutions up to one year, for A) solutions with-

out and B) solutions with sodium bicarbonate, CEM III/C 
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Figure 232: Relation of length and weight changes for saturated lime solution and bicarbonate mixture solution (0.035 

mol/l) up to one year, CEM III/C 
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