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Kurzfassung (deutsch) 
Für die Verminderung der betonspezifischen CO2-Emissionen wird ein verstärkter Einsatz 
klinkerreduzierter Zemente bzw. Betone angestrebt. Die Reduzierung des Klinkergehaltes darf 
jedoch nicht zu einer lebensdauerrelevanten Beeinträchtigung der Betondauerhaftigkeit führen. 
In diesem Zusammenhang stellt der Frost-Tausalz-Widerstand eine kritische Größe dar, da er 
bei höheren Klinkersubstitutionsraten häufig negativ beeinflusst wird. Erschwerend kommt 
hinzu, dass für klinkerreduzierte Betone nur ein unzureichender Erfahrungsschatz vorliegt. Ein 
hoher Frost-Tausalz-Widerstand kann daher nicht ausschließlich anhand deskriptiver 
Vorgaben gewährleistet werden. Demgemäß sollte perspektivisch auch für frost-
tausalzbeanspruchte Bauteile eine performancebasierte Lebensdauerbetrachtung erfolgen.  

Eine unverzichtbare Grundlage für das Erreichen dieser Ziele ist ein Verständnis für die 
Schadensvorgänge beim Frost-Tausalz-Angriff. Der Forschungsstand ist jedoch geprägt von 
widersprüchlichen Schadenstheorien. Somit wurde als Zielstellung für diese Arbeit abgeleitet, 
die existierenden Schadenstheorien unter Berücksichtigung des aktuellen Wissensstandes zu 
bewerten und mit eigenen Untersuchungen zu prüfen und einzuordnen. Die Sichtung des 
Forschungsstandes zeigte, dass nur zwei Theorien das Potential haben, den Frost-Tausalz-
Angriff umfassend abzubilden – die Glue Spall Theorie und die Cryogenic Suction Theorie. 

Die Glue Spall Theorie führt die Entstehung von Abwitterungen auf die mechanische 
Schädigung der Betonoberfläche durch eine anhaftende Eisschicht zurück. Dabei sollen nur bei 
moderaten Tausalzkonzentrationen in der einwirkenden Lösung kritische Spannungszustände 
in der Eisschicht auftreten, die eine Schädigung der Betonoberfläche hervorrufen können. In 
dieser Arbeit konnte jedoch nachgewiesen werden, dass starke Abwitterungen auch bei Tausalz-
konzentrationen auftreten, bei denen eine mechanische Schädigung des Betons durch das Eis 
auszuschließen ist. Damit wurde die fehlende Eignung der Glue Spall Theorie aufgezeigt. 

Die Cryogenic Suction Theorie fußt auf den eutektischen Eigenschaften von Tausalz-
lösungen, die im gefrorenen Zustand immer als Mischung auf festem Wassereis und flüssiger, 
hochkonzentrierter Salzlösung bestehen, solange ihre Eutektikumstemperatur nicht unter-
schritten wird. Die flüssige Phase im salzhaltigen Eis stellt für gefrorenen Beton ein bisher 
nicht berücksichtigtes Flüssigkeitsreservoir dar, welches trotz der hohen Salzkonzentration die 
Eisbildung in der Betonrandzone verstärken und so die Entstehung von Abwitterungen 
verursachen soll. In dieser Arbeit wurde bestätigt, dass die Eisbildung im Zementstein beim 
Gefrieren in hochkonzentrierter Tausalzlösung tatsächlich verstärkt wird. Das Ausmaß der 
zusätzlichen Eisbildung wurde dabei auch von der Fähigkeit des Zementsteins zur Bindung von 
Chloridionen aus der Tausalzlösung beeinflusst.  

Zusammenfassend wurde festgestellt, dass die Cryogenic Suction Theorie eine gute 
Beschreibung des Frost-Tausalz-Angriffes darstellt, aber um weitere Aspekte ergänzt werden 
muss. Die Berücksichtigung der intensiven Sättigung von Beton durch den Prozess der 
Mikroeislinsenpumpe stellt hier die wichtigste Erweiterung dar. Basierend auf dieser 
Überlegung wurde eine kombinierte Schadenstheorie aufgestellt. Wichtige Annahmen dieser 
Theorie konnten experimentell bestätigt werden. Im Ergebnis wurde so die Grundlage für ein 
tiefergehendes Verständnis des Frost-Tausalz-Angriffes geschaffen. Zudem wurde ein neuer 
Ansatz identifiziert, um die (potentielle) Verringerung des Frost-Tausalz-Widerstandes 
klinkerreduzierter Betone zu erklären. 
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Abstract  
The reduction of the cement clinker content is an important prerequisite for the improvement 
of the CO2-footprint of concrete. Nevertheless, the durability of such concretes must be 
sufficient to guarantee a satisfactory service life of structures. Salt frost scaling resistance is a 
critical factor in this regard, as it is often diminished at increased clinker substitution rates. 
Furthermore, only insufficient long-term experience for such concretes exists. A high salt frost 
scaling resistance thus cannot be achieved by applying only descriptive criteria, such as the 
concrete composition. It is therefore to be expected, that in the long term a performance-based 
service life prediction will replace the descriptive concept. 

To achieve the important goal of clinker reduction for concretes also in cold and temperate 
climates it is important to understand the underlying mechanisms for salt frost scaling. 
However, conflicting damage theories dominate the current State of the Art. It was 
consequently derived as the goal of this thesis to evaluate existing damage theories and to 
examine them experimentally. It was found that only two theories have the potential to 
describe the salt frost attack satisfactorily – the glue spall theory and the cryogenic suction 
theory.  

The glue spall theory attributes the surface scaling to the interaction of an external ice 
layer with the concrete surface. Only when moderate amounts of deicing salt are present in the 
test solution the resulting mechanical properties of the ice can cause scaling. However, the 
results in this thesis indicate that severe scaling also occurs at deicing salt levels, at which the 
ice is much too soft to damage concrete. Thus, the inability of the glue spall theory to account 
for all aspects of salt frost scaling was shown. 

The cryogenic suction theory is based on the eutectic behavior of salt solutions, which 
consist of two phases – water ice and liquid brine – between the freezing point and the eutectic 
temperature. The liquid brine acts as an additional moisture reservoir, which facilitates the 
growth of ice lenses in the surface layer of the concrete. The experiments in this thesis 
confirmed, that the ice formation in hardened cement paste increases due to the suction of 
brine at sub-zero temperatures. The extent of additional ice formation was influenced mainly 
by the porosity and by the chloride binding capacity of the hardened cement paste.  

Consequently, the cryogenic suction theory plausibly describes the actual generation of 
scaling, but it has to be expanded by some crucial aspects to represent the salt frost scaling 
attack completely. The most important aspect is the intensive saturation process, which is 
ascribed to the so-called micro ice lens pump. Therefore, a combined damage theory was 
proposed, which considers multiple saturation processes. Important aspects of this combined 
theory were confirmed experimentally.  

As a result, the combined damage theory constitutes a good basis to understand the salt 
frost scaling attack on concrete on a fundamental level. Furthermore, a new approach was 
identified, to account for the reduced salt frost scaling resistance of concretes with reduced 
clinker content. 
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1 Introduction 

Concrete is the most widely used building material in the world [1]. Despite its favorable CO2 
balance compared to other building materials [2], this intensive use has significant negative 
effects on the climate and the environment. In view of man-made global warming, the greatest 
challenge lies in reducing greenhouse gas emissions during cement production. With an average 
CO2 release of 842 kg for the production of 1000 kg of Portland cement clinker (as of 2016) [3], 
the cement is mainly responsible for the CO2 emissions related to concrete. 

Overall, global cement production causes approx. 8 % of anthropogenic CO2 emissions (as 
of 2016) [4]. Since a significant reduction of concrete volumes used is not foreseeable in the 
short term, the improvement of the carbon footprint of concrete construction must therefore 
be largely achieved by reducing the Portland cement clinker in concrete [5]. Two main 
strategies have been identified for this in the short to medium term - (1) increased use of clinker 
substitutes in cements and (2) more efficient use of Portland cement clinker in concrete and 
mortar. In the long term, alternative binder systems can also make an important contribution 
to the improved climate balance [1, 6]. 

The building materials industry is therefore undergoing a dynamic change towards more 
sustainable cements and concretes with reduced ecological impact. In Germany, for example, 
CO2 emissions for one ton of cement were reduced by approx. ¼ between 1990 and 2012 [7]. 

However, the reduction of the clinker content must not lead to a life-time relevant 
impairment of the concrete durability, also in view of sustainability [5]. Against this 
background, it is positive to note that many durability properties are even improved by latent 
hydraulic or pozzolanic additives, since these materials contribute to a densification of the pore 
structure [8, 9]. Clinker replacement by inert additives such as limestone powder often also has 
a positive effect, at least at low substitution rates (≤10-15 wt.%), or shows no influence on 
durability [10-12].  

The salt frost scaling resistance of concrete, on the other hand, requires special attention. 
It is usually negatively affected by partial clinker replacement by SMCs if the substitution 
rates exceed a material-specific order of magnitude [13-15]. Adequate frost and salt frost scaling 
resistance is an important approval criterion for building products in countries with temperate 
or cold climates. Therefore, the potential reduction of salt frost scaling resistance, in addition 
to other reasons such as the impairment of reinforcing steel passivation by high pozzolan 
contents [16] or the limited availability of established cement substitutes [17, 18], is definitely 
an obstacle for the introduction of cements with strongly reduced clinker factors. 

In the current concrete standards, high salt frost scaling resistance has so far been ensured 
mainly by descriptive approaches, such as specifications for concrete composition and curing 
procedures. The basis for this is decades of experience with corresponding concrete formulations 
and raw materials.  

Against the background of the desired development of sustainable and climate-friendly 
concretes and binders, this accumulated experience will no longer be sufficient to reliably 
guarantee high salt frost scaling resistance in the future. A first step here is the transition to a 
performance concept with standardized test methods. Such methods have been available for 
frost and salt frost scaling resistance for some time. They are increasingly used in the context 
of suitability tests for highly exposed concrete structures, e.g. in the field of hydraulic 
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engineering. The ability of accelerated testing methods to adequately represent the actual 
durability of concrete under practical conditions is the subject of controversial debate. This 
applies in particular to concretes with increased proportions of supplementary cementitious 
materials.  

For performance-based design of concrete durability, e.g. in the framework of durability 
classes, a reliable model for the damage mechanism and the damage progression is an 
indispensable basis. Established models are already available for reinforcement corrosion due 
to carbonation or chloride action. For salt frost attack, on the other hand, there is no suitable 
concept for classifying concrete in resistance classes [19]. 

The main reason for this is that despite decades of research in this field, it has not yet been 
possible to develop a generally accepted theory of the damage processes involved in a salt frost 
attack.  

In this thesis, therefore, the existing explanations for the damage processes during salt frost 
attack are to be examined and further elaborated. In this way, the foundation is laid to provide 
a deeper understanding of the material-specific differences in the salt frost scaling resistance of 
clinker-reduced binders. 
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2 State of research 

2.1 Concrete - a porous building material 

Concrete, in the classical sense, is a mixture of cement, water and aggregates. In recent decades, 
it has changed into a complex multi-material system in which additives, admixtures or fibers 
are also used.  

In its fresh state, concrete is a plastic material that can be processed and shaped into the 
desired form. After a few hours, the cement paste begins to harden as a result of the reaction 
of the cement with the water. It forms a solid structure that "glues" the aggregates together. 
The resulting hardened concrete is a porous building material. When fully compacted, its total 
pore space includes the pores of the hardened cement paste - gel pores, capillary pores and air 
pores [20] - as well as the pores in the aggregate. 

 

 
Figure 1: Polished cross-section of concrete 

Hardened cement paste consists mainly of fine-crystalline calcium silicate hydrates, the so-
called C-S-H phases. Depending on their composition, these can be present in needle-shaped or 
foil-like morphology (cf. Figure 2). 

 

  
Figure  2: C-S-H phases with needle-shaped morphology and an embedded Portlandite 

crystal (left); foil-shaped C-S-H or C-A-S-H phases (right). 

Further reaction products are predominantly Portlandite, AFm and AFt phases, which are 
embedded between the C-S-H phases. Voids - the gel pores - remain in the interstices of the 
C-S-H phases. Due to their small size of a few nanometers at the maximum, the gel pores are 
water-filled when they are formed [20].  
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Fresh, completely deaerated hardened cement paste consists of cement particles which are 
surrounded by water. This water forms the capillary pore space. As hydration progresses, the 
cement particles dissolve and the hydration products grow into the capillary pore space, 
reducing its size (see Figure 3) [20].  

Excess water that is not chemically or physically bound by the hydration products leaves 
a permanent capillary pore space in the hardened cement paste. Intensive transport processes 
can take place via the capillary pores. They readily absorb liquids by capillary suction. With 
increasing number, size and cross-linking of the capillaries, the permeability of the concrete 
increases [21]. 

 

   
Figure 3: Schematic representation of the development of the capillary pore space in 

the cement paste during cement hydration after 0 days (left), 1 day (center), and 28 

days (right) [22]. 

The volume fraction of capillary pores remaining in the hardened concrete depends largely on 
the water/cement ratio and the degree of hydration of the cement. The diameter of the capillary 
pores can range from a few nanometers to 100 micrometers [21].  

Air voids, on the other hand, are artificially introduced spherical pores with diameters 
ranging from a few micrometers to the lower millimeter range. They are not filled under normal 
saturation conditions and are thus intended to provide an escape space for freezing water. The 
frost and salt frost scaling resistance of concrete is significantly increased by artificial air voids 
[23]. 

Although concrete consists predominantly of aggregate, the porosity of the aggregate is 
often considered to be of only secondary importance. The aggregate used in concrete is usually 
much denser and stronger than the surrounding hardened cement paste matrix. But even here 
there are exceptions, e.g. porous rhyolites or carbonate rocks. The aggregate in the concrete 
also indirectly influences permeability via the characteristics of the transition zone between the 
hardened cement paste and the aggregate. This is usually more porous than the actual cement 
paste matrix. 

In summary, the pore structure of the concrete has a decisive influence on the transport 
and freezing processes during a frost and salt frost attack and thus also on the resulting frost 
and salt frost scaling resistance.   
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2.2 Freezing behavior of aqueous solutions in concrete 

Under normal conditions, pure water freezes at a temperature of 0 °C in the presence of 
crystallization nuclei. Due to the lower density of the ice, this is associated with a volume 
expansion of approx. 9 %. In initial theories on frost damage of building materials, it was 
assumed that this volume expansion was directly responsible for microstructural destruction 
during freezing processes. However, freezing behavior and the resulting damage processes in 
concrete are far more complex. They often contradict the intuitive understanding gained from 
observing macroscopic freezing processes. 

In concrete, many influences cause aqueous solutions not to freeze at 0 °C. Due to the effect 
of surface forces, dissolved substances and pressures, the freezing of aqueous solutions in the 
pore structure of the concrete instead extends over a temperature range from approx. 0 °C to 
-160 °C. Within this temperature range, water is present in the concrete in its various aggregate 
states of ice, liquid and water vapor. The freezing process can also be delayed by supercooling 
effects if there are no crystallization nuclei for ice formation. This high complexity of the 
freezing behavior of aqueous solution in concrete results in the fact that many processes 
involved in a frost or salt frost attack have not yet been fully elucidated. 

2.2.1 Supercooling 

The supercooling of water or solutions is not a depression of the freezing point in the true 
sense, but a thermodynamically metastable state. This occurs when ice formation is delayed 
due to a lack of nucleation when the temperature falls below the freezing point [24].  

If ice formation is not stimulated by foreign nucleation-promoting substances, but the ice 
nuclei are generated by cluster formation of water molecules, this is homogeneous nucleation 
[25]. However, this is to be expected only after significant supercooling, since a crystal nucleus 
of water molecules is stable only when the free nucleation enthalpy is equal to or less than 
zero. The nucleation enthalpy is determined by two opposing parameters - a surface fraction 
and a volume fraction. On the one hand, the surface energy to be exerted by the crystal nucleus 
represents a barrier to nucleation. On the other hand, depending on volume and temperature, 
an energy gain results from the different chemical potential of the stable (crystal) and the 
metastable phase (water) [26]. For ice nuclei, according to Badmann [25], the nucleation 
enthalpy can be estimated as follows: 

 

∆ = − 43 ∙ ∆µ ∙ ∙  +  4 ∙ ∙  (I) 

G Nucleation enthalpy 
r Radius of the ice nucleus 
CL Interfacial tension ice/water (≙ CL) 
µ Chemical potential between ice and water 
nV Number of molecules in the volume of the ice nucleus 
,  Correction factors for geometries deviating from the spherical shape 
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When the critical nucleation radius is reached, the volume term dominates and the crystal 
nucleus is stable. Due to the over-proportional increase of the chemical potential, the critical 
nucleation radius decreases with decreasing temperature. Thus, the statistical probability of 
sufficient water molecules coming together to form a stable crystal nucleus increases. At -40 °C, 
the maximum supercoolability of water is reached [13].  

As a rule, however, ice formation is stimulated by nucleation-promoting substances. This 
is called heterogeneous nucleation. Compared to homogeneous nucleation, it takes place at 
significantly higher temperatures [26]. In concrete, the inner pore surface or particles in the 
pores act as catalysts for heterogeneous nucleation. 

In a typical frost or salt frost attack, the concrete is in contact with external fluid. 
Nucleation occurs in the external fluid, e.g., due to contained solid particles. From there, the 
ice front grows into the pore structure of the concrete [27]. This process is called percolation 
[26] or dendritic ice growth [28]. Many authors (e.g. [29-33]) assume that this reflects the 
freezing process during a frost or salt frost attack on concrete. 

Supercooling effects are frequently observed in measurements on hardened cement paste 
specimens. In laboratory tests, supercooling down to -15 °C [28] could be observed if ice 
formation in the hardened cement paste was not stimulated from the outside. 

In supercooled systems, ice formation proceeds abruptly and not steadily [28]. As a result, 
significant pressures could theoretically build up in the concrete and lead to more intense frost 
damage [24]. In practice, however, as well as in the typical frost test methods, abrupt freezing 
due to supercooling effects plays a minor role. 

2.2.2 Freezing point depression due to surface forces 

In 1916, Taber [34] reported that water in fine capillaries of soils remains unfrozen when 
exposed to frost, while macroscopic ice crystals form in larger cavities or pores. As a reason for 
this, he assumed that surface stresses and the small volume of water in the capillaries hinder 
the formation of crystallization centers. 

These empirical findings were subsequently considered in theories on frost heave in soils 
[35, 36] and on ice lens formation in concrete under frost attack [28, 37-39]. Later, extensive 
consideration was given to thermodynamic principles [40-45]. The freezing point depression due 
to surface forces is attributed in the literature to two different effects - adsorption and surface 
tension. 

Adsorption 

A thin film of water is adsorbed on solid surfaces (cf. Figure 4), which does not freeze in the 
temperature range relevant for frost attack on concrete [46]. The formation of the film is due 
to the effect of Van der Waals forces and hydrogen bonds to the solid surface [47]. 

The thickness of this film is approximately in the order of two to three monomolecular 
layers of water [33, 49-51] or of about 0.8 nm [40]. According to the findings of various authors, 
the film thickness is subject to temperature dependence [41, 52, 53]. However, in models and 
theories of frost attack, a constant thickness of the water film is mostly assumed for 
simplification. For a saturated calcium hydroxide solution as an analogy to a pore solution in 
concrete, Sun and Scherer [43] determined a film thickness of 1.0 - 1.2 nm.  
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Figure 4: Growth of an ice front in a porous medium. Reprinted 

from [48], with permission from Elsevier. 

Even in ice-filled pores, an unfrozen liquid film remains on the pore wall, in which the water 
molecules have a high mobility along the surface and thus enable transport processes [54, 55]. 
The film allows ice crystals to continue growing in the pores against the confining pressure of 
the pore wall [56]. In very fine pores, the pore solution remains completely unfrozen during a 
frost attack [47]. 

From measurements of dynamic Young's modulus and internal viscosity, Radjy and 
Sellevold determined that the adsorbed liquid film undergoes a phase transition and develops 
solid state properties at only about -85 °C [57, 58]. The phase transition extends over a 
temperature range from -60 to -160 °C, with a maximum at about -85 to -90 °C [59]. This 
temperature has also been confirmed by other authors [60, 61]. It is a second order phase 
transition. It cannot be determined by dynamic low-temperature differential calorimetry 
because no abrupt change in heat flux occurs [62]. The resulting ice is expected to form an 
amorphous solid structure [60].  

Surface tension 

In the case of macroscopic water, the aggregate states ice-water-vapor are in thermodynamic 
equilibrium at the so-called triple point and exist simultaneously. In the case of water in 
concrete pores, there is a dependence between pore size and triple point, so that many triple 
points coexist [40]. The curvature of the interface between the phases is decisive for the change 
of equilibrium pressure and temperature and thus for the shift of the triple point [32].  

In a macroscopic ice crystal, the curvature is quasi-infinite; in a pore, it is given by the pore 
radius. The change of the internal pressure in the ice crystal can be expressed by the Young-
Laplace equation [40, 45, 63]. 

   −  =  (II) 

The difference between the internal pressure of the ice pC and the liquid pL, which is in contact 
with the ice, is equivalent to the so-called capillary pressure pcap. Further parameters are the 
surface tension \CL and the mean curvature of the ice CL in the interface of ice crystal and 
liquid. This can be calculated as follows [40, 45]: 

 

= = 1 + 1
 (III) 
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The resulting freezing point depression can be expressed by the Gibbs-Thomson equation [45].  
 ∆ = ∙ ∙∆  (IV) 

In this, Sfv is the molar melting entropy of water. It corresponds to the entropy change during 
the phase transition (melting), related to the molar ice volume (SL - SC)/c. T results from 
the difference Tm - T. In this, T is the temperature and Tm the melting temperature of a 
macroscopic ice crystal, i.e. 0 °C for water ice. 

Assuming a largely cylindrical shape of the capillary pores, there are differences in the 
curvature of the ice between freezing and thawing. In the growth direction, the interface 
between ice and water assumes a hemispherical shape (cf. figure 5). 

 

 
Figure 5: Schematic representation of ice growth during freezing as well as during the 

melting process in cylindrical pores. 

Thus, from Equation II and considering the adsorbed water layer of thickness , the following 
curvature for freezing is obtained [40, 43]: 

 

, = 2−  (V) 

 
When the ice has completely filled a pore, it assumes the cylindrical shape of the bounding 
pore. Accordingly, during the melting process, the curvature CL,M of the cylindrical surface is 
decisive [40, 43] (cf. figure 5). 

, = 1−  (VI) 

 
A hysteresis results from the different curvatures during freezing and thawing. This is 
reinforced by the fact that the pore entrance is the limiting geometric parameter for ice growth 
during freezing. For thawing, in turn, the largest pore diameter is decisive. Figure 6 shows an 
example of the hysteresis in a measurement using dynamic low-temperature differential 
scanning calorimetry (LTDSC). 
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Figure 6: Example of hysteresis during freezing and thawing 

For the freezing point depression due to surface forces, Brun et al [40] determined approximate 
solutions for cylindrical pores in the temperature range between 0 and -40 °C (cf. equations 
VII and VIII). They considered an adsorbed water film with a thickness of 0.8 nm and also a 
temperature correction for surface tension and for the melting entropy. Figure 7 shows the 
radius-freezing point and radius-melting point relationships calculated according to the 
approximate solutions. 
 

Freezing: −  = −64,67 ∙− 0,57  (VII) 

   

Melting: − [ ] = −32,33 ∙− 0,68  (VIII) 

 

  
Figure 7: Depression of freezing or melting point as a function of pore radius, calculated 

according to Brun et al [40].   
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Pore classification by freezing behavior 

The internationally accepted classification of pores with respect to their size was introduced 
by the International Union of Pure and Applied Chemistry (IUPAC). It divides pores into 
three size ranges according to their physical adsorption behavior [64]: 

a) Macropores with a pore diameter > 50 nm 
b) Mesopores with a pore diameter between 2 nm and 50 nm 
c) Micropores with a pore diameter ≤ 2 nm 

 
Considering the surface forces acting on pore water in the hardened cement paste and the 
resulting freezing behavior, the IUPAC classification was extended and adapted by Setzer [65, 
66] (see Table 1). The hydraulic radius RH was used as a dimension for the pore size. It results 
from the quotient of pore volume V and pore surface area A. For cylindrical pores, RH 
corresponds to half the pore radius (RP/2) [64]. 
 =  (IX) 

 

Table 1: Classification of pores and pore water according to Setzer [65, 66] 

Type of pores Characteristic dimension Type of pore water1 

Coarse pores RH > 1 mm empty 

Macro capillaries 1 mm > RH > 30 µm 
macroscopic water, high mobility, low 

capillary pressure, freezable down to -20 °C 

Meso capillaries 30 µm > RH > 1 µm 
macroscopic water, still mobile, large 

capillary pressure, freezable down to -20 °C 

Micro capillaries 1 µm > RH > 30 nm 
macroscopic water2, hardly movable, extreme 
capillary pressure, freezable down to -20 °C 

Meso gel pores 30 nm > RH > 1 nm 
pre-structured water, evaporation in 50% 

relative humidity, not freezable above -23 °C 

Micro gel pores RH < 1 nm 
structured water, strongly disturbed, not 

freezable above -90 °C 

 
Setzer's classification of pore types is mainly based on measurements of the freezing behavior 
of hardened cement paste by means of LTDSC. For water-saturated hardened cement paste, 
Beddoe and Setzer [67] determined three discrete freezing peaks at approx. -16 °C, -23 °C and 
-38 °C (onset) (cf. Figure 8). 

                                        
 

1 Since pore water always contains dissolved substances, the term pore solution is commonly used. If the term pore 
water is used in the cited reference, it is also used here.   

2 The term "macroscopic water" is misleading, since it is used here for water which has a significantly depressed 
freezing point due to surface forces. 
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Figure 8: Freezing curves (LTDSC) for cement paste pre-aged in different solutions 

according to results from [67]. The dashed line (-20 °C) indicates the minimum 

temperature of the CDF test, the shaded area the allowable temperature variation of the 

Swedish slab test. Reproduced from [65] 

According to the pore classification in Table 1, the temperature range above -23 °C is assigned 
to "macroscopic water" in the capillary pores, the range from -23 to 50 °C to pre-structured 
water in the meso gel pores and the range below -50 °C to structured water in the micro gel 
pores (or the adsorbed water film). In the freezing curves in Figure 8, supercooling is evident 
when the "macroscopic water" freezes, so that ice formation starts abruptly and only well below 
the theoretical freezing point. Such pronounced supercooling effects are not to be expected in 
practice for concrete. 

A similar freezing behavior in LTDSC measurements on hardened cement paste (cf. Figure 
9) was reported by Sant et al [68]. However, they interpreted the freezing behavior from the 
perspective of pore connectivity. 

 

 
Figure 9: Freezing curves for hardened cement paste (w/c=0.3) of different ages. 

Reprinted from [68], with permission from Elsevier. 
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Sant et al. attributed the freezing peak at -15 °C to the freezing of pore solution in 
interconnected capillaries. Strong supercooling obviously occurred in these measurements as 
well. The peak at -28 °C was attributed to freezing of pore solution in accessible gel pores or 
capillaries completely surrounded by gel pores. The ice formation at -43 °C was thought to be 
caused by freezing processes following homogeneous nucleation in isolated gel pores [68]. 

In summary, pore solution in gel pores and in unconnected capillaries remains largely 
unfrozen at common minimum temperatures in freeze-thaw tests or during winter in temperate 
climates. The coexistence of pore solution and pore ice at identical low temperatures is an 
important basis for many theories of frost and salt frost attack [39, 69]. 

2.2.3 Freezing point depression by solutes 

In an aqueous solution, the dissolved ions are present in dissociated form. The ions are enclosed 
in a hydrate shell of water molecules (solvate shell). The reorientation of the water molecules 
in the hydrate shell breaks their bonds to the neighboring water molecules. This hydration of 
the ions causes a reduction in vapor pressure and a freezing point depression relative to pure 
water [70]. The extent of the freezing point depression depends on the concentration of the 
solute [71] and can be calculated as follows according to [56]: 
 

= − − −∙  (X) 

 
In it, aw is the activity of water in solution and R is the ideal gas constant. A good estimation 
can generally also be made according to the following equation [72]: 

 

∆ = ∙ ∙ ∙ 1000∙  (XI) 

T Freezing point depression (K)   

i Van't Hoff correction factor (-)   

EG Cryoscopic constant (K·kg/mol)   

mA Mass of the dissolved substance (g)   

MA Molar mass of the dissolved substance (g/mol)   

mB Mass of the solvent (g)   

 
 
For a salt frost attack, the freezing behavior of de-icing salt solutions is of particular interest. 
For the frequently used test solution of 3.0 wt.% NaCl, the freezing point is about -1.76 °C 
[73]. However, at this temperature, the solution only partially freezes. The dissolved salt is not 
incorporated into the crystal structure of the ice and accumulates in the unfrozen residual 
solution (cf. Figure 10, area A). As a result, the freezing point of the residual solution 
continuously shifts to lower temperatures. Not until the eutectic temperature is reached does 
the solution freeze completely (area D) [74].  
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Figure 10: Binary phase diagram H2O-NaCl, calculated according to [73, 75] 

A comparable behavior occurs with calcium chloride solutions. However, the eutectic 
temperature of approx. -50 °C is significantly lower than that of sodium chloride as a de-icing 
agent. 

   
Figure 11: Binary phase diagram H2O-CaCl2, calculated according to [76, 77] 

In many salt frost scaling test methods, the minimum temperature is above the eutectic 
temperature. The typical NaCl- or CaCl2-based test solutions therefore do not freeze completely 
during these tests.    
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2.2.4 Freezing point depression by pressure 

The curvature of the interface between ice and water only results in a pressure increase in the 
ice crystal, but not in the liquid [45]. However, if pressure is exerted on both ice and water, 
e.g. if water cannot escape from a pore space during freezing, a freezing point depression due 
to pressure must also be considered.  

If an external force is applied to a chemical system that is in equilibrium, it will react in 
such a way that the force is minimized. When pressure is increased, a system responds by 
promoting a volume-reducing reaction. In the case of the water-ice system, this results in a 
preference for the liquid phase. This is based on the peculiarity that liquid water has a lower 
specific volume than its solid phase, ice [13]. Mathematically, the freezing point depression due 
to pressure can be described with the Clapeyron equation [45]. 

 ∆ = −
 (XII) 

 
For a small temperature interval the equation can be simplified as follows [45]. 

 − ≈ − ∙ −∆ ≈ − ∙ −∆  (XIII) 

 
In the case of frost attack on concrete, there are usually no conditions for a relevant freezing 
point depression due to pressure. This would require the pore solution to be prevented from 
escaping, for example by unrealistically high cooling rates or by a sealed surface [45]. 

As a result of the low tensile strength of hardened cement paste, no pressure conditions 
should build up in the pore solution, even at high cooling rates, which would cause a relevant 
freezing point depression. The influence on the freezing behavior of pore solution can be 
estimated as minor [13]. 

However, a mechanical pressure on the ice crystal can result from the hindered growth of 
the crystal against the pore wall (crystallization pressure). This influence can be described by 
the following equation [78]: 

 − = ∆  (XIV) 

 
For an ice crystal in a pore, this effect would exert an additional influence to that of the surface 
forces. Here, as well, only low pressures should be able to build up due to the low tensile 
strength of the hardened cement paste, so that the crystallization pressure is often not 
considered as an influence on the freezing point depression in the hardened cement paste.    
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2.2.5 Combined freezing point depression  

In the case of a salt frost attack, several influences can simultaneously cause a freezing point 
depression in the pore system of the concrete. These are the influences from surface forces, 
from solutes and from pressure. According to Scherer and Valenza, the combination of these 
influences can be expressed by the following equation [56]: 
 

 ∙ +  ∙ ∙ =  −  − + − − +  (XV) 

In the previous section it was shown that the influence of the pressure on the freezing point 
depression should be only small. Accordingly, the equation can be simplified by the following 
assumptions. There is no external pressure acting on the ice crystal (PA = 0), and there is no 
pressure acting on the pore solution (PL - PG = 0). Converted to freezing point depression, this 
gives: Δ =  ∙ ∙− + −  (XVI) 

 
The first term on the right represents the influence of surface forces on the freezing point and 
is essentially equivalent to the Gibbs-Thomson equation (Equation IV). The second term on 
the right represents the influence of solutes in a solution on the freezing point. Accordingly, 
both influences should add up. Whether this approach is correct will be further investigated in 
section 8.1. 

2.3 Frost attack - damage mechanisms and theories 

Frost and salt frost attack were often not considered as separate mechanisms in early years of 
concrete research, just as no distinction was made between internal damage and surface scaling. 
A review of theories on salt frost attack would thus be incomplete if theories on frost attack 
were not considered. In addition, many aspects of frost attack also play an important role in 
salt frost attack. The following overview has already been published in an abbreviated form in 
[79]. The damage theories are presented in chronological order of their first publication. 

2.3.1 The "closed container" theory 

As a result of the volume expansion by 9% when water freezes, pressures occur in a closed 
vessel with a degree of filling ≥ 91.7%. This value was initially considered as the critical 
saturation point at which frost damage can occur. This highly simplistic view does not apply 
to concrete. Frost damage can also occur at lower saturation levels [80, 81]. 

2.3.2 Macroscopic ice lens formation 

The formation of macroscopic ice lenses is a known cause of frost heave in soils. In this process, 
liquid water is drawn from unfrozen soil layers to the already frozen soil layer. As a result, ice 
lenses form, which grow perpendicular to the direction of heat flow (see Figure 12) and cause 
uplift of soils [35, 36]. Some researchers assumed that similar mechanisms operate in concrete 
and masonry [37] or in concrete roads [38] when attacked by frost. In 1944, Collins reported 
his observations of delamination in concrete roads after a heavy period of frost. No capillary-
breaking frost-protection layer was located beneath the concrete, so contact of the bottom of 
the concrete slabs with unfrozen water was possible. The appearance of these delaminations 
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was comparable to that of frost heave in soils. The formation of macroscopic ice lenses was also 
replicated in laboratory tests with low quality concrete [38]. 

 

 
Figure 12: Conditions for the growth of macroscopic ice lenses in soils. Reprinted from 

[82], with permission from Elsevier. 

Macroscopic ice lens formation, on the other hand, was ruled out by Powers [83] as a cause of 
frost damage to concrete. He held the view that the permeability of concrete was too low and 
the strength too high to allow the formation of macro ice lenses. Only in very young concrete 
or concrete with a very high w/c-ratio would the formation of macroscopic ice lenses be possible 
[84]. However, Powers assumed that ice lens formation could occur on a microscopic scale 
because ice is formed first in the coarse capillaries during the onset of freezing. These micro-
ice lenses could then still absorb unfrozen water from the surrounding gel pores and smaller 
capillaries. This assumption later became the basis for Powers' theory on crystal pressure (see 
Section 2.3.4) [39]. 

Recent studies show that macroscopic ice lens formation is a potential damage mechanism 
for hydraulic structures in cold regions. In such structures, a continuous water supply is present 
and long periods of uniaxially directed frost attack (air to water side) may occur. Due to 
imperfections or prior damage (e.g. cracks), even concretes with "normal" w/c-ratios can be 
damaged by macro ice lens formation in such structures [82].  

2.3.3 Hydraulic pressure 

Powers published a theory in 1945 stating that ice formation in concrete only indirectly 
contributes to frost damage by building up hydraulic pressure in the concrete microstructure 
[83]. Concrete usually exhibits the highest degree of saturation near the frost-exposed surface. 
When concrete freezes with a covering layer of water, the resulting ice layer seals the concrete 
surface. Subsequently, the water freezes in the capillaries near the surface. As a result of the 
expansion pressure, unfrozen water is displaced to deeper sections in the concrete. 
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Figure 13: Schematic representation for the generation of hydraulic pressure and the 

relief by air voids, not drawn to scale 

During transport through the pore system of the concrete, a hydraulic pressure is formed, the 
magnitude of which is determined by the permeability of the concrete and the distance to be 
covered. During the first freeze-thaw cycles, the saturated zone in the concrete is still very 
thin. As a result of the short distance to be travelled, the hydraulic pressure generated is low. 
Through repeated freeze-thaw cycles, the concrete becomes saturated at greater and greater 
depths, causing the hydraulic pressure to increase during freezing. When the hydraulic pressure 
exceeds the tensile strength of the concrete, cracks form in the concrete structure [83]. The 
increase in frost resistance due to air voids in concrete is justified by the fact that the air voids 
prevent the formation of critical pressures (cf. Figure 13). 

On the basis of new findings, Powers and Helmuth established in 1953 that the hydraulic 
pressure theory cannot be considered as the sole cause of frost damage [39]. Indirectly, however, 
the hydraulic pressure theory still has a certain significance today, because it forms the 
theoretical basis for determining the maximum permissible spacing factor for air voids in 
concrete. Accordingly, the spacing factor should be between 0.25 mm and 0.66 mm in order to 
avoid critical hydraulic pressures. Based on air void analyses of frost-resistant concretes, a 
requirement value for the spacing factor of 0.25 mm was finally estimated [23]. This value is 
still used today [85].  
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2.3.4 Crystal pressure 

Powers and Helmuth [39] proposed another damage mechanism for frost attack in 1953, which 
they derived from the expansion behavior of water-saturated hardened cement paste during 
freezing. While cement paste without air voids expanded when ice formation started, specimens 
with air voids showed contraction after an initial minor expansion (see Figure 14).  

The extent of contraction was also influenced by the air void characteristics of the hardened 
cement paste specimens. For small spacing factors, the contractions increased. This behavior 
could not be explained by the theory of hydraulic pressure alone. 

 

 
Figure 14: Freezing of cement paste with and without air voids. Results from [39], 

reprinted from [74], © 2006, with permission from Wiley 

Powers resumed his earlier concept [83], which was based on the macroscopic ice lens formation 
according to Collins [38], and combined it with the theory of hydraulic pressure. According to 
this theory, water freezes first in the larger pores because freezing in the smaller pores is 
hindered by strong surface forces. This initial ice formation in the capillaries briefly generates 
hydraulic pressure and thus expansion of the hardened cement paste. As cooling progresses, 
the water in the gel pores is no longer in thermodynamic equilibrium with the ice in the 
capillaries because it has greater free energy. As a result, gel water diffuses to the ice lenses. 
The capillary ice increases in volume and exerts a pressure on the walls of the capillary - the 
crystal pressure. As a result, the cement paste shows progressive expansion [39]. 
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Figure 15: Crystal pressure in capillary pore due to diffusion of unfrozen pore solution 

from the gel pores of the HCP to the ice-filled capillary pore. 

In air-entrained concrete, the hydraulic pressure is limited because, during freezing, the excess 
capillary water can escape into the air voids. Ice lenses form in the capillaries and in the air 
voids, which strive to extract unfrozen pore solution from the gel pores. However, this diffuses 
preferentially to ice lenses in the air voids because the free energy of the capillary ice is higher 
than that of the ice in the air voids. As a result, ice growth in the capillaries is prevented and 
the hardened cement paste shrinks. Only at high saturation levels does expansion occur in a 
freezing air-entrained concrete. During thawing, the diffusion process reverses and the gel pores 
fill with pore solution. This causes the hardened cement paste to expand again. 

Since diffusion is a slow process, the authors assumed that hydraulic pressure was the main 
damage mechanism during rapid cooling [39], although this was later refuted by Helmuth [86]. 

The damage theory for ice pressure was further extended by Powers, who also considered 
the influence of dissolved substances in the freezing pore solution [87]. According to this theory, 
the formation of ice in the capillary pores increases the concentration of dissolved substances 
in the remaining, still unfrozen capillary pore solution, since these substances are not 
incorporated into the crystal lattice of the ice. The local increase in concentration should lead 
to a thermodynamic imbalance with the less concentrated pore solution in the unfrozen regions. 
The hardened cement paste surrounding the capillaries acts as a semi-permeable membrane, 
since it has a lower permeability to the substances dissolved in the pore solution than to the 
water. This should result in osmosis of the gel pore solution to the capillaries. Thus, ice growth 
in the capillaries is enhanced and the ice pressure increases further [81]. Powers used the term 
"osmotic pressure" for the ice pressure resulting from osmosis. 
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2.3.5 Vapor pressure theory 

In a series of publications [88-90], Litvan developed an independent theory on frost attack on 
concrete. It is based on the observation that adsorbed water in (small) pores freezes only at 
temperatures significantly below 0 °C due to the action of surface forces. The vapor pressure 
above this water is greater than the vapor pressure above ice. Accordingly, water diffuses from 
the small pores to regions in the concrete where lower surface forces act - i.e. to the concrete 
surface or to macropores. There, the water freezes. The degree of saturation of the hardened 
cement paste decreases with falling temperatures. Under unfavorable conditions, e.g. long 
transport distances or low diffusion rates, the water transfer occurs too slowly. This causes 
mechanical damage as a result of: 

a) volume expansion due to freezing in fine cracks during repeated freeze-thaw cycles, 
b) inhomogeneous moisture distribution, 
c) the formation of amorphous ice [90]. 

 
According to Setzer [42], however, the thermodynamic considerations for Litvan's theory are 
subject to too strong simplifications. No evidence was found for the formation of amorphous 
ice (c). 

2.3.6 Critical degree of saturation 

In 1971, Fagerlund [91] published the theory of the critical degree of saturation Scrit. The 
concept assumes that for every porous, brittle material there is a degree of saturation at which 
it can be destroyed or damaged by exposure to frost. If the moisture content in a material is 
of this order of magnitude or above, a single freezing event is sufficient to cause the damage. 
Fagerlund concluded that frost damage is therefore not fatigue failure. 

 
Figure 16: Determination of the critical degree of saturation based on the decrease of the 

dynamic Young's modulus at different degrees of saturation. Reprinted from [92], with 

permission from Springer Nature. 
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The comparison of the inherent critical degree of saturation of a material in a laboratory test 
with the degrees of saturation to be expected in practice should enable the selection of 
sufficiently frost-resistant building materials. Fagerlund introduced a test method in which the 
critical degree of saturation of concrete can be determined on the basis of the elastic modulus 
decrease or on the basis of the change in length [92]. An example of this is shown in Figure 16, 
where freeze-thaw exposure at a saturation of 90% and above led to a sharp drop in elastic 
modulus.  

Based on his theory, Fagerlund developed a life prediction model for internal damage [93], 
which is intended to predict saturation throughout the service life from isothermal capillary 
water uptake in the laboratory. However, the model doesn’t consider the different exposures of 
structures to freeze-thaw cycles and the resulting influence on the saturation of concrete [94]. 

2.3.7 Different thermal expansion 

In 1981, Grübl [95] proposed a damage mechanism based on different thermal length changes 
of hardened cement paste and ice. When pore solution freezes in a saturated pore, the ice fills 
the pore completely. If the temperature drops further, the ice (T = 50·10-6 K-1 [96]) contracts 
stronger than the surrounding hardened cement paste (T = 10·10-6 K-1 [97]). Thus, a cavity 
is created between the ice lens and the pore wall. The cavity fills rapidly with pore solution, 
which freezes on the ice lens.  

When the temperature rises again, the greater expansion of the ice is hindered by the 
surrounding hardened cement paste. This results in tensile stresses in the microstructure of the 
concrete. Calculated tensile stresses of 0,36·T MPa·K-1 should be generated by this 
mechanism [95]. Concrete damage due to ice expansion during the thawing phase has not been 
experimentally proven by Grübl. 

 

 
Figure 17: Effects of different thermal expansions during freezing and thawing of a 

water-filled capillary. Reprinted from [98], with permission from Elsevier. 
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In 2005, Erlin and Mather [98] published a theory of frost damage that is also based on the 
different thermal expansion of ice and hardened cement paste - the "Erlin/Mather effect". The 
theory is largely congruent with Grübl's model. Experimental results are not available here 
either. In 2018, Fagerlund [99] also suggested that the greater thermal expansion of ice during 
thawing can damage concrete. According to calculations by Fridh [100], on the other hand, the 
expansion of the ice during heating should be able to induce only very small stresses in the 
concrete, far below the receivable tensile strength of the hardened cement paste. In addition, 
the theory does not consider important fundamentals of frost attack, such as the absorption of 
external fluid during a freeze-thaw cycle. 

2.3.8 Theory of the micro ice lens pump effect 

In the theory of the micro ice lens pump by Setzer [101], the thermodynamic laws at the 
microstructural level were linked for the first time with the macroscopic processes during a 
frost attack. In this context, it describes the saturation of concrete by a cyclic freeze-thaw 
cycles. The theory was presented in 1999 [102] and later further developed [101, 103-105]. It is 
based on the observations of Powers and Helmuth [39] on the growth of micro ice lenses in the 
hardened cement paste structure and on the thermodynamic principles for freezing point 
depression in porous materials, especially according to Brun et al [40]. It is limited to the 
temperature range down to -20 °C and does not consider the freezing of gel pores at lower 
temperatures [101]. 

The theory is based on the shift of the triple point of water in porous materials. Accordingly, 
liquid water, ice and water vapor coexist in concrete over a wide temperature range below 
0 °C, since the freezing and melting points are depressed in the porous matrix. This shift of 
the triple point is possible because pressure differences between water and ice are caused by 
the pore walls as well as by the curved interfaces between ice and water. The unfrozen water 
in the gel pores therefore has a lower chemical potential than the ice [103]. 

During freezing, macroscopic ice (bulk ice) first forms on the frozen concrete surface and in 
the large pores. Therefore, a negative pressure builds up in the unfrozen water of the fine pores, 
which causes a contraction of the surrounding hardened cement paste matrix (cf. Figure 18, I). 
The unfrozen water is pressed out of the matrix and freezes to the ice crystals in the coarse 
pores. There it behaves like quasi-macroscopic ice. This process continues as the ice front 
progresses from the concrete surface into the interior [101]. 

When the thawing process starts, the pressure differences between the unfrozen water in 
the gel pores and the pore ice decrease as a result of rising temperatures. As a result, the 
hardened cement paste matrix expands. However, a return of the water frozen to the micro-ice 
lenses into the fine pores is only possible when the micro ice lenses start to melt [101]. According 
to the radius-freezing point relationship, this only occurs at temperatures close to 0 °C due to 
their large dimensions. The "gel pore water" thus remains trapped at the micro ice lenses and 
a refilling of the gel pores by an internal fluid exchange is prevented. 
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Figure 18: Schematic representation of the theory of the micro-ice lens pump -  

I freezing, II thawing. The left side shows the non-stationary macroscopic system with 

progressive freezing or thawing as a function of temperature. The right side illustrates 

the associated microstructural processes. Reprinted from [101], with permission from 

Elsevier. 

During the thawing process, a temperature gradient occurs in the concrete. The ice on the 
concrete surface melts while the temperatures in the concrete are still well below 0 °C.  Thus, 
a liquid reservoir is available at the surface, which feeds the gel pores with water. With the 
movement of the melting front during the thawing process, this process shifts from the surface 
further into the interior of the concrete. Consequently, water can be intensively sucked into 
the concrete. Cyclic freeze-thaw cycles thus act like a pump that saturates the concrete - the 
micro ice lens pump [101]. 

Accordingly, the frost damage of a concrete is attributed to the fact that, as a result of a 
cyclic freeze-thaw action by the micro ice lens pump, a saturation level is reached in the 
concrete that significantly exceeds the saturation due to capillary moisture absorption [69]. If 
the critical saturation is exceeded in the process, frost damage to the concrete occurs [106]. 

2.3.9 Poromechanical theories and models 

In the recent past, various poromechanical models have been developed to describe the complex 
interactions between physical, thermodynamic and mechanical phenomena during frost 
exposure. As a result, the macroscopic damage of concrete should be predicted [31]. A detailed 
description would exceed the scope of the literature review. Table 2 therefore only lists relevant 
publications by way of examples. 
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Table 2: Publications on poromechanical models (selection) 

Authors Description References 

Coussy;  
Fen-Chong et al. 

Basic description of the poromechanical approach [44, 107-109] 

Zeng et al. 
Extension of the above model to include the influence of de-

icing salts 
[31, 110] 

Zuber and 
Marchand 

Numerical model for the prediction of the behavior during 
freezing of cementitious bound systems 

[48, 111] 

Gong and 
Jacobsen 

Modeling of water absorption under freeze-thaw exposure [112] 

Rahman and 
Grasley 

Modeling the influence of aggregate on frost damage. [113] 

2.4 Phenomenology of a salt frost attack on concrete 

The presence of de-icing salts adds to the complexity of the damage processes in a frost attack. 
Even though the underlying mechanisms for such a salt frost attack are not yet sufficiently 
understood, a large number of studies have nevertheless been able to identify and classify 
important phenomena of this attack. A damage theory must adequately account for and 
represent the characteristic features on the attack and resistance sides. Accordingly, the most 
important phenomena of the salt frost attack are presented in the present section in order to 
lay the foundations for a critical consideration of the damage theories (Section 2.5).  

2.4.1 The pessimum of the de-icing salt concentration 

The concentration of a de-icing salt solution influences the intensity of a salt frost attack. It is 
generally accepted that at a concentration of about 2 - 4 wt.% there is a pessimum at which 
the strongest degradation occurs in salt frost scaling tests. This mostly refers to NaCl or CaCl2 
as the de-icing agent. 

The phenomenon was first described in 1943 by Arnfelt [71], who exposed concrete 
fragments immersed in CaCl2 and NaCl solutions to several freeze-thaw cycles between -20 °C 
and room temperature. The strongest decomposition of the concrete occurred at 3.5 wt.% CaCl2 
and in the range of 2 - 10 wt.% NaCl. 

Verbeck and Klieger [114] carried out systematic investigations under variation of the de-
icing agent type and concentration. In the concentration range of approx. 2 - 4 wt.%, the most 
severe scaling occurred in most cases (cf. Figure 19). With CaCl2, severe damage was also 
observed at high concentrations, which was attributed to additional chemical attack by the de-
icing agent. The pessimal salt concentration of 2 - 4 wt.% was confirmed in various studies [80, 
115-119]. However, different curing and pre-storage regimes or concrete qualities led in some 
cases to deviating pessima [80, 115-118, 120].  



25 
 

  

 

 

 
Figure 19: Effect of de-icing salt concentration on scaling behavior [114]. Reprinted 

from [74], with permission from John Wiley and Sons 

The variation of the "internal" salt concentration, adjusted by pre-saturating the concrete in 
salt solutions of different concentrations, had less effect on the damage intensity than different 
de-icing salt concentrations of the test solution [117].  

Freezing water on concrete and subsequent application of de-icing salt only during the 
thawing phase caused less intense scaling than freezing and thawing with de-icing salt solution 
[114, 121]. 

2.4.2 Relationship between internal damage and scaling 

In the case of frost or salt frost attack, two types of concrete damage are distinguished - internal 
damage and scaling. In the case of internal damage, microcracks form in the concrete matrix, 
which can lead to complete destruction of the concrete [122]. Scaling is a surface phenomenon 
characterized by the removal of fragments or flakes of hardened cement paste from the concrete 
surface [123, 124] (cf. Figure 20).  

 

  
Figure 20: Internal damage of concrete after frost testing, SEM image of a polished cross 

section (left); beginning scaling of a concrete surface (right) 

In a laboratory test, internal damage is primarily associated with a pure frost attack. In a salt 
attack, on the other hand, scaling is perceived as the dominant damage characteristic. The 
reasons for this are that (a) moderate de-icing salt concentrations greatly increase scaling 
intensity [114] and that (b) concretes for high salt frost scaling resistance are usually designed 
as air-entrained concretes [125]. Artificial air voids in concrete not only reduce the damage due 
to scaling, they are even more effective in reducing internal damage [126]. Therefore, internal 
damage is rarely observed in air-entrained concretes. However, salt frost attack on concretes 
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without air voids can also cause internal damage [118]. On the other hand, in practice, frost 
damage to structures is often also perceived as surface damage [127]. 

Scaling and internal damage are mostly considered as separate damage phenomena [118, 
124, 128]. Although they can occur simultaneously, they rarely do so [118, 128-130]. Severe 
internal damage can seemingly lead to more intense scaling, as loss of mass due to deteriorating 
concrete cannot be distinguished from surface scaling [131]. 

2.4.3 External moisture supply 

Without an external supply of moisture during salt frost exposure, no scaling [132, 133] and 
no internal damage will occur [69, 118] unless the concrete has been selectively pre-saturated 
to the critical saturation level beforehand [106]. 

2.4.4 Influence of the minimum temperature and the temperature cycle 

The temperature cycle during salt frost exposure can affect damage intensity in a number of 
ways. A lower minimum temperature generally causes more severe scaling in a laboratory test 
[80, 116, 118, 132, 134-137] and also more intense internal damage [118].  

Increasing the time held at the minimum temperature tends to determine more severe 
scaling [131, 136-138]. Conflicting results are reported on the influence of the cooling rate. A 
slower cooling rate increases [80, 121, 131, 132] or reduces [80, 121] the amount of scaling, or 
shows no effect [116].  

2.5 Salt frost attack on concrete – Damage mechanism and theories 

Already low concentrations of de-icing salts in the attacking solution change the damage 
pattern during freeze-thaw exposure. According to Pigeon [124], de-icing salts have two 
fundamental effects - a) they decrease the freezing point and b) they increase the degree of 
saturation by decreasing the vapor pressure. Many theories of the damage mechanism for salt 
frost attack are based on one of these phenomena. In addition, some theories also consider the 
effect of de-icing salts on the properties of a layer of ice frozen on concrete. 

2.5.1 Thermal shock 

When de-icing salts are applied to a layer of ice on concrete, the required melting heat is 
extracted from the environment. Due to the low heat transfer from ice to air, the melting heat 
flows primarily from the underlying concrete into the ice. This can cause a rapid temperature 
drop in the upper concrete layer. This effect forms the core of the theory of damage to the 
surface mortar of concrete roads as a result of a thermal shock after the application of de-icing 
salt, which was first described by Hartmann [139, 140] in 1957. 

In the unfavorable case, unfrozen water would still be present in a deeper zone in the 
concrete parallel to the concrete surface at temperatures just below the freezing point. If this 
were to freeze in a shock-like manner, this could cause scaling of the entire surface layer. In 
completely frozen concrete, on the other hand, local cracks should occur, especially in the 
vicinity of aggregates that have a coefficient of thermal expansion significantly different from 
that of the hardened cement paste [139, 140].  

In laboratory tests, Harnik and Rösli [141] determined temperature drops of up to 14 K in 
one minute after the application of de-icing salts to frozen concrete with a covering layer of 
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ice. They calculated that the thermal shock could produce tensile stresses of 4 MPa, which 
would be sufficient to damage the concrete [142]. 

 

 
 

Figure 21: Thermal shock: Typical temperature profile in an ice-covered,  

20 cm thick concrete slab (1 mm ice, -5 °C) during thawing with sodium chloride 

(eutectic concentration). Redrawn after [142] 

Temperature measurements on existing concrete pavements over two winters (Dübendorf near 
Zurich; winters 1975/76 and 1976/77) showed that under practical conditions the thermal 
shock is less pronounced. The largest thermal shock recorded during this period was 4.3 K 
[143], which should produce a tensile stress of 1.3 MPa [142]. The authors assumed that thermal 
shock may contribute locally to the formation of microcracks even under practical conditions. 

Even though the effects described above can cause additional stress, this theory is not 
suitable for a general description of salt frost attack. Scaling occurs in practice and in laboratory 
tests often in the absence of a thermal shock.   
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2.5.2 Osmotic pressure 

In 1965 Powers explained the damage-increasing effect of de-icing salts in an extension of his 
theory on crystal pressure (cf. Section 2.3.4). According to the osmotic pressure theory, during 
salt frost exposure, salts from the outer de-icing salt solution are absorbed by the concrete by 
diffusion. Due to the different diffusion rates, the salts penetrate much faster into the capillary 
pores than into the gel pores [87]. However, Powers did not consider capillary liquid absorption, 
for example after intermediate drying. However, this would also primarily cause an increase in 
the salt concentration in the capillary pores and therefore does not contradict the theory. 
 

 
Figure 22: Preferential penetration (diffusion) of de-icing salts from an external salt 

solution into the capillary pores of concrete. Schematic, not drawn to scale. 

If the solution in the capillary pores freezes during frost, this again causes a strong increase in 
the salt concentration in the unfrozen residual solution. Due to the semi-permeable properties 
of the hardened cement paste, the concentration is equilibrated with the surrounding pore 
solution by diffusion of the gel pore solution to the capillary pores. As a result, the capillary 
pore ice continues to grow and the pressure of the ice crystal against the pore wall increases 
[81, 87].  

Powers attributes the pessimum of the de-icing salt concentration to the fact that the de-
icing salts cause two opposite effects. On one hand, the amount of freezable solution decreases 
with increasing salt concentration. On the other hand, however, the osmotic pressure is 
supposed to increase as the concentration of de-icing salts increases. Experimental evidence for 
the theory has not been published. 

Lindmark [80], on the other hand, argues that the osmotic effect postulated by Powers is 
very doubtful from a thermodynamic point of view. Before the onset of freezing, osmosis of the 
pore solution from the gel pores to the capillaries may indeed take place. After the onset of 
freezing, the chemical potentials of the ice and the unfrozen residual solution are in equilibrium. 
This mixed phase - ice + unfrozen NaCl solution would therefore not attract the gel pore 
solution more strongly than if pure "water ice" were present in the capillary. In addition, the 
theory contradicts the finding that the "outer" de-icing salt concentration influences the scaling 
intensity much more strongly than the "inner" de-icing salt concentration. 



29 
 

2.5.3 Layer-wise freezing 

When concrete is covered with a de-icing salt solution, a concentration gradient is formed 
which decreases from the surface to the interior of the concrete. Snyder [144] concluded that 
the freezing point in the pore solution of the concrete also forms a gradient in which the pore 
solution of the deeper capillaries freezes at higher temperatures than in the capillaries near the 
surface. 

When concrete freezes with a saline solution on top, ice may first form inside the concrete, 
followed by freezing of the saline solution on the concrete surface. Meanwhile, a thin 
intermediate layer in the concrete with a relatively high salt content remains unfrozen. A 
progressive drop in temperature eventually leads to freezing of this intermediate layer as well 
and thus causes scaling. 

 

 
Figure 23: Layer-wise freezing due to the unfavorable interaction of salt and 

temperature gradients. Drawn according to [145]. 

Snyder was able to reproduce the described effect in laboratory experiments. However, he used 
an experimental setup in which the concrete specimens could also freeze from the bottom side. 
It remains questionable whether such temperature and de-icing salt gradients occur under 
realistic practical conditions, taht layer-wise freezing can happen.  

A similar model approach was later proposed by Rösli and Harnik [146]. They assumed 
that the salt concentration in the upper concrete layer is reduced by leaching processes, for 
example by rain. Thus, in case of frost exposure, the leached surface layer and deeper layers 
would freeze first. The intervening thin layer with increased salt content would only freeze at 
lower temperatures and consequently cause critical stress conditions.  
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2.5.4 Cryogenic suction of brine 

By combining Powers and Helmuth's theory on crystal pressure [39] with aspects of frost 
heaving of soils [36], Lindmark developed a theory in 1998 that considers the possibility of the 
uptake of de-icing salt solution into the concrete matrix even at temperatures below 0 °C [80]. 

According to the crystal pressure theory [39], ice lenses first form in the larger pores when 
the concrete freezes. Due to the resulting thermodynamic disequilibrium, unfrozen pore solution 
migrates from the smaller pores to the ice lenses and freezes there until a state of equilibrium 
is again reached. The degree of saturation in the surrounding hardened cement paste is thereby 
reduced.  

The innovative approach in Lindmark's theory is to consider the interaction of (partially) 
frozen de-icing salt solution on the concrete with the ice lenses in the hardened cement paste. 
A de-icing salt solution (NaCl solution in this case) is known to exhibit eutectic behavior upon 
freezing. In the temperature range between the freezing point and the eutectic temperature of 
-21.3 °C, the resulting saline ice is present as a two-phase system - water ice and unfrozen 
residual NaCl solution (cf. Figure 10). Figure 24 illustrates this with saline sea ice. Here, the 
inclusions of the unfrozen residual solution between the ice crystals are clearly visible in the 
ice. 

 

 
Figure 24: Light micrograph of the grain boundaries of ice crystals in sea ice with liquid 

inclusions. Reprinted from [147], with permission from Cambridge University Press. 

At temperatures below 0 °C, a previously unrecognized fluid reservoir is in contact with the 
concrete surface as long as the eutectic temperature is not reached. In the concrete surface 
zone, the desiccation of the hardened cement paste is thus locally prevented (cf. Figure 25). A 
static thermodynamic equilibrium between the capillary pore ice and the gel pore solution 
cannot be established. In a sense, the near-surface region is considered as an open system in 
which conditions similar to frost heave of soils prevail. As a result, the ice lenses in the near-
surface capillaries should continue to grow and cause scaling [80]. 

Ice crystal 

Brine channels 

100 µm 
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Figure 25: Moisture flow from unfrozen residual NaCl solution in the saline ice layer to 

an ice lens in the frozen concrete (after [80, 148]), illustration not drawn to scale. 

Lindmark explained the pessimum of the de-icing salt concentration at approx. 3 wt.% NaCl 
with the fact that, on one hand, the presence of NaCl enables the supply of unfrozen solution 
in the ice layer in the first place. Only in this way can the postulated damage mechanism occur. 
On the other hand, too high salt concentrations lead to a reduction in ice formation and thus 
to a weakening of the damage processes. The different states of the de-icing salt solution and 
the resulting changes in salt concentration are of particular importance in damage theory, so 
that they are considered in more detail here. Lindmark considers two saturation processes or 
transport phenomena: 

1. the cryogenic suction of the highly concentrated NaCl solution at a temperature  
<0 °C as described above 

2. diffusion processes between the outer NaCl solution and the pore solution at 
temperatures above the freezing point. 

 
During cryogenic suction (1.), the concentration of the unfrozen residual solution is relatively 
independent of the original concentration of the de-icing salt solution used. It is only 
determined by the corresponding temperature below the freezing point. For a NaCl solution as 
test liquid, the concentration of the unfrozen residual solution at 20 °C = 22.4 wt.% NaCl. 

The only stage in a freeze-thaw cycle where the test solution exists in its original 
concentration is at temperatures above the freezing or melting point of the test solution (2.). 
Lindmark assumes that diffusion processes take place between the test solution and the pore 
solution during this phase. If highly concentrated solutions were used, a stronger salt input 
would occur here, so that the damage processes in the subsequent cycles would be weakened 
[80]. 

Lindmark's theory was later adopted by Liu and Hansen [148], who introduced the term 
"cryogenic suction" for the postulated mechanism. However, there is a risk of confusion with 
the term "cryosuction", which is used to describe the uptake of water during a freezing attack. 
For lack of a better alternative, the term "cryogenic suction" will also be used for the damage 
theory in this paper. 

In analogy to Lindmark [80], Liu and Hansen assumed that at subzero temperatures 
unfrozen residual solution from a saline ice layer on concrete is attracted by the ice lenses in 
the near-surface capillaries of the frozen concrete. As a result of the resulting high degree of 
saturation, expansion of the surface mortar should be caused, while deeper areas of the concrete 
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shrink during freezing. The resulting stress states are supposed to promote the generation of 
cracks parallel to the concrete surface and thus the development of scaling [148]. In this respect, 
their model concept differs from Lindmark's theory. Experimental proofs to the theory were 
made by both Lindmark and Liu and Hansen. These will be considered in more detail in 
Chapter 6. 

2.5.5 The five-phase damage theory 

In 2000, Kaufmann published a model [149] in which various existing damage theories were 
combined. The model divides a freeze-thaw attack into five phases (cf. Figure 26): 

 Phase 1: Initial ice formation at the concrete surface generates hydraulic pressure in 
the concrete (according to [39, 83]). Rapid freezing of individual concrete layers near 
the surface due to uneven distribution of de-icing salt in the concrete matrix 
(according to [144] or [150]) causes critical stress states or scaling.  

 Phase 2: The ice front penetrates deeper into the concrete - dendritic ice growth 
according to [28]. 

 Phase 3: The pore solution is redistributed by internal transport processes (ice lens 
growth, osmosis [39, 81]). 

 Phase 4: Thawing: Due to the stronger thermal expansion, the ice in the concrete 
expands disproportionately and leads to a pressure increase (according to [95]). 

 Phase 5: The damage resulting from phase 4 creates new spaces (e.g. cracks). These 
are filled by capillary moisture uptake between the freezing phases of successive 
freeze-thaw cycles. This increases the integral saturation level and the damage 
intensity in the following cycle increases. 

 
Figure 26: Schematic representation of the five-phase theory. Reprinted from [151], with 

permission from Elsevier. 

The five-phase theory is partly based on model concepts which are considered to be refuted 
from today's point of view (hydraulic pressure according to Powers [83]) or for which no 
experimental evidence is available (different thermal expansion according to Grübl [95]). 
Accordingly, the five-phase theory must also be viewed critically. On the other hand, it should 
be emphasized positively that the theory considers that the typical processes of a freeze-thaw 
attack and a salt-frost attack occur in parallel. 
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2.5.6 Glue spall theory 

In 2005, Valenza and Scherer published the Glue Spall Theory, a completely novel approach 
to salt frost attack based on findings from glass and ceramics research [74]. The theory is based 
on the observation that the appearance of salt frost damage has similarities with a technique 
for surface finishing of glass, "glue spalling" (cf. Figure 27). 
 

 
Figure 27: Three steps for the production of decorative glass. (A) Sandblasting of the 

surface; (B) Application and drying of a layer of glue; (C) Heating in the furnace [152], 

with permission from WILEY. 

In this process, a glass surface is roughened by sandblasting, which also creates initial 
imperfections. A layer of glue is then applied and allowed to harden. The glass-glue composite 
is gradually heated in the furnace, whereupon the glue shrinks and cracks. As heating 
progresses, the shrinkage stresses increase further and the cracks in the adhesive layer 
propagate into the glass. Thin shards of glass are broken out and a scalloped surface remains 
[152]. 

By adapting the glue spall mechanism to concrete in frost conditions (cf. Figure 28), the 
occurrence of scaling can be explained as follows: After initial freezing of water on concrete, 
further cooling causes stresses in the interface between the ice layer and the concrete, similar 
to a bimetal. This is caused by the greater thermally induced contraction of the ice (50·10-6 

K-1) [96] compared with that of the concrete (10·10-6 K-1) [97]. The concentration of the de-
icing salt solution influences the interaction between ice and concrete [74].  
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Figure 28: Schematic illustration of the glue spall effect due to the greater contraction of 

a layer of ice on concrete. 

When cooling a moderately concentrated de-icing salt solution (e.g. 3 wt.% NaCl) below its 
freezing point, the solution does not freeze completely until the eutectic temperature is reached. 
Inclusions of unfrozen, highly concentrated residual solution (brine) are present in the ice layer. 
These flaws in the ice structure reduce the strength of the ice layer, so that the resulting 
thermal stresses during cooling can lead to the formation of cracks in the ice. These cracks are 
supposed to propagate into the concrete and lead to scaling of the surface [74] (cf. Figure 28). 

Pure water freezes completely at 0 °C. Its tensile strength is high enough to absorb the 
thermally induced stresses up to -20 °C without cracking. If, on the other hand, a higher 
concentrated salt solution (e.g. 6 wt.% NaCl) is frozen, the ice layer is too weak to build up 
stresses that could damage the concrete. The glue spall theory thus explains the pessimum of 
the de-icing salt concentration with the mechanical properties of the ice depending on its salt 
concentration [74]. 

In the glue spall theory, the positive effect of air voids is attributed to the phenomenon of 
frost shrinkage. When a partially saturated air-entrained concrete freezes, a redistribution of 
moisture from the gel pores to the micro-ice lenses in the air voids takes place, resulting in an 
overall shrinkage of the concrete [39, 153]. According to calculations by Valenza and Scherer, 
this effect of the air voids can reduce the thermally induced stresses between the ice layer and 
the concrete by one third and thus reduce cracking [154]. However, experimental proof of this 
has yet to be provided. 

2.5.7 Brine rejection theory 

The brine rejection theory, which was presented by Yener [155] in 2015, considers the 
directional movement of unfrozen residual solution in a layer of saline ice frozen on concrete as 
the damage-inducing mechanism. When subjected to uniaxial frost from the outside, inclusions 
of unfrozen, higher-concentration residual solution move toward the concrete surface in an ice 
layer of frozen de-icing salt solution [156]. Once the concrete surface is saturated, the solution 
cannot escape because the ice layer forms a bond with the concrete. As a result, a hydraulic 
pressure should develop in the interface between the ice layer and the concrete and cause the 
ice layer to lift, pulling off adhering cement paste from the concrete. The pessimum de-icing 
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salt concentration is justified by the fact that a minimum concentration of de-icing salts is 
necessary for unfrozen residual solution to be present in the ice layer. At a relatively high de-
icing salt concentration, however, the ice layer is too soft and too porous to build up damaging 
pressure [155].  

  
Figure 29: Schematic illustration of the Brine Rejection Theory. Reprinted from [155], 

with permission from Taylor and Francis. 

The ability of the processes described in the theory to actually produce a hydraulic pressure in 
the ice/concrete interface that leads to the formation of scaling is uncertain. Experimental 
proofs of the theory have not been published. 

2.6 Parameters influencing frost and salt frost resistance of concrete 

A deeper understanding of the damage processes during salt frost attack can only be gained in 
context to the resistance of concrete to this attack. Frost resistance and, in particular, salt 
frost scaling resistance are subject to a large number of material and technological parameters. 

The pore structure of the concrete is of particular importance, because it decisively 
influences the transport and freezing processes during a frost and salt frost attack. The 
influencing parameters on the resistance can and must therefore always be considered with 
regard to their effects on the pore structure. 

On one hand, the capillary pores have to be considered, which can have an unfavorable 
effect on the frost and salt frost resistance. They allow the rapid transport of liquid into the 
concrete microstructure and thus form the basis for saturation of the concrete by capillary 
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suction and by cyclic freeze-thaw cycles. In addition, a large proportion of the capillary pore 
solution is freezable in the temperature range relevant for Central and Northern Europe. A 
prerequisite for low capillary porosity is a low w/c-ratio in conjunction with a sufficient degree 
of hydration. To ensure the latter, good curing is essential. 

On the other hand, artificial air voids in the concrete cause a significant improvement of 
the performance during salt frost attack. They can also compensate to a high degree for the 
negative influence of capillary porosity. Even more than 80 years after their discovery, air voids 
are mostly indispensable for the production of concretes with high salt frost scaling resistance.  

With increasing efforts to reduce the Portland cement clinker content in concrete, the 
binder component also becomes more important for the salt frost scaling resistance. While the 
specific properties of different Portland cements have only a minor influence here, clinker 
substitution can lead to a significant change in performance of concretes subjected to salt frost 
attack.  

2.6.1 Water/cement-ratio 

Portland cement binds approx. 39 % of its weight in water during complete hydration [157]. 
Above a w/c-ratio of 0.39, excess water is present which is not bound in the hardened cement 
paste and leads to the formation of capillary pores. As Figure 30 shows, the influence of the 
w/c-ratio cannot be considered in isolation from the degree of hydration of the cement [21]. 

 
Figure 30: Influence of w/c-ratio and degree of hydration on capillary porosity and 

water permeability of hardened Portland cement paste according to [21, 158]. 

Figure 30 also illustrates how the permeability of the hardened cement paste increases with 
increasing capillary pore content. A low permeability of the concrete surface is an important 
prerequisite for a high frost and salt frost scaling resistance, since it reduces the penetration of 
water or de-icing salt solution. From a capillary pore content of about 20-25% by volume, the 
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permeability increases sharply, since from this order of magnitude onward, interconnection of 
the capillary pores can take place more intensively [21]. With the increase of the capillary pore 
content, the amount of freezable water in the concrete also increases.  

In an air-entrained concrete, the influence of the w/c-ratio has to be considered in a more 
differentiated way. Here, a reduced permeability leads to the fact that the moisture transport 
in the concrete structure to the air voids is also impeded, so that their effect is weakened [124]. 
As a basic rule, however, it can be assumed that a low w/c-ratio has a positive effect on the 
resistance against frost and salt frost attack. 

2.6.2 Curing 

The surface of the concrete is of great importance for the salt frost scaling resistance. It is 
generally accepted that low capillary porosity has a positive effect here. Accordingly, concrete 
curing aims to ensure a high degree of hydration of the concrete surface, and thus also to 
minimize the capillary pore space [159]. Sufficient curing time is essential, especially for the 
increasingly clinker-reduced cements and concretes, because these systems often exhibit lower 
salt frost scaling resistance and also react more sensitively to inadequate curing conditions. In 
addition, the clinker-reduced cements usually require longer curing due to their slower strength 
development [160].  

In [161], a comprehensive literature review was carried out on the influence of curing on 
salt frost scaling resistance. The conclusion was that longer curing does not automatically lead 
to better performance. Only in systems with a high proportion of clinker substitutes such as 
granulated blastfurnace slag or fly ash longer curing times are almost always beneficial [161]. 

2.6.3 Air voids 

The introduction of artificial air voids into the concrete is one of the most important concrete 
technology measures for achieving a high salt frost scaling resistance. The air voids have a 
largely spherical, closed shape. For good effectiveness, they must be present in the concrete as 
finely and evenly distributed as possible.  

As early as in ancient Roman times, frost-resistant mortars were presumably produced by 
admixing oils and fats [162]. In modern concrete construction, the positive effect of air voids 
was rediscovered by chance in concrete pavement construction in the 1930s in the USA. On 
concrete test sections, it was found that significantly less scaling occurred when the cements 
were impurified with oils or fats as grinding aids in the manufacturing process. This 
inadvertently trapped air voids in the concrete and increased the salt frost scaling resistance 
[163]. As a result, air-entraining admixtures were selectively used, in Europe since 1947 [164]. 

The effect of air entraining agents is based on the stabilization of air bubbles in the fresh 
concrete, which remain as spherical voids in the concrete after hardening [162]. Their positive 
effect is generally attributed to the fact that they provide escape space for the expansion of 
freezing water [165, 166]. A positive side effect is their capillary-breaking action [167]. The 
exact mode of action of air voids is described differently in the various damage theories of frost 
and salt frost attack. According to Powers' theory of hydraulic pressure, water is displaced by 
the advancing ice front in the concrete and forced into the air voids. Thus, they prevent the 
formation of critical hydraulic pressures [23]. According to the later theory on ice lens growth 
by Powers and Helmuth, ice formed in the air voids removes still unfrozen water from the 
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hardened cement paste, thus reducing ice growth in the capillaries [39]. This causes the 
characteristic frost shrinkage in air-entrained concretes [39]. 

If high salt frost durability is required, air-entrained concretes are typically used. In the 
scope of European standard DIN EN 206/DIN 1045-2, the following fresh concrete air contents 
are required for corresponding concretes of exposure class XF4 depending on the maximum 
aggregate size: 

 

Table 3: Minimum fresh concrete air content according to DIN EN 206/DIN 1045-2 

Max. size of 
aggregates 

Minimum fresh concrete air content 
Average Smallest single value 

63 mm 3.5 vol.% 3.0 vol.% 
32 mm 4.0 vol.% 3.5 vol.% 
16 mm 4.5 vol.% 4.0 vol.% 
8 mm 5.5 vol.% 5.0 vol.% 

 
Meeting the minimum fresh concrete air content is no guarantee for a good air void system, 
since the air void distribution can be influenced by many different factors. Two air void 
characteristic values have become established in Germany to describe the air void system, the 
micro air void content A300 and the spacing factor  L. The micro air void content includes the 
air voids in the size range from 10 to 300 µm, which according to Schäfer [164] are very effective 
for the frost resistance of concrete. 

Limiting the spacing factor ensures that transport processes to the air voids can take place 
fast enough to prevent microstructural damage [168]. Several attempts (e.g. [169-171]) have 
been made to develop the spacing factor further, but so far, they have not achieved general 
acceptance. Hasholt [85] proposed to use the specific surface area of the air voids as a criterion 
instead of the spacing factor, as this is reported to show a better correlation to frost resistance. 
In Germany, the following requirements are applied for air void characteristic values: 

Table 4: Requirements for according to the air-entrained concrete bulletin 

Type of test Micro air void content A300  Spacing factor L 

Aptitude test ≥ 1.8 vol.% ≤ 0.20 mm 
Tests on concrete structures ≥ 1.5 vol. % ≤ 0.24 mm 

 
Since the uniform production of air-entrained concrete meeting the requirements is very 
challenging, efforts are being made to produce air-entrained concrete without the use of classical 
air-entraining agents. Alternatives are, for example, hollow microspheres [172, 173] or 
superabsorbent polymers [174-178].  

2.6.4  Cement and supplementary cementitious materials 

As the classic Portland cement as a binder for concrete fades into the background, the binder 
type is continuously gaining importance for the performance of concretes under frost or salt 
frost attack. For concrete solely based on Portland cement, a wealth of experience has been 
generated over the decades. If the standard concrete requirements are met, it can be used to 
produce structures with high frost and salt frost scaling resistance without any problems. 
However, this experience cannot easily be transferred to concretes with clinker-reduced 
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cements, so that more research is being carried out on this problem. For historical reasons, the 
focus of clinker substitutes is often on ground granulated blastfurnace slag (GGBFS) and 
siliceous fly ash. 

Since several years, limestone powder (LSP) has also been increasingly used. Its application 
is mostly limited to lower replacement rates due to its inert character. Due to the good, 
worldwide availability, calcined clays will be an important focus in the future. In the 
experimental part of this thesis, only GGBFS and limestone powder are considered as clinker 
substitutes. The following literature evaluation therefore covers only these substitutes. 

In general, low clinker replacement rates of 20 to 30 wt.% with GGBFS or 10 to 15 wt.% 
with LSP result in no or only minor reductions in frost and salt frost scaling resistance. Higher 
replacement rates, on the other hand, can have unfavorable effects. 

Further developments are aimed at not only reducing the Portland cement in concrete but 
replacing it completely with alternative binders, e.g. calcium sulfoaluminate cements. Only 
limited information is available on salt frost scaling resistance with such binders, so there is 
definitely a need for research here. At the present time, however, it cannot be assumed that 
the existing approaches for alternative binders will lead to their application as mass building 
materials for all fields of application. To reduce CO2 emissions in concrete production, it is 
therefore essential to lower the clinker factor with suitable clinker substitutes. The alternative 
binders are therefore not considered within the scope of this work. 

Portland cement 

Compared with other parameters, such as the w/c-ratio or the air void content, the properties 
of a Portland cement play a minor role for the frost and salt frost scaling resistance of concrete 
[13]. An influence of the Portland cement could predominantly only be determined for concretes 
without artificial air voids. It must be considered that the cement can also result in an 
unwanted air entrainment, which then leads to a better frost and salt frost scaling resistance 
[179]. From the point of view of concrete technology, cement properties that affect the pore 
structure of the concrete, i.e. the chemical-mineralogical composition and the fineness, are 
particularly relevant [124]. 

A prerequisite for a dense pore structure is a high degree of hydration of the cement. A 
high fineness has a favorable effect here, since the resulting, faster microstructure development 
helps to reduce the sensitivity to curing [161]. In addition, the risk is reduced that the concrete 
has not yet reached a sufficient degree of hydration at the time of the first frost exposure. A 
finer cement should also contribute to a refinement of the pore structure even at identical 
overall porosity, since the increased specific surface area reduces the water film thickness on 
the cement particles [124]. This assumes that a greater water demand due to the increased 
fineness is not compensated by an increase in w/c-ratio. However, studies on the influence of 
the fineness of the cement on the frost and salt frost scaling resistance do not give a uniform 
picture [180-183]. 

From a chemical-mineralogical point of view, a high C3S content is favorable for rapid 
hydration and also tends to have a positive effect on the frost and salt frost scaling resistance 
[182, 184, 185]. Other influencing factors are the alkali content [186, 187] and the C3A content. 
However, very different assessments are available on the latter [180, 182, 185, 188, 189].  
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For concretes without air voids, according to Ludwig [13], the content of sulfatic AFm 
phases before the onset of freezing represents a significant influencing variable. In the case of 
frost attack, the sulfatic AFm phases are thermodynamically converted into Ettringite. The 
conversion can cause damage to the concrete. A prerequisite for this is a partial decomposition 
of the AFm phases by carbonation, which releases the sulfate ions required for ettringite 
formation. 

Salt frost attack can also lead to the formation of Ettringite. The sulfate ions necessary for 
this reaction are released by the conversion of the AFm phases to Friedel's salt. Since chloride 
incorporation is reduced in ferritic phases, the AFm phase containing ferrite behaves more 
stable with regard to this transformation. However, these phase transformation processes are 
not relevant for concretes with air voids [13, 190]. 

Cements incorporating GGBFS 

Granulated blast furnace slag is a by-product of pig iron production. Limestone and dolomite, 
which are used as fluxes in the production process, react at temperatures of 1350 to 1550 °C 
with SiO2- and Al2O3-rich components from the iron ore and the ash of the coal. The slag is 
cooled rapidly to below 800 °C by granulation with water to avoid crystallization and to obtain 
a largely amorphous material [191-193]. 

Within the framework of the European cement standard DIN EN 197-1, GGBFS can be 
used as the main constituent in “Portland GGBFS cement” (CEM II/B-S) at a maximum of 
35 wt.% and in “GGBFS cements” (CEM III/A, B or C) at a maximum of 95 wt.%. In 
Germany, only up to 80 wt.% GGBFS are typically used as GGBFS cements. Furthermore, 
blastfurnace slag can be used as a main constituent in Portland-composite cements and 
composite cements.  
 

DIN EN 197-1 specifies the following requirements for granulated blastfurnace slag: 
 The glass content must be at least 66.6 wt.%. 
 The content of the sum of CaO, MgO and SiO2 must be at least 66.6 wt.%. 
 The mass ratio (CaO+MgO)/SiO2 must be greater than 1.0. 

 
GGBFS has latent hydraulic properties and forms reaction products independently after 
alkaline or sulfate stimulation. Hydration is slower than for Portland cement clinker, so that 
cements with GGBFS generally exhibit lower early strengths and higher long-term hardening 
[192-194]. 

In general, the hydration of cements containing blastfurnace slag results in reaction 
products similar to those of Portland cement. However, the C S-H phases exhibit a reduced 
CaO/SiO2 ratio [9, 195-197]. They have a foliated morphology, which leads to a significant 
refinement of the pore structure in the hardened cement paste [9], provided a sufficient degree 
of hydration is achieved [8]. In this context, at higher blastfurnace slag contents, even medium 
degrees of hydration are sufficient to achieve a similar dense microstructure to that of an almost 
completely hydrated Portland cement [198]. The increased incorporation of aluminum in the 
C-S-H phases results in C A-S-H phases [9, 195-197]. 

Due to their finer pore structure, concretes with GGBFS-containing cements often have 
very good durability, for example, against chemical attack. A prerequisite for high resistance 
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to frost attack is a sufficient degree of hydration of the slag-containing concretes [8, 13]. 
Considering the common requirements of concrete technology (e.g. sufficient curing), a high 
frost resistance can be achieved reliably with such cements. This has been demonstrated by 
numerous positive experiences in hydrotechnical construction, for example in locks and dams 
[199, 200].   

The situation is different, however, for salt frost scaling resistance. Here, a number of 
negative experiences are available for highly exposed structures, such as scraper tracks of 
sewage treatment plants [201, 202] or concrete pavements [203]. Concretes with GGBFS-
containing cements often show lower salt frost scaling resistance than Portland cement-based 
concretes [13-15, 204-206]. This effect is more pronounced the higher the blastfurnace slag 
content in the cement (cf. Figure 31). 

  

  
Figure 31: Typical relationship between GGBFS content in cement and scaling intensity 

in CDF test on air-entrained concretes. According to data from [15]. 

A critical order of magnitude is about 40-50 wt.% blastfurnace slag. Accordingly, DIN 1045-2 
limits the GGBFS content in CEM III/A of strength class 32.5 to 50 wt.% if this cement is to 
be used in exposure class XF4. 

In fresh concrete, air entrainment is more difficult to achieve in concretes with cements 
containing blastfurnace slag. Here, higher dosages of the air entraining agent are generally 
required to achieve the necessary fresh concrete air content [168, 207]. However, even with an 
air entrainment system that meets the requirements and a sufficient degree of hydration, the 
salt frost scaling resistance tends to be reduced. The reason for this is that in blastfurnace slag-
rich concretes, carbonation causes coarsening of the pore structure and consequently a 
reduction in salt frost scaling resistance [13, 14, 126, 208-212]. 

Ludwig [13] was able to show that at high blastfurnace slag contents in the cement, the 
initial scaling in the laboratory test is increased. The initial scaling depth corresponds 
approximately to the thickness of the carbonated surface zone of the concrete. After removal 
of this layer, the further scaling progression flattens out significantly. Non-carbonated 
blastfurnace slag-containing concretes exhibit a significantly better salt frost scaling resistance. 
In Portland cement concretes, on the other hand, carbonation causes microstructural 
densification and often also an increase in salt frost scaling resistance [14, 126, 208].   
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There are various explanations for the coarsening of the microstructure. It is usually 
assumed that the reduced Ca(OH)2 buffer in the hardened cement paste leads to increased 
carbonation of C-S-H phases [213, 214], resulting in Calcite and porous silica gel. 
Thaulow et al [215], on the other hand, attribute the coarsening of the microstructure during 
the carbonation of clinker-reduced systems with high blastfurnace slag and fly ash contents to 
the fact that Calcite forms in a coarsely crystalline form at low pH values. If Ca(OH)2 is still 
present in the surface zone and the pH is above 11, finely crystalline, finely divided Calcite 
should form during carbonation. This densifies the microstructure and should also incorporate 
silica gel from the carbonation of C-S-H phases. In systems with little Ca(OH)2, however, the 
pH drops rapidly below 11 and hydrogen carbonate represents the thermodynamically preferred 
state form of the dissolved carbonate ions. The formation of Calcite is impeded or Calcite 
formed goes back into solution more quickly. Coarsely crystalline Calcite crystals ("Popcorn 
Calcites") are formed, which do not contribute to microstructure densification. 

In addition to the physical effect of coarsening the microstructure, Ludwig [13] and Stark 
and Ludwig [190, 209] also found a chemical-mineralogical influence. Accordingly, the 
carbonation of blastfurnace slag-rich concretes gives rise not only to Calcite but also to the 
metastable CaCO3 modifications Aragonite and Vaterite [13, 211, 214]. Upon salt frost 
exposure, these modifications are rapidly dissolved and converted into calcite, destabilizing the 
microstructure. 

The strong influence of carbonation on salt frost scaling resistance has led to a discussion 
as to whether the storage conditions prior to testing adequately reflect practice [216]. In 
practice, carbonation conditions are not expected to be as "ideal" as in the laboratory. 
Comparative studies therefore often conclude that the reduction in salt frost scaling resistance 
due to blastfurnace slag found in the laboratory does not occur to the same extent under 
practical conditions [217, 218]. Furthermore, longer curing may be necessary due to the slower 
microstructure development [219]. 

There are currently two ways in concrete technology to achieve a high salt frost scaling 
resistance even with a high GGBFS content (> 50 wt.%). On the one hand, concrete can be 
produced with a very low w/c-ratio. For example, DIN 1045-2 permits the use of cements with 
80 wt.% GGBFS for scraper tracks of sewage treatment plants if the concrete is produced with 
a maximum w/c-ratio of 0.35. In addition, requirements for compressive strength and minimum 
cement content must be met. On the other hand, a lowering of the w/c-ratio can be realized 
locally at the concrete surface by water-draining formliners. The resulting microstructural 
densification leads to a significant increase in salt frost scaling resistance [13].  

Portland limestone cement 

Within the scope of the European cement standard DIN EN 197-1, limestone powder can be 
used as a main constituent in Portland limestone cement with up to max. 35 wt.% as well as 
in Portland composite cements, e.g. in combination with granulated blastfurnace slag. For this 
purpose, it must meet the following requirements: 

- The calcium carbonate (CaCO3) content must be at least 75 wt.%. 
- The clay content must not exceed 1.20 g / 100 g (methylene blue test).  
- The total organic carbon content must not exceed 0.20 wt.% (LL) or 0.50 wt.% (L). 
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The high CaCO3 content limits the minor constituents of the limestone, which can have a 
negative influence on the concrete durability, especially on the frost and salt frost scaling 
resistance. The methylene blue value indirectly indicates the clay mineral type and clay mineral 
content. The TOC content serves as an indirect indicator of whether porous particles are 
present in the limestone that may cause a reduction in frost or salt frost scaling resistance 
[220]. 

Although limestone powder is considered quasi-inert, it has a significant effect on the 
reaction kinetics of cement hydration by accelerating the hydration of C3S [221-233]. This is 
attributed to the filler effect [234] and to the nucleating effect for C-S-H phases [235, 236]. 

Limestone powder also slightly influences the nature and composition of the hydration 
products, especially that of C3A and C4AF. In the presence of sufficient amounts of carbonate 
ions, the primary Ettringite formed during hydration is stabilized, since carbonate AFm phases 
(Monocarbonate, Hemicarbonate) are preferentially formed from the excess C3A [237].  

From a production point of view, the filler effect of limestone powder in joint grinding leads 
to a lower water demand of Portland limestone cement (PCC) compared to pure Portland 
cement, despite mostly higher overall fineness of the cement [10, 11]. Since limestone powder 
is largely inert, high clinker substitution rates lead to a reduction in cement strength. For this 
reason, the OPC clinker component (separate grinding) in the PLC or the entire PLC (joint 
grinding) is usually ground finer to compensate for the strength loss by increasing the reactivity 
of the clinker component [238]. 

 In [220, 238], the first systematic investigations in Germany on the influence of limestone 
quality in Portland limestone cement on the durability of concrete were reported. The focus of 
the investigations was on the influence of the CaCO3 content, the clayey constituents and the 
TOC of various limestones on the frost resistance of concrete. If the limestones met the 
requirements of today's DIN EN 197-1, the concretes showed sufficient frost resistance with a 
few exceptions.  

If the requirements were not fulfilled, a low frost resistance was found more frequently. 
However, a correlation between the individual properties of the limestones and the frost 
resistance could not be determined. In other investigations on plant-produced PLC with up to 
20 wt.% limestone powder (today's CEM II/A-LL), equivalence with Portland cement was 
mostly found [10-12, 239]. 

In [240, 241], extensive investigations were carried out on durability aspects when using up 
to 35 wt.% limestone powder in the cement, also in combination with granulated blastfurnace 
slag. In summary, it was found that sufficient durability properties can be achieved even with 
correspondingly high limestone powder contents in the cement. It was also shown in [242] that 
a CEM II/B-M (S-LL) can exhibit comparable performance to a Portland cement.  

Of particular importance for the durability of Portland limestone cements is the 
manufacturing process (joint vs. separate grinding) and the resulting differences in 
granulometry. In [243], it was shown that significant differences in frost resistance can occur 
for Portland limestone cements of identical composition (30 wt.% limestone powder) and the 
same 28-day compressive strength. The differences in the case shown were attributed to 
granulometric influences from cement manufacture. The stronger disintegration of clay 
minerals contained in the limestone during joint grinding may also have a positive effect on 
the frost resistance. 
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In field tests with CEM II/A-LL [244, 245], it was demonstrated that, if the limestone complies 
with the requirements of DIN EN 197-1, good salt frost scaling resistance is usually achieved 
even under practical conditions.  

Due to the limited availability of high-quality limestones, efforts are being made to use 
limestone qualities that deviate from DIN EN 197-1 as the main constituent in the PLC, 
provided that this does not result in any loss of durability. In [246], the effect of such limestones 
on the durability of concretes was investigated. The TOC content and the proportion of 
expandable clays were uncritical for all limestones. Only the minimum CaCO3 content of 75 
wt.% was not met. At limestone powder contents up to 15 wt.%, the limestone quality had no 
influence on the durability. At higher limestone powder contents, an increasing influence of the 
limestone quality was found. Limestones with high quartz and/or clay contents proved to be 
negative. 

Another research focus is to increase the limestone powder content in PLC up to 70 wt.% 
[247]. The strong reduction of the clinker content must be compensated by adapting the 
concrete mix design, mainly by reducing the w/c-ratio. It is assumed that, with good quality 
assurance, durable concretes can be realized in practice even with limestone powder contents 
in the cement of 50 wt.% [248].  
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2.7 Summary 

Concrete can be damaged by frost or salt frost attack. Its resistance to these attacks is 
decisively, but not exclusively, influenced by the characteristics of its pore structure. For a 
prognosis of the long-term behavior of concrete under corresponding exposure, a fundamental 
understanding of the damage processes during frost and salt frost attack is necessary in addition 
to characterization of the performance with established test methods. 

Over the past decades, a wealth of knowledge has been accumulated in this field. Of 
particular importance are the findings on the freezing behavior of water in the concrete 
microstructure, which differs fundamentally from the freezing behavior of macroscopic water. 
Based on this knowledge, the processes involved in a frost attack on concrete are largely well-
understood and adequately represented in damage theories. In Germany, the theory of the 
micro ice lens pump [153] has been established in this respect. In the international field, various 
poromechanical models and theories are widespread, which build on the work of Coussy [107] 
and are largely based on the same fundamentals as the theory of the micro ice lens pump. 

In the presence of de-icing salts, the processes during frost exposure become significantly 
more complex. In particular, the causes for the increased occurrence of scaling due to the use 
of de-icing salts have been or are being controversially discussed. Accordingly, there is currently 
no generally accepted theory for the salt frost attack on concrete. However, a few theories 
certainly have the potential to represent this attack well. In Table 5, the different damage 
theories for freeze-thaw attack are assessed and their relevance is rated accordingly.  

Table 5: Damage theories for salt frost attack - assessment 

Name Assessment Relevance 

Thermal shock 
Does not reflect important characteristics of salt frost attack observed 

in practice and laboratory test methods. 
- 

Osmotic 
Pressure 

No experimental proof. Does not reflect important characteristics of 
salt frost attack.  

- 

Layer-wise 
freezing 

No experimental proof. Does not reflect important characteristics of 
salt frost attack. 

- 

Cryogenic 
Suction 

The cryogenic suction process was proven in experiment, though the 
resulting increase of the ice content was only proven indirectly. The 
pessimum effect of moderate deicing salt concentrations cannot fully 

be explained. 

+ 

5-Phase 
damage theory 

Does not reflect important characteristics of salt frost attack. Based 
in part on damage theories that are outdated from today's 

perspective. 
- 

Glue Spall 
theory 

Reflects important characteristics of salt frost attack. Problematic at 
high de-icing salt concentrations. Partial aspects of the theory are 
experimentally proven. There is no evidence for the formation of 

scaling due to the glue spall effect. 

+ 

Brine Rejection 
theory 

Reflects important characteristics of salt frost attack. 
No experimental proof.  

- 
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A fully comprehensive description for all phenomena of a salt frost attack is not given by any 
of these theories. Three of the theories - cryogenic suction, glue spall and brine rejection - 
correctly describe a large number of freeze-thaw phenomena and do not clearly contradict the 
experience gained from laboratory tests.  

However, no experimental evidence for the postulated damage mechanism has been 
published for the Brine Rejection Theory. Moreover, it is not recognized in the international 
scientific community. A serious assessment of the theory is therefore not possible. It will not 
be considered for further considerations. 

The cryogenic suction theory and the glue spall theory are based on extensive theoretical 
considerations, some of which have been experimentally proven. They also enjoy a certain 
degree of recognition among international experts. The problem is that these theories are based 
on two very contradictory approaches for the actual damage mechanism.  

With regard to the frost and salt frost scaling resistance, capillary porosity and the air void 
structure are significant parameters. In addition, the chemical-mineralogical composition of the 
cement or the hardened cement paste can also have a strong influence. Replacement of the 
Portland cement clinker by SCMs often leads to a reduction of the salt frost scaling resistance, 
which in many cases cannot be explained solely by an increased capillary porosity due to the 
slower hydration progress.   
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3 Aim of the thesis 

From the described state of research, it is clear that many different and often very contradictory 
concepts exist for the salt frost attack on concrete. A description of the damage processes that 
is generally accepted by experts has not yet been found. So far, this circumstance has not posed 
a problem for construction practice, since empirical experience has shown that the most 
important concrete technology measures needed to achieve a salt frost scaling resistance are 
known. These parameters, such as the air void content, are anchored in the descriptive concept. 

The transition to stronger clinker-reduced binders and concretes, which is indispensable for 
climate protection reasons, means that sufficient salt frost scaling resistance cannot always be 
achieved with the established measures. A performance-based prognosis of the damage progress 
as a function of the exposure of a concrete structure and of the concrete properties is also not 
yet possible. 

Accordingly, the objective of this work is to identify and describe the main mechanisms 
involved in salt frost attack on concrete in order to gain important insights into the material 
behavior of clinker-reduced concretes. The basis for this is provided by selected theories from 
the research presented. From the multitude of concepts, two damage theories with a very high 
potential for correctly describing the mechanism of salt frost attack were identified - the Glue 
Spall Theory and the Cryogenic Suction Theory. However, both theories differ fundamentally 
in their description of the damage mechanism, which also results in a different importance of 
the parameters affecting the salt frost scaling resistance.  

The starting point of the work is a critical review of the two theories. To this end, the 
theoretical foundations are retraced and the postulated damage processes are investigated 
experimentally. In this way, the more suitable theory is to be identified. It is also conceivable 
to combine relevant aspects from both theories.  

Irrespective of this, it has already become apparent in the research presented that an 
extension of the relevant damage theory must be carried out in any case so that the resulting 
description of the damage processes can adequately represent all phenomena of a salt frost 
attack. The lack of consideration for saturation processes during the thawing phase in a freeze-
thaw cycle provides a suitable starting point for this. For this purpose, the well-known theory 
of the micro ice lens pump can be used. Important aspects of the resulting, extended damage 
theory are to be investigated further, within the scope of possibilities. 

With a view to practical application, it is also necessary to derive findings on the relevant 
parameters for the salt frost scaling resistance of clinker-reduced concretes. The first 
foundations are to be laid in investigations on concretes with Portland limestone cement and 
GGBFS cement.  
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4 Materials and Methods 

4.1 Materials 

Three different cements3 were used for the investigations within the scope of this thesis  - a 
Portland cement, a GGBFS cement and a Portland limestone cement. The Portland cement 
was used as a reference. The other binders represent typical cements with reduced clinker 
content, which may show a different behavior from the reference with regard to salt frost 
scaling resistance. Key properties of the cements are listed in Tables 6, 7. Figure 32 shows the 
particle size distributions. 

Table 6: Strength and workability properties of cements 

Designation Compressive strength  Bending tensile strength  Water 
demand 

Start of 
setting  2d 28d 2d 28d 

 (MPa) (MPa) (MPa) (MPa) (wt.%) (min) 

CEM I 42.5 R 39.4 55.2 8.0 8.3 30.5 175 
CEM III/A 42.5 N 17.4 55.3 4.0 10.0 31.4 215 
CEM II/B-LL 32.5 R  27.7 40.9 5.5 7.5 31.5 170 

 

  

Figure 32: Particle size distributions of the cements 

The cements display the typical properties corresponding to their cement type and strength 
class. The Portland cement has a coarser particle size distribution than the other cements, in 
which the clinker substitution is partly compensated by an increased grinding fineness.    

                                        
 

3 In Chapter 8 of this thesis, results from separate research projects are used for further analyses. The materials and 
compositions used differ from those described here and are listed in Chapter 8 and Appendix A. 
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Table 7: Chemical-mineralogical composition of cements,  

specific surface area (BLAINE) and density 

Parameter Unit CEM I 42.5 R CEM III/A 42.5 N CEM II/B-LL 32.5 R 

CaO 

wt.% 

62.7 48.9 58.5 
SiO2 20.6 29.2 16.5 
Al2O3 4.8 7.8 4.4 
Fe2O3 2.2 1.5 2.3 
K2O 1.30 0.96 1.15 
Na2O 0.27 0.31 0.22 
MgO 1.5 4.7 1.2 
MnO 0.03 0.09 0.02 
TiO2 0.21 0.46 0.16 
SO3 3.3 2.7 3.0 
CaOfree 1.2 0.8 1.0 
Drying loss 0.1 0.0 0.2 
Loss on ignition 2.1 1.9 11.8 

C3S 

wt.% 

69.9 35.0 49.8 
C2S 6.9 3.0 5.9 
C3A 10.2 4.7 7.6 
C4AF 3.9 1.7 2.7 
Periclase - 0.4 0.3 
CaO 0.8 0.2 0.5 
Amorphous - 46.3 - 
Calcite 2.8 2.1 26.2 
Quartz 0.3 0.9 1.3 
Anhydrite 2.5 2.9 3.2 
Bassanite 1.2 1.2 1.4 
Gypsum 0.3 0.6 0.4 
Akermanite - 0.8 - 
Gehlenite - 0.4 - 
Arkanite 1.2 - 0.8 

BLAINE cm2/g 4240 5120 4960 

Density g/cm3 3.118 2.948 2.987 

 
The aggregate used for all concretes was pit sand and gravel. The following tables show the 
relevant properties of the various aggregates.  

Table 8: Aggregate characteristics 

Characteristics Unit Fractions (mm) 
Sand 0-2* Gravel 2-8* Gravel 8-16 

Fines < 0.063 mm wt. % 0.0 0.0 0.4 
Particle shape SI (gravel) Category - n.d. SI20 
Salt frost resistance (NaCl-solution) wt. % - n.d. ≤ 5 
Bulk density kg/dm3 2.65 2.64 2.60 
Water uptake wt. % 0.2 0.5 0.9 

*The fractions 0-2 and 2-8 mm were assembled from several finely graded fractions   
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Table 9: Particle size distribution of aggregates 

Fractions 
(mm) 

Particle size distribution (wt.%)    
0.125 0.25 0.5 1 2 4 8 16 32  

Sand 0-2 1 7 47 71 99 100 100 100 100  
Gravel 2-8 0 0 0 0 3 33 99 100 100  
Gravel 8-16 0 0 0 0 0 0 10 90 100  

 
Tap water was used for the production of concrete, and de-ionized water was used for mortar 
and cement paste. The air entrained concretes were produced with a synthetic air entraining 
agent concentrate. A PCE-based superplasticizer was also used in selected mix designs (see 
Annex A). 

4.2 Concrete and hardened cement paste 

4.2.1 Concrete 

Air-entrained concretes were used. Table 10 shows the reference mix design with CEM I 42.5 
R. The air entraining agent dosage was adjusted to the specific cement in order to meet the 
target air entrainment percentage. Further mix designs are given in Annex A. The grading 
curve is in range 3 according to DIN 1045-2 (see Figure 33). Table 11 shows the mixing regime. 

Table 10: Reference concrete mix design 

Component Amount (kg/m3) Further parameters 

CEM I 42.5 R 350  
Sand 0-2 mm 619  
Gravel 2-8 mm 526  
Gravel 8-16 mm 607  
Wasser 175  
Air entraining agent 0.04  
Air content - 5.0 ± 0.5 vol.% 

 

 
Figure 33: Grading curve 
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The concrete was produced in a compulsory mixer. Ten minutes after the end of mixing, the 
air void content, workability and temperature of the concretes were tested. When the target 
air void content and workability were met, the test specimens for the hardened concrete tests 
were produced. Compaction was carried out on a vibrating table according to EN 12390-2. The 
temperature in the laboratory, of the equipment, of the starting materials and of the fresh 
concrete was 20 ± 2 °C. 

Table 11: Mixing procedure 

Process Duration/Time 

Pre-wetting of the aggregate with 1/3 of the water 5 min 

Addition of cement  

Addition of remaining water and air entraining agent while mixer is in operation ca. 30 s 

Mixing time after completion of the addition of the air entraining agent. 90 s 

Testing of fresh concrete properties 
10 min after 
end of mixing 

 
The specimens were stored at 20 °C and a relative humidity of more than 95 % until demolding 
at an age of approx. 24 hours. Subsequently, the specimens were stored under water at 20 °C 
until they were 7 days old, then in a standard climate of 20 °C and 65 % relative humidity 
according to DIN 50014. If the pre-storage regime was deviated from in individual tests, this 
will be discussed in the results section. 

4.2.2 Hardened cement paste 

Hardened cement paste samples were prepared with w/c-ratios of 0.40, 0.50 and 0.60. The 
cement pastes were mixed with an electric hand mixer for 2 min with high stirring intensity 
and then poured into centrifuge tubes with a nominal capacity of 50 ml or 15 ml. The tubes 
were sealed vapor-tight and slowly rotated perpendicular to the longitudinal axis over a period 
of at least 4 h to prevent sedimentation of the solid particles. Subsequently, the sealed tubes 
were stored under water at 20 °C (preservative storage). The further storage conditions 
depended on the planned investigations. 

4.3 Vycor glass 

For special investigations on the influence of surface forces and solutes on the freezing behavior 
of aqueous solutions by means of dynamic low-temperature differential scanning calorimetry 
(LTDSC), a nanoporous Vycor glass with a nominal pore diameter of 20 nm was used. The 
glass was supplied as a rectangular cross-section of 10 x 10 mm2 with a thickness of 1.2 mm. 
The pore size distribution of the glass specified by the manufacturer is shown in Figure 34. 
The average diameter (modal value) is thus 22.3 nm, the pore volume 0.479 cm3/g. 
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Figure 34: Pore size distribution of the Vycor glass according to the manufacturer's test 

certificate; mercury pressure porosimetry; University of Leipzig; ICT 

4.4 Test and storage solutions 

Within the scope of the thesis, sodium chloride solutions of different concentrations were used 
as test solutions. These were prepared by mixing sodium chloride (≥ 99.5 % p.a.) with water 
in the mixing proportions given in Table 12. For salt frost scaling tests on concrete, tap water 
was used for this purpose; otherwise, de-ionized water was used. De-ionized water was also 
used for pure frost testing of concrete. In addition, saturated calcium hydroxide solution 
obtained from supersaturated calcium hydroxide solution was also used as a storage solution. 

Table 12: Test solutions 

Designation NaCl (wt.%) Water (wt.%) 

Water; H2O  0.0 100.0 
NaCl 0.5 wt.%   0.5  99.5 
NaCl 1.5 wt.%  1.5  98.5 
NaCl 3.0 wt.%  3.0  97.0 
NaCl 6.0 wt.%  6.0  94.0 
NaCl 9.0 wt.%  9.0  91.0 
NaCl 12.0 wt.% 12.0  88.0 
NaCl 15.0 wt.% 15.0  85.0 
NaCl 18.0 wt.% 18.0  82.0 
NaCl 22.4 wt.% 22.4  77.6 
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4.5 Standard test procedure and analytical methods 

The standard test methods listed in Table 14 were applied for the tests on raw materials, 
mortar and concrete. The current editions of the test standards at the commencement of the 
thesis served as a basis. 

Table 13: Test procedures 

Subject of 
the test 

Characteristic Standard 

Cement 

Particle size distribution ISO 13320:2009-10 
Strength DIN EN 196-1:2016-11 

Chemical analysis  DIN EN 196-2:2013-10 
Setting times, water demand DIN EN 196-3:2017-03 

Fineness, density DIN EN 196-6: 2010-05 

Aggregate 

Particle size distribution DIN EN 933-1:2012-03 

Particle shape SI DIN EN 933-4:2015-01 
Bulk density and water uptake DIN EN 1097-6:2013-09 

Salt frost resistance DIN EN 1367-6:2008-12 

Fresh 
concrete 

Workability DIN EN 12350-5:2009-08 
Bulk density DIN EN 12350-6:2011-03 
Air content DIN EN 12350-7:2009-08 

Hardened 
concrete 

Compressive strength DIN EN 12390-3:2009-07 + B1:2011-11 
Bulk density DIN EN 12390-7:2009-07 

Salt frost scaling resistance DIN CEN/TS 12390-9:2017-05 
Internal damage DIN-Fachbericht CEN/TR 15177:2006-06 

Salt frost scaling resistance 

Salt frost scaling resistance was determined on hardened concrete using the CDF method. Five 
concrete slabs per test served as specimens, which were produced by dividing a 150 mm cube 
mold with a PTFE plate placed in the center. At the end of pre-storage, the specimen lateral 
surfaces were sealed with aluminum-laminated butyl tape. At 28 days of age, the 7-day capillary 
suction period began, during which the specimens were pre-saturated with the 3.0 wt.% NaCl 
solution. Thereafter, the specimens were subjected to 28 freeze-thaw cycles, also in 3.0 wt.% 
NaCl solution. The surface facing the PTFE plate was used as the test surface.  

After 4, 6, 14 and 28 freeze-thaw cycles, the scaled mass was determined. Internal damage 
during freeze-thaw testing was determined from the relative dynamic modulus of elasticity only 
as an orientation after 0 and 28 freeze-thaw cycles.  

For selected tests, the standard procedure was deviated from. Thus, prism-shaped concrete 
specimens with dimensions of 250 x 80 x 80 mm3 were also used. This geometry allowed a 
higher number of specimens to be tested simultaneously. PTFE spray was used as a release 
agent in the production of the specimens in steel molds. Furthermore, sodium chloride solutions 
with deviating concentrations were used as test solutions. 
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4.6 Other analytical methods 

4.6.1 Mercury intrusion porosimetry 

The porosity of hardened cement paste samples was investigated by mercury intrusion 
porosimetry. For this purpose, the hardened cement paste samples were broken down to lentil-
size pieces. The pieces were stored in isopropanol and then dried at 40 °C to prevent further 
hydration. The measurements were carried out with the AUTOPORE IV 9500 instrument 
(Micromeritics GmbH). The intrusion pressure was applied in steps from 0.003 to 206 MPa, 
with a compensation time of 10 s between pressure steps. The intrusion pressures were 
converted to pore radii using the Washburn equation [249], assuming a cylindrical pore shape. 
 = −2 ∙ Θ

 (XVII) 

with 
 Surface tension of the mercury: 0.485 (N/m)   

Θ Contact angle of mercury on the sample: 141,3 (°)   

p Effective pressure (Pa)   

r Pore radius (m)   

 
The first two pressure levels up to 0.014 MPa (~r = 56 µm) were not accounted for in the 
evaluation because mercury intrusion in cement paste specimens in this pore size range 
predominantly detects preparation-related microcracks. 

4.6.2 X-Ray diffraction (XRD) 

X-ray diffraction analysis was used to determine the mineralogical composition of the cements. 
To the slag-containing cement, 20.0 wt.% rutile was added as an internal standard. The 
measurement parameters for the X-ray diffraction analysis are listed in Table 14. The 
identification of the mineral phases and the quantification by means of Rietveld refinement 
were carried out with the open-source software Profex [250]. 
 

Table 14: Parameters for the X-ray diffraction analysis 

Parameters 

Voltage  40 kV 
Tube current  40 mA 
Anode material Cu 
Scattering ends variable, automatic 
Detector Bruker  SolX 
Angle range 6° - 70 ° 2 
Step size  0.03° 
Counting time 5s/step 
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4.6.3 Low temperature differential scanning calorimetry (LTDSC) 

Within the thesis, low-temperature differential scanning calorimetry was the key method for 
determining the freezing behavior of aqueous solutions in hardened cement paste. It thus served 
as an essential tool for the evaluation of the various damage theories on salt frost attack. In 
contrast to conventional differential scanning calorimetry (DSC), LTDSC is used for 
investigations in the temperature range below 0 °C.  

Within the scope of this thesis, measurements were carried out with the dynamic differential 
calorimeter "DSC Polyma 214" from the company Netzsch. The instrument was calibrated 
against six calibration substances. The integrated IC70 intercooler was used as the cooling 
system. With this, a minimum temperature of -70 °C can be realized. However, only the 
temperature range down to -60 °C was included in the measurements, since the temperature 
control becomes less accurate in the limiting range of the intracooler. Aluminum crucibles were 
used as sample containers, which were sealed airtight by cold welding with an aluminum lid. 
The internal volume of the closed crucibles was 60 µl.  

 
Figure 35: View into measuring cell of the calorimeter with reference and sample 

crucible 

Basics of dynamic differential calorimetry (DSC) 

DSC is defined as a thermoanalytical method in which the difference in heat flow is determined 
in a crucible with sample and in an empty reference crucible. The temperature program and 
the atmosphere are identical for both crucibles (cf. Figure 36). 
 

 
Figure 36: Schema of measuring cell (Source: Netzsch-Gerätebau GmbH)[251] 
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If, as a result of the applied temperature, processes occur in the specimen that lead to a change 
in the heat flow, these thermal effects can be detected. Minor, gradual changes in heat flow 
can also occur in a DSC or LTDSC measurement when no reactions or transformations take 
place in the sample. The measurement curve is therefore not horizontal in these areas either. 
This portion of the heat flow change is called the baseline. The baseline is made up of several 
components - the instrument baseline and the sample baseline.  

The device baseline is device-specific and results from thermal non-uniformities in the DSC 
sensor. The DSC instrument used allowed compensation for these influences, so that a 
horizontal instrument baseline was realized.  

The sample baseline indicates gradual heat flow changes resulting from the fact that 
additional heat must be introduced into the sample to realize the temperature change. The 
sample baseline is significantly affected by the heat capacity of the sample being measured. 
The heat capacity is the product of the specific heat capacity of the sample substance and its 
mass. If these values are known, a computational compensation of the sample baseline can be 
performed. However, a simplified approach is usually applied. Here, the baseline below a DSC 
peak is obtained by linearly connecting the start and end points of the peak (cf. Figure 37).  

  
Figure 37: DSC- example measurement – dehydration of Portlandite 

The heat flow in the measurements is usually normalized to the sample mass and represented 
in mW/mg. By calculating the peak area between the heat flow curve and the peak baseline, 
the heat consumption or heat release (J/g) of the sample can be determined.  

If the peak area can be assigned to the conversion process of a material and the enthalpy 
(J/g) for this conversion process is known, by dividing the heat of conversion by the enthalpy, 
the mass of the converted material can be determined. This is of interest, for example, in 
determining the composition of mixtures of materials. In this work, this methodology was 
applied in a slightly modified form in the low-temperature range to quantify ice formation in 
hardened cement paste samples. 
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LTDSC measurements 

Two basic experimental setups were applied for the LTDSC measurements. The first setup was 
used for a characterization of the freezing and melting behavior of pore solution and test 
solution in saturated hardened cement paste. It is largely based on a methodology published 
by Sun and Scherer [43]. Quantification of ice volume was not performed in this experimental 
setup. The second experimental setup was developed specifically as part of this work to 
investigate the effect of cryogenic suction of highly concentrated de-icing salt solution on ice 
formation in the hardened cement paste. 

Setup “Characterization “  
For the tests, 1.0 to 1.5 mm thick slices of cement paste were used. These were produced by 
saw cutting cement paste samples that were hardened in centrifuge tubes. Prior to the 
measurement, a piece of approx. 3 x 3 mm2 was broken out and superficially dried with a cloth. 
The piece was then placed in a crucible, weighed, and the crucible was then sealed airtight. 
Measurements began immediately after sample preparation was completed.  

To avoid supercooling effects, a measurement procedure based on [43] was used. Here, the 
samples were initially cooled to a temperature ≤-20 °C to induce primary ice formation in the 
hardened cement paste. The sample was then slowly reheated. The target temperature was 
just below the freezing point of the pore solution, e.g., -0.3 °C for water-saturated samples. 
This temperature was maintained for at least 20 min to establish an equilibrium condition in 
the sample. The aim of this procedure was to stabilize isolated ice particles in the sample 
without already freezing large portions of the pore solution. During subsequent refreezing, the 
ice particles then acted as heterogeneous nuclei for ice formation and supercooling could usually 
be avoided. The following figure shows an exemplary cycle. 

 

 
Figure 38: Example of a LTDSC measuring cycle LTDSC on hardened cement paste – 

Temperature and heat flow 

The cooling and heating rates in the measurement were 2.0 K/min or 0.5 K/min respectively. 
Within a sample series, identical cooling and heating rates were always used in the actual 
measurement cycle. The minimum temperature was mostly -60 °C. 
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Setup “Cryogenic Suction “ 
For the investigation of cryogenic suction, a special experimental setup was designed in which 
hardened cement paste was tested with a drop of NaCl solution (22.4 wt.% NaCl) on top (cf. 
Fig. 39). The mass ratio of hardened cement paste to solution was approx. 20:1. 

In addition, a reference measurement was carried out without NaCl solution. The 
measurements were performed in sealed crucibles. This experimental setup was used to test 
whether, as a result of cryogenic suction, (a) unfrozen de-icing salt solution is taken up by the 
hardened cement paste and (b) whether this leads to a change in the volume of freezable pore 
solution (expressed as ice volume) in the hardened cement paste. Therefore, as part of this 
experimental setup, a quantification of the ice volume that was formed up to a minimum 
temperature of -20 °C was performed. Each sample was subjected to four freeze-thaw cycles 
using LTDSC. For the preceding initial measurement without NaCl solution, only one freeze-
thaw cycle was carried out in each case. 

 
Figure 39: Schematic illustration of the LTDSC experimental setup for cryogenic 

suction, not drawn to scale 

The minimum temperature in the freeze-thaw cycle was -20 °C, which was directly above the 
freezing point of the NaCl solution applied. Thus, the NaCl solution on top should remain in 
liquid state during the entire test, while the pore solution in the capillary pores of the hardened 
cement paste could freeze. An example freeze-thaw cycle of a specimen with NaCl solution on 
the surface is shown in Figure 40. 

A freeze-thaw cycle started with a cooling phase from +20 °C to -20 °C at a cooling rate of 
2 K/min. Freezing of the pore solution started only after significant supercooling in the range 
between -10 and -20 °C. The minimum temperature of -20 °C was maintained for 30 min to 
allow cryogenic suction of the de-icing salt solution to occur. The sample was then heated to 
+20 °C at 2 K/min. From the required heat of fusion, it was possible to calculate whether a 
larger amount of ice was formed as a result of cryogenic suction. During the phase at -20 °C, 
diffusion of pore solution from the gel pores to the frozen capillaries can also occur. This effect 
can also increase the ice volume and thus the required heat of fusion. This could not be avoided 
in the measurements. Since this measurement setup was primarily intended for comparative 
measurements of different samples, the resulting error should be negligible. 
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Figure 40: Example of a LTDSC measuring cycle LTDSC on hardened cement paste in 

the setup “cryogenic suction” – temperature and heat flow 

Freezing of the pore solution could not be achieved in all cases at a minimum temperature of 
-20 °C, especially when specimens with low capillary porosity were investigated. Ice formation 
was supported in these specimens with metaldehyde powder, which according to [252] acts as 
a heterogeneous nucleating agent. A small amount of metaldehyde powder (< 0.2 mg) was 
placed in the DSC crucible and the cement paste specimen was pressed firmly onto it. This 
was followed by applying the NaCl solution and performing the freeze-thaw cycles. Supercooling 
of the pore solution was not avoided even with metaldehyde powder, but in most cases ice 
formation down to -20 °C could be reliably achieved. 

As can be seen from Figure 40, the measured heat flow was normalized to 1 mg of the 
measured sample (unit: mW/mg). For the measurements with NaCl solution, the test sample 
consists of the cement paste and the NaCl solution standing on top. Nevertheless, only the 
mass of the hardened cement paste was used as the reference mass for the LTDSC 
measurements in order to ensure comparability to the initial measurement without NaCl 
solution.  

For the calculation of the heat of fusion, a linear baseline was applied. This was considered 
sufficiently accurate for the relatively small measurement range to be evaluated. Figure 41 
shows an example of an uncorrected melting curve including the linear peak baseline and the 
peak area determined. The latter denotes the heat of fusion required to melt the ice present in 
the sample. 
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Figure 41: Example of a non-corrected melting curve of a saturated hardened cement 

paste sample, starting from -20 °C 

In the melting curve, the heat flow signal was still subject to considerable deviations in the 
range from -20.0 to -19.5 °C, due to the change from isothermal temperature control to the 
heating phase. This range was therefore not considered in the calculation. Mostly, quasi-
stationary measurement conditions were achieved from approx. -17.5 °C onwards. However, 
the deviations in the range between -19.5 and -17.5 °C were only slight and acceptable. At 
5 °C, the melting process was always complete. The measurement section above 5 °C was 
therefore also not considered. Figure 42 shows the corrected heat flow. 

 

 
Figure 42: Example – corrected melting curve 

The next step was to calculate the mass of ice melted during the heating process. For this 
purpose, the consumed heat of fusion was divided by the enthalpy of fusion of water. For the 
latter, a strong temperature dependence has to be considered. Various approaches for 

-20 -15 -10 -5 0 5 10 15 20
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

heat of fusion: 
16.4 J/g

Heating with 2 K/min

Peak baseline

Consumption of  

not corrected
Heatflow,

H
ea

t 
fl
ow

 (
m

W
/m

g)

Temperature (°C)

exo

-20 -15 -10 -5 0 5
-0.05

0.00

0.05

0.10

0.15

0.20

0.25

0.30

16.4 J/g

Heating with 2 K/min Peak baseline

Consumption of heat of fusion:

corrected
Heat flow,

H
ea

tf
lo

w
, 
co

rr
ec

te
d 

(m
W

/m
g)

Temperature (°C)

exo



62 
 

calculating the enthalpy of fusion are given in the literature. These were considered 
comparatively by Wu et al [253] and the following equation by Randall [254] (from [255]) was 
recommended.  

 ∆ = 334,1 + 2,119 − 273,15 − 0,00783 − 273,15  (XVIII) 
 

In this, T is the temperature in Kelvin and H(T) is the enthalpy of fusion in J/g. The division 
of the heat of fusion by the enthalpy of fusion was carried out in intervals of <0.1 °C. In the 
case of the enthalpy of fusion, it must also be considered that it is also affected by ions dissolved 
in the water. Wu et al [253] assumed that the enthalpy of fusion of water is a sufficiently 
accurate approximation for a pore solution. However, whether this can be applied to NaCl 
solutions was not considered. According to Mrevlishvili et al [256], the structure of water is 
only slightly changed by Na+ and Cl- ions, so that the influence on the enthalpy of fusion 
should be negligible and was also not considered further here.  

For the interpretation of the measurements, it is of particular interest which pore volume 
is filled by the ice [43]. Accordingly, the mass of the ice was divided by the ice density to obtain 
the ice volume. Also, with the density of the ice a temperature dependence is to be considered. 
Here, the following approximation was considered [257]: 

 = 0,9167 − 2,053 ∙ 10  − 273,15 − 1,357 ∙ 10 − 273,15  (XIX) 
 

In it, T is the temperature in Kelvin and i is the density of the ice in g/cm3. The ice volume 
was calculated in the same temperature intervals as the calculation of the enthalpy of fusion. 
Figure 43 shows the resulting ice volume related to 1 g sample mass for the above example. 
The differential reduction of the ice volume as a result of the melting process is plotted on the 
ordinate. 
 

  
Figure 43: Example – ice volume 

The influence of cryogenic suction of highly concentrated de-icing salt solution on the ice 
volume in the hardened cement paste can be assessed from the melting curve and from the 
calculated integral ice volume. 
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5 Review of the Glue Spall Theory 

In the literature review, two concepts were identified that have the potential to describe the 
salt frost attack on concrete accurately at least in many aspects - the glue spall theory and the 
cryogenic suction theory. In the present chapter, the glue spall theory is critically reviewed and 
experimentally evaluated. The cryogenic suction theory is discussed in Chapter 6. 
 
The evaluation of the concepts is carried out in the following order: 

a) The plausibility of the theoretical basis of the model ideas is assessed. 
b) Existing experimental observations are evaluated. 
c) In own experiments relevant aspects of the concepts are examined. 

5.1 Theoretical basis 

The relevant basis of the glue spall theory of Valenza and Scherer is the stress state at the 
interface between concrete and an adhering layer of ice. The stresses result from the strong 
differences in the thermal expansion of ice and concrete. As long as the stresses are less than 
the tensile strength of the adhering ice, the ice remains crack-free and no scaling is induced. In 
the following, the theoretical principles are briefly explained and critical aspects are 
highlighted. 

An important influencing variable in the theory is the tensile strength of the ice. Valenza 
and Scherer used data from Weeks [258] for this purpose. Weeks established the following 
empirical relationship for the proportion of unfrozen solution in the ice to the ring tensile 
strength for saline ice. Here, Vb is the volume fraction of unfrozen residual solution in vol.% 
and  the ring tensile strength of the ice in MPa [258]: 

 = 2,471 − 0,515 ∙ .  (XX) 

 
The volume fraction Vb of the unfrozen residual solution is calculated as follows [258]: 

 

= ∙
∙ + 1 − ⁄  (XXI) 

 
with 
i Density of pure water ice (g/cm3) 
b Density of the unfrozen residual solution (g/cm3) 
Ws Salinity of the saline ice (wt.%) 
Wb Salinity of the unfrozen residual solution (wt. %) 
Vb Volume of the unfrozen residual solution (-) 



64 
 

The salinity4 Wb of the unfrozen residual solution can be calculated, for example, according to 
Bodnar [73]. In this, T is the temperature in °C: 

 = 1,78 − − 0,0442 − 2 + 0,000557 − 3 (XXII) 

 
The temperature dependence of the density of the ice must be considered, e.g. according to the 
following equation from [259] or according to equation XIX.   

 = 0,9167 + 1,6 ∙ 10−4 ∙ 0 −  (XXIII) 

 
The density of the unfrozen residual solution is estimated as a function of its NaCl 
concentration [260]: 

 = 1 + 0,008 ∙  (XXIV) 

 
This calculation was simplified by Valenza and Scherer by relating the ring tensile strength 
directly to the mass fraction of pure ice in the saline ice. Although the authors refer to the ice 
volume Vi in XIII, they actually use the mass fraction of the ice, as XXVI shows [74]:  

  = 2,471 − 0,515 ∙ 1 − .  (XXV) 

 
The "ice volume" was calculated by Valenza and Scherer [74] as follows: 

 = 1 −  (XXVI) 

 
In this, W0 is the original de-icing salt concentration at 0 °C and WL is the liquidus 
concentration at a temperature below the freezing point of the de-icing salt solution. Since W0 
and WL enter the equation in wt.%, the proportion of ice is actually determined as mass. This 
results in a not inconsiderable error.  

From the above equations, the ring tensile strength can now be plotted against the 
concentration of the original NaCl solution at -20 °C, for example. Figure 44 shows the results 
for the original calculation method according to Weeks [258] and for the simplified method 
according to Valenza and Scherer [74]. It can be seen that, according to the glue spall theory, 
at a minimum temperature of ≥-20 °C, no scaling should occur from about 5 or 6 wt.% NaCl, 
since the saline ice has no considerable strength. The "internal" de-icing salt concentration in 
the pore structure of the hardened cement paste, on the other hand, should not have a 
significant influence on the scaling intensity according to the model, since it does not affect the 
tensile strength of the ice. 

                                        
 

4 In the original publications, salinity is denoted by the formula symbol S. To avoid confusion with 
entropy S, the formula symbol W is used here. 
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Figure 44: Effect of NaCl concentration on the (ring) tensile strength of saline salt  

at -20 °C, calculated from data in [74, 258]. 

The stresses in the ice due to the different expansions of ice on concrete are calculated 
iteratively, since the properties of the ice also change as the temperature changes [74, 261]: 

 

= ∙ + 1,21,8 − ∙ − ∙ Δ  (XXVII) 

 
Therein are: 
s

(n) Cumulative stress in the ice layer at iteration step n (MPa) 
Ei E-modulus of water ice = 10000 (MPa) 
i

(n) Volume of pure ice in saline ice at iteration step n (-) 
i Linear coefficient of thermal expansion of water ice = 50·10-6  (K-1) [96] 
c Linear coefficient of thermal expansion of concrete = 10·10-6  (K-1) [97] 
T Temperature change (per iteration step) (K) 

 

Ice is subject to relatively large creep deformations in the state of tension, which significantly 
reduce the stress level in the ice. Considering the creep of the ice, Valenza and Scherer gave 
the following viscoelastic solution [74, 261].: 

 

= ∙ + 1,21,8 − ∙ Δ ∙ − −  (XXVIII) 

 
Therein are: 
JCr Coefficient for creep T Cooling rate in (K/s) = 0,00277 K/s ≙ 10 K/h 
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In it, Valenza and Scherer used data on secondary creep of ice from [262]. Although this 
corresponds only to the minimum creep rate, it should show good agreement with measured 
creep deformations according to [74]. The coefficient for creep is obtained from the following 
equation based on data from Barnes [262] for secondary ice creep [261]. 

 = ∙ −
 (XXIX) 

 
Therein are: 
A Coefficient: 1,27·1013 (MPa-3s-1) 
Q 1,207·104 (K) 
T Temperature (K) 
 
The calculation scheme can be used to compare tensile stress and ring tensile strength of a thin 
layer of ice on concrete. Cracks form in the ice when the tensile stress exceeds the tensile 
strength. In the following, results of an example calculation for NaCl concentrations of 0.01 
and 3.00 wt.% in the temperature range from 0 to -20 °C at a cooling rate of 10 K/h are 
presented. The elastic stresses in Figure 45 do not account for ice creep. For the considerations 
in comparison to the tensile strength, only the viscoelastic behavior under accounting of the 
creep deformations is relevant.  

 

  
Figure 45: Calculated tensile stress of an uncracked saline ice layer on concrete due to 

different thermal expansion compared to ring tensile strength, NaCl concentration of 

0.01 (left) and 3.00 wt.% (right). 

At 0.01 wt.% NaCl (cf. Fig. 45, left), the tensile stress (viscoelastic) in the ice remains below 
its tensile strength. The ice layer should therefore not crack in the temperature range 
considered and no scaling should be caused. At 3.00 wt.% NaCl (cf. Fig. 45, right), the ice 
builds up tensile strength only from -9 °C onward. The tensile stress is always above the tensile 
strength, which leads to cracking in the ice. The actual tensile stress in the ice should therefore 
be lower than calculated, since it is reduced by the cracks. According to theory, scaling would 
have to be expected in this case.  

However, empirical values from laboratory tests show that the model calculations are not 
able to fully represent the relationship between NaCl concentration and scaling intensity. This 
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is also clear from Figure 46, which shows results of freeze-thaw tests on concrete at different 
NaCl concentrations in the test solution. In these tests, intensive scaling was found even at 
well above 6 wt.% NaCl [118]. However, the tests were carried out on concretes without air 
voids. The extent to which these results can also be transferred to air-entrained concretes needs 
to be investigated. The results illustrate that the variation of the NaCl concentration in the 
salt frost scaling test is an important tool for testing the glue spall theory. 

 

 
Figure 46: Scaling in the CDF test after 14 ftc as a function of the NaCl 

concentration. Reprinted from [118], with permission of the German Federal Highway 

Research Institute. 

In a later revision of the theory by Sun and Scherer [263], the ring tensile strength was replaced 
by the flexural tensile strength of sea ice (from [264]), which gave a much lower tensile strength 
as an input value for the calculations. However, a comprehensible account of how this affects 
the glue spall theory was not given.  

Commonly, the use of both the ring tensile strength and the bending tensile strength is 
critical, since they are used as centric tensile strength in the calculations. It is well known that 
different methods for determining the tensile strength give very different results [265]. 
Therefore, it is better to use the centric tensile strength of saline ice or sea ice for the 
calculations, which is, however, with 0.2 to 0.8 MPa [266] again significantly lower than the 
ring tensile strength (cf. Figure 47). 
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Figure 47: Relationship of centric tensile strength of sea ice as a function of total 

porosity with horizontal loading direction. Reprinted from [266], with permission from 

Elsevier. 

The theory also does not consider that air inclusions in the ice also greatly reduce the tensile 
strength. Likewise, it is not considered that frozen de-icing salt solution changes its properties 
with time, since the unfrozen areas in the saline ice (the brine inclusions) are not stable in their 
position. 

In sea ice, the phenomenon of drainage of the brine inclusions is a well-known phenomenon. 
In this process, the liquid brine escapes from the sea ice into underlying layers [267, 268]. 
Various properties of sea ice are altered as a result, including mechanical properties [268]. When 
a salt solution is frozen with a uniaxially directed temperature gradient, the brine pockets 
migrate to the regions of higher temperature [156]. This occurs at velocities of about 2 µm/s 
[269].  

In a typical salt frost scaling test with ice thicknesses around 5 mm, all the brine could 
theoretically be displaced from the ice layer toward the concrete surface. The remaining ice 
would change in its mechanical properties. The bond between ice and concrete, on the other 
hand, would be significantly weakened [270]. 

 
Critical points of the theory are summarized here once again: 

 The predicted dependence between the scaling intensity and the NaCl concentration of 
the test solution in a salt frost scaling test contradicts empirical values from laboratory 
tests. 

 The influence of air inclusions on the tensile strength of ice and of the migration of 
brine inclusions is not considered. 

 The types of tensile strength used as input values for the calculations should generally 
be questioned. 
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5.2 Existing experimental evaluations 

Glue spall theory has been investigated only in some model experiments on hardened cement 
paste and mortar. Valenza and Scherer [74] performed measurements on the deflection of thin 
hardened cement paste slabs on which different solutions were frozen. When water was frozen, 
deflection of the hardened cement paste specimen was observed without cracks appearing in 
the ice layer. When freezing a de-icing salt solution with 3 wt.% NaCl, on the other hand, no 
considerable deflection occurred. This was assumed to be caused by cracking in the ice layer. 

 

 
Figure 48: Schematic illustration of the deflection experiment of Valenza and Scherer. 

Reprinted from [74], with permission from John Wiley and Sons. 

Valenza and Scherer also applied the fracture mechanics of thin films on brittle substances 
according to [271, 272] to the ice-concrete system to estimate crack induction and propagation 
in concrete [273]. From the calculations, it is obvious that as the ice layer thickness increases, 
the crack depth increases and thus the scaling should be intensified. This dependence of scaling 
intensity on ice layer thickness can thus be used to test assumptions of the theory. 

Tremblay et al [133] therefore investigated the influence of ice layer thickness on the scaling 
of mortars with different air contents. The specimens were exposed to 3 wt.% NaCl solution, 
and ice layer thicknesses of 0, 2, 4 and 8 mm were applied. 56 freeze-thaw cycles (ftc) were 
performed in a climatic chamber with air cooling in a temperature range of +15 to -15 °C. No 
scaling occurred without de-icing salt solution on top (0 mm). With increasing ice layer 
thickness, scaling tended to increase. The interpretability of the present investigations suffers 
overall from the selected boundary conditions and the lack of data that were not collected. For 
example, the influence of internal damage, which can also affect scaling intensity, was not 
determined. In addition, it can be assumed that in the selected experimental setup with air 
cooling, there were also strong differences in the temperature stress at the specimen surface for 
different ice layer thicknesses. These can also strongly influence the scaling behavior. 

In similar experiments, Çopuroğlu and Schlangen [119] also found increased scaling with 
increasing ice layer thickness (1, 3, 5, 10 mm). They also observed that the dimensions of the 
scaled particles increased with increasing ice layer thickness. The significance of the results is 
limited by the fact that the experimental setup had similar shortcomings as the setup described 
above by Tremblay et al [133]. In addition, the tests had to be stopped after 3 ftc because of 
extreme scaling of the specimens. Çopuroğlu and Schlangen supported their observations with 
numerical calculations, but did not consider the creep deformations of the ice.  
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Figure 49: Influence of ice layer thickness on scaling intensity (modeling). Reprinted 

from [119], with permission from Elsevier. 

In summary, the present experimental investigations confirm important predictions of the glue 
spall theory. However, these investigations are insufficient as sole evidence for the correctness 
of this theory. 

5.3 Own experimental evaluation 

From the theoretical foundations and from the available experimental evidence, there are three 
different starting points with which important predictions of the theory can be verified by 
means of salt frost scaling tests on concrete: 

a) the ice layer thickness 
b) the de-icing salt concentration of the test solution 
c) the "internal" de-icing salt concentration in the pore structure of the concrete 

 
In model experiments, the dependence between the scaling intensity and the ice layer thickness 
during a salt frost attack could be confirmed. However, a verification of this relationship by 
means of an established salt frost scaling test method on an air-entrained concrete is still 
pending and is therefore the subject own investigations.  

According to the theory, the influence of the de-icing salt concentration of the test solution 
on the scaling intensity is caused by the reduction of the tensile strength of the ice. The theory 
gives a very narrow range for the concentration, so that scaling above 5 wt.% NaCl should not 
occur at -20 °C. The most intense scaling is predicted for a concentration of 3 wt.% NaCl. 
However, available results [118, 120] indicate that these predictions do not hold.  

In contrast, no effects on the scaling intensity are predicted for a variation of the "internal" 
de-icing salt concentration in the pore structure of the concrete, since this does not affect the 
tensile strength of the ice layer.  

The three approaches were investigated by selective parameter variation in the salt frost 
resistance test using the CDF method. The concrete used was an air-entrained concrete mix 
with a Portland cement as binder (see Table 10). For the air content, however, an increased 
scatter range of ± 1.0 % by volume was allowed, which may result in noticeable differences in 
the scaling levels of the individual tests in the series. 
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The decrease in the relative dynamic modulus of elasticity was also determined exemplarily in 
order to reliably exclude internal damage. In all tests, the decrease was less than 5% after 28 
freeze-thaw cycles. It is therefore not shown here. 

5.3.1 Impact of ice layer thickness  

The variation of the ice layer thickness was realized in the CDF method by using spacers with 
1, 5 and 10 mm height. With regard to the glue spall theory, it should be noted that in the 
CDF test the ice layer adheres not only to the specimen surface but also to the steel container. 
Stresses in the ice layer due to the difference in thermal expansion of ice and concrete can 
possibly be affected by the bond between the ice and the container material.  

Therefore, in addition to the standard test setup, additional tests were planned in which 
smooth PVC inlays (2 mm thickness) were placed on the bottom of the steel containers (cf. 
Figure 50). This was done to determine whether the different coefficients of thermal expansion 
of the materials affect the results of the scaling tests.  

The thermal contraction of stainless steel is 14.4·10-6 K-1 (SAE grade 304, temperature 
range 250 - 273 K) [274], which is similar to that of concrete. The thermal contraction of PVC, 
at 50·10-6 K-1 [275], is of the same order of magnitude as that of water ice. 

In order to determine the influence of the ice layer thickness and the PVC inlay on the 
temperature profile at the tested concrete surface, the temperature during a freeze-thaw cycle 
was recorded for the individual test variations. For this purpose, a Ni-Cr-Ni element was fixed 
to the bottom (= test surface) of the specimen and the temperature was continuously recorded 
(cf. Figure 50). 

 

 
Figure 50: Test setup of CDF test with PVC inlay (schematic, not drawn to scale) 

 

Figure 51 shows the results of the CDF tests as cumulative scaling amount plotted against ice 
layer thickness. The NaCl concentration of the test solution was uniformly 3 wt.%. Experiment 
ILT-1.2 was terminated prematurely after 20 ftc due to a malfunction of the CDF chamber. 
Each test point represents the average of 5 specimens. 
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Figure 51: CDF results - experimental setup ILT-1 - scaling (left) and liquid uptake 

(right) after 28 ftc. Error bar = standard deviation 

Overall, the scaling level of all series is low. This was also to be expected in view of the concrete 
mix design used. In the ILT-1.3 and -1.4 series, the scaling levels are slightly higher than in 
the other two series, which can be explained by lower fresh concrete air contents. As predicted 
by the glue spall theory, the amount of scaling increases with increasing ice layer thickness. 
Increasing the ice layer thickness from 1 mm to 10 mm causes an average rise in the amount 
of scaling by a total of 126 wt.%, or an average of 14 wt.% per mm of ice layer thickness. The 
solution uptake also increases. The saturation processes thus also occur more strongly with 
increasing ice layer thickness. Figure 52 shows the results for the test with PVC inlays. 

Figure 52: CDF results - test setup ILT-2 with PVC inlays; scaling (left) and liquid 

uptake (right) after 28 ftc; error bars = standard deviation. 

The dependence between ice layer thickness and scaling quantity is also confirmed in this test 
series. Increasing the ice layer thickness from 1 mm to 10 mm causes an average increase in 
the amount of scaling by a total of 117 wt.% or by an average of 13 wt.% per mm ice layer 
thickness. In contrast to series ILT-1, the solution uptake here decreases with increasing ice 
layer thickness. The reason for this behavior is not known. The temperature curves on the 
bottom side of the specimen indicate that this is due to differences in the temperature stress 
(see Fig. 53). 
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Figure 53: Temperature curves at the CDF test surface during a freeze-thaw cycle; 

influence of ice layer thickness without (left) and with (right) PVC inlays. 

In the CDF test without PVC inlay, the temperature curve showed relatively good agreement 
with the target curve, even with increased ice layer thickness. With PVC inlay, however, a 
disproportionate deviation from the target temperature occurred with increasing ice layer 
thickness. Further investigations were not carried out at this point, as this was only a secondary 
aspect of the investigation. 

Conclusion on ice layer thickness 

The results obtained here confirm the findings of [119, 133], according to which increasing ice 
layer thickness also leads to increasing amounts of scaling. Thus, an essential prediction of the 
glue spall theory can be confirmed. Hence, the glue spall theory can plausibly represent this 
aspect of a salt frost attack [276, 277]. However, alternative approaches still exist to explain 
the dependence of scaling intensity on ice layer thickness: 

a) The Cryogenic Suction Theory [80, 148]: As a result of the thicker ice layer of saline ice, 
there is an increased supply of unfrozen NaCl residual solution at temperatures below 
0 °C. According to the theory, this could result in an increased saturation of the surface-
near layer and the scaling processes may be enhanced. 

b) The brine rejection theory [155]: Due to the thicker ice layer, a larger buildup of stress 
in the ice is possible. Since the theory is partly based on unsubstantiated assumptions, 
this explanation has only little relevance. 

 
The consideration of the dependence of the scaling intensity on the ice layer thickness is thus 
not a unique feature of the glue spall theory. Consequently, the results are not in contradiction 
to the theory, but are also no sufficient proof of its correctness. 
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5.3.2 Influence of the de-icing salt concentration in the test solution 

For the investigations on the influence of the de-icing salt concentration, CDF tests were 
carried out with different NaCl concentrations in the test solution. Capillary suction and the 
actual freeze-thaw test were performed with the identical concentration of the test solution. 
After preliminary tests (see also [276]), a range of 0.0 / 0.5 / 1.5 / 3.0 / 6.0 wt.% NaCl was 
determined. All specimens of a test (e.g. NaCl-1.1) originated from a single concrete mix in 
order to minimize production-related scatter within the individual tests. After demolding, the 
specimens were pre-stored in water until the 7th day and then in the standard climate 20/65 
for 21 days.  

Figure 54 shows the results of the NaCl-1 series plotted against NaCl concentration. Each 
test point shows the mean value from three test specimens. 

  
Figure 54: Results CDF test series NaCl-1; scaling (left) and liquid uptake (right) after 

28 ftc; error bars = standard deviation. 

Here, too, the scaling level of all concretes is relatively low. The pessimum of 3.0 wt.% (or 2-4 
wt.%), as frequently quoted in the literature [114, 123], could not be confirmed. The highest 
levels of scaling occur in the range of 0.5 to 1.5 wt.% NaCl. Similar trends were also reported 
in [118, 120]. With regard to the glue spall theory, it is particularly relevant that even at a 
NaCl concentration of 6.0 wt.%, scaling still occurs in the range of 25 - 38 % of the maximum 
values. This is in clear contradiction to the assumptions of the glue spall theory.  

The liquid uptake after 28 freeze-thaw cycles shows no functional relationship to the NaCl 
concentration. Only the step from 0.0 to 0.5 wt.% NaCl leads to a noticeable increase in liquid 
uptake. 

Conclusion on the de-icing salt concentration in the test solution 

The results on the influence of the de-icing salt concentration contradict the predictions of the 
theory. The pessimum concentration of the test solution is located in the range of approx. 0.5 
to 1.5 wt.% NaCl, and not at 3.0 wt.% as frequently postulated. However, the theory is designed 
to reflect a pessimum at 3.0 wt.%. For example, no significant scaling should occur at 1.0 wt.% 
NaCl. This is illustrated by Figure 55 from [74], according to which at 1.0 wt.% NaCl the 
tensile strength of the ice should still be sufficient to counteract cracking due to thermally 
induced stresses (viscoelastic). 
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Figure 55: Calculated stresses in an ice layer of 1 wt.% NaCl solution on concrete 

compared to the tensile strength of the ice. Reprinted from [74], with permission from 

John Wiley and Sons. 

In particular, however, the high amounts of scaling at 6.0 wt.% NaCl are in clear contradiction 
to the glue spall theory. Since the saline ice no longer exhibits any tensile strength at -20 °C 
in this NaCl concentration range, no significant scaling should occur either. 

5.3.3 Influence of the "internal" de-icing salt concentration 

Within the investigations it was considered how a modified de-icing salt concentration in the 
pore structure of the concrete affects the location of the pessimum of the test solution 
concentration. The modification of the internal de-icing salt concentration was realized by 
performing the capillary suction not with the test solution, but with water (NaCl-2 series) or 
with 6.0 wt.% NaCl (NaCl-3 series). These concentrations correspond to the boundary points 
of the NaCl range considered in the preceding pessimum tests. Otherwise, the procedure was 
the same as for the NaCl-1 series. 

Capillary suction with water (NaCl-2 series) 

The scaling intensity (cf. Figure 56) is above the level of the NaCl-1 series. Theoretically, this 
could be due to the fact that the overall reduced de-icing salt input into the pore structure of 
the concrete weakened the ice formation in the concrete to a lesser extent. On the other hand, 
production-related influences such as the fresh concrete air content or the compaction intensity 
could also be the cause. 
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Figure 56: CDF test NaCl-2 series, capillary suction with water; scaling (left) and liquid 

uptake (right) after 28 ftc; error bars = standard deviation 

The effect of the internal de-icing salt concentration on the location of the pessimum of the de-
icing salt concentration in the test solution is far more significant. Here, even in the case of 
pre-saturation with water, only slight deviations are recorded compared with the NaCl-1 series. 
Here, too, the pessimum is in the range from 0.5 to 1.5 wt.% NaCl. Thus, the reduced internal 
de-icing salt concentration at the beginning of the freeze-thaw exposure does not cause a 
significant shift of the pessimum towards higher concentrations. The liquid uptake corresponds 
to the order of magnitude of the NaCl-1 series. Up to 1.5 wt.% NaCl, a slight increase in liquid 
uptake is observed. 

Capillary suction with 6.0 wt.% NaCl (NaCl-3 series) 

Capillary suction was performed with 6.0 wt.% NaCl solution. In all other respects, the 
procedure was the same as for the NaCl-1 series. 

 

 
Figure 57: CDF test NaCl-3 series, capillary suction with 6 wt.% NaCl; scaling (left) and 

liquid uptake (right) after 28 Ftc; error b. = standard dev. 

The scaling intensity and liquid uptake are comparable with the results of the NaCl-1 test. 
The pessimum of the de-icing salt concentration of 0.5 to 1.5 wt.% NaCl is also confirmed here. 
Even at 6.0 wt.% NaCl, notable scaling occurs.   
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Comparison of the series with NaCl-1 to -3 

For better comparability, the scaling values of the different series are compared in one diagram. 
The procedure for this was as follows. In the first step, the scaling quantities of each individual 
test were normalized so that the maximum scaling quantity corresponded to a value of 1.0. In 
the second step, the mean values of the normalized amount of scaling for each series were 
calculated. In the third step, the results were again normalized to a maximum scaling amount 
of 1.0. The detailed calculation procedure can be found in Appendix B. The following diagram 
shows the comparison between the three series. 
 

 
Figure 58: Comparison of normalized mean scaling amounts as a function of NaCl 

concentration for capillary suction; analog ftc = NaCl-1 series; 0 wt.% = NaCl-2 series; 6 

wt.% = NaCl-3 series. 

The comparison of the normalized mean scaling amounts confirms that in the concentration 
range considered, the location of the pessimum of the outer de-icing salt concentration is not 
influenced by the inner de-icing salt concentration. The averaged pessimum of each series is 
0.5 wt.% NaCl. However, clear differences are seen in the concentration range above the 
pessimum. In the series that was capillary pre-saturated with water, the scaling amounts are 
significantly increased compared to the other series.  

Conclusion on the influence of the "internal" de-icing salt concentration 

Pre-saturation of the concrete with de-icing salt solutions of different concentrations prior to 
the salt frost scaling test does not lead to a significant shift in the location of the pessimum of 
the de-icing salt concentration. However, when pre-saturated in water, the pessimum is less 
clearly pronounced and higher de-icing salt concentrations in the test solution reduce the 
amount of scaling to a lesser extent. In summary, in the concentration range considered, the 
influence of the "outer" de-icing salt concentration on the scaling intensity is clearly stronger 
than the influence of the "inner" de-icing salt concentration. This is consistent with the 
assumptions of the glue spall theory.  
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5.4 Summary 

The glue spall theory of Valenza and Scherer describes a mechanism for the development of 
scaling based on the mechanical damage of the concrete surface by an adhering ice layer. The 
theoretical principles plausibly describe the resulting stress states when concrete and deicing 
salt solution freeze together. However, verification of these fundamentals showed that some 
important input values are not valid.  

The theory was experimentally verified in various studies, using in particular the predicted 
dependence between ice layer thickness and scaling intensity in salt frost scaling tests as an 
evaluation criterion. Since this dependence could be confirmed in the published studies, it was 
essentially assumed there that the theory accurately described the damage processes. 

The ice layer thickness was therefore also considered as a variable parameter in own 
investigations using the CDF test. The dependence of the scaling intensity on the ice layer 
thickness was confirmed. Thus, the results do not contradict the glue spall theory. In the 
meantime, however, alternative explanations for the influence of the ice layer thickness are 
available. Consequently, further evidence was required to verify the correctness of the theory.  

With regard to the de-icing salt concentration, the glue spall theory defines a narrow 
range within which scaling should be possible or expected. Salt frost scaling tests with different 
concentrations of de-icing salt have shown that severe scaling occurs even when the frozen de-
icing salt solution has no appreciable strength and mechanical damage to the concrete surface 
cannot occur. This observation is in clear contradiction to the glue spall theory. 

Again, in agreement with the theory, however, are the results on the influence of the 
"internal" de-icing salt concentration in the concrete prior to a salt frost scaling test. The 
pessimum of the de-icing salt concentration was not influenced by variations of the NaCl 
concentration in the pore solution of the concrete. 

In two of three test variations, the principal predictions of the glue spall theory could be 
confirmed, which could lead to a positive assessment here. For the assessment of the theory, 
however, it is decisive that appreciable scaling was measured even at NaCl concentrations at 
which mechanical damage to the concrete surface by the ice layer is not possible. In summary, 
therefore, it is concluded that the glue spall theory is not suitable for accurately describing the 
salt frost attack on concrete in all relevant aspects. It is therefore not pursued further in the 
context of this thesis. 

It cannot be ruled out that the glue spall effect can have a damage-increasing effect in the 
range of low de-icing salt concentrations. However, this has not been proven. Direct observation 
of the formation of cracks in the concrete caused by the glue spall effect is also not available.   
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6 Review of the Cryogenic Suction Theory  

6.1 Theoretical basis 

The core of the cryogenic suction theory is the assumption that ice lenses in frozen concrete 
can continue to grow by sucking up unfrozen, highly concentrated residual solution from a 
saline ice layer (mixture of unfrozen NaCl solution and pure ice) and thus cause scaling. The 
relevant theoretical principles concerning the thermodynamic behavior of water, de-icing salt 
solution and ice are to be considered here in more detail.  

An important basis is the theory of crystal pressure by Powers and Helmuth [39]. This 
states that unfrozen pore solution is transported from gel pores to ice lenses in larger capillaries 
or air voids. The reason for this is that the unfrozen pore solution has a higher entropy than 
the ice. A reduction in temperature (e.g. from -10 to -20 °C) therefore leads to an increase in 
the thermodynamic imbalance between pore solution and ice, insofar as this is not compensated 
by other influences. 

In a simplified consideration of pore solution as water, which is in a porous solid, the 
different chemical potential between water and ice is only compensated by pressure differences. 
In the unfrozen pore solution, a negative pressure is established, which leads to a transport of 
the solution to the ice lenses. This can be described thermodynamically by substituting the 
Young-Laplace equation (I) into the Gibbs-Thomson equation (III). 

 − = ∆ ∙ Δ  (XXX) 

with 
pL  Pressure in pore solution     
pC  Pressure in the ice crystal    ∆  Melting entropy   

T  Freezing point depression 
 

For Sfv  1,2 J/(cm3·K) [40] a negative pressure of approx. 1.2 MPa per degree Kelvin below 
the macroscopic freezing point results. For cryogenic suction, the specific conditions in the 
concrete surface must also be considered. Three different cases will be considered below: 

1. concrete surface in contact with water 
2. concrete surface in contact with a moderately concentrated NaCl solution 
3. concrete surface in contact with a highly concentrated NaCl solution. 

 
Cases 2 and 3 are even more complex, since the thermodynamic equilibrium is not only 
influenced by the pressure, but also by the dissolved de-icing salts, which are not considered 
in equation XXX. In addition, the mixing of the de-icing salt solution with the pore solution 
and also the partial binding of the de-icing salts by the hardened cement paste complicate the 
description of the processes in the concrete surface.  
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6.1.1 Concrete surface in contact with water 

Under common temperature gradients of a frost test procedure as well as during frost under 
most practical conditions, the water on the outside freezes first, before the pore solution in the 
concrete freezes. The ice strives to grow into the accessible pores. However, it can only do this 
when the temperature has dropped so far that the radius-freezing point relationship allows it. 
As long as freezing does not start in the capillaries due to the radius-freezing point relationship, 
the ice crystal generates a negative pressure of about 1.3 MPa in the pore solution and draws 
it from the adjacent capillaries [56]. The outer ice layer thus reduces the saturation of the 
concrete surface and inhibits the formation of scaling [80]. 
 

 
Figure 59: Suction effect due to external ice layer, schematic, not drawn to scale 

However, the respective effect will be rather weak. For example, in order to achieve a freezing 
point reduction of one-degree Kelvin, the maximum pore radius of the capillaries should be 
only approx. 0.065 µm. For common concrete qualities, dendritic ice growth into the capillary 
pore system of the concrete is likely to begin at temperatures just below the macroscopic 
freezing point. However, the differences in chemical potential between the macroscopic ice and 
the capillary ice may contribute to reduced capillary ice growth. 

6.1.2 Concrete surface in contact with a moderately concentrated NaCl solution 

This case represents the actual mechanism postulated in the cryogenic suction theory. 
According to Lindmark's description [80], ice lenses are formed in the concrete surface zone 
during frost exposure. Their growth causes a negative pressure in the pore solution. In parallel, 
the de-icing salt solution freezes on the concrete and forms a layer of saline ice. In the 
microstructure near the surface, the negative pressure of the pore solution acts on the saline 
ice, which at temperatures between the freezing point and the eutectic temperature is a mixture 
of pure ice and unfrozen residual solution. As a result of the negative pressure in the pore 
solution, unfrozen residual solution is drawn in from the external ice layer, and the ice lenses 
in the pores near the surface can continue to grow and build up stronger pressure against the 
pore wall (see Figure 60). The process progresses until: 

 no more solution is supplied from the outside. 
 the salt concentration in the pore solution has increased so much that the 

thermodynamic imbalance is compensated by the salt concentration. 
 the pressure of the crystal against the pore wall leads to structural destruction. 
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Figure 60: Concrete surface in contact with saline ice shortly after ice lens 

formation in coarse capillaries; schematic, not to scale. 

In the description of the damage process, Lindmark omits how ice lens formation in the concrete 
surface would occur without heterogeneous nucleation from the outside. The role of the frozen 
parts in the saline ice layer are not considered. In principle, however, even when a moderately 
concentrated de-icing salt solution is used, it can be assumed that the first ice formation will 
occur in the de-icing salt solution on the outside when there is a uniaxially directed temperature 
gradient. The ice crystals in this saline ice should be able to stimulate ice formation in the pore 
solution in the concrete surface layer as a heterogeneous nucleus. As a result, the capillary pore 
system of the concrete surface area should rapidly fill with ice. As the temperature is 
progressively lowered, the growth of capillary ice initiates cryogenic suction. Liquid transport 
is also possible in ice-filled capillaries, since an unfrozen film of adsorbed water remains on the 
pore walls.  

An important prerequisite for ice lens growth is that the chloride ions of the penetrating 
solution are bound by the hardened cement paste. Otherwise, the thermodynamic imbalance 
is compensated by the increase of the salt concentration in the pore solution and the driving 
force for ice lens growth is lost or even reversed (cf. equation XV). However, the role of chloride 
binding has not been accounted for in cryogenic suction theory. 

6.1.3 Concrete surface in contact with a highly concentrated NaCl solution  

When the concrete freezes in contact with highly concentrated de-icing salt solution (for 
example, at > 15 wt.% NaCl), the primary ice formation in most cases will not occur in the 
de-icing salt solution. Instead, ice lenses will form first in the pore structure of the concrete 
due to freezing of the weaker concentrated pore solution. Significant supercooling should occur 
as the number of heterogeneous nuclei is greatly limited. 

According to equation XXX, the ice lenses cause a negative pressure in the pore solution 
as the temperature is progressively lowered. This leads to the suction of the de-icing salt 
solution into the concrete. As explained above, the thermodynamic disequilibrium here is 
compensated not only by pressure equalization, but also by the increase in concentration of 
solutes in the pore solution. The binding of penetrating chloride ions in the hardened cement 
paste is thus also a prerequisite here for further growth of the ice lenses in the pores. 
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Figure 61: Concrete surface in contact with highly concentrated de-icing salt solution 

after ice lens formation in coarse capillaries; schematic, not drawn to scale. 

6.2 Existing experimental evidence 

In [80], Lindmark designed an experimental setup for the observation of the cryogenic suction 
process. For this purpose, he stored pre-saturated mortar samples at temperatures below 0 °C 
in highly concentrated NaCl solutions. The storage temperature and concentration of the NaCl 
solutions were matched in such a way that ice formation could occur in the mortar but not in 
the storage solution. According to his theory, the mortar discs would absorb solution during 
storage.  

Strictly speaking, this experimental setup represents a special case for cryogenic suction, 
because ice formation in the mortar cannot be stimulated by heterogeneous nuclei from the 
outside. The freezing of the pore solution in the mortar should thus mostly occur abruptly, 
after significant supercooling. A behavior analogous to Section 6.1.3 is to be expected. 

 

 
Figure 62: Cryostat, container with NaCl solution, mortar discs in support; from [80]. 

Damage to the mortar caused by external ice, as postulated in the glue spall theory, was 
excluded in this test setup. Moisture absorption analogous to the theory of the micro ice lens 
pump could also not take place, since the specimens were stored at constant minus 
temperatures and could not thaw. On the other hand, it was unfavorable in the execution of 
the experiment that the mortars were shock frozen by being placed in the deep-frozen solutions. 
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The potential for ice formation in the mortars was influenced by a specific variation of the pre-
storage conditions. The mortars were either pre-stored in saturated calcium hydroxide solution 
or in NaCl solutions of different concentrations. By the latter, different salt concentrations 
were established in the pore solution of the mortars. The stored mortar discs were weighed at 
regular intervals. An increase in mass was to indicate whether NaCl solution was absorbed by 
the mortar discs. Mortars with and without air voids were examined. Mortar samples without 
air voids disintegrated when placed in the frozen solutions. A determination of the weight 
increase was not possible for these. The results on mortars with air voids confirmed important 
assumptions of the theory:  

1. ice formation in the mortar led to an increase in the weight of the specimens as a result 
of the absorption of highly concentrated de-icing salt solution. 

2. the lower the temperature, the higher the weight increase. 
3. the lower the salt concentration in the mortar, the higher the weight increase. 

 

 
Figure 63: Weight changes of mortars in NaCl solution. Storage temperature slightly 

above the freezing point of the corresponding NaCl solution. Salt concentration in the 

pore solution before the start of storage = 0 wt.%; from [80]. 

On a mortar specimen, Lindmark observed the formation of a very pronounced surface-parallel 
crack in the center of the specimen (cf. Figure 64). He assumed that this crack was caused by 
the growth of an ice lens in the center of the specimen [80]. 

 

 
Figure 64: Crack in the center of a mortar specimen; the specimen was split for the 

photograph [80]. 
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Lindmark also considered that, in addition to the postulated effect of increased ice formation 
due to cryogenic suction, other effects could also lead to a change in the mass of the mortar 
specimens [80]. Accordingly, the following processes must also be considered: 

 Compression of the air contained in the mortars as a result of cooling also causes 
absorption of external solution and thus an increase in mass. 

 The temperature-dependent density changes of the pore solution cause changes in 
the sample saturation. Up to the highest density of water at +4 °C, external solution 
is sucked up, while further cooling causes pore solution to be released. 

 The thermally-induced reduction in volume of the mortar causes a reduction in pore 
volume and thus a "squeezing out" of pore solution. 

 In the temperature range above the freezing point of the pore solution, cooling 
causes moisture redistribution from the capillary pores to the gel pores. The 
capillary pores then draw external solution. 

 The different salt contents in the solutions can trigger moisture transport due to 
osmosis [80]. 

 
Lindmark checked the last aspect by storing NaCl-free mortars in a highly concentrated NaCl 
solution at room temperature. The opposite case - high NaCl concentration in the mortar and 
storage in water - was also tested (cf. Figure 65). 

The mass of the mortar specimens decreased when the salt concentration of the storage 
solution was higher than the internal concentration (181; 183 in Figure 65). In the opposite 
case, the samples increased in weight (180; 182 in Figure 65). Osmosis caused purely by 
differences in ion concentration could thus be excluded as a cause for the weight increase of 
the samples in the frozen NaCl solutions [80]. 

 

 
Figure 65: Weight changes of NaCl-free mortar in NaCl solution and of NaCl-containing 

mortar in water. Storage temperature 21 °C. From [80]. 

Lindmark weighted the causes listed above and concluded that, in addition to the ice lens 
growth, the contraction of the contained air has the strongest influence on the mass change of 
the mortar specimens. The rapid increase in mass during the initial phase of immersion (cf. 
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Figure 63) is thus assumed to be due to the contraction of the contained air, while the steady 
further increase is said to be due to the growth of the ice lenses [80]. 

Jepsen [278] reproduced Lindmark's storage tests of mortars in highly concentrated salt 
solutions, but subjected the specimens to cyclic freeze-thaw cycles. She found that the increase 
in mass is divided into a reversible and an irreversible part, with the reversible part clearly 
predominating (cf. Figure 66). 

 
Figure 66: Moisture absorption of mortar samples (40A03); reprinted from [278]. 

The mortar with the highest air content showed the strongest mass increase during freezing. 
Jepsen therefore attributed the reversible part of the mass increase to the contraction of the 
air in the mortar [278]. 

Liu and Hansen later used low-temperature dilatometry to prove Lindmark's theory with 
an independent experimental setup [148, 279]. They used small concrete prisms that were pre-
saturated with water or NaCl solution after drying at 50°C. Since the damage mechanism 
postulated by Lindmark is based on the uptake of NaCl solution during the freezing process, 
an external supply of liquid had to be provided during the extension measurements. Liu and 
Hansen realized this by applying sponges pre-saturated with the test solution. The "inner" and 
the "outer" test solutions were always identical. The specimens with the sponges were wrapped 
in cling film to avoid evaporation effects (see Figure 67). In a dilatometer, the changes in length 
of the concrete prisms were determined in a temperature range from +20 to -20 °C.  

 

 
Figure 67: Specimen for dilatometer measurement with sponges attached; reprinted 

from [279]; with permission from Elsevier. 
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If the concrete specimens were frozen without external moisture supply, a contraction of the 
specimens was observed (cf. Figure 68, red curve). The extent of the contraction should not be 
due to the negative thermal expansion alone, but also to the moisture redistribution in the 
hardened cement paste matrix ("frost shrinkage"). With external water supply, shrinkage 
deformations also occurred after an initial expansion (cf. Figure 68, blue curve). Liu and Hansen 
attributed the initial expansion to the fact that the water-saturated sponges froze to the 
specimens during freezing, so that the expansion of the freezing sponges was propagated to the 
test specimen and thus led to a falsification of the measurement [148]. 
 

 
Figure 68: Length and temperature change for capillary-saturated concrete samples (red 

- surface-dry, blue - water, green -3 wt.% NaCl solution). Reproduced from [148]. 

When 3 % NaCl solution was added, expansions were measured during freezing of the samples 
(cf. Figure 68, green curve). This was taken by Liu and Hansen as evidence for Lindmark's 
theory [148]. Like Lindmark's immersion experiments, Liu and Hansen's measurements are 
strong evidence that the mechanism of sucking up highly concentrated solution postulated by 
Lindmark promotes ice growth in concrete.  

However, unfavorable in their experimental setup is the realization of the external liquid 
supply. Even in the case of application of 3 wt.% NaCl, falsification of the extension 
measurements by sponges frozen to the specimen surface cannot be ruled out. This source of 
error could have been avoided by implementing the liquid supply with a highly concentrated 
NaCl solution in conjunction with concrete prisms pre-saturated in water.  

Regardless of this, it is also true for these measurements that the strains are not necessarily 
only due to the growth of the ice lenses, but can also occur as a result of other moisture 
absorption processes (e.g. as a result of the contraction of the air).   
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6.3 Own experimental investigations 

6.3.1 Principle approach 

From the theoretical background and from the available experimental evidence, two 
fundamental questions arise concerning the postulated process of cryogenic suction of highly 
concentrated de-icing salt solution: 

a) Can hardened cement paste absorb unfrozen, highly concentrated de-icing salt solution 
during freezing or in the frozen state? 

b) Does the uptake of this highly concentrated de-icing salt solution lead to increased ice 
formation in the hardened cement paste? 

 
These questions were investigated in two different test setups. The starting point for the first 
question were the experiments of Lindmark [80], in which he froze mortar samples in a highly 
concentrated de-icing salt solution and determined the mass increase. The basic experimental 
setup of Lindmark was reproduced here, but modified in such a way that some shortcomings 
from the original experiments could be avoided. The experimental procedure and results are 
presented in section 6.3.3. 

The second question was investigated using dynamic low-temperature differential scanning 
calorimetry. In a special test setup, hardened cement paste with a drop of NaCl solution on 
top was subjected to several freeze-thaw cycles (LTDSC test setup "cryogenic suction"). The 
volume of ice previously formed in the specimen was inferred on the basis of the amount of 
heat of fusion required to melt the ice in the specimen. A comprehensive description of the 
experimental setup is given in section 4.6.3. A brief description of the methodology and the 
results of the investigations are presented in section 6.3.4. 
 

Experimental verification of cryogenic suction 

       

Freezing in salt solutions  LTDSC 

 

 

 
Key figure:  Key figure: 

Weight increase  Increase of ice volume 
Figure 69: Overview - experimental verification of cryogenic suction. 
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All tests were carried out on hardened cement paste specimens. In order to be able to test a 
wide range of materials, three different cements with three w/c-ratios were combined. The 
different cements represent three characteristic cement types. The Portland cement CEM I 
represents the reference binder here. The other cements represent typical binders with reduced 
clinker content, which may show a deviating behavior with regard to salt frost scaling 
resistance.  

The GGBFS cement CEM III/A is an example of a cement containing a high proportion of 
reactive clinker substitutes that actively participate in cement hydration. The latent hydraulic 
reaction of the blastfurnace slag contained (approx. 50 wt.%) contributes here to the formation 
of additional, predominantly foil-shaped C-S-H phases, which should result in a denser 
microstructure compared to the Portland cement. 

The Portland limestone cement CEM II/B-LL, on the other hand, is an example of cements 
containing a largely inert main constituent. Due to the high limestone powder content of 26 
wt.%, a CEM II/B-LL according to DIN EN 206-1 / DIN 1045-2 should by default not be used 
for concrete exposed to salt frost attack. Nevertheless, this cement was selected here in order 
to obtain sufficient differences in material behavior compared with Portland cement. In 
addition, the cement used here has an application approval for exposure classes XF2 and XF4. 
Due to the high inert content, an increased capillary porosity of the hardened cement paste is 
to be expected.  

As w/c-ratios 0.40, 0.50 and 0.60 were chosen. The w/c- ratio of 0.50 represents the 
reference value here. It corresponds to the maximum permissible w/c-ratio for concrete with 
salt frost scaling resistance according to DIN EN 206-1 / DIN 1045-2. Concretes with this w/c-
ratio usually have a pronounced capillary porosity, but as air-entrained concretes they generally 
possess a high salt frost scaling resistance. For the investigations conducted here on the 
hardened cement paste, this means that sufficient capillary pores should be present to detect 
cryogenic suction, provided that this process actually takes place. 

 

 
Figure 70: Overview on experiments  

 

Characterization

Weight gain during freezing in 

highly concentrated salt solution

Ice formation due to uptake of 

highly concentrated salt solution

Saw cutting - 8 mm discs Saw cutting - 1 mm discs

Storage in saturated Ca(OH)2 solution at 20 °C for about three weeks

MIP; 

LTDSCWeight gain LTDSC with salt solution

Compositions
CEM I 42.5 R; CEM III/A 42.5 N; CEM II/B-LL 32.5 R 

three w/c-ratios each: 0.40 / 0.50 / 0.60

Pre-storage
Preservative storage (20 °C) for one week

Preparation
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At a w/c-ratio of 0.40, the addition of water to the cement paste corresponds approximately 
to the amount of water that is chemically and physically bound during complete hydration of 
Portland cement. The hardened cement paste should thus have only a low capillary porosity 
at the age of about 28 days in the tests conducted here as well. Accordingly, cryogenic suction 
should be strongly mitigated. At a w/c-ratio of 0.60, on the other hand, a marked capillary 
porosity and, consequently, strong cryogenic suction should be expected. Figure 70 gives an 
overview of the test matrix. 

The hardened cement paste specimens were cured in such a way that moisture loss and 
carbonation of the specimens were largely avoided. For this purpose, they were stored for one 
week after preparation in a conserving manner, under exclusion of air. Subsequently, slices of 
8 and 1 mm thickness were obtained by saw-cutting. The hardened cement paste slices were 
then stored in saturated Ca(OH)2 solution until testing. Water storage was omitted to avoid 
leaching from the specimens. 

Although this "ideal" form of curing does not reflect the actual curing conditions in 
construction practice, it was necessary here for experimental reasons. In preliminary tests, it 
had been found that intermediate drying caused microcrack formation in the hardened cement 
paste specimens, which severely impaired the subsequent investigations. Thus, extreme 
microstructural damage of the specimens was observed during the immersion tests in highly 
concentrated de-icing salt solution, that was cooled to -20°C (cf. Figure 71). The damage 
pattern, which is reminiscent of macroscopic ice lens formation, impressively demonstrates the 
damage potential of cryogenic suction. However, it was no longer possible to quantify the 
increase in mass on such severely damaged specimens. Therefore, it was decided not to allow 
intermediate drying in the cement paste specimens.  

 

 
Figure 71: Damaged samples after freezing in salt solution - preliminary test with samples 

dried in the intervening period. 

Parallel to the cryogenic suction investigations, the hardened cement paste samples were 
further characterized. Since the range of hardened cement paste compositions was aimed at 
obtaining large porosity differences, the pore structure of the specimens was accordingly 
analyzed as a matter of priority. Two different analytical methods were used for this purpose 
- mercury intrusion porosimetry (cf. 4.6.1) and LTDSC with the experimental setup 
"Characterization" (cf. 4.6.3).  

Mercury intrusion porosimetry is the more established of the two measurement methods. 
However, the method has the disadvantage that the samples have to be dried before 
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measurement, which can result in changes in the pore structure. In addition, the results should 
not be interpreted as a pore size distribution. The threshold radius and the total intrusion 
volume are to be considered as relevant characteristic values [280]. The threshold radius 
characterizes the pore size below which the mercury fills a continuous pore network, resulting 
in a significant increase in the intrusion volume. It can thus be equated with the size of the 
connecting channels between coarse pores and is therefore a measure of the connectivity of the 
capillary pore system. 

 

 
Figure 72: Example of a cumulative intrusion curve with marked threshold radius and 

maximum intrusion volume 

The LTSDC, on the other hand, allows measurements on undried samples. The microstructural 
and moisture state of the LTDSC samples for characterization corresponds to the state of the 
samples for cryogenic suction. LTDSC can also be used to draw direct conclusions about 
freezing behavior. The measurements were carried out with the experimental setup 
"Characterization" in the temperature range down to -60 °C, without the supply of external 
de-icing salt solution. Using approximate equations (equations VII, VIII), it is possible in 
principle to convert the freezing and melting temperatures in the range down to -40 °C into 
concrete pore size distributions. At this point, however, only a classification according to pore 
types analogous to Sant et al [68] was made, which also includes the gel porosity. 

6.3.2 Results of the characterization 

Mercury intrusion porosimetry (MIP) 

Figure 73 shows the cumulative intrusion volume plotted against the pore entry radius. The 
total pore volume is given in Table 15. It can be seen very clearly that the w/c-ratio increase 
led to an increase in the total pore volume. When comparing the cements with each other, the 
CEM II/B-LL shows a higher total pore volume compared to the other two cements.  
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Figure 73: Results from mercury intrusion porosimetry  

Clear differences between the cements and the different w/c-ratios can be observed in the 
threshold radius (cf. Table 15). In the order CEM II/B-LL, CEM I and CEM III/A and with 
decreasing w/c-ratio, the threshold radius is shifted towards finer pore radii. Only isolated test 
specimens deviate from this basic trend. The results thus confirm the expectations on which 
the cement selection and the choice of the w/c-ratios were based. 

Table 15: Intrusion volume and threshold radius 

Cement w/c-ratio Intrusion volume Threshold radius 
[-] [-] [ml/g] [µm] 

CEM I 42.5 R 
0.40 0.111 0.047 
0.50 0.168 0.048 
0.60 0.236 0.060 

CEM III/A 42.5 N 
0.40 0.117 0.013 
0.50 0.193 0.024 
0.60 0.254 0.021 

CEM II/B-LL 32.5 R 
0.40 0.162 0.041 
0.50 0.247 0.063 
0.60 0.299 0.080 

LTDSC – Characterization of freezing behavior 

Figure 74 shows the LTDSC results for the freezing behavior of pore solution in the hardened 
cement paste and the porosity characteristics derived from them. Following the pore 
classification of Sant et al [68], three temperature ranges are defined in the diagram. The range 
from 0 °C to -20 °C includes ice formation in the interconnected capillary pores after 
heterogeneous nucleation. In the range from -20 °C to -35 °C, ice formation occurs after 
heterogeneous nucleation in isolated capillary pores or in accessible gel pores. Below -35 °C, ice 
formation occurs following homogeneous nucleation in isolated gel pores.  
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Interconnected capillaries 
With regard to the salt frost scaling resistance, the pore range of interconnected capillaries is 
of particular importance, since the volume and the degree of interconnection of these pores 
have a decisive influence on the transport processes in the hardened cement paste. As expected, 
the proportion of freezable pore solution in the range of the interconnected capillaries increases 
with increasing w/c-ratio. The following characteristics can be determined from a more detailed 
analysis: 

 The CEM II/B-LL shows the highest capillary porosity, followed by the CEM I and 
the CEM III/A.  

 At a w/c-ratio of 0.40, CEM I and CEM III/A do not exhibit a freezing peak in the 
range of the interconnected capillaries. With the CEM II/B-LL, on the other hand, a 
sharp freezing peak just below 0 °C can be observed. A second broad peak occurs in 
the range from -10 °C to -20 °C. 

 At a w/c-ratio of 0.50, freezing peaks are observed in the range of the interconnected 
capillaries for all cements. The hardened cement paste based on CEM III/A shows a 
pronounced peak between approx. 0 and -3 °C, which, however, is less sharply developed 
than the complementary peaks for the other cements. For the CEM I and CEM II/B-
LL, a second broad peak occurs at lower temperatures. This indicates a bimodal pore 
size distribution in the range of the interconnected capillaries. 

 At a w/c-ratio of 0.60, all cements show a notable freezing of the pore solution in the 
range between approx. 0 °C to -15 °C and -20 °C, respectively. 

Isolated capillaries 
The porosity in the range of the isolated capillaries is very low for all compositions. Notable 
freezing peaks only occur in the mixes with CEM I and CEM II/B-LL with a w/c-ratio of 0.40, 
where the proportion of interconnected capillaries is low. 

Gel pores 
The gel pore content is primarily determined by the cement type. In the case of CEM III/A, 
it is clearly more pronounced than in the case of the other two cements. The w/c-ratio also 
influences the proportion of gel pores. With an increase from 0.40 to 0.50, it increases slightly. 
With a further w/c-ratio increase, the effects are less clear. 
 



93 
 

 
Figure 74: Freezing curves as heat flow versus temperature, related to the mass of 

water-saturated hardened cement paste; plot with y-offset of 0.02 mW/mg, LTDSC 

experimental setup "Characterization". 

Overall, the freezing behavior and the derived pore structure of the various hardened cement 
paste specimens are in line with the expectations when the compositions were defined. 

6.3.3 Freezing in salt solution - mass increase by cryogenic suction 

Procedure 

The basis for the investigations were the experiments originally performed by Lindmark. Two 
major modifications were made to the original procedure: 

1. Shock freezing of the specimens was avoided. 
2. The influence of the increase in weight due to the contraction of the entrained air 

was reduced by carrying out the test on hardened cement paste specimens (Ø = 30 
mm, h = 8 mm), which should contain significantly fewer air voids than comparable 
mortar specimens.  
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22.4 wt.% NaCl solution was used as the test solution. The freezing point of the solution is 
approx. -20 °C. This also corresponds to the minimum temperature aimed for in the test. The 
test solution should therefore remain completely unfrozen even at -20 °C. 

Nine series (cf. Figure 70) were tested, each with three specimens. The specimens were 
placed in the test solution at approx. +20 °C and then cooled down to the minimum 
temperature at a cooling rate of 10 K/h in a CDF chamber. The test lasted a total of 20 hours, 
resulting in a time at the minimum temperature of approximately 16 hours. Figure 75 shows 
the temperature profile in the test solution during the test. It can be seen that the minimum 
temperature was reached after four hours as planned. However, at -19.1 °C, it was still just 
above the target temperature of -20 °C in the test solution. Nevertheless, isolated ice crystals 
were observed in the test solution (cf. Figure 75, right). 

 
Figure 75: Temperature profile in the test solution (left); ice crystals on hardened 

cement paste specimen in salt solution at -19.1 °C (right) 

The weight changes were recorded immediately before and after the immersion test. Before 
each weighing, the specimens were dried with a cloth (surface dried). Some specimens showed 
slight cracking as a result of the immersion test, but no spalling or destruction of the specimens 
occurred. Upon splitting the specimens after completion of the test, the formation of a layering 
was observed in some cases (cf. Figure 76). This concerned specimens with w/c = 0.60. 
 

 
Figure 76: Hardened cement paste CEM II/B-LL; w/c = 0.60;  

fracture surface of split specimen 
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Results 

In the following diagram, the change in mass of the samples is plotted against the w/c-ratio. 
Each measuring point shows the average value from three specimens as well as the standard 
deviation. Linear fitting functions were calculated for the individual cements over the three 
measuring points. 

 
Figure 77: Weight change after immersion test at -20 °C in 22.4 wt.% NaCl solution; 

preservative-stored samples. 

The results show an increase in mass for all specimens during freezing in the highly 
concentrated salt solution. The weight increase is mainly determined by the parameters 
affecting the pore structure of the hardened cement paste - the cement type and the w/c-ratio. 
An increased proportion of interconnected capillary pores facilitates the transport processes 
into the microstructure. In addition, the volume of the pore solution, which can be frozen down 
to -20 °C, is increased. Both are characteristics that should lead to an intensification of 
cryogenic suction. 

In line with expectations, the weight gain increases from the cement with the lowest 
(interconnected) capillary porosity, the GGBFS cement, through the Portland cement to the 
Portland limestone cement, which has the highest capillary porosity.  

Figure 77 also shows that there is a linear relationship between w/c-ratio and weight 
increase for the individual cements in the range considered. A calculation of the coefficient of 
determination is omitted at this point due to the small number of value pairs. 

The slope of the approximation functions is influenced by the cement type. For the Portland 
and Portland limestone cements, the slope is approximately the same, whereas for the CEM 
III/A the slope is much flatter. The change in w/c-ratio thus has a less pronounced effect here. 

Since there is an obvious correlation between the pore structure and the weight increase, 
this should also be reflected in the comparison with the results of mercury intrusion 
porosimetry. In the following, the weight increase is compared with the two essential 
parameters of mercury intrusion porosimetry, the total intrusion volume and the threshold 
radius (cf. Figure 78). Linear fitting functions including coefficients of determination were 
calculated for all measuring points (average values). 
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Figure 78: Characteristic values of mercury intrusion porosimetry compared with the 

weight increase in the immersion test at -20 °C in 22.4 wt.% NaCl 

There is only a weak correlation between the total intrusion volume and the weight increase. 
This is mainly due to the high MIP intrusion volumes for CEM III/A, which are only matched 
by very small weight increases. The total intrusion volume also includes a large proportion of 
the gel porosity. For transport processes, however, only the capillary porosity is relevant, in 
particular the connectivity of the capillaries.  

The latter is much better represented by the threshold radius of mercury intrusion 
porosimetry. Accordingly, there is a good correlation between the threshold radius and the 
weight increase. The finer the threshold radius, the lower the weight increase. In summary, the 
test results from this section confirm the postulated mechanism of cryogenic suction. 

6.3.4 LTDSC - Intensified ice formation due to cryogenic suction 

Procedure 

In the previous investigations, it was confirmed that saturated hardened cement paste samples 
increase in weight when they are frozen in highly concentrated salt solution, and that the 
increase in weight is related to the pore connectivity (critical threshold radius) of the hardened 
cement paste. The investigations carried out here were intended to test whether the uptake of 
the highly concentrated salt solution also leads to an increase in the ice volume in the pore 
structure of the hardened cement paste. 

This question was investigated by means of LTDSC in the "cryogenic suction" test setup. 
For this purpose, the hardened cement paste samples were frozen and thawed in a cyclic manner 
in the temperature range between +20 and -20 °C. A drop of salt solution (22.4 wt.% NaCl) 
was added to the samples before measurement. The ratio of solution to specimen was 1 : 20. If 
the absorption of the de-icing salt solution by the hardened cement paste led to increased ice 
formation, this could be determined by an increased consumption of melting heat when the 
specimens were heated. For the presentation of results, the melting heat consumption was 
converted into the ice volume. A reference measurement (initial cycle) was also conducted 
without a de-icing salt solution. A comprehensive description of the experimental setup is given 
in section 4.6.3.    
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Results 

CEM I with w/c = 0.50 
Figure 79 shows the results of the LTDSC measurements for the reference composition CEM I 
with w/c = 0.50. The ice volume change is plotted vertically offset over the temperature for 
the initial cycle without NaCl solution and for the four freeze-thaw cycles with NaCl solution. 
The reduction in ice volume (ice melting) is defined with a positive sign. The calculated total 
ice volume (hatched area) is also indicated. 

 
Figure 79: Melting curves of the LTDSC measurements in the "cryogenic suction" test 

setup with de-icing salt solution - CEM I 42.5 R with w/c = 0.50 

In the initial cycle without de-icing salt solution, the melting process starts at approx. -6 °C, 
with the melting curve rising only gradually. Here, the melting of the ice in fine pores begins. 
At -1 °C, the heat flow intensifies until the curve reaches its maximum at + 0.3 °C. After that, 
it drops steadily until at about +2 °C the ice is completely melted. The total ice volume is 
0.055 ml/g.  

In cycle 1 with de-icing salt solution, a second melting peak with a maximum at approx. -
10 °C is observed. This peak merges into the main peak at about -7 °C. The maximum of the 
main peak is slightly shifted to lower temperatures and the total ice volume is increased to 
0.069 ml/g. From this it can be deduced that part of the de-icing salt solution was absorbed 
by the hardened cement paste and that blending of the solutions took place. This should lead 
to following effects: 

 Freezing and melting points of the original pore solution in the hardened cement 
paste are shifted to lower temperatures. 

 The freezing and melting points of the de-icing salt solution absorbed by the 
hardened cement paste are shifted to higher temperatures. 

 
The increase in ice volume shows that the volume of pore solution in the hardened cement 
paste that can be frozen in the range to -20 °C has increased. This indicates a binding of 
chloride ions in the hardened cement paste. 
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As the number of freeze-thaw cycles progresses, the two peaks merge, suggesting stronger 
blending of pore and de-icing salt solution. By the third cycle, the integral ice volume increases 
to 0.088 ml/g and then remains at this level. No further NaCl solution was apparently taken 
up in the subsequent cycles, or the uptake of further solution no longer led to an increase in 
ice volume. Determination of the weight of the filled crucible before and after the measurement 
showed no loss of weight. The crucible was opened after the measurement. The sample was 
undamaged and dry on the surface. The de-icing salt solution was thus completely absorbed 
by the hardened cement paste.  

 
CEM I with w/c = 0.40 
Figure 80 shows the melting curves for the HCP made of CEM I 42.5 R with w/c = 0.40.  

  
Figure 80: Melting curves of the LTDSC measurements in the experimental setup 

"cryogenic suction" with de-icing salt solution - hardened cement paste CEM I 42.5 R 

with w/c = 0.40 

A total ice volume of 0.004 ml/g in the initial cycle indicates, that there is only very little pore 
solution in the hardened cement paste, which freezes in the temperature range down to -20 °C. 
The melting peak is very weak with a maximum at 0 °C. 

During the first freeze-thaw cycle with de-icing salt solution, the ice volume decreases and 
the peak at 0 °C disappears. The action of the de-icing salt solution causes a reduction in the 
amount of freezable pore solution here. 

From the second cycle on, a second peak forms in the region directly above -20 °C. With 
further freeze-thaw cycles, this peak broadens and shifts toward higher temperatures. The total 
ice volume increases slightly. This indicates the uptake of de-icing salt solution. As a result of 
the binding of chloride ions in the hardened cement paste or possibly due to dilution of the 
penetrating de-icing salt solution with pore solution from the gel pores, the melting point of 
the intruding solution is shifted to higher temperatures and the ice volume in the temperature 
range down to -20 °C is increased. When inspecting the hardened cement paste sample 
immediately after the measurement, a film of moisture was observed on the sample surface. 
This was obviously unabsorbed de-icing salt solution. 
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CEM I with w/c = 0.60 
Figure 81 shows the melting curves for the HCP made from CEM I 42.5 R with a w/c-ratio of 
0.60. In this sample, a larger volume of pore solution freezable down to -20 °C should be present 
due to the increased proportion of interconnected capillaries. 

 
Figure 81: Melting curves of the LTDSC measurements in the test setup "cryogenic 

suction" with de-icing salt solution – HCP made of CEM I 42.5 R with w/c = 0.60 

As expected, in the initial cycle the volume of the frozen pore solution is significantly increased 
compared to the compositions with a lower w/c-ratio. Similar to the sample with w/c = 0.50, 
the ice volume increases significantly with uptake of the de-icing salt solution in cycles 1 to 4, 
associated with a shift of the melting peak towards lower temperatures.  

The increase in ice volume is of a similar order of magnitude to that of the reference sample 
with w/c = 0.50. However, it cannot be concluded from this that the w/c-ratio above 0.50 has 
no significant effect on cryogenic suction. The experimental setup of the LTDSC measurements 
was designed in such a way that only a limited amount of de-icing salt solution was added to 
the hardened cement paste (ratio 1:20). Thus, the maximum increase in ice volume is also 
limited by the supply of de-icing salt solution. 
 
Compositions based on CEM III/A and CEM II/B-LL 
The results of the measurements with CEM III/A and CEM II/B-LL are similar to those with 
CEM I. The melting curves are not shown here. The diagrams are given in Annex C.  
 
Comparative view of all hardened cement paste compositions 
For a comparison of the different compositions, the ice volumes of the different hardened 
cement paste specimens without addition of de-icing salt solution (initial cycle) are shown here. 
A high initial ice volume in the range down to -20 °C is an indication of a large proportion of 
interconnected capillaries. The ice volume also increases the driving force for cryogenic suction. 
Accordingly, it can be assumed in principle that in the case of hardened cement paste with a 
high ice volume in the initial cycle, the damage processes are intensified under the effect of salt 
frost exposure.  
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Figure 82: Ice volume at initial cycle in temperature range down to -20 °C 

As expected, the initial ice volume is increased with increasing w/c-ratio. Furthermore, the 
cement type has a significant influence, but to a lesser extent than the w/c-ratio. In the order 
CEM III/A, CEM I and CEM II/B-LL, the ice volume increases. The results thus confirm the 
essential findings from the preliminary investigations on the pore structure of the hardened 
cement paste. This is also shown by the comparison with the results of the mercury intrusion 
porosimetry (cf. Fig. 83). There is a good linear relationship between the total mercury 
intrusion volume and the ice volume of the water-saturated hardened cement paste samples. 

 

 
Figure 83: Total intrusion volume of mercury intrusion porosimetry compared to the ice 

volume in the saturated HCP samples (initial cycle) at -20 °C. 

In the following, the increase of the total ice volume is comparatively evaluated for all 
specimens. For the specimen made of CEM III/A with w/c = 0.40, no freezing of the pore 
solution could be achieved down to -20 °C. No results are shown for this composition. 
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Figure 84: Increase in total ice volume in "cryogenic suction" test setup;  

CEM I 42.5 R (left); CEM III/A 42.5 N (middle); CEM II/B-LL 32.5 R (right) 

In all specimens, a growth in ice volume due to salt frost exposure is observed. For each cement, 
the initial ice volume rises for higher w/c-ratios, as does the growth in ice volume over the 
freeze-thaw cycles. There are significant differences between the individual cements. As 
expected, the growth in ice volume is less pronounced with CEM III/A than with CEM I due 
to its lower capillary porosity, except for the specimens with w/c = 0.60.  

Unexpected, however, is the behavior of the hardened cement paste with CEM II/B-LL. 
Despite a comparatively high initial ice volume, the further growth with increasing number of 
freeze-thaw cycles tends to be lower than for the other cements. The increased ice formation 
in the hardened cement paste as a result of the absorption of highly concentrated NaCl solution 
must therefore also be determined by other factors. 

For a better comparison of the different compositions, the additional ice volume formed is 
compared with the theoretically possible growth. For this purpose, the amount of de-icing salt 
solution actually added in each test must be considered. In principle, approx. 0.05 g NaCl 
solution per g hardened cement paste were added during the LTDSC measurements. Assuming 
that all chloride ions from the applied de-icing salt solution are bound, the theoretically possible 
increase in ice volume can be estimated on the basis of the amounts of NaCl solution added. 
For simplicity, the ice density at 0 °C of 0.9167 g/cm3 is used here. Of the 22.4 % NaCl solution, 
77.6 wt.% water is considered (see Table 16). Figure 85 shows the growth in ice volume in 
relation to the theoretically possible growth.   
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Table 16: LTDSC data – cryogenic suction 

Cement w/c-
ratio 

Surface condition 
after test 

Addition of NaCl-
solution 

Possible growth in ice volume  

   [g/g HCP] [ml/g HCP] 

CEM I 
42.5 R 

0.40 moist 0.052 0.044 

0.50 dry 0.049 0.042 

0.60 dry 0.052 0.044 

CEM III/A 
42.5 N 

0.40 - - - 

0.50 moist 0.048 0.041 

0.60 dry 0.050 0.042 

CEM II/B-LL 
32.5 R 

0.40 moist 0.056 0.047 

0.50 dry 0.047 0.040 

0.60 dry 0.052 0.044 

 
At 100%, the measured value would correspond to the theoretical value. In the case of very 
dense specimens, the surface was still moist after the measurement. The de-icing salt solution 
was not completely absorbed and the measured growth is comparatively small here. In the 
specimens with CEM I and CEM III/A, which were surface-dry after measurement, the ice 
volume increased to approx. 80 to 90 % of the theoretically possible increment. For the 
specimens made of CEM II/B-LL, on the other hand, the increase is far below the theoretically 
possible value. A loss of mass due to non-tight crucibles can be ruled out. 
 

 
Figure 85: Relative increase in ice volume 

The behavior of the hardened cement paste based on CEM II/B-LL may be explained by its 
reduced chloride binding capacity. Although a determination was not made here, a lower 
chloride binding capacity of Portland-limestone cement compared to Portland and GGBFS 
cement is documented in the literature [281, 282].  

In view of the growth in ice volume due to cryogenic suction, this means that more absorbed 
salt solution remains as free chloride ions in the pore solution in the hardened cement paste 
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made from Portland-limestone cement. The freezing point is thus lowered to a greater extent 
and a larger part of the pore solution does not freeze until below -20 °C.  

In the investigations carried out here with the LTDSC, the influence of the chloride binding 
can be indirectly demonstrated by observing the shift in the melting points as a result of the 
uptake of the NaCl solution. In principle, a shift of the peak maximum towards lower 
temperatures was observed for all specimens, starting from the initial cycle, as the number of 
freeze-thaw cycles progressed. However, there were differences depending on the cement. In the 
following figure, the melting peak from the reference measurement without de-icing salt solution 
is compared with the respective fourth cycle with de-icing salt solution for the different 
cements. For the CEM I and the CEM II/B-LL, the samples with w/c = 0.50 are shown. For 
the CEM III/A, the sample with w/c = 0.60 is shown, since only here a complete absorption 
of the de-icing salt solution took place. 

 

 

Figure 86: Comparison of the melting peaks from the fourth cycle and the initial cycle of 

LTDSC measurements; experimental set-up "cryogenic suction 

 
For all specimens, the melting peak was shifted to lower temperatures by the uptake of the de-
icing salt solution. However, with 3.65 K the extent of the shift in for CEM II/B-LL is about 
twice as large as for the other two cements. This strong decrease of the melting point indicates 
that the proportion of free chloride ions in the pore solution of the hardened cement paste is 
actually higher for CEM II/B-LL. This is not due to a less favorable ratio of absorbed de-icing 
salt solution to the pore solution already present in the hardened cement paste, because the 
specimen with CEM II/B-LL has the largest ice volume in the initial cycle of the three 
specimens considered here (cf. Figure 84). Accordingly, the differences in ice formation should 
actually be due to cement-specific differences in chloride binding capacity.    
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6.4 Summary 

Lindmark's Cryogenic Suction theory explains the formation of scaling by the uptake of highly 
concentrated, unfrozen de-icing salt solution by ice lenses in the frozen concrete. This process 
is made possible by the fact, that above their eutectic temperature, de-icing salt solutions do 
not freeze completely, but exist in a mixture of ice and unfrozen, highly concentrated solution. 
This residual solution provides a liquid reservoir for further growth of near-surface ice lenses 
in the frozen concrete. 

Lindmark was able to show that mortars increase in mass and are also damaged when 
stored in frozen, highly concentrated salt solutions. He attributed this to increased ice growth 
in the mortar due to the up taken test solution. The validity of his tests is limited by the fact 
that he shock-froze the specimens. In addition, much of the observed weight increase was due 
to other effects than to an increased ice formation. Liu and Hansen demonstrated by means of 
low-temperature dilatometry that concrete specimens with addition of salt solutions expand 
during freezing, but not when water is added.  

Own experimental investigations could confirm that the absorption of highly concentrated 
de-icing salt solution at low temperatures indeed takes place and can also lead to damage. In 
LTDSC measurements, the increased ice formation was proven. The comparison of 
compositions with different cements and w/c-ratios showed that intense cryogenic suction 
occurs especially when a high proportion of interconnected capillary pores is present in the 
hardened cement paste. In addition, the formation of additional ice in pore structures of the 
hardened cement paste is also influenced by its the ability to bind chlorides. 

With the investigations the Cryogenic Suction theory was basically confirmed and can be 
used as a basis for the description of the salt frost attack. However, an extension of the theory 
is necessary. This concerns the aspects of chloride binding in the hardened cement paste as 
well as the processes contributing to saturation of the concrete during the thawing phase. In 
Chapter 7, such an extension is presented.   
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7 The combined damage theory 

7.1 Basic considerations 

The Cryogenic Suction theory by Lindmark [80] offers the most promising theoretical basis of 
the considered concepts to describe the damage process during a salt frost attack. Within the 
scope of this thesis, it could be experimentally demonstrated that: 

a) hardened cement paste absorbs unfrozen, highly concentrated de-icing salt solution at 
sub-zero temperatures.  

b) increased ice formation in the hardened cement paste results from the uptake of the 
highly concentrated de-icing salt solution. 

c) the uptake of the highly concentrated de-icing salt solution can cause salt frost damage 
to hardened cement paste. 

 
A shortcoming of Lindmark's theory remains the inadequate explanation for the reduction of 
salt frost damage at higher de-icing salt concentrations, since according to the theory, a more 
concentrated test solution provides a larger reservoir of unfrozen solution at subzero 
temperatures. Moreover, in addition to cryogenic suction, the theory only accounts for diffusion 
due to NaCl concentration differences between the pore solution and the test solution as a 
liquid uptake process in the freeze-thaw cycle. In contrast, it is known from research on frost 
attack that other processes for liquid uptake during freeze-thaw cycles exist.  

In particular, the so-called "frost suction" due to the micro ice lens pump (MELP) should 
also exert a considerable influence on the saturation of the concrete during salt frost attack. 
The theory of the micro ice lens pump by Setzer [153], on which this process is based, describes 
the saturation processes in a pure frost attack. However, these mechanisms are also valid for a 
salt frost attack [101, 153]. Liquid absorption by the micro ice lens pump occurs during the 
thawing phase in a freeze-thaw cycle, when the test solution is already in the liquid state due 
to the directional thawing gradient, while the concrete is still in the process of thawing. 
However, the theory of the micro ice lens pump itself cannot explain the formation of scaling, 
but only the internal structural damage of concrete. 

This leads to the following consideration. The saturation processes according to the 
concepts of Lindmark and Setzer are each experimentally proven. They occur during different 
phases in a freeze-thaw cycle - the cryogenic suction of high-concentration solution during the 
freezing phase, the micro-ice lens pump during the thawing phase. Merging the two concepts 
should allow a more comprehensive description of the salt frost attack. It should also be 
considered that the chloride binding capacity of the hardened cement paste can influence the 
ice formation by absorption of highly concentrated de-icing salt solution. 
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Figure 87: Scheme of the combined damage theory 

7.2  Detailed description of the combined damage theory 

In the section below, a description of the combined damage theory is given using the example 
of a salt frost scaling test on an air-entrained concrete. 3 wt.% NaCl solution is to be used as 
the test solution. The procedure is analogous to the CDF method according to DIN CEN/TS 
12390-9. It is not the primary objective of the damage theory to be able to reproduce a CDF 
test. However, the description based on a test procedure carried out under controlled conditions 
allows a clearer division of the individual processes. 

Capillary suction before the salt frost exposure 

The actual salt frost exposure in the CDF test is preceded by the 7-day capillary suction period. 
After pre-storage of the concrete (up to 7d water, 21d standard climate 20/65), the concrete 
has only a low level of saturation. Over a period of seven days, it is therefore deliberately pre-
saturated by absorbing the test solution containing 3 wt.% NaCl by capillary suction via the 
test surface. The extent of saturation is influenced by the microstructural properties of the 
concrete. During the uptake of the test solution, chloride ions penetrate into the microstructure 
and are partially bound. 

Salt frost exposure (cyclic freezing and thawing) 

With regard to the damage theory, the freeze-thaw cycle can be divided into five sections, 
whereby the transitions between the sections are partly fluent. Figure 88 illustrates this 
subdivision on the basis of the temperature and the NaCl concentration (salinity) of the test 
solution in the CDF cycle. The control curve of the CDF experiment was used here as the 
temperature of the test solution. The salinity refers to the unfrozen de-icing salt solution or to 
the unfrozen fractions (brine) in the saline ice. In the following, the principle processes during 
the individual sections of the freeze-thaw cycle are explained in more detail. 
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Figure 88: Freeze-thaw cycle of the CDF process with 3 wt.% NaCl solution - divided 

into five sections 

 
Section 1: Cooling from 20 °C to approx. -1.8 °C (temperature of the test solution). 

 

 

Liquid uptake occurs primarily in the form of 
capillary suction. Due to the preceding 7-day 
capillary suction phase, the liquid uptake should 
only be low. Other effects, such as the cooling-
induced contraction of air in the concrete 
microstructure, can possibly also increase the 
liquid absorption. 

Due to the one-dimensional heat transfer in 
the CDF method, the temperature in the test 
solution is somewhat lower than in the concrete. 
Therefore, when the freezing point of -1.8 °C is 
reached or shortly thereafter, the test solution 
freezes first. On the macroscopic scale of the CDF 
test, only slight supercooling effects are to be 
expected. 

Figure 89: Section 1 in the freeze-thaw 

cycle before the first ice formation. 
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Section 2: Progressive cooling to approx. -5 °C 
 

 

The ice crystals in the saline ice act as 
heterogeneous nuclei for ice formation in the 
capillary pore system of the concrete, which starts 
with a slight delay. Capillary ice formation pushes 
pore solution into the previously unfilled air voids, 
so that ice crystals form there as well. 

As a result of the progressive ice formation in 
the test solution, the NaCl concentration in the 
unfrozen residual solution increases. At -5 °C, the 
NaCl concentration is approx. 7.9 wt.%. Ice 
growth in the air voids progresses and liquid from 
still unfrozen pores (gel pores, very fine 
capillaries) is transported to the ice lenses in the 
air voids. 
 

Figure 90: Section 2 (end) in the 

freeze-thaw cycle 

At this early stage of ice growth, the process of cryogenic suction is probably very weak because 
the negative pressure in the pore solution is still low. 
 
Section 3: Cooling to -20 °C, 3 hours holding time, heating to approx. -1.8 °C 

 

 

The negative pressure in the unfrozen pore 
solution in the gel pores continues to increase. In 
the inner core of the concrete, the liquid transport 
from the gel pores to the ice lenses in the air voids 
increases as a result. This is accompanied by 
shrinkage of the concrete. 

At the concrete surface, the process of 
cryogenic suction sets in, as the increasing 
negative pressure in the pore solution leads to 
absorption of the unfrozen residual solution from 
the saline ice. The saturation and the NaCl 
concentration in the immediate surface zone of the 
concrete increase. When reaching -20 °C, the 
NaCl content in the unfrozen residual solution is 
about 22.4 wt.%. 

Figure 91: Section 3 in the freeze-thaw 

cycle at the minimum temperature 

As a result of the binding of chlorides from the attacking solution, there is an increase in the 
pore solution freezable at -20 °C in the capillaries or air voids at the concrete surface. When 
the high saturation can no longer be compensated by the air voids, the growth of ice lenses 
near the surface leads to the occurrence of scaling.  

With the onset of the heating phase, the driving force for cryogenic suction decreases. The 
NaCl concentration in the unfrozen residual solution is reduced again until, when the melting 
point is reached at approx. -1.8 °C, the original concentration of 3 wt.% NaCl is present again.  
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Section 4: Heating from -1,8 °C to approximately 10 to 15 °C   
The test solution has completely been melted. As a result of the cryogenic suction, it is to be 
expected that the salt content in the pore solution of the concrete surface zone is slightly 
increased compared to the test solution. As a result of this concentration gradient, diffusion 
processes can be triggered, which may possibly lead to a further increase in the degree of 
saturation in the concrete surface zone.  
 

 
Figure 92: Section 4 in the freeze-thaw cycle - the thawing phase 

As a presumably much more pronounced transport mechanism, frost suction also sets in as a 
result of the micro ice lens pump. The hardened cement paste matrix inside the concrete 
specimen begins to expand as a result of the heating. However, moisture transport from the 
capillary pores and air voids to the gel pores is still only possible to a very limited extent, since 
the ice lenses are only gradually thawing. Instead, the melted test solution is now taken up 
from the outside. As a result of the receding ice front, this process continues from the outside 
to the inside and thus saturates the concrete very intensively. This intensive saturation takes 
place with the 3 wt.% NaCl solution. The intermediate increase in the NaCl concentration of 
the pore solution at the surface zone of the specimen is further reduced. 
 
Section 5 – Heating to 20 °C and 1 hour holding time: 
Weak liquid uptake occurs by capillary suction and possibly by osmosis (cf. Figure 89).  

7.3 Link to the phenomena of a salt frost attack 

The damage theory must be able to correctly represent essential phenomena of a salt frost 
attack. Below, aspects of the theory are discussed with regard to the most important 
phenomena from chapter 2.4. 

Influence of the de-icing salt concentration in the test solution 

Pessimum of de-icing salt concentration 
The highest scaling intensity occurs in salt frost scaling tests at a test solution concentration 
of 0.5 to 1.5 wt.% NaCl. According to the damage theory, a minimum concentration of NaCl 
is necessary for a sufficient amount of unfrozen NaCl solution to be present in the (saline) ice. 
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Only then can cryogenic suction take place and enhance ice growth in the surface zone of the 
concrete. 

 
Figure 93: Pessimal de-icing salt concentration in the CDF test - NaCl-1 test series  

Accordingly, liquid uptake occurs only by the micro ice lens pump during freeze-thaw cycles 
in water, but by the micro-ice lens pump and cryogenic suction during testing with NaCl 
solution. Accordingly, an increase in solution uptake is expected when testing with low-
concentration NaCl solution compared to testing in water. In the CDF tests with different 
NaCl concentrations (Chapter 5), an increase in solution uptake was observed when increasing 
the NaCl concentration from 0.0 to 0.5 wt.%. In the following diagram, the scaling and liquid 
uptake during freeze-thaw exposure in water and at 0.5 wt.% NaCl of the NaCl-1 to -3 series 
are compared once more.  

 
Figure 94: Comparison of scaling and liquid uptake under freeze-thaw conditions of the 

NaCl-1 to -3 series when tested in water and in 0.5 wt.% NaCl 

It can be seen from Figure 94 that increasing the NaCl concentration in the test solution from 
0.0 to 0.5 wt.% not only causes a large increase in the amount of scaling, but also a small but 
systematic increase in the liquid uptake. This can be interpreted as an indicator for the fact 
that in the presence of de-icing salts in the test solution, cryogenic suction occurs in addition 
to the micro ice lens pump.  
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With increasing NaCl concentrations, the intensive saturation of the concrete by capillary 
suction (pre-saturation) as well as by the micro ice lens pump leads to an increased input of 
de-icing salts deep into the concrete microstructure. As a result, the amount of pore solution 
that can freeze at -20 °C is significantly reduced, especially in the concrete surface zone. This 
weakens the driving force for the micro ice lens pump and especially for cryogenic suction. 
Accordingly, as the NaCl concentration increases, the solution uptake does not increase further 
or only slightly (cf. Figures 54, 56, 57). Further experimental investigations on the influence of 
the de-icing salt concentration in the hardened cement paste on cryogenic suction are presented 
in chapter 8.1.3. 

Time of application of de-icing salt in a freeze-thaw cycle. 
Freezing of water on concrete and subsequent application of de-icing salt only during the 
thawing phase causes less intense scaling than freezing and thawing with de-icing salt solution 
[114, 121]. This is consistent with the damage theory, because no cryogenic suction of highly 
concentrated deicing salt solution at -20 °C occurs under these conditions. Consequently, no 
significant scaling should be observed. 

Influence of the "internal" de-icing salt concentration 
According to [117], the "outer" de-icing salt concentration of the test solution influences the 
scaling intensity more strongly than the "inner" de-icing salt concentration in the pore structure 
of the concrete. This was also confirmed in own investigations (cf. chapter 5). However, an 
influence of the internal de-icing salt concentration was definitely found, albeit a comparatively 
small one. It could be shown that, in the case of pre-saturation with water, the scaling intensity 
is weakened to a lesser extent at higher de-icing salt concentrations in the "outer" test solution. 
 

 
Figure 95: Comparison of normalized mean scaling amounts as a function of NaCl 

concentration during capillary suction; analog ftc = NaCl-1 series; 0 wt.% = NaCl-2 

series; 6 wt.% = NaCl-3 series. 

The transport and saturation processes during freeze-thaw exposure are generally more intense 
than the saturation processes during isothermal capillary suction or by diffusion. Attempts to 
achieve a uniform de-icing salt concentration inside the concrete by pre-storage in salt solution 
are therefore probably not comparable to the chloride input during freeze-thaw testing. 
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Relationship between internal damage and scaling 

In laboratory tests, there is often no correlation between internal damage and scaling (e.g. in 
[118]). In developing the glue spall theory (cf. chapter 5), Valenza and Scherer deduced from 
this that the processes of scaling and internal damage must be fundamentally different [261].  

In view of the combined damage theory postulated here, it would be expected that some 
relationship exists between the two forms of damage, since cryogenic suction and micro ice-
lens pump both rely on the saturation of concrete by an external fluid supply.  

Within the scope of this work, the relationship between internal damage and scaling was 
not investigated, so no assessment can be made on this. In the following, however, possible 
reasons can be given for the fact that no correlation between internal damage and scaling has 
been observed in laboratory tests so far: 

 
1. Water is used as the test solution:  

Cryogenic suction does not occur when water is used, but saturation due to the 
micro ice lens pump does. 

2. The test is performed with air-entrained concretes: 
Internal damage is generally better avoided than scaling for a concrete with 
adequate air-entrainments. Although scaling is reduced compared to a concrete 
without air voids, it is not completely prevented. Internal damage, on the other 
hand, is often completely suppressed in air-entrained concretes. 

3. Different binders are compared: 
Large cement-specific differences exist in resistance to internal damage and to 
scaling under salt frost attack. This is mainly due to the different effects of 
carbonation and the differences in capillary porosity and, if applicable, chloride 
binding capacity. 

 
The lack of correlation between internal damage and scaling, according to current knowledge, 
could represent a potential contradiction to the damage theory. However, further investigations 
are necessary in order to arrive at a conclusive assessment. 
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Influence of external liquid supply 

Without an external liquid supply during a salt frost scaling test or during freeze-thaw exposure 
in practice, scaling does not occur (e.g. in [132]). This observation is consistent with the damage 
theory, because no saturation processes can occur without external liquid supply during a 
freeze-thaw cycle. 

 
Figure 96: Schematic illustration on the influence of external liquid supply on the 

damage mechanisms in frost and salt frost attack. 

Influence of the minimum temperature 

The lower the minimum temperature in a freeze-thaw cycle, the stronger the scaling (e.g. in 
[118, 132, 137]). This is also consistent with damage theory. With lower minimum temperatures 
in the freeze-thaw cycle, the amount of ice formed in the concrete microstructure increases. 
Lowering the minimum temperature also increases the thermodynamic imbalance between the 
ice lenses in the hardened cement paste and the unfrozen pore solution in the gel pores or in 
the attacking de-icing salt solution. Cryogenic suction and also saturation by the micro ice lens 
pump are enhanced. 

7.4 Summary 

Based on the cryogenic suction theory by Lindmark [80] and the micro ice lens pump theory 
by Setzer [153], a combined theory was proposed which combines the essential processes from 
both theories. In addition, the influence of the chloride binding capacity of the hardened cement 
paste on ice formation is considered. The combined damage theory is consistent with the typical 
characteristics of a salt frost attack or laboratory salt frost scaling test. In the subsequent 
chapter, important aspects of the combined damage theory are investigated experimentally.  
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8 Discussion on aspects of the theory 

In the previous chapter, a damage theory for salt frost attack was proposed that combines the 
theory of cryogenic suction of unfrozen de-icing salt solution with the saturation process of the 
micro ice lens pump. In the present chapter, selected aspects of the combined theory will be 
validated experimentally. This concerns the actual mechanisms as well as some phenomena 
and characteristics resulting from the combined theory. Important aspects are: 

1. interaction of surface forces and solutes on the freezing and melting point 
depressions in the hardened cement paste 

2. importance of chloride binding on ice formation due to cryogenic suction of unfrozen 
de-icing salt solution 

3. influence of the concentration of de-icing salt in the hardened cement paste on ice 
formation due to cryogenic suction of unfrozen de-icing salt solution 

4. correlation between the freezable pore solution (ice volume) in the hardened cement 
paste and the salt frost scaling resistance of concrete 

5. special features when using GGBFS cement 

8.1 Combined freezing and melting point depression 

As described in section 2.3, the freezing point of the pore solution in the hardened cement paste 
is primarily lowered by dissolved substances and surface forces. With regard to the postulated 
damage theory, it is of particular interest how the cryogenic suction of unfrozen, highly 
concentrated de-icing salt solution can lead to increased ice formation in the hardened cement 
paste. In this context, the interaction of surface forces and dissolved ions on freezing point 
depression must also be considered.  

From existing studies, it was predominantly deduced that the freezing point depression 
from surface forces and from dissolved substances simply adds up. However, the validity of 
these studies [31, 67, 283, 284] is limited by the fact that supercooling of the samples was often 
not avoided. Occasionally, it has also been assumed [285] that effects do not add up. In the 
case of an additive effect on the freezing point, additional ice formation by cryogenic suction 
can only occur if chloride ions acting on the sample are at least partially bound.  

The unclear situation was taken as an opportunity to determine the combined effect of 
solutes and surface forces on the freezing point and the melting point in own experiments. The 
investigations were carried out by means of LTDSC on samples of Vycor glass and hardened 
cement paste pre-stored in NaCl solutions. Detailed information on the measurements and the 
evaluation is given in Annex D. 
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8.1.1 LTDSC on Vycor glass with different NaCl concentrations 

Investigation methods and materials 

LTDSC measurements were made according to the methodology described in Section 4.6.3 
(experimental setup "Characterization") to avoid supercooling of the pore solution during 
freezing. The cooling and heating rates were 2.0 K/min. For the measurements, the Vycor glass 
was pre-saturated with de-icing salt concentrations ranging from 0 to 22.4 wt.% NaCl. The 
position of the freezing peaks was determined at the respective peak onset, i.e. at the point at 
which the freezing process begins. For the melting peaks, the peak offset was used instead, 
since the determination of the melting peak onset was not possible due to the gradual slope of 
the curve. As a result, the measured melting peaks are shifted towards higher temperatures 
compared to the corresponding freezing peaks.  

As a comparative parameter for the determined freezing and melting points, an additive 
freezing and melting point depression due to solutes and surface forces was estimated. The 
basis for this is the H2O-NaCl liquidus line (e.g. from [73]), which describes the influence of the 
NaCl concentration on the freezing and melting points of a NaCl solution.  

The influence of surface forces was determined by locating the freezing and melting points 
in the water-saturated Vycor glass. To estimate the combined effect, the H2O-NaCl liquidus 
line was then shifted along the temperature axis so that it intersected the measured freezing 
or melting point at 0 wt.% NaCl. Further details on the Vycor glass are given in chapter 4.3. 

Results 

Figure 97 shows the measured values compared to the estimated freezing and melting point 
depression. 

 

  
Figure 97: Combined freezing point depression (left) and melting point depression 

(right) in Vycor glass. 

The measured freezing and melting points show good agreement with the shifted H2O-NaCl 
liquidus line. The largest deviation occurs at 22.4 wt.% NaCl with -1.3 K for the freezing and 
-1.5 K for the melting point. The LTDSC measurements on the Vycor glass show that a shift 
in the liquidus line of the NaCl solution in this system is a good approximation of the combined 
freezing point depression.   
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8.1.2 LTDSC on hardened cement paste with different NaCl concentrations 

Investigation methods and materials 

Hardened cement paste based on the reference cement, CEM I 42.5 R with a w/c ratio of 0.50, 
was used for the measurements. After preservative storage for four weeks, specimens with a 
thickness of 1.0 to 1.5 mm were obtained from the hardened cement paste by saw-cutting. 
These were stored for one week in a standard climate (20 °C/65 % r.h.). This was followed by 
pre-saturation with NaCl solution for two weeks. The intermediate drying phase was intended 
to ensure rapid uptake of the NaCl solutions. The LTDSC measurements were performed 
largely in analogy to the procedure on the Vycor glass. A slightly modified method was used 
to determine the freezing peak onset of the capillary pores (cf. Appendix D). 

Results 

Two peaks can be seen in the freezing curves at NaCl concentrations up to 6.0 wt.% (cf. Figure 
98). The peak at the beginning of the freezing curve indicates freezing in interconnected 
capillary pores. This occurs at all NaCl concentrations. The second peak at about -40 °C results 
from freezing of the pore solution in isolated gel pores. This peak only occurs at concentrations 
up to a maximum of 6.0 wt.% NaCl. The "disappearance" of the gel pore peak with increasing 
NaCl concentration was also noted in [67, 77]. Possible causes for this were discussed in [67], 
but not experimentally proven. 
 

  
Figure 98: Thermograms for freezing of hardened cement paste after pre-storage in  

3.0, 6.0 and 9.0 wt.% NaCl 

The estimation of the combined freezing and melting point depression was again realized by 
shifting the H2O-NaCl liquidus line by the amount of freezing and melting point depression of 
the water-saturated sample. Figure 99 shows the measured values compared to the estimated 
freezing and melting point depression. 

The freezing points for the capillary peak are well represented by the shifted liquidus line. 
The largest deviation occurs at 22.4 wt.% NaCl with -1.9 K. In the gel pore range, however, 
the superposition of the freezing point depression can only inadequately represent the actual 
freezing behavior. The position of the melting points shows good agreement with the estimated 
melting point depression over the entire NaCl concentration range.  
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Figure 99: Combined freezing point depression (left) and melting point depression 

(right) in hardened cement paste 

The results show that surface forces and solutes are cumulative in their effect on the freezing 
and melting points in the capillary porosity region.  

8.2 Significance of the chloride binding capacity 

From the results of the previous chapter, it can be indirectly deduced that a binding of chloride 
ions by the hardened cement paste must take place so. Otherwise the absorption of highly 
concentrated de-icing salt solution cannot lead to an increased ice formation in the hardened 
cement paste. The investigations on cryogenic suction in Chapter 6 have shown that differences 
in the chloride binding capacity of different cements should also be considered. This fact was 
not considered in Lindmark's original damage theory. At this point, therefore, a direct proof 
should demonstrate that without chloride binding from the NaCl solution, there is no increase 
in the ice volume in the temperature range considered, down to -20 °C. 

The starting point of the observation are the abstracting experiments with 22.4 wt.% NaCl 
solution. Since this corresponds to the liquidus concentration of the unfrozen components of a 
NaCl solution at -20 °C, the solution containing 22.4 wt.% NaCl is completely unfrozen at a 
temperature of -20 °C. If this solution is mixed with any amount of pure water, the portion of 
the resulting mixture that cannot be frozen at -20 °C corresponds exactly to the amount of 
22.4 wt.% NaCl solution added. This results from the basic principle of the eutectic behavior 
of NaCl solutions, after the frozen portion of the solution always consists of pure water ice. 
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Figure 100: Schematic illustration - proportions of a NaCl solution 

 
Blending pore solution and highly concentrated de-icing salt solution (22.4 wt.% NaCl), is thus 
not sufficient to increase the content of ice formed at -20 °C. Other processes must act to 
reduce the chloride ion concentration in the pore solution. The following processes can be 
considered: 

 The chloride ions are chemically incorporated into mineral phases, e.g., as Friedel's 
salt [286]. 

 The chloride ions are physically adsorbed on hydration products in the hardened 
cement paste. As a result of the large specific surface area, this adsorption occurs 
primarily on the C-S-H phases [287, 288]. 

 The chloride ions accumulate not only in the pore solution in the capillary pores, 
which can be frozen down to -20 °C, but also in the pore solution in the gel pores. 
On the other hand, dilution can also occur by the transport of pore solution from 
the gel pores to the capillaries. 

Investigation methods and materials 

To test the hypothesis that the ability to bind chloride exerts a major influence on ice formation 
as a result of cryogenic suction, an LTDSC measurement (setup "cryogenic suction") was 
performed using water-saturated Vycor glass. The Vycor glass is described in more detail in 
chapter 4.3. 

Virtually no binding of chloride ions should occur in the Vycor glass compared to the 
hardened cement paste. Accordingly, there should be no increase in ice volume in the LTDSC 
measurement in the range down to -20 °C. The initial cycle without additional de-icing salt 
solution as well as the following four cycles with de-icing salt solution on top were measured 
on the identical sample. 
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Results 

Figure 101 shows the results of the LTDSC measurements.  

 
Figure 101: Melting curves of the DSC measurements in the experimental setup 

"cryogenic suction" with de-icing salt solution - Vycor glass 

The melting curve of the initial measurement of the water-saturated sample shows two peaks 
in the range of approx. -5 °C and -2 °C. In cycle 1, there is a clear change in the melting curve 
compared to the initial measurement. The two melting peaks are shifted by about 3 K towards 
lower temperatures. This agrees well with the expected freezing point depression. Complete 
blending of the added 22.4% NaCl solution with the water contained in the pore structure 
should yield a NaCl concentration of 5.7 wt.% (see calculation). This concentration should 
result in a freezing point depression of 3.5 K. 

 
Calculation 

 Water in Vycor glass  = Msat – Mdry = 11.38 mg – 9.69 mg = 1.69 mg 
 Addition 22,4 M.-% NaCl  = 0.58 mg 

o Contained NaCl  = 0.13 mg 
o Contained Water  = 0.45 mg 

 Resulting NaCl-Conc. = 0.13 mg / (0.58 mg + 1.69 mg)·100 = 5.7 wt.% 
 

In the measurement, ice volume does not increase up to -20 °C, but decreases by 0.041 ml/g. 
This is due to the combined freezing point depression from surface forces and chloride ions. 
These cause a portion of the solution to freeze only below -20 °C. Although a measurement 
below -20 °C was not performed here, the measurements with salt solutions in Vycor glass (see 
Appendix D) confirm this. Starting from cycle 1, only minor changes occur in the shape of the 
melting curve in the further cycles. The ice volume remains unchanged in the following cycles. 
The results thus confirm the hypothesis that binding of chloride ions is necessary to increase 
the ice volume in a porous material by cryogenic suction of highly concentrated de-icing salt 
solution.  

-25 -20 -15 -10 -5 0 5

cycle

(ml/g)
Vycor Glass

0.085

0.084

0.085

0.085

Ic
e 

vo
lu

m
e 

ch
an

ge
 =

 m
el

ti
ng

 (
-)

Temperature (°C)

0.126

Cycle 4

Cycle 3

Cycle 2

Cycle 1

Initial

Total ice volume

Heating 2K/min



121 
 

8.3 Influence of the NaCl concentration in HCP on cryogenic suction 

A major reason for combining the saturation processes "cryogenic suction" and "frost suction 
by the micro ice lens pump" in a combined damage theory was to better represent the 
mitigating effect of high de-icing salt concentrations in a salt frost scaling test. Cryogenic 
suction alone cannot explain this phenomenon. Only the intensive saturation of concrete by 
the micro ice lens pump should lead to an increased ingress of de-icing salts deep into the 
concrete microstructure and thus to a mitigation of the damage mechanism in a salt frost 
attack. In the present chapter, therefore, the influence of the de-icing salt concentration present 
in the hardened cement paste on the change in ice volume due to cryogenic suction of highly 
concentrated de-icing salt solution is considered. 

Investigation methods and materials 

LTDSC was again used as the examination method. This was used to further investigate the 
HCP specimens from Section 8.1.2 that had been pre-stored in different NaCl solutions. The 
measurements were carried out with the LTDSC experimental setup "cryogenic suction" with 
22.4 wt.% NaCl solution. Three parameters can be derived from the measurements: 

 initial ice volume in the hardened cement paste at -20 °C (initial measurement 
without NaCl solution). 

 change in ice volume at -20 °C as a result of 4 ftc with NaCl solution 
 resulting ice volume at -20 °C after 4 ftc with NaCl solution 

Results 

Figure 102 shows the results of the LTDSC measurements of cryogenic suction as a function 
of the NaCl concentration during pre-storage of the HCP samples. The gray measuring points 
in the diagram show the initial ice volume at -20 °C from the reference measurement without 
addition of the highly concentrated de-icing salt solution. The red measuring points show the 
ice volume at the final 4th cycle of the measurement with de-icing salt solution. 
 

 
Figure 102: LTDSC measurements in the "cryogenic suction" experimental setup; 

ice volume as a function of NaCl concentration at pre-saturation. 
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In general, with increasing NaCl concentration, there is a reduction in the ice volume in the 
initial cycle. The only exception is the sample with 0.5 wt.% NaCl. Furthermore, with 
increasing NaCl concentration during pre-saturation, the ability for additional ice formation 
due to cryogenic suction is weakened. Based on the NaCl concentration at pre-saturation, the 
diagram here can be divided into three characteristic ranges. 

Range 1: 0.0 to 3.0 wt.% NaCl during pre-saturation 
In the initial cycle, the highest ice volumes are determined in this range. The values remain at 
a fairly uniform level between 0.082 and 0.088 ml/g. The maximum value occurs at 0.5 wt.% 
NaCl. The freeze-thaw cycles with NaCl solution lead to a strong increase of the ice volume by 
0.026 to 0.031 ml/g. For the resulting ice volume after 4 cycles, the maximum values are 
reached here. These are also at a very uniform level. 

Range 2: 6.0 to 9.0 wt.% NaCl during pre-saturation 
As a result of the increased NaCl concentration in the HCP, the ice volume in the initial cycle 
is reduced when compared to range 1. In the step from 6.0 to 9.0 wt.% NaCl in range 2, the 
initial ice volume is again significantly reduced from 0.076 to 0.061 ml/g. The freeze-thaw 
cycles with NaCl solution also lead to an increase in ice volume. However, the increase is 
reduced to 0.015 and 0.011 ml/g, respectively. Thus, there is also a considerable reduction for 
the resulting ice volume after 4 cycles compared to range 1. 

Range 3: 12.0 to 18.0 wt.% NaCl during pre-saturation 
The ice volume in the initial cycle continues to decrease steadily with increasing NaCl 
concentration, although ice formation still occurs even at 18.0 wt.% NaCl. Here, however, the 
freeze-thaw cycles with NaCl solution no longer lead to an increase in ice volume, but to a 
decrease. For higher NaCl concentration during pre-saturation, the decrease in ice volume is 
intensified. Accordingly, the resulting ice volume decreases after 4 cycles with NaCl solution, 
in the case of the sample with 18.0 wt.% NaCl even almost completely to zero. 

Summary 
In the investigations it could be demonstrated that a pre-saturation of the hardened cement 
paste with NaCl solution leads to a reduced increase of the ice volume by the cryogenic suction 
of 22.4 wt.% NaCl solution. At high NaCl concentrations in the pre-saturation, even a reduction 
of the ice volume by cryogenic suction occurred. Thus, the investigations reflect well the 
experience from salt frost scaling tests, in which increased NaCl concentrations in the test 
solution (>pessimal concentration) cause a reduction in scaling intensity.  

This also confirms that, in addition to cryogenic suction, saturation due to the micro-ice 
lens pump must also be considered. During cryogenic suction, the NaCl concentration of the 
absorbed solution is primarily subject to the minimum temperature in the freeze-thaw test 
(e.g., 22.4 wt.% NaCl at -20 °C). Accordingly, high NaCl concentrations should have a 
beneficial effect on cryogenic suction.  

In the saturation process due to the micro ice lens pump, on the other hand, the original 
concentration of the test solution is crucial, because liquid uptake occurs here when the test 
solution is in a melted state. In that case, a high NaCl concentration leads to a strong influx 
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of de-icing salts into the microstructure. The resulting weakening of the ice formation and thus 
of the salt frost attack could again be confirmed by the above investigations.  

8.4 Relationship between ice volume and salt frost scaling resistance 

The ice volume in the hardened cement paste is an important parameter for cryogenic suction 
and frost suction due to the micro ice lens pump. The larger the initial ice volume, the more 
intensive this saturation processes should occur. This is based on two phenomena: 

1. The ice volume at -20 °C is also a measure of the interconnected capillary porosity 
of the hardened cement paste. As the proportion of interconnected capillaries 
increases, the transport processes in the hardened cement paste are intensified and 
damage mechanisms are enforced. 

2. The formation of ice in the hardened cement paste is a prerequisite for the moisture 
absorption processes described by cryogenic suction and the micro ice-lens pump. 

 
To determine the relationship between the two parameters mentioned above, LTDSC 
measurements on hardened cement paste were compared with the results of salt frost scaling 
tests on concrete in two test series. The hardened cement paste specimens were exposed to 
similar pre-storage conditions as the concrete surface zone before a salt frost scaling test. The 
purpose of these tests was to determine the cement-specific effects of carbonation and 
intermediate drying due to storage in a standard climate.  

To minimize the influence of these cement-specific effects, only Portland and Portland 
limestone cements were used in the first series. The investigations of the second series were 
carried out with the different cements from chapter 6. 

8.4.1 Series 1 - Portland and Portland limestone cements 

Investigation methods and materials  

In the first series, it was evaluated to what extent LTDSC is suitable for predicting the salt 
frost scaling resistance of concrete when the chemical-mineralogical composition of the binders 
is in a narrow range. Different limestone powder contents in the cement were used to achieve 
a wide range of capillary porosities with comparable workability properties. The minor effects 
of the limestone powder on the formation of the hydration products were neglected. From a 
parallel research topic, results of salt frost scaling tests for air-entrained concretes were 
available. The tests were carried out using the CDF method.  

Portland cements as well as mixtures of Portland cement with limestone powder or with 
dolomite powder were used for the concretes. At this point, only the results of the Portland 
and Portland-limestone cements are considered, since additional effects can affect the salt frost 
scaling resistance of the dolomitic powder. 

Four different Portland cements were used. By blending with a limestone powder, Portland 
limestone cements with 20 wt.% and with 35 wt.% limestone powder were produced. In total, 
this resulted in 12 different cements. The concretes for the CDF tests were produced with a 
w/c-ratio of 0.50 and a target air void content of 5.0 vol.% at a maximum grain size of 16 mm. 
Further details on the concretes are given in Annex B. 
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Using these 12 different cements, hardened cement paste samples with a w/c-ratio of 0.50 were 
also prepared and analyzed by LTDSC. After preparation, the specimens were stored in a 
preservative manner until the 7th day. Then, 1.5 mm thick slices were obtained from the 
hardened cement paste by saw cutting. These were stored in a standard climate at 20 °C and 
65 % relative humidity until the 28th day. Subsequently, the specimens were stored in 
saturated Ca(OH)2 solution to pre-saturate them capillary before testing. The use of 3 wt.% 
NaCl solution in the pre-storage was omitted here in order to quantify the ice volume in the 
hardened cement paste at -20 °C without the additional influence of de-icing salts. In this 
respect, the pre-storage of the hardened cement paste differs from the pre-storage of the 
concrete, which was pre-saturated with 3 wt.% NaCl solution by capillary suction over a period 
of 7 days prior to freeze-thaw exposure. The ice volume was quantified in the LTDSC setup 
"cryogenic suction" without de-icing salt solution (initial cycle). 

Results 

In the following diagram, the ice volume formed at a minimum temperature of -20 °C is 
compared with the results of the CDF tests (accumulated scaling after 28 freeze-thaw cycles). 

  
Figure 103: Relationship between total ice volume at -20 °C and scaling after  

28 freeze-thaw cycles in the CDF test. 

With increasing substitution of the Portland cement by the limestone powder, the ice volume 
at -20 °C and the accumulated scaling in the CDF test increase. There is a good linear 
relationship between the two variables (R2 = 0.76). The results thus support the assumptions 
of the theory. 

To a certain extent, the determination of the ice volume by means of LTDSC allows a 
prediction of the salt frost scaling resistance of concrete, if additional influences do not play a 
role, such as the air void system or the cement type (e.g. GGBFS cement). 
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8.4.2 Series 2 – Different cement types 

Investigation methods and materials  

In the second series, it was tested whether the functional relationship between the ice volume 
in the hardened cement paste at -20 °C and the salt frost scaling resistance can also be 
transferred to concretes with very different binders and w/c-ratios. The three cements from 
Chapter 6 were used for the tests. 

The salt frost scaling tests on the concrete were conducted with the CDF method. The 
three different cements were combined with three w/c-ratios. The concrete composition had to 
be strongly adjusted depending on the w/c-ratio in order to keep the target air void content of 
5.0 - 6.0 vol.% and the target consistency range F2 - F4. At a w/c-ratio of 0.40, a 
superplasticizer had to be used for this purpose. At the w/c-ratio of 0.60, the concrete grading 
curve was adjusted and additional limestone powder was used in the concrete, but it was not 
considered in the w/c-ratio. The formulations are listed in Appendix B. Table 17 shows relevant 
concrete properties. 

Table 17: Concrete properties 

Cement w/c Air content Workability 
(Spread) 

Comp. strength, 
fc,cube,28d 

Bulk density 

- - Vol.-% mm MPa kg/m3 

CEM I 
42.5 R 

0.40 5.8 380 65.6 2350 
0.50 6.2 450 47.7 2280 
0.60 6.0 490 40.3 2200 

CEM III/A 
42.5 N 

0.40 4.9 470 70.2 2320 
0.50 5.0 390 50.0 2280 
0.60 5.1 480 38.0 2200 

CEM II/B-LL 
32.5 R 

0.40 5.4 420 61.1 2330 
0.50 5.9 380 39.1 2230 
0.60 4.9 480 28.0 2190 

 
In analogy to the concretes, hardened cement paste samples with three different w/c-ratios 
were prepared and analyzed by LTDSC. The pre-storage and preparation of the hardened 
cement paste samples was carried out as in chapter 8.4.1. The quantification of the ice volume 
was carried out in the LTDSC setup "cryogenic suction" without de-icing salt solution (initial 
cycle). 

Results 

Figure 104 shows the scaling of the nine concretes in the CDF test. As expected, the concretes 
with CEM III/A show increased scaling compared to the other cements. The scaling level of 
the concretes with CEM I and CEM II/B-LL is in a similar range. The generally accepted 
scaling criterion of 1.5 kg/m2 is not exceeded by these concretes. With the exception of the 
CEM I concretes, an increase of the scaling intensity can be observed in with increasing w/c-
ratio despite sufficient fresh air void contents. 
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Figure 104: Accumulated scaling after 28 ftc in CDF test 

Figure 105 compares the ice volume formed at a minimum temperature of -20 °C with the 
results of the CDF tests. Table 18 shows the associated linear approximation functions. 
 

 
Figure 105: Relationship between integral ice volume at -20 °C (specimens stored in 

standard climate) and accumulated scaling after 28 freeze-thaw cycles in the CDF test. 

 

Table 18: Linear approximation functions 

Series/cements Approximation function Coefficient of 
determination R2 

CEM I y = -2.335 x + 0.525 - 
CEM III/A y = 26.477 x + 1.432 - 
CEM II/B-LL y = 5.396 x + 0.010 - 
All cements together y = 8.062 x + 0.686 0.056 
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According to visual assessment, there is a certain correlation between the ice volume and the 
scaling intensity when the cements are considered individually. When all the compositions are 
considered together, there is no functional correlation between the ice volume and the scaling 
values, in contrast to series 1.  

The main reason is that the concretes with GGFBS cement exhibit very high scaling 
intensity, which is not reflected in the ice volume. This is consistent with findings that, in 
addition to purely physical phenomena, chemical-mineralogical influences on the salt frost 
scaling resistance of concretes with high SCM contents must also be considered [13]. 
Furthermore, a novel, purely physical explanation approach for the reduced salt frost scaling 
resistance of concretes with GGBFS cements was proposed by Ehrhardt [289]. This approach 
will be considered in more detail in the following chapter. 

8.5 Special aspects of concrete with GGBFS cement 

In chapter 8.4 it was found that concrete with GGBFS cement is more severely damaged in 
salt frost scaling tests than concrete with other cements, even if the scaling is considered in 
relation to the ice volume in the carbonated hardened cement paste. 

Various explanations for this phenomenon have been postulated in the past. Ludwig [13] 
was able to show that the carbonation of concretes rich in granulated blastfurnace slag can 
give rise to the CaCO3 modifications Aragonite and Vaterite, which are then converted into 
Calcite during freeze-thaw exposure, resulting in additional weakening of the microstructure.  

An alternative explanation was given by Hasholt et al [290], which, however, is based on 
observations of concretes with siliceous fly ash. They hypothesize that additional carbonation 
occurs during salt frost testing, which has a particular effect at low Portlandite contents. They 
assume that as a result of chloride attack, existing Monocarboaluminate is converted to a 
chloride-containing AFm phase. In this process, carbonate ions are released, which are available 
for the carbonation of the hardened cement paste. Due to the low Ca(OH)2 buffer, carbonation 
is supposed to lead to microstructural coarsening [290].  

From a thermodynamic point of view, however, a transformation of Monocarboaluminate 
into Friedel's salt is to be expected even by exposure to chloride ions alone [291]. Should this 
result in a strong coarsening of the microstructure, this would be in contradiction to findings 
on the good chloride penetration resistance of concretes containing fly ash (e.g. [292]). 
Moreover, it is questionable whether this approach can also be applied to systems with 
granulated blastfurnace slag, in which hydrotalcite [293] is increasingly formed instead of 
Monocarboaluminate due to the higher magnesium content.  

In contrast, a novel, purely physical explanatory approach by Ehrhardt [289] attributes the 
high degree of damage in concretes with GGBFS cement to the large differences in the pore 
structure between the carbonated concrete surface layer and the underlying non-carbonated 
layer. This approach will be considered in more detail here with regard to the combined damage 
theory. In general, strong differences between connected material layers are unfavorable, 
especially if they are accompanied by abrupt changes in deformation behavior. This concerns, 
for example, the Young's modulus, but also thermal and hygric strains. In addition, the aspects 
of ice lens formation and cryogenic suction also become relevant in salt frost attack. The latter 
are strongly influenced by carbonation in GGBFS cement concrete. 
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Investigation methods and materials 

In the present chapter, the change in ice volume due to cryogenic suction of 22.4 wt.% NaCl 
solution was determined by LTDSC (setup "Cryogenic Suction") on a CEM III/A-based cement 
paste specimen with w/c=0.50. The specimen was subjected to similar pre-storage conditions 
as the concrete surface layer in CDF tests. After 7 days under preservative conditions, the 
specimen was stored for 21 days in a standard climate. This was followed by 7 days of storage 
in saturated Ca(OH)2 solution. The results of this sample are compared to the corresponding 
results of a hardened cement paste sample stored under preservative conditions throughout. 

Results 

Figure 106 shows the integral ice volume at -20 °C plotted over the freeze-thaw cycles in the 
LTDSC. In this figure, the different types of pre-storage - preservative and standard climate - 
are compared with each other. The results of the preservative stored sample were taken from 
chapter 6.3.4. 

 
Figure 106: Change of ice volume in LTDSC measurement "cryogenic suction"; influence 

of pre-storage with HCP based on CEM III/A. 

Intermediate storage in a standard climate led to a strong increase in the initial ice volume 
from 0.022 to 0.074 ml/g. This is equivalent to a strong increase in the volume of interconnected 
capillary pores. This agrees with empirical data on the carbonation of concretes with GGBFS 
cements. However, it has already been stated in chapter 8.4 that the high initial ice volume 
alone is not sufficient to explain the increased scaling in CEM III/A concrete. 

The increase in ice volume due to cryogenic suction is also much more pronounced in the 
specimen stored in the standard climate. The increase after 4 freeze-thaw cycles is 0.027 ml/g, 
which is many times higher than the increase for the specimen stored in preservative conditions 
(0.004 ml/g).  

If this behavior is transferred to a GGBFS cement-based concrete with carbonated surface 
layer and non-carbonated core, according to Ehrhardt [289], these large differences in freezing 
behavior should lead to a reduction in salt frost scaling resistance. This approach will be 
discussed further in the following with respect to the combined damage theory. 

Chapter 6 outlined how ice lens formation and ice lens growth can occur in the concrete 
surface layer during a salt frost attack. Among other things, it is assumed that ice lenses first 
form in the concrete surface layer and that the ice propagates dendritically through the 
capillary pore structure of the concrete. Due to the very dense microstructure of the non-
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carbonated GGBFS cement concrete at w/c-ratios up to about 0.50, the ice from the surface 
layer can only grow into deeper regions at much lower temperatures. Figure 107 gives a 
schematic representation of this. Due to the very large differences in the size ratios of the pores, 
this illustration not drawn to scale. 

 
Figure 107: Influence of carbonation of blastfurnace slag-rich concretes on ice formation 

during salt frost attack; schematic, not drawn to scale. 

 
The layer-wise differences in freezing behavior may result in the following effects: 

1. As a result of the prevented ice formation in the deeper-lying microstructure, the 
air voids in the non-carbonated area initially remain empty and can only develop 
their drainage effect with delay.  

2. The ice lenses in the concrete surface layer are not only fed by the unfrozen portions 
of the NaCl solution, but also by the unfrozen pore solution of the deeper lying 
regions. Ice lens growth in the carbonated zone is thus intensified and the degree of 
saturation of the capillary pores in the adjacent noncarbonated zone is reduced. 

3. At sufficiently low temperatures, ice formation should also occur in the non-
carbonated layer, whereupon the drainage effect of the deeper air voids is activated. 
However, due to the low permeability of the non-carbonated cement paste, these air 
voids are probably not capable of decisively lowering the degree of saturation in the 
carbonated surface layer. 
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In contrast, increased scaling is not to be expected in the case of pure frost attack, since: 
 There is no enhancement of ice lens growth by cryogenic suction of unfrozen NaCl 

solution. 
 The outer ice layer contributes to a reduction in the saturation of the concrete 

surface layer (cf. Section 6.1.1). 
 
The reduced salt frost scaling resistance of concretes with GGBFS cements does not contradict 
the combined damage theory. However, the influence of abrupt changes in the pore structure 
between carbonated and non-carbonated layers of GGBFS cement concretes and possibly of 
concretes with pozzolanic additions requires further investigation. 

8.6 Summary 

In this chapter, selected assumptions of the combined damage theory were evaluated. It was 
shown that the freezing point depressing effect of solutes (in this case NaCl) and surface forces 
work in an additive way. From this it was deduced that an increase in the volume of freezable 
pore solution in the hardened cement paste as a result of cryogenic suction of brine is only 
possible if chloride ions from the intruding de-icing salt solution are bound by the hardened 
cement paste. This could also be confirmed experimentally. 

With regard to the pessimum of the de-icing salt concentration at approx. 0.5 to 3.0 wt.% 
NaCl, it was investigated how the de-icing salt concentration in the hardened cement paste 
affects ice formation as a result of cryogenic suction of brine. Above 3.0 wt.% NaCl in the 
hardened cement paste at the start of the test, the resulting ice formation due to cryogenic 
suction is significantly reduced. This confirms that, in addition to cryogenic suction, saturation 
due to the micro ice lens pump must also be considered, because only the latter can adequately 
reflect the influence of the concentration of the test solution on the chloride ion ingress into 
the concrete.  

An important driving force for cryogenic suction and the micro ice lens pump is the ice 
volume that forms in the concrete or hardened cement paste at the minimum temperature of 
the salt frost scaling test. A comparison of the ice volume at -20 °C with scaling intensity in 
the CDF test showed good agreement for concretes made of Portland and Portland limestone 
cement when the cement paste was exposed to similar pre-storage conditions as the concrete.  

When GGFBS cement is used as a binder, the relationships between ice volume and salt 
frost scaling resistance must be considered in a more complex manner. Various influences cause 
a disproportionate scaling intensity here. The large difference in pore structure and the 
resulting differences in freezing behavior between the carbonated surface and the non-
carbonated, deeper-lying areas were identified as further damage-intensifying aspects. 

 
    



131 
 

9 Conclusions 

To reduce concrete-specific CO2 emissions, greater use of cements and concretes with reduced 
clinker content is intended. However, the reduction of the clinker content must not lead to a 
service life relevant impairment of the concrete durability. In this context, salt frost scaling 
resistance is a critical parameter, as it is often negatively affected at higher clinker substitution 
rates. A fundamental understanding of the damage processes during salt frost attack can pave 
the way for producing sufficiently resistant concretes even with clinker-reduced cements.  

However, the current state of knowledge is characterized by contradictory damage concepts, 
so that no generally accepted damage theory exists for salt frost attack despite decades of 
research and numerous attempts at providing explanations. Two conflicting damage theories 
dominate the current state of research - the Glue Spall Theory and the Cryogenic Suction 
Theory. In the context of this thesis, both theories were reviewed in depth, with the Cryogenic 
Suction theory proving to be fundamentally suitable for describing the scaling process. By 
extending the theory to include the well-known mechanism of the micro ice lens pump, a 
comprehensive description of the damage processes during a salt frost attack was achieved.  

Review of the Glue Spall Theory 

The glue spall theory attributes the generation of scaling to mechanical damage of the concrete 
surface by an adhering ice layer. The damage is explained by the thermal contraction of the 
ice, which is about five times greater than that of concrete. The tensile strength of the ice must 
be within a narrow range. Although the ice should form cracks as a result of the thermally 
induced stresses, it should still have sufficient strength to damage the concrete surface. The 
extensive theoretical foundations plausibly describe the resulting stress states when concrete 
and de-icing salt solution freeze together. However, review of these fundamentals revealed that 
important assumptions are not valid. 

The glue spall theory predicts increased scaling intensity in salt frost scaling tests for 
increasing ice layer thicknesses. This dependence was confirmed in appropriately modified CDF 
tests within the scope of this thesis. However, since this dependence can also be explained by 
alternative damage theories, it is unsuitable as a sole proof of the theory. 

Another important parameter of the theory is the de-icing salt concentration of the test 
solution, since this, along with temperature, is decisive for the tensile strength of the ice. In 
theory, it is assumed that notable damage occurs only at a NaCl concentration of 3.0 wt.%. In 
CDF tests with different de-icing salt concentrations, however, it was shown that the actual 
de-icing salt pessimum is to be located at approx. 0.5 to 1.5 wt.%, and is thus already outside 
the range predicted by the theory. Even at 6.0 wt.% NaCl, severe scaling still occurred, 
although that saline ice at -20 °C has no notable tensile strength. In summary, it was concluded 
that the glue spall theory is not suitable to comprehensively describe the salt frost attack on 
concrete. In the range of low de-icing salt concentrations, the glue spall effect may have a 
damage-increasing effect. However, no proof of this is available as yet. 
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Review of the Cryogenic Suction Theory 

In the cryogenic suction theory, the generation of scaling is explained by the uptake of unfrozen 
de-icing salt solution by ice lenses in the frozen concrete. Due to their eutectic properties, de-
icing salt solutions do not freeze completely at usual minimum temperatures in salt frost scaling 
tests. They exist in a blend of solid ice and unfrozen, highly concentrated solution. The uptake 
of this solution should allow progressive ice growth in the concrete surface layer. 

In own investigations it could be confirmed that hardened cement paste takes up highly 
concentrated de-icing salt solution at low temperatures and that this can also lead to damage. 
In measurements by means of dynamic low-temperature differential scanning calorimetry 
(LTDSC), increased ice formation due to the supply of highly concentrated de-icing salt 
solution was proven. The extent of ice formation is influenced not only by the amount of de-
icing salt solution taken up, but also by the ability of the cement paste to bind chloride ions 
from the de-icing salt solution. 

A shortcoming of the theory is that the pessimal de-icing salt concentration of about 0.5 to 
3.0 wt.% NaCl occurring in salt frost scaling tests cannot be adequately justified, since the 
described damage due to uptake of highly concentrated de-icing salt solution rather implies a 
pessimum at very high concentrations. 

In summary, however, it can be concluded that the cryogenic suction theory provides a 
good basis for the description of the salt frost attack. However, it must be supplemented by 
further aspects. The consideration of the intensive saturation of concrete during the thawing 
phase in a freeze-thaw cycle represents the most important addition here. Based on these 
considerations, a correspondingly extended theory was presented. 

The combined damage theory 

The cryogenic suction theory was extended by aspects of Setzer's theory of the micro ice lens 
pump. This results in a description of the damage processes that can plausibly represent the 
generation of scaling and the pessimum of the de-icing salt concentration. In a freeze-thaw 
cycle with a moderately concentrated de-icing salt solution (e.g. 3.0 wt.% NaCl), the two 
saturation processes act as follows: 

During the frost phase, the concrete surface zone is saturated with the unfrozen fraction of 
the partially frozen de-icing salt solution. This process is largely responsible for the formation 
of scaling. The concentration of de-icing salt in the unfrozen part of the saline ice is significantly 
higher than the initial concentration.  

During the thawing phase, concrete is saturated with the completely unfrozen (thawed) de-
icing salt solution down into greater depths. The concentration of this solution roughly 
corresponds to the original concentration of the test solution. This step is critical to the salt 
content which is transported into the concrete. It thus affects the potential for ice formation 
in subsequent freeze-thaw cycles. At moderate de-icing salt concentrations, it can be assumed 
that the salt ingress is only weak. 

If, on the other hand, a salt frost scaling test is carried out with very weakly concentrated 
de-icing salt solution or with water, the prerequisite for cryogenic suction in the freezing phase 
is absent and only very slight scaling occurs. However, saturation in the thawing phase can 
continue to take place and, under certain circumstances, lead to internal damage. 
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If the salt frost scaling test is performed with highly concentrated de-icing salt solution, 
cryogenic suction may take place during the frost phase, possibly causing minor initial scaling. 
However, in successive freeze-thaw cycles, the salt ingress into the concrete during the thawing 
phase is so high that ice formation in the surface layer is greatly reduced. Thus, the driving 
force for cryogenic suction is lost and the scaling intensity is reduced. When the concrete is 
pre-saturated with the corresponding test solution, such as in the CDF test, the influence of 
the high de-icing salt concentration is further intensified. 
 

 
Figure 108: Schematic illustration of the influence of concentration of the test solution on 

the damage mechanisms during frost and salt frost attack. 

Discussion on aspects of the combined theory 

In LTDSC measurements it was shown that the freezing point depressing effect of solutes and 
surface forces is additively enhanced in the region of capillary porosity. From this it was 
deduced that an increase in the volume of freezable pore solution in the hardened cement paste 
as a result of cryogenic suction is only possible if chloride ions from the intruding de-icing salt 
solution are bound by the hardened cement paste. This could also be confirmed experimentally. 

With regard to the pessimum of the de-icing salt concentration of approx. 0.5 to 3.0 wt.% 
NaCl, it was investigated how the de-icing salt concentration in the hardened cement paste 
affects ice formation as a result of cryogenic suction. Above 3.0 wt.% NaCl in the hardened 
cement paste at the start of the test, the resulting ice formation is weakened significantly. This 
confirms that, in addition to cryogenic suction, saturation due to the micro ice lens pump must 
also be considered, because only the latter can adequately represent the influence of the 
concentration of the test solution on the chloride ingress into the concrete. 
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A comparison of the ice volume at -20 °C from LTDSC measurements with scaling intensity 
in the CDF test showed good agreement for concretes made of Portland and Portland limestone 
cement. This allows, to a certain extent, a prediction of the salt frost scaling resistance of 
corresponding concretes (assuming an air void system that meets the requirements). 

When GGBFS cement is used as a binder, the relationships between ice volume and salt 
frost scaling resistance are more complex. Various influences cause a disproportionate scaling 
intensity here. The large difference in the pore structure and the resulting differences in freezing 
behavior between the carbonated surface and the non-carbonated, deeper-lying areas were 
identified as further damage-intensifying aspects. 
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10 Open questions and outlook 

Direct measurement of relevant parameters 

A central hypothesis of this dissertation is the occurrence of two different saturation processes 
in a freeze-thaw cycle during salt frost scaling attack on concrete. Each of the two saturation 
processes in itself could be demonstrated in the past or also in this thesis. However, no test 
method was available here that would have allowed direct detection of the two saturation 
processes within a freeze-thaw cycle.  

In particular, the in-situ measurement of laterally resolved degrees of saturation at 
temperatures below the freezing point of the pore solution is difficult. If necessary, a 
measurement after completion of a freeze-thaw cycle with de-icing salt solution can lead to 
useful results. Measurements of the laterally dissolved degree of saturation with water have so 
far been carried out, for example, by means of: 

 Neutron tomography [294] 
 1H- Nuclear magnetic resonance spectroscopy [295, 296] 

 
With the latter method, in-situ measurements at temperatures below 0 °C were also carried 
out. However, the frozen water components could not be detected [296]. Another possibility 
would be the measurement by means of computer tomography. 

Quantification with poromechanical modeling approaches 

The postulated damage theory only gives a qualitative description of the damage processes 
during a salt frost attack. In order for the theory to serve as a basis for service life design, a 
quantitative description of the damage processes must be provided. A suitable starting point 
for this is provided by poromechanical models, which are currently only available for pure frost 
attack. These models describe the complex interactions between physical, thermodynamic and 
mechanical phenomena during freeze-thaw exposure without de-icing salts. The aim is to 
predict the macroscopic damage of concrete. In general, however, only internal damage is 
considered. 

For the damage processes described qualitatively in this work, it should be possible to 
quantify the damage processes by a poromechanical observation. Of particular interest is the 
ice lens growth in the concrete surface layer due to cryogenic suction and the micro ice lens 
pump. 

Extension of the model evaluation with clinker-reduced cements 

In the course of this thesis it could be shown once again that for concretes with clinker-reduced 
cements additional damage-increasing effects have to be considered in case of salt frost attack. 
In view of the postulated damage theory, the sudden increase in capillary porosity from the 
non-carbonated core to the carbonated surface layer was identified as a further aspect for 
concretes with GGBFS cement. 

Other clinker substitutes such as siliceous fly ash or calcined clays are also known to impair 
salt frost scaling resistance. There are isolated explanations for the causes of this, but the level 
of knowledge is rather low compared with GGBFS cement.  
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In a next step, it could therefore be examined which of the known and suspected damage-
increasing influences of concretes with GGBFS cement can possibly be transferred to 
compositions with other clinker substitutes. For this purpose, the pore structure and the 
freezing behavior of corresponding compositions with and without carbonation should be 
investigated. Furthermore, the stability of the hydrate phases in the hardened cement paste 
during salt frost exposure has to be considered and the salt frost scaling resistance of 
corresponding concretes has to be determined. 

Integration of the theory into a service life design 

If, in the preceding steps, it has been possible to determine the damage-relevant parameters 
under salt frost attack also for clinker-reduced systems, it would be desirable in a final step to 
transfer the theory into a service life design. For this purpose, it would be of particular 
importance to resolve the differences and contradictions between laboratory testing and 
practical behavior. This concerns the resistance side but also the exposure side. For this, the 
influences that can lead to different results between laboratory and practice must be considered. 
These are, among others: 

 the influence of production and curing conditions on concrete quality, 
 different carbonation conditions, 
 the differences in saturation and intermediate drying phases, 
 the minimum temperatures during freeze-thaw cycles, 
 the coincidence of freeze-thaw and precipitation events. 
   



137 
 

References 
 [1] Scrivener, K.L.; John, V.M.; Gartner, E.M. (2018): Eco-efficient cements: Potential 

economically viable solutions for a low-CO2 cement-based materials industry. Cement 
and Concrete Research, volume 114, 2-26. 

[2] Hammond, G.; Jones, C. (2011): Embodied Carbon: The Inventory of Carbon and 
Energy (ICE). A BSRIA Guide. University of Bath with BSRIA, Bracknell, UK. 

[3] N.N. (2016): Gross CO2 emissions - Weighted average. Latest access 17.07.2019, 
https://www.wbcsdcement.org/GNR-2016/world/GNR-Indicator_59cAG-world.html. 

[4] Olivier, J.; Janssens-Maenhout, G.; et al. (2016): Trends in global CO2 emissions: 2016 
Report. Latest acces 17.07.2019, http://edgar.jrc.ec.europa.eu/news_docs/jrc-2016-
trends-in-global-co2-emissions-2016-report-103425.pdf. 

[5] Haist, M.; Moffatt, J.S.; et al. (2014): Entwicklungsprinzipien und technische Grenzen 
der Herstellung zementarmer Betone. Beton- und Stahlbetonbau, volume 109, issue 3, 
202-215. 

[6] Haist, M.; Moffatt, J.S.; et al. (2016): Ansatz zur Quantifizierung der Nachhaltigkeit 
von Beton auf der Baustoffebene. Beton- und Stahlbetonbau, volume 111, issue 10, 645-
656. 

[7] N.N. (2013): Verminderung der CO2-Emissionen. Beitrag der deutschen 
Zementindustrie. Monitoring Abschlussbericht 1990-2012. Verein deutscher 
Zementwerke e.V.. 

[8] Ludwig, H.-M. (2000): Eigenschaften von Betonen mit Portlandhüttenzementen. 14. 
Internationale Baustofftagung - ibausil, Weimar, 1141-1157. 

[9] Richardson, I.G. (1999): Nature of C-S-H in hardened cements. Cement and Concrete 
Research, volume 29, issue 8, 1131-1147. 

[10] Albeck, J.; Sutej, B. (1991): Eigenschaften von Betonen aus Portlandkalksteinzement, 
Teil 1. Beton, volume 41, issue 5, 240-244. 

[11] Albeck, J.; Sutej, B. (1991): Eigenschaften von Betonen aus Portlandkalksteinzement, 
Teil 2. Beton, volume 41, issue 6, 288-291. 

[12] Herold, G.; Müller, H.S. (2005): Dauerhaftigkeit von CEM II/A-LL-Zementen im 
Vergleich zu CEM I-Zementen. Beton, volume 55, issue 4, 164-169. 



138 
 

[13] Ludwig, H.-M. (1996): Zur Rolle von Phasenumwandlungen bei der Frost- und Frost-
Tausalz-Belastung von Beton. Dissertation, Bauhaus-Universität Weimar. 

[14] Utgenannt, P. (2004): The influence of ageing on the salt-frost resistance of concrete. 
Dissertation, Lunds Universitet, Schweden. 

[15] Müller, M.; Ludwig, H.-M.; et al. (2017): Dauerhafte Betonfahrbahndecken durch 
Verwendung unterschiedlicher Bindemittel in Ober- und Unterbeton. Beton- und 
Stahlbetonbau, volume 112, issue 4, 219-227. 

[16] Sabir, B.B.; Wild, S.; Bai, J. (2001): Metakaolin and calcined clays as pozzolans for 
concrete: a review. Cement and Concrete Composites, volume 23, issue 6, 441-454. 

[17] Malhotra, V.M. (2006): Reducing CO2 emissions. Concrete International, volume 28, 
issue 9, 42-45. 

[18] Ludwig, H.M. (2018): Nutzungspotentiale für Stahlwerksschlacken in der 
Baustoffindustrie. 20. Internationale Baustofftagung - ibausil, Weimar, 1.33-1.46. 

[19] Breitschaft, G.; Eckfeldt, L.; Hintzen, W. (2018): Widerstandsklassen für Beton. Beton- 
und Stahlbetonbau, volume 113, issue 2, 147-157. 

[20] Powers, T.C.; Brownyard, T.L. (1948): Studies of the physical properties of hardened 
Portland cement paste. Research Laboratories of the Portland Cement Association - 
Bulletin 22. 

[21] Powers, T.C.; Copeland, L.E.; Mann, H.M. (1959): Capillary continuity or discontinuity 
in cement pastes. Portland Cement Association, Research and Development 
Laboratories, Journal of Portland Cement Association. 

[22] Ludwig, H.M.; Ehrhardt, D.; Müller, M. (2012): Untersuchungen und Modellbildung 
zur Austrocknung der Betonrandzone als Grundlage für die Bestimmung der 
notwendigen Nachbehandlungsdauer. Bauhaus-Universität Weimar, Schlussbericht zu 
DBV-Forschungsvorhaben Nr. 287 (unveröffentlicht). 

[23] Powers, T.C.; Willis, T.F. (1949): The air requirement of frost-resistant concrete. 
Twenty-Ninth Annual Meeting of the Highway Research Board, Washington, USA. 

[24] Erbaydar, S. (1987): Eisbildung, volumendilatation und Wassertransport im Gefüge 
von Beton bei Temperaturen bis -60 °C. Dissertation, TU München. 



139 
 

[25] Badmann, R. (1981): Das physikalisch gebundene Wasser des Zementsteins in der Nähe 
des Gefrierpunkts. Dissertation, TU München. 

[26] Liebrecht, A. (2005): Phasenübergänge, Frostschwinden und Schrumpfvorgänge im 
Zementstein. Dissertation, Universität Duisburg-Essen. 

[27] Bullard, J.W.; Jennings, H.M.; et al. (2011): Mechanisms of cement hydration. Cement 
and Concrete Research, volume 41, issue 12, 1208-1223. 

[28] Helmuth, R.A. (1960): Capillary size restrictions on ice formation in hardened Portland 
cement pastes. Fourth International Symposium on Chemistry of Cement, Washington, 
D.C., USA, 855-869. 

[29] Scherer, G.W. (1999): Crystallization in pores. Cement and Concrete Research, volume 
29, issue 8, 1347-1358. 

[30] Sun, Z.; Scherer, G.W. (2010): Measurement and simulation of dendritic growth of ice 
in cement paste. Cement and Concrete Research, volume 40, issue 9, 1393-1402. 

[31] Zeng, Q. (2011): Poromechanical behavior of cement-based materials subjected to 
freeze-thaw actions with salts : modeling and experiments. Dissertation, Ecole Nationale 
des Ponts et Chaussèes, Frankreich. 

[32] Everett, D.H. (1961): The thermodynamics of frost damage to porous solids. 
Transactions of the Faraday Society, volume 57, 1541-1551. 

[33] Bager, D.H.; Sellevold, E.J. (1986): Ice formation in hardened cement paste, Part I — 
room temperature cured pastes with variable moisture contents. Cement and Concrete 
Research, volume 16, issue 5, 709-720. 

[34] Taber, S. (1916): The growth of crystals. American Journal of Science, volume 41, issue 
4, 532-556. 

[35] Taber, S. (1929): Frost heaving. The Journal of Geology, volume 37, issue 5, 428-461. 

[36] Taber, S. (1930): The mechanics of frost heaving. The Journal of Geology, volume 38, 
issue 4, 303-317. 

[37] Gill, A.F.; Thomas, J.F. (1939): Some observations regarding frost action. Nineteenth 
Annual Meeting of the Highway Research Board, Washington, D C., USA, 281-283. 



140 
 

[38] Collins, A.R. (1944): The destruction of concrete by frost. Journal of the Institution of 
Civil Engineers, volume 23, issue 1, 29-41. 

[39] Powers, T.C.; Helmuth, R.A. (1953): Theory of volume changes in hardened Portland 
cement paste during freezing. Proceedings of the Highway Research Board, volume 32, 
285-297. 

[40] Brun, M.; Lallemand, A.; et al. (1977): A new method for the simultaneous 
determination of the size and shape of pores: the thermoporometry. Thermochimica 
Acta, volume 21, issue 1, 59-88. 

[41] Stockhausen, N. (1981): Die Dilatation hochporöser Festkörper bei Wasseraufnahme 
und Eisbildung. Dissertation, TU München. 

[42] Setzer, M.J. (1977): Einfluß des Wassergehaltes auf die Eigenschaften des erhärteten 
Betons. DAfStb, Issue 280. 

[43] Sun, Z.; Scherer, G.W. (2010): Pore size and shape in mortar by thermoporometry. 
Cement and Concrete Research, volume 40, issue 5, 740-751. 

[44] Coussy, O. (2010): Mechanics and physics of porous solids. 

[45] Scherer, G.W. (1993): Freezing gels. Journal of Non-Crystalline Solids, volume 155, 
issue 1, 1-25. 

[46] Sidebottom, E.W.; Litvan, G.G. (1971): Phase transitions of adsorbates. Part 2.—
Vapour pressure and extension isotherms of the porous-glass + water system below 
0°C. Transactions of the Faraday Society, volume 67, 2726-2736. 

[47] Stockhausen, N.; Dorner, H.; et al. (1979): Untersuchung von Gefriervorgängen in 
Zementstein mit Hilfe der DTA. Cement and Concrete Research, volume 9, issue 6, 
783-794. 

[48] Zuber, B.; Marchand, J. (2000): Modeling the deterioration of hydrated cement systems 
exposed to frost action - Part 1: Description of the mathematical model. Cement and 
Concrete Research, volume 30, issue 12, 1929-1939. 

[49] Antoniou, A.A. (1964): Phase transformations of water in porous glass. Journal of 
Physical Chemistry, volume 68, issue 10, 2754-2764. 



141 
 

[50] Radjy, F. (1975): Thermodynamic parameters for sorption of water by hardened 
cement. 77th Annual Meeting of the American Ceramic Society, Washington D.C., 
USA. 

[51] Litvan, G.G. (1966): Phase transition of adsorbates: 1. Specific heat and dimensional 
changes of the porous glass - water system. Canadian Journal of Chemistry, volume 44, 
issue 22, 2617-2622. 

[52] Fagerlund, G. (1973): Determination of pore-size distribution from freezing-point 
depression. Matériaux et Construction, volume 6, issue 3, 215-225. 

[53] Gilpin, R.R. (1980): Wire regelation at low temperatures. Journal of Colloid and 
Interface Science, volume 77, issue 2, 435-448. 

[54] Vignes-Adler, M. (1977): On the origin of the water aspiration in a freezing dispersed 
medium. Journal of Colloid and Interface Science, volume 60, issue 1, 162-171. 

[55] Vignes, M.; Dijkema, K.M. (1974): A model for the freezing of water in a dispersed 
medium. Journal of Colloid and Interface Science, volume 49, issue 2, 165-172. 

[56] Scherer, G.W.; Valenza II, J.J. (2005): Mechanisms of frost damage. Materials Science 
of Concrete VVI. 209-246. American Ceramic Society. 

[57] Radjy, F. (1968): A thermodynamic study of the system hardened cement paste and 
water and its dynamic mechanical response as a function of temperature. Dissertation, 
Standford University, USA. 

[58] Sellevold, E.J.; Radjy, F. (1976): Low temperature dynamic mechanical response of 
porous Vycor glass as a function of moisture content. Journal of Materials Science, 
volume 11, issue 10, 1927-1938. 

[59] Zech, B.; Setzer, M.J. (1988): The dynamic elastic modulus of hardened cement paste. 
Part I: A new statistical model—water and ice filled pores. Materials and Structures, 
volume 21, issue 5, 323-328. 

[60] Helmuth, R.A. (1971): Investigation of the low temperature dynamic mechanical 
response of hardened cement paste. Dissertation, Standford University, USA. 

[61] Setzer, M.J. (1972): Oberflächenenergie und mechanische Eigenschaften des 
Zementsteins. Dissertation, TU München. 



142 
 

[62] Zech, B.; Setzer, M.J. (1989): The dynamic modulus of hardened cement paste. Part 2: 
Ice formation, drying and pore size distribution. Materials and Structures, volume 22, 
issue 2, 125-132. 

[63] Defay, R.; Bellemans, A.; Prigogine, I. (1966): Surface tension and adsorption : Transl. 
by D.H. Everett. Wiley, New York, N.Y., USA. 

[64] Sing, K.S.W.; Everett, D.H.; et al. (1985): Reporting physisorption data for gas/solid 
systems with special reference to the determination of surface area and porosity. Pure 
Apl. Chem., volume 57, issue 603. 

[65] Setzer, M.J. (1994): Entwicklung und Präzision eines Prüfverfahrens zum Frost-
Tausalz-Widerstand. Wissenschaftliche Zeitschrift der Hochschule für Architektur und 
Bauwesen Weimar - HAB, volume 40, issue 5/6/7, 87-93. 

[66] Setzer, M.J. (1991): Interaction of water with hardened cement paste. Advances in 
cementitious materials, Gaithersburg, USA. 

[67] Beddoe, R.E.; Setzer, M.J. (1988): A low-temperature DSC investigation of hardened 
cement paste subjected to chloride action. Cement and Concrete Research, volume 18, 
issue 2, 249-256. 

[68] Sant, G.; Bentz, D.; Weiss, J. (2011): Capillary porosity depercolation in cement-based 
materials: Measurement techniques and factors which influence their interpretation. 
Cement and Concrete Research, volume 41, issue 8, 854-864. 

[69] Setzer, M.J. (2000): Die Mikroeislinsenpumpe – Eine neue Sicht bei Frostangriff und 
Frostprüfung. 14. Internationale Baustofftagung ibausil, Weimar, 1.0691-1.0705. 

[70] Hofmann, A. (2018): Solutions of Electrolytes. Physical Chemistry Essentials. 105-146. 
Springer International Publishing, Cham. 

[71] Arnfelt, H. (1943): Skador pa betongvagar uppkomna genom saltbehandling vintertid 
= Damage on concrete pavements by wintertime salt treatment. Meddelande 66 Statens 
Väginstitut, Stockholm, Schweden. 

[72] Benedix, R. (2015): Wasser und wässrige Lösungen. Bauchemie: Einführung in die 
Chemie für Bauingenieure und Architekten. 139-218. Springer Fachmedien, Wiesbaden. 

[73] Bodnar, R.J. (1993): Revised equation and table for determining the freezing point 
depression of H2O-NaCl solutions. Geochimica et Cosmochimica Acta, volume 57, Issue 
3, 683-684. 



143 
 

[74] Valenza II, J.J.; Scherer, G.W. (2006): Mechanism for salt scaling. Journal of the 
American Ceramic Society, volume 89, Issue 4, 1161-1179. 

[75] Braitsch, O. (1971): The stability conditions of salt minerals. Salt Deposits Their Origin 
and Composition. 27-83. Springer, Berlin, Heidelberg. 

[76] Oakes, C.S.; Bodnar, R.J.; Simonson, J.M. (1990): The system NaCl-CaCl2-H2O: I. The 
ice liquidus at 1 atm total pressure. Geochimica et Cosmochimica Acta, volume 54, 
Issue 3, 603-610. 

[77] Beddoe, R.E.; Setzer, M.J. (1990): Änderung der Zementsteinstruktur durch 
Chlorideinwirkung. Universität - Gesamthochschule - Essen, Forschungsbericht aus 
dem Fachbereich Bauwesen Nr. 48. 

[78] Ai, H.; Young, J.F.; Scherer, G.W. (2001): Thermal expansion kinetics: Method to 
measure permeability of cementitious materials: II, Application to hardened cement 
pastes. Journal of the American Ceramic Society, volume 84, issue 2, 385-391. 

[79] Müller, M.; Ludwig, H.M.; Ehrhardt, D. (2019): Frost-Tausalz-Angriff aus Beton - 
Mechanismen und Schadensmodelle. Beton- und Stahlbetonbau, volume 114, issue 6, 
392-400. 

[80] Lindmark, (1998): Mechanisms of salt frost scaling on portland cement-bound materials: 
studies and hypothesis. Dissertation, Lunds Universitet. 

[81] Powers, T.C. (1975): Freezing effects in concrete. Special Publication, volume 47. 

[82] Rosenqvist, M.; Fridh, K.; Hassanzadeh, M. (2016): Macroscopic ice lens growth in 
hardened concrete. Cement and Concrete Research, volume 88, 114-125. 

[83] Powers, T.C. (1945): A working hypothesis for further studies of frost resistance of 
concrete. Journal of the American Concrete Institute, volume 41, 245-272. 

[84] Powers, T.C. (1956): Resistance of concrete to frost at early ages. RILEM Symposium 
on Winter Concreting, Kopenhagen, Denmark, C1-C47. 

[85] Hasholt, M.T. (2014): Air void structure and frost resistance: A challenge to Powers' 
spacing factor. Materials and Structures/Materiaux et Constructions, volume 47, issue 
5, 911-923. 



144 
 

[86] Helmuth, R.A. (1962): Discussion of the paper 'Frost action in concrete' by P. Nerenst. 
Proceedings of the 4th Internation Concress on Chemistry of Cement, Band 2, NBS 
Monograph 43. National Bureau of Standards, 829-833. 

[87] Powers, T.C. (1965): The mechanism of frost action in concrete, Stanton Walker 
Lecture Series on the Materials Sciences  

[88] Litvan, G.G. (1972): Phase transitions of adsorbates: IV: Mechanism of frost action in 
hardened cement paste. Journal of the American Ceramic Society, volume 55, issue 1, 
38-42. 

[89] Litvan, G.G. (1973): Frost action in cement paste. Matériaux et Construction, volume 
6, issue 4, 293-298. 

[90] Litvan, G.G. (1980): Freeze-thaw durability of porous building materials. ASTM 
Special Technical Publication, volume 691, 455-463. 

[91] Fagerlund, G. (1971): Degré critique de saturation un outil pour l'estimation de la 
résistance au gel des matériaux de construction. Matériaux et Constructions, volume 4, 
issue 5, 271-285. 

[92] Fagerlund, G. (1977): The critical degree of saturation method of assessing the 
freeze/thaw resistance of concrete. Matériaux et Constructions, volume 10, issue 4, 217-
229. 

[93] Fagerlund, G. (2004): A service life model for internal frost damage in concrete. Lunds 
Universitet, Schweden, TVBM; Vol. 3119. 

[94] Djuric, Z.; Müller, H.S.(2012): Modelling of the saturation behaviour of cement stone 
during freezing and thawing action. Proceedings of the 9th fib International PhD 
Symposium in Civil Engineering, 529-534. 

[95] Grübl, P. (1981): Über die Rolle des Eises im Gefüge zementgebundener Baustoffe. 
Beton, volume 31, issue 2, 54-58. 

[96] Pounder, E.R. (1965): Chapter 7 - The thermal and electrical properties of ice. The 
Physics of Ice. 116-132. Pergamon Press, London, Großbritannien. 

[97] Mindess, S.; Young, J.F. (1981): Concrete. Prentice-Hall, Englewood Cliffs, NJ, USA. 



145 
 

[98] Erlin, B.; Mather, B. (2005): A new process by which cyclic freezing can damage 
concrete-the Erlin/Mather effect a concept. Cement and Concrete Research, volume 35, 
issue 7, 1407-1411. 

[99] Fagerlund, G. (2018): Frost destruction of concrete – A study of the validity of different 
mechanisms. Nordic Concrete Research, volume 58, 35-54. 

[100] Fridh, K. (2005): Internal frost damage in concrete. Dissertation, Lunds Universitet, 
Schweden. 

[101] Setzer, M.J. (2001): Micro-ice-lens formation in porous solid. Journal of Colloid and 
Interface Science, volume 243, issue 1, 193-201. 

[102] Setzer, M.J. (1999): Micro ice lens formation and frost damage. International RILEM 
Workshop on Frost Damage in Concrete, Minneapolis, USA, 1-15. 

[103] Setzer, M.J. (2001): Mechanical stability criterion, triple-phase condition, and pressure 
differences of matter condensed in a porous matrix. Journal of Colloid and Interface 
Science, volume 235, issue 1, 170-182. 

[104] Kruschwitz, J.; Setzer, M.J. (2009): From nano to macro-modelling freeze-thaw 
characteristics of cementitious materials. Creep, Shrinkage and Durability Mechanics 
of Concrete and Concrete Structures - Proceedings of the 8th Int. Conference on Creep, 
Shrinkage and Durability Mechanics of Concrete and Concrete Structures, 957-963. 

[105] Setzer, M.J. (2009): Frost-attack on concrete-modeling by the micro-ice-lens model-
evaluating by RILEM CIF test. Creep, Shrinkage and Durability Mechanics of Concrete 
and Concrete Structures - Proceedings of the 8th Int. Conference on Creep, Shrinkage 
and Durability Mechanics of Concrete and Concrete Structures, 971-977. 

[106] Fagerlund, G. (1975): Significance of critical degrees of saturation at freezing of porous 
and brittle materials. Durability of Concrete, 13-65. 

[107] Coussy, O. (2005): Poromechanics of freezing materials. Journal of the Mechanics and 
Physics of Solids, volume 53, issue 8, 1689-1718. 

[108] Fen-Chong, T.; Dangla, P.; et al. (2013): Poroelastic contribution to freezing in cement 
paste. Poromechanics V. 1505-1514. 

[109] Fen-Chong, T.; Fabbri, A.; et al. (2013): Poroelastic analysis of partial freezing in 
cohesive porous materials. Journal of Applied Mechanics, Transactions ASME, volume 
80, issue 2. 



146 
 

[110] Zeng, Q.; Fen-Chong, T.; Li, K. (2014): Freezing behavior of cement pastes saturated 
with NaCl solution. Construction and Building Materials, volume 59, 99-110. 

[111] Zuber, B.; Marchand, J. (2004): Predicting the volume instability of hydrated cement 
systems upon freezing using poro-mechanics and local phase equilibria. Materials and 
Structures/Materiaux et Constructions, volume 37, issue 268, 257-270. 

[112] Gong, F.; Jacobsen, (2019): Modeling of water transport in highly saturated concrete 
with wet surface during freeze/thaw. Cement and Concrete Research, volume 115, 294-
307. 

[113] Rahman, S.; Grasley, Z. (2014): A poromechanical model of freezing concrete to 
elucidate damage mechanisms associated with substandard aggregates. Cement and 
Concrete Research, volume 55, 88-101. 

[114] Verbeck, G.J.; Klieger, P. (1956): Studies of 'salt' scaling of concrete, Highway Research 
Board Bulletin, No. 150. 

[115] Fagerlund, G. (1991): Studies of the scaling, the water uptake and the dilation of 
mortars specimens exposed to freezing and thawing in NaCl-solution. Research Seminar 
of RILEM Committee TC-117 FDC, Lund, Schweden, 35-66. 

[116] Sellevold, E.J.; Farstad, T. (1991): Frost/Salt-testing of concrete. Effect of test 
parameters and concrete moisture history. Research Seminar of RILEM Committee TC-
117 FDC, Lund, Schweden, 81-100. 

[117] Marchand, J.; Pigeon, M.; et al. (1999): Influence of chloride solution concentration on 
deicer salt scaling deterioration of concrete. ACI Materials Journal, volume 96, issue 4, 
429-435. 

[118] Setzer, M.J.; Keck, H.-J.; et al. (2007): Entwicklung eines Prüfverfahrens für Beton in 
der Expositionsklasse XF2. Schlussbericht zum Forschungsprojekt FE 
15.367/2002/DRB. Bundesanstalt für Straßenwesen, B 56. 

[119] Çopuroǧlu, O.; Schlangen, E. (2008): Modeling of frost salt scaling. Cement and 
Concrete Research, volume 38, issue 1, 27-39. 

[120] Liu, Z. (2014): Frost deterioration in concrete due to deicing salt exposure: Mechanism, 
mitigation and conceptual surface scaling model. Dissertation, University of Michigan. 



147 
 

[121] Nischer, P. (1976): Der Einfluß der Abkühlgeschwindigkeit auf das Ergebnis der 
Prüfung von Beton auf Frost-Tausalz-Beständigkeit. Zement und Beton, volume 21, 
issue 2, 73-77. 

[122] Marchand, J.; Pleau, R.; Gagné, R. (1995): Deterioration of concrete due to freezing 
and thawing. Materials Science of Concrete IV. 283-354. American Ceramic Society, 
Westerville, USA. 

[123] Valenza II, J.J.; Scherer, G.W. (2007): A review of salt scaling: I. Phenomenology. 
Cement and Concrete Research, volume 37, issue 7, 1007-1021. 

[124] Pigeon, M.; Pleau, R. (1995): Durability of concrete in cold climates. Modern Concrete 
Technology 4, 1. Ausgabe. E&FN SPON, London, UK. 

[125] Whiting, D.A.; Nagi, M.A. (1998): Manual on control of air content in concrete. 
Portland Cement Association, Skokie, USA. 

[126] Auberg, R. (1998): Zuverlässige Prüfung des Frost- und Frost-Tausalz-Widerstands von 
Beton mit dem CDF- und CIF-Test. Dissertation, Universität GH Essen. 

[127] Westendarp, A. (2009): Wasserbauwerke unter Frostbeanspruchung. 6. Symposium 
Baustoffe und Bauwerkserhaltung - Dauerhafter Beton - Grundlagen, Planung und 
Ausführung bei Frost- und Frost-Taumittel-Beanspruchung, Karlsruhe, 71-79. 

[128] Janssen, D.J.; Snyder, M.B. (1997): Mass loss experience with ASTM C 666: with and 
without deicing salt. International Workshop on the Resistance of Concrete to Scaling 
Due to Freezing in the Presences of De-Iceing Salts/ International Workshop on Freeze-
Thaw Durability of Concrete, Sainte-Foy, Québec, Canada/Lund, Sweden, 247-258. 

[129] Bager, D.H.; Jacobsen, (1999): A model for the destructive mechanism in concrete 
caused by freeze/thaw action. International RILEM Workshop on Frost Damage in 
Concrete, Minneapolis, USA, 17-40. 

[130] Petersson, P.-E.; Tang, L. (1999): Using the slab test for detecting internal damage of 
concrete subjected to freezing and thawing. International RILEM Workshop on Frost 
Damage in Concrete, Minneapolis, USA, 149-160. 

[131] Jacobsen, S.; Saether, D.H.; Sellevold, E.J. (1997): Frost testing of high strength 
concrete: frost/salt scaling at different cooling rates. Materials and Structures, volume 
30, issue 1, 33-42. 



148 
 

[132] Studer, W. (1997): Internal comparatative tests on frost deicing salt resistance. 
International Workshop on the Resistance of Concrete to Scaling Due to Freezing in 
the Presences of De-Icing Salts/ International Workshop on Freeze-Thaw Durability of 
Concrete, Sainte-Foy, Québec, Canada/ Lund, Sweden, 259-270. 

[133] Tremblay, M.H.; Lory, F.; et al. (2007): Ability of the glue spall model to account for 
the de-icer salt scaling deterioration of concrete. 12th ICCC Montreal, Canada. 

[134] Petersson, P.-E. (1994): Influence of minimum temperatures on the scaling resistance 
of concrete. Part 1: Portland cement concrete. Swedish National Testing and Research 
Institute, Boras, Schweden, SP Report 1994:22. 

[135] Milachowski, C.; Lowke, D.; Gehlen, C. (2012): Effect of minimum temperature, salt 
and moisture content on concrete under freeze-thaw deicing salt attack. International 
Congress on Durability of Concrete, Trondheim, Norwegen. 

[136] Marchand, J. (1993): Contribution to the study of the scaling deterioration of concrete 
in presence of deicing salts. Dissertation, École Nationale des Ponts et Chaussées, Paris, 
France. 

[137] Hartmann, V. (1992): Optimierung und Kalibrierung der Frost-Tausalz-Prüfung von 
Beton - CDF-Test. Dissertation, UGH Essen. 

[138] Stark, D.C. (1989): Effect of length of freezing period on durability of concrete, PCA 
Research Bulletin RD0096. 

[139] Hartmann, E. (1957): Über die Wirkung von Frost und Tausalzen auf Beton ohne und 
mit luftporenbildenden Zusätzen-Teil 1. Zement-Kalk-Gips, volume 10, issue 7, 265-
281. 

[140] Hartmann, E. (1957): Über die Wirkung von Frost und Tausalzen auf Beton ohne und 
mit luftporenbildenden Zusätzen-Teil 2. Zement-Kalk-Gips, volume 10, issue 8, 315-
323. 

[141] Harnik, A.B.; Rösli, A. (1975): Temperaturschock beim Auftauen von vereistem Beton 
mit Tausalz. Schweizerische Bauzeitung, volume 93, issue 46, 735-739. 

[142] Rösli, A.; Harnik, A.B. (1979): Zur Frost-Tausalz-Beständigkeit von Beton. Schweizer 
Ingenieur und Architekt, volume 97, issue 46, 929-934. 

[143] Wenger, B.; Harnik, A.B. (1977): Temperaturmessungen in Strassenbelägen. Strasse 
und Verkehr, volume 63, 427-432. 



149 
 

[144] Snyder, M.J. (1965): Protective coatings to prevent deterioration of concrete by deicing 
chemicals. National Cooperative Highway Research Program Report 16. Highway 
Research Board. 

[145] Blümel, O.W.; Springenschmid, R. (1970): Grundlagen und Praxis der Herstellung und 
Überwachung von Luftporenbeton. Straßen- und Tiefbau, volume 24, issue 2, 85-98. 

[146] Rösli, A.; Harnik, A.B. (1980): Improving the durability of concrete to freezing and 
deicing salts. Durability of Building Materials and Components. Special Publication 
STP 691, American Society for Testing and Materials. 464-473, Philadelphia, USA. 

[147] Junge, K.; Krembs, C.; et al. (2001): A microscopic approach to investigate bacteria 
under in situ conditions in sea-ice samples. Annals of Glaciology, volume 33, 304-310. 

[148] Liu, Z.; Hansen, W. (2015): A hypothesis for salt frost scaling in cementitious materials. 
Journal of Advanced Concrete Technology, volume 13, issue 9, 403-414. 

[149] Kaufmann, J. (2000): Experimental identification of damage mechanisms in 
cementitious porous materials on phase transition of pore solution under frost deicing 
salt attack. Dissertation, EMPA, Dübendorf, Schweiz. 

[150] Harnik, A.B.; Meier, U.; Rösli, A. (1980): Combined influence of freezing and deicing 
salt on concrete - physical aspects. Durability of Building Materials and Components. 
Special Publication STP 691, American Society for Testing and Materials. 474-484, 
Philadelphia, USA. 

[151] Kaufmann, J.P. (2004): Experimental identification of ice formation in small concrete 
pores. Cement and Concrete Research, volume 34, issue 8, 1421-1427. 

[152] Gulati, S.T.; Hagy, H.E. (1982): Analysis and measurement of glue-spall stresses in 
glass-epoxy bonds. Journal of the American Ceramic Society, volume 65, issue 1, 1-5. 

[153] Setzer, M.J. (2002): Development of the micro-ice-lens model. International RILEM 
Workshop on Frost resistance of Concrete, 133-145. 

[154] Valenza II, J.J.; Scherer, G.W. (2007): A review of salt scaling: II. Mechanisms. Cement 
and Concrete Research, volume 37, issue 7, 1022-1034. 

[155] Yener, E. (2015): A new frost salt scaling mechanism for concrete pavements based on 
brine rejection from ice layer adhered to concrete surface. Road Materials and Pavement 
Design, volume 16, issue 1, 89-100. 



150 
 

[156] Whitman, W.G. (1926): Elimination of salt from sea-water ice. American Journal of 
Science, volume Series 5 Vol. 11, issue 62, 126-132. 

[157] Brouwers, H.J.H. (2004): The work of Powers and Brownyard revisited: Part 1. Cement 
and Concrete Research, volume 34, issue 9, 1697-1716. 

[158] Locher, F.W.; Wischers, G. (1974): Aufbau und Eigenschaften des Zementsteins. 
Zement-Taschenbuch. 45-60. Verein deutscher Zementwerke. 

[159] Poole, T.(2006): Curing portland cement concrete pavements, volume II, FHWA-HRT-
05-038. 

[160] Shpak, A. (2020): Production and documentation of frost durable high-volume fly ash 
concrete: air entrainment, cracking and scaling in performance testing. Dissertation, 
Norwegian University of Science and Technology, Trondheim, Norwegen. 

[161] Ehrhardt, D. (2016): Zum Einfluss der Nachbehandlung auf die Gefügeausbildung und 
den Frost-Taumittelwiderstand der Betonrandzone. Dissertation, Bauhaus-Universität 
Weimar. 

[162] Dodson, V.H. (1990): Air entraining admixtures. Concrete Admixtures. 129-158. 
Springer US, Boston, MA. 

[163] Gonnerman, H.F. (1954): Air-entrained concrete. A Look at the record. Consulting 
Engineer, 52-61. 

[164] Schäfer, A. (1964): Frostwiderstand und Porengefüge des Betons: Beziehungen und 
Prüfverfahren. Ernst, Berlin. 

[165] N.N. (2010): Building materials industry standard of P. R. China, JC/T 600. Limestone 
portland cement. China's Ministry of Industry and Information Technology. 

[166] Powers, T.C. (1939): Some observations pertaining to the durability of concrete 
pavements, PCA Serial, Nr. 1092. 

[167] Haist, M.; Djuric, Z.; Müller, H.S. (2009): Betontechnologische Grundlagen zur 
Herstellung frostbeständiger Betone. 6. Symposium Baustoffe und Bauwerkserhaltung 
- Dauerhafter Beton - Grundlagen, Planung und Ausführung bei Frost- und Frost-
Taumittel-Beanspruchung, Karlsruhe, 21-32. 

[168] Eickschen, E. (2009): Wirkungsmechanismen Luftporen bildender Betonzusatzmittel 
und deren Nachaktivierungspotential. Dissertation, Ruhr-Universiät Bochum. 



151 
 

[169] Philleo, R. (1983): A method for analyzing void distribution in air-entrained concrete. 
Cement, Concrete and Aggregates, volume 5, issue 2, 128-130. 

[170] Pleau, R.; Pigeon, M. (1996): The use of the flow length concept to assess the efficiency 
of air entrainment with regards to frost durability: Part I-Description of the test 
method. Cement, Concrete and Aggregates, volume 18, issue 1, 19-29. 

[171] Attiogbe, E.K. (1993): Mean spacing of air voids in hardened concrete. ACI Materials 
Journal, volume 90, issue 2. 

[172] Spörel, F. (2010): Untersuchungen zum Einsatz von Mikrohohlkugeln in Beton als 
Alternative zum Luftporenbeton. Bundesanstalt für Wasserbau, BAW-Nr. 
A39510370002. 

[173] Sommer, H. (1977): Ein neues Verfahren zur Erzielung der Frost-Tausalz-Beständigkeit 
des Betons. Zement und Beton, volume 22, issue 4, 124-129. 

[174] Snoeck, D.; Van den Heede, P.; De Belie, N. (2016): Towards an adequate deicing salt 
scaling resistance of high-volume fly ash (HVFA) concrete and concrete with 
superabsorbent polymers (SAPS). International RILEM Conference of Materials, 
Systems and Structures in Civil Engineering. Conference segment on Frost action in 
concrete, Technical University of Denmark Lyngby, Denmark, 141-150. 

[175] Hasholt, M.T.; Jensen, O.M.; Laustsen, (2015): Superabsorbent polymers as a means of 
improving frost resistance of concrete. Advances in Civil Engineering Materials, volume 
4, issue 1, 237-256. 

[176] Laustsen, S.; Hasholt, M.T.; Jensen, O.M. (2015): Void structure of concrete with 
superabsorbent polymers and its relation to frost resistance of concrete. Materials and 
Structures/Materiaux et Constructions, volume 48, issue 1-2, 357-368. 

[177] Mechtcherine, V.; Schröfl, C.; et al. (2019): Recommendations of RILEM TC 260-RSC 
for using superabsorbent polymers (SAP) for improving freeze–thaw resistance of 
cement-based materials. Materials and Structures/Materiaux et Constructions, volume 
52, issue 4. 

[178] Mechtcherine, V.; Schröfl, C.; et al. (2017): Effect of superabsorbent polymers (SAP) 
on the freeze–thaw resistance of concrete: results of a RILEM interlaboratory study. 
Materials and Structures/Materiaux et Constructions, volume 50, issue 1. 

[179] Walz, K. (1960): Über den Einfluss des Zements auf den Widerstand des Betons gegen 
häufiges Durchfrieren. Beton, volume 10, issue 4, 164-169. 



152 
 

[180] Rose, K.; Hope, B.B.; Ip, A.K.C. (1989): Statistical analysis of strength and durability 
of concrete made with different cements. Cement and Concrete Research, volume 19, 
issue 3, 476-486. 

[181] Fagerlund, G. (1986): Effect of air-entraining and other admixtures on the salt-scaling 
resistance of concrete. International Seminar in 'Some Aspects of Admixtures and 
Industrial By-Producs on the Durability of Concrete', Göteborg, Sweden. 

[182] Blaine, R.L.; Arni, H.T. (1971): Freezing and thawing durability on concrete. 
Interrelations between cement and concrete properties. Part 5. National Bureau of 
Standards, Washington, USA. 

[183] Higginson, E.C. (1970): The effect of cement fineness on concrete. ASTM STP 473. 71-
81. American Society for Testing and Materials, Philadelphia, USA. 

[184] Kelham, S.; Moir, G.K. (1990): Influence of cement C3S level on concrete durability. 
5th International Conference on Durability of Building Materials and Components, 
Brighton, UK, 465-470. 

[185] Joosting, R. (1968): Über den Einfluss der Portlandzementmarke auf die Frost-
Beständigkeit des Betons und des Mörtels. Schweizerische Bauzeitung, volume 86, issue 
49, 881-883. 

[186] Petersson, P.-E. (1997): Scaling resistance tests of concrete: Experience from practical 
use in Sweden. International Workshop on the Resistance of Concrete to Scaling Due 
to Freezing in the Presences of De-Iceing Salts/ International Workshop on Freeze-
Thaw Durability of Concrete, Sainte-Foy, Québec, Canada/ Lund, Sweden, 211-222. 

[187] Malmström, K. (1990): The importance of cement composition on the salt-frost 
resistance of concrete. Swedish National Testing Institute, Boras, Sweden, 1990:07. 

[188] Stark, J.; Stürmer, (1991): The influence of the C3A-content on the durability at 
freezing and thawing. RILEM TC 117, Lund, Sweden, 155-166. 

[189] Jackson, F.H. (1955): Long-time study of cement performance in concrete. Chapter 9-
Correlation of the results of laboratory tests with field performance under natural 
freezing and thawing conditions. ACI Journal Proceedings, volume 52, issue 10. 

[190] Stark, J.; Ludwig, H.M. (1996): The role of phase conversions in the hardened cement 
paste when concrete is attacked by freeze-thaw and freeze-thaw with de-icing salt. ZKG 
International, volume 49, issue 11. 



153 
 

[191] Taylor, H.F.W. (1990): Cement chemistry, First edition. Academic Press, London, San 
Diego, USA. 

[192] Ludwig, H.M.; Ehrenberg, A.; et al. (2008): Granulated blastfurnace slag: reaction 
potential and production of optimized cements - Part 1. Cement International, volume 
6, issue 2, 90-96. 

[193] Ludwig, H.M.; Ehrenberg, A.; et al. (2008): Granulated blastfurnace slag: reaction 
potential and production of optimized cements - Part 2. Cement International, volume 
6, issue 3, 82-92. 

[194] Bellmann, F.; Stark, J. (2009): Activation of blast furnace slag by a new method. 
Cement and Concrete Research, volume 39, issue 8, 644-650. 

[195] Escalante-Garcia, J.I.; Sharp, J.H. (2004): The chemical composition and 
microstructure of hydration products in blended cements. Cement and Concrete 
Composites, volume 26, issue 8, 967-976. 

[196] Richardson, I.G.; Groves, G.W. (1997): The structure of the calcium silicate hydrate 
phases present in hardened pastes of white Portland cement/blast-furnace slag blends. 
Journal of Materials Science, volume 32, issue 18, 4793-4802. 

[197] Taylor, R.; Richardson, I.G.; Brydson, R.M.D. (2010): Composition and microstructure 
of 20-year-old ordinary Portland cement-ground granulated blast-furnace slag blends 
containing 0 to 100% slag. Cement and Concrete Research, volume 40, issue 7, 971-983. 

[198] Stark, J.; Ludwig, H.M. (1992): The relation between the degree of hydration of slag 
cement and frost resistance of the respective mortars. 9th International Congress on 
the Chemistry of Cement, New Delhi, 269-275. 

[199] Weisner, A. (2005): Doppelsparschleuse Hohenwarthe - Massivbau. BAW-Kolloquium 
"Ausführung von Wasserbauwerken", Karlsruhe, 12-17. 

[200] Ehrenberg, A. (2006): Hüttensand - Ein leistungsfähiger Baustoff mit Tradition und 
Zukunft - Teil 1. Beton-Information, volume 46, issue 4, 35-63. 

[201] Ogniwek, D. (2010): Dauerhaftigkeit und Instandsetzung von Klärwerks-
Räumerbahnen. Beton, volume 60, issue 7+8, 294-299. 

[202] Auberg, R. (2006): Dauerhafte und kostenoptimierte Instandsetzung von 
abwasserberührten Stahlbetonbauteilen. Güteüberwachte Bauwerksinstandsetzung, 
Kaiserslautern, 1-11. 



154 
 

[203] Stark, J.; Ehrhardt, D. (2010): CEM II/B-S Zementsysteme im Betonstraßenbau. Band 
1029, Forschung Straßenbau und Straßenverkehrstechnik. 

[204] Helsing, E.; Utgenannt, P. (2016): The salt-frost resistance of concrete with 
supplementary cementitious materials (SCM). International RILEM Conference of 
Materials, Systems and Structures in Civil Engineering. Conference segment on Frost 
action in concrete, Technical University of Denmark Lyngby, Denmark, 51-60. 

[205] Klieger, P.; Isberner, A.W. (1967): Laboratory Studies of Blended Cements - Portland 
Blast-Furnace Slag Cements. PCA Research Bulletin 218. 

[206] Bilodeau, A.; Malhotra, V.M. (1997): Deicing salt scaling resistance of concrete 
incorporating supplementary cementing materials: CANMET research. International 
Workshop on the Resistance of Concrete to Scaling Due to Freezing in the Presences 
of De-Iceing Salts/ International Workshop on Freeze-Thaw Durability of Concrete, 
Sainte-Foy, Québec, Canada/ Lund, Sweden, 121-156. 

[207] Ludwig, H.M.; Müller, M.; et al. (2018): Dauerhafte Betonfahrbahndecken unter 
Berücksichtigung aktueller ökologischer und wirtschaftlicher Aspekte. Bundesanstalt 
für Straßenwesen, Bergisch-Gladbach, Bericht Nr. S124. 

[208] Gunter, M.; Bier, T.A.; Hilsdorf, H.K. (1987): Effect of curing and type of cement on 
the resistance of concrete to freezing in deicing salt solutions. ACI Symposium 
Publication, volume 100, 877-900. 

[209] Stark, J.; Ludwig, H.M. (1997): Freeze-thaw and freeze-deicing salt resistance of 
concretes containing cement rich in granulated blast furnace slag. ACI Materials 
Journal, volume 94, issue 1, 47-55. 

[210] Löfgren, I.; Esping, O.; Lindvall, A. (2016): The influence of carbonation and age on 
salt frost scaling of concrete with mineral additions. International RILEM Conference 
of Materials, Systems and Structures in Civil Engineering. Conference segment on Frost 
action in concrete, Technical University of Denmark Lyngby, Denmark, 91-100. 

[211] Matala, (1995): Effects of carbonation on the pore structure of granulated blast furnace 
slag concrete. Dissertation, Helsinki University of Technology, Finland. 

[212] Vesikari, E. (1988): The effect of ageing on the durability of concrete including by-
products. Nordic research symposium - Durable concrete with Industrial By-products, 
Espoo, Finland, 104-112. 



155 
 

[213] Bier, T.A. (1987): Influence of type of cement and curing on carbonation progress and 
pore structure of hydrated cement pastes. Materials Research Society symposium - 
Microstructural Development During Hydration of Cement, 123-134. 

[214] Matala, (1997): Pore structural changes of carbonated granulated blast furnace slag 
concrete and their effects on the frost-salt resistance. Ibausil, Weimar, 1-0243 - 1-0256. 

[215] Thaulow, N.; Lee, R.; et al. (2000): Effect of calcium hydroxide content on the form, 
extent, and significance of carbonation, in calcium hydroxide in concrete. Material 
Science of Concrete, Special Voulme: Calcium Hydroxide in Concrete. 191-202. 
American Ceramic Society, Westerville, OH, USA. 

[216] Ronning, T.F. (2001): Freeze-thaw resistance of concrete. Effect of: Curing conditions, 
moisture exchange and materials. Dissertation, Norwegian Institute of Technology, 
Norway. 

[217] Boyd, A.J.; Hooton, R.D. (2007): Long-term scaling performance of concretes 
containing supplementary cementing materials. Journal of Materials in Civil 
Engineering, volume 19, issue 10, 820-825. 

[218] Hooton, R.D. (2012): Thirty five years of experience with slag cement concrete in 
Canada. Durability aspects of fly ash and slag in concrete. Nordic Miniseminar, Oslo, 
Norway, 179-190. 

[219] Bilgeri, P.; Eickschen, E.; et al. (2007): Verwendung von CEM II- und CEM III-
Zementen im Fahrbahndeckenbeton - Erfahrungsbericht. Straße und Autobahn, volume 
58, issue 2, 61-68. 

[220] Siebel, E.; Sprung, S. (1991): Einfluß des Kalksteins im Portlandkalksteinzement auf 
die Dauerhaftigkeit von Beton. Teil 2. Beton, volume 41, issue 3, 185-188. 

[221] Ramachandran, V.S.; Zhang, C.-M. (1986): Dependence of fineness of calcium carbonate 
on the hydration behaviour of tricalcium silicate. Durability of building materials, 
volume 4, issue 1, 45-66. 

[222] Ramachandran, V.S.; Zhang, C.-M. (1983): Influence of CaCO3 on hydration and 
microstructural characteristics of tricalcium silicate. Il Cemento, volume 83, issue 3, 
129-152. 

[223] Husson, S.; Gullhot, B.; Pera, J. (1992): Influence of different fillers on the hydration 
of C3S. 9th International Congress on the Chemistry of Cement, New Delhi, India, S. 
83-89. 



156 
 

[224] Jiang, S.; Damme, H. (1998): Influence of fillers on textural and mechanical properties 
of C3S Pastes. Nuclear Magnetic Resonance Spectroscopy of Cement-Based Materials. 
379-385. Springer, Berlin Heidelberg. 

[225] Péra, J.; Husson, S.; Guilhot, B. (1999): Influence of finely ground limestone on cement 
hydration. Cement and Concrete Composites, volume 21, issue 2, 99-105. 

[226] Stark, J.; Freyburg, E.; Loehmer, K. (1999): Investigation into the influence of 
limestone additions to Portland cement clinker phases on the early phase of hydration. 
International Conference Modern Concrete Materials: Binders, Additions and 
Admixtures Dundee, UK, 69-77. 

[227] Stark, J.; Moeser, B.; et al. (2003): Quantitative Charakterisierung der 
Zementhydratation. Ibausil, Weimar, 1-0047-1-0066. 

[228] Friebert, M. (2005): Der Einfluss von Betonzusatzstoffen auf die Hydratation und 
Dauerhaftigkeit selbstverdichtender Betone. Dissertation, Bauhaus-Universität 
Weimar. 

[229] Zhang, Y.; Zhang, X. (2008): Research on effect of limestone and gypsum on C3A, C3S 
and PC clinker system. Construction and Building Materials, volume 22, issue 8, 1634-
1642. 

[230] Montanaro, L.; Negro, A.; Regourd, M. (1988): Action de CaCO3, CaSO4 et CaSO4 · 
2H2O sur l'hydratation de C3S. Cement and Concrete Research, volume 18, issue 3, 431-
437. 

[231] Henning, O.; Kudjakow, A. (1983): Einfluss von Calcit auf die Hydratation von 
Portlandzement. Wissenschaftliche Zeitschrift der Hochschule für Architektur und 
Bauwesen Weimar - HAB, volume 29, issue 1, 75-77. 

[232] Barker, A.P.; Cory, H.P. (1991): The early hydration of limestone-filled cements. 
International Conference on Blended Cements in Construction, University of Sheffield, 
UK, 107-124. 

[233] Lothenbach, B.; Le Saout, G.; et al. (2008): Influence of limestone on the hydration of 
Portland cements. Cement and Concrete Research, volume 38, issue 6, 848-860. 

[234] Bentz, D.P. (2006): Modeling the influence of limestone filler on cement hydration using 
CEMHYD3D. Cement and Concrete Composites, volume 28, issue 2, 124-129. 



157 
 

[235] Bellmann, F. (2010): Beiträge zur Hydratation hydraulischer Bindemittel. Habilitation, 
Bauhaus-Universität Weimar. 

[236] Sowoidnich, T.; Peters, S.; et al. (2013): Influence of calcite variety and its modification 
on cement and Ca3SiO5 hydration. Ceramics - Polish Ceramic Bulletin, volume 115, 
issue 1, 149-156. 

[237] Matschei, T.; Lothenbach, B.; Glasser, F.P. (2007): The role of calcium carbonate in 
cement hydration. Cement and Concrete Research, volume 37, issue 4, 551-558. 

[238] Siebel, E.; Sprung, S. (1991): Einfluß des Kalksteins im Portlandkalksteinzement auf 
die Dauerhaftigkeit von Beton. Teil 1. Beton, volume 41, issue 3, S. 113-117. 

[239] Manns, W.; Thielen, G.; Laskowski, C. (1998): Bewertung der Ergebnisse von 
Prüfungen zur bauaufsichtlichen Zulassung von Portlandkalksteinzementen. Beton, 
volume 48, issue 12, S. 779-784. 

[240] Müller, C.; Lang, E. (2005): Dauerhaftigkeit von Beton mit Portlandkalkstein- und 
Portlandkompositzementen CEM II-M (S-LL). Teil 2. Beton, volume 55, issue 5, S. 
197-202. 

[241] Müller, C.; Lang, E. (2005): Dauerhaftigkeit von Beton mit Portlandkalkstein- und 
Portlandkompositzementen CEM II-M (S-LL). Teil 1. Beton, volume 55, issue 4, S. 
131-138. 

[242] Ludwig, H.M.; Rothenbacher, W. (2005): Entwicklung und Einführung von CEM II/M-
Zementen. Beton, volume 55, issue 4, S. 160-163. 

[243] Müller, C. (2012): Aktuelle Regelwerke für Beton: Dauerhaftigkeit im Blickpunkt. 
Beton, volume 62, issue 3, 68-75. 

[244] Hartmann, V.; Rothenbacher, W.; Haist, H. (1999): Erfahrungen mit 
Portlandkalksteinzement. Beton, volume 49, issue 5, 272-275. 

[245] Atze, H.; Böing, R. (1997): Betonfahrbahn mit Portlandkalksteinzement. Beton, volume 
47, issue 10, 582-585. 

[246] Dietrich, N.; Lipus, K.; Rickert, J. (2017): Influence of limestone composition in cement 
on cement and concrete properties. Cement International, volume 15, issue 6, 54-61. 

[247] Müller, C.; Palm, S.; et al. (2014): Zement mit hohen Kalksteingehalten - 
Dauerhaftigkeit und praktische Umsetzbarkeit. Beton, volume 64, issue 1/2, 43-50. 



158 
 

[248] Palm, S.; Proske, T.; et al. (2016): Cements with a high limestone content - Mechanical 
properties, durability and ecological characteristics of the concrete. Construction and 
Building Materials, volume 119, 308-318. 

[249] Washburn, E.W. (1921): The dynamics of capillary flow. Physical Review, volume 17, 
issue 3, 273-283. 

[250] Doebelin, N.; Kleeberg, R. (2015): Profex: a graphical user interface for the Rietveld 
refinement program BGMN. Journal of Applied Crystallography, volume 48, 1573-1580. 

[251] NETZSCH-Gerätebau°GmbH (2020): Dynamische Differenz-Kalorimetrie DSC 214 
Polyma - Methode, Technik, Applikationen. Last access 05.08.2020, 
https://www.netzsch-thermal-analysis.com/en/products-solutions/differential-
scanning-calorimetry/dsc-214-polyma/. 

[252] Fukuta, N. (1963): Ice nucleation by metaldehyde. Nature, volume 199, issue 4892, 475-
476. 

[253] Wu, M.; Johannesson, B.; Geiker, M. (2014): Determination of ice content in hardened 
concrete by low-temperature calorimetry: Influence of baseline calculation and heat of 
fusion of confined water. Journal of Thermal Analysis and Calorimetry, volume 115, 
issue 2, 1335-1351. 

[254] Randall, M. (1930): International critical tables, V–VII, McGraw-Hill, New York. 

[255] Ishikiriyama, K.; Todoki, M. (1995): Evaluation of water in silica pores using 
differential scanning calorimetry. Thermochimica Acta, volume 256, issue 2, 213-226. 

[256] Mrevlishvili, G.M.; Privalov, P.L. (1968): Calorimetric study of the melting of frozen 
aqueous solutions of electrolytes. Journal of Structural Chemistry, volume 9, issue 1, 5-
7. 

[257] Lide, D.R.E. (2002): CRC handbook of chemistry and physics. 83rd ed., CRC Press, 
Boca Raton, FL, USA. 

[258] Weeks, W.F. (1961): Studies of salt ice I: The tensile strength of NaCl ice. USA CRREL, 
Research Report 80. 

[259] Butkovich, T.R. (1953): Density of single crystals of ice from a temperate glacier. Snow, 
ice and Permafrost Research Establishment. Corps of Engineers U.S. Army. 



159 
 

[260] Cox, G.F.N.; Weeks, W.F. (1982): Equations for determining the gas and brine volumes 
in sea ice samples. CRREL Report (US Army Cold Regions Research and Engineering 
Laboratory). 

[261] Valenza II, J.J.; Scherer, G.W. (2007): Mechanism for salt scaling of a cementitious 
surface. Materials and Structures/Materiaux et Constructions, volume 40, issue 3, 259-
268. 

[262] Barnes, P.; Tabor, D.; Walker, J.C.F. (1971): The friction and creep of polycrystalline 
ice. Proc. R. Soc. London, Ser. A, volume 324, issue 1557, 127-155. 

[263] Sun, Z.; Scherer, G.W. (2010): Effect of air voids on salt scaling and internal freezing. 
Cement and Concrete Research, volume 40, issue 2, 260-270. 

[264] Timco, G.W.; O.'Brien, S. (1994): Flexural strength equation for sea ice. Cold Regions 
Science and Technology, volume 22, issue 3, 285-298. 

[265] Hudson, J.A. (1969): Tensile strength and the ring test. International Journal of Rock 
Mechanics and Mining Sciences and Geomechanics Abstracts, volume 6, issue 1, 91-97. 

[266] Timco, G.W.; Weeks, W.F. (2010): A review of the engineering properties of sea ice. 
Cold Regions Science and Technology, volume 60, issue 2, 107-129. 

[267] Weeks, W.F.; Assur, A. (1969): Fracture of lake and sea ice, USA CRREL Research 
Report 269. 

[268] Cox, G.F.N.; Weeks, W.F. (1975): Brine drainage and initial salt entrapment in sodium 
chloride ice. USA CRREL, Research Report 345. 

[269] Cruz Jr., C. (2008): Microscopic observations of internal frost damage and salt scaling. 
Dissertation, University of California, Berkeley. 

[270] Makkonen, L. (2012): Ice adhesion —theory, measurements and countermeasures. 
Journal of Adhesion Science and Technology, volume 26, issue 4-5, 413-445. 

[271] Drory, M.D.; Evans, A.G. (1990): Experimental observations of substrate fracture 
caused by residually stressed films. Journal of the American Ceramic Society, volume 
73, issue 3, 634-638. 

[272] Drory, M.D.; Thouless, M.D.; Evans, A.G. (1988): On the decohesion of residually 
stressed thin films. Acta Metallurgica, volume 36, issue 8, 2019-2028. 



160 
 

[273] Valenza II, J.J. (2005): Mechanism for salt scaling. Dissertation, Princeton, USA. 

[274] Desai, P.D.; Ho, C.Y. (1978): Thermal linear expansion of nine selected AISI stainless 
steels. CINDAS, 51. 

[275] Lanham, B.J.; Titow, W.V. (1984): Rigid PVC: Main products-production, properties 
and applications. PVC Technology. Band 1. Fourth Edition. Elsevier Science 
Publishing Co., Inc., New York. 

[276] Müller, M.; Ludwig, H.M. (2017): Salt Frost Scaling of Concrete - Effect of Glue 
Spalling. Concrete 2017, Adelaide, Australia. 

[277] Müller, M.; Ludwig, H.M. (2017): "Glue spall" - Ein geeignetes Modell für den Frost-
Tausalz-Angriff? 58. Forschungskolloquium des DAfStB, Kaiserslautern, 1-12. 

[278] Jepsen, M.T. (2002): Salt frost scaling - interaction of transport mechanisms and ice 
formation in concrete. International RILEM Workshop on Frost Resistance of Concrete, 
179-186. 

[279] Liu, Z.; Hansen, W. (2015): Freezing characteristics of air-entrained concrete in the 
presence of deicing salt. Cement and Concrete Research, volume 74, 10-18. 

[280] Diamond, S. (2000): Mercury porosimetry. An inappropriate method for the 
measurement of pore size distributions in cement-based materials. Cement and 
Concrete Research, volume 30, issue 10, 1517-1525. 

[281] Ipavec, A.; Vuk, T.; et al. (2013): Chloride binding into hydrated blended cements: The 
influence of limestone and alkalinity. Cement and Concrete Research, volume 48, 74-
85. 

[282] Arya, C.; Xu, Y. (1995): Effect of cement type on chloride binding and corrosion of 
steel in concrete. Cement and Concrete Research, volume 25, issue 4, 893-902. 

[283] Beddoe, R.E.; Setzer, M.J. (1990): Phase transformations of water in hardened cement 
paste a low-temperature DSC investigation. Cement and Concrete Research, volume 
20, issue 2, 236-242. 

[284] Wang, Y.; Gong, F.; et al. (2017): Estimation of ice formation in mortar saturated with 
sodium chloride solutions. Construction and Building Materials, volume 144, 238-251. 



161 
 

[285] Esmaeeli, H.S.; Farnam, Y.; et al. (2017): Numerical simulation of the freeze–thaw 
behavior of mortar containing deicing salt solution. Materials and Structures/Materiaux 
et Constructions, volume 50, issue 1. 

[286] Brown, P.W.; Doerr, A. (2000): Chemical changes in concrete due to the ingress of 
aggressive species. Cement and Concrete Research, volume 30, issue 3, 411-418. 

[287] Florea, M.; Brouwers, H.J.H. (2012): Chloride binding related to hydration products: 
Part I: Ordinary Portland Cement. Cement and Concrete Research, volume 42, 282–
290. 

[288] Luping, T.; Nilsson, L.-O. (1993): Chloride binding capacity and binding isotherms of 
OPC pastes and mortars. Cement and Concrete Research, volume 23, issue 2, 247-253. 

[289] Ehrhardt, D. (2011): Einfluss der Schichtenbildung bei HOZ-Betonen auf die 
Abwitterung. Persönliche Mitteilung. 

[290] Hasholt, M.T.; Christensen, K.U.; Pade, C. (2019): Frost resistance of concrete with 
high contents of fly ash - A study on how hollow fly ash particles distort the air void 
analysis. Cement and Concrete Research, volume 119, 102-112. 

[291] Shi, Z.; Geiker, M.R.; et al. (2017): Friedel's salt profiles from thermogravimetric 
analysis and thermodynamic modelling of Portland cement-based mortars exposed to 
sodium chloride solution. Cement and Concrete Composites, volume 78, 73-83. 

[292] Liu, J.; Ou, G.; et al. (2017): Chloride transport and microstructure of concrete 
with/without fly ash under atmospheric chloride condition. Construction and Building 
Materials, volume 146, 493-501. 

[293] Kayali, O.; Khan, M.S.H.; Sharfuddin Ahmed, M. (2012): The role of hydrotalcite in 
chloride binding and corrosion protection in concretes with ground granulated blast 
furnace slag. Cement and Concrete Composites, volume 34, issue 8, 936-945. 

[294] Khanzadeh Moradllo, M.; Qiao, C.; et al. (2019): Quantifying fluid filling of the air 
voids in air entrained concrete using neutron radiography. Cement and Concrete 
Composites, volume 104, 103407. 

[295] Müller, H.S.; Djuric, Z.; Haist, M. (2018): Modelling freeze-thaw damage of concrete 
based on spatially resolved measurements of frost-induced moisture transport. 20. 
Internationale Baustofftagung - ibausil, Weimar, 1.47-1.57. 



162 
 

[296] Djuric, Z. (2017): Sättigungsverhalten und Schädigung von Zementstein bei 
Frostbeanspruchung. Dissertation, Karlsruher Intitut für Technologie (KIT). 

  



163 
 

Standards 

Deutsches Institut für Normung e.V. (DIN) 

DIN-Fachbericht 100:2010-03  
Beton - Zusammenstellung von DIN EN 206-1 Beton - Teil 1: Festlegung, Eigenschaften, 
Herstellung und Konformität und DIN 1045-2 Tragwerke aus Beton, Stahlbeton und 
Spannbeton - Teil 2: Beton; Festlegung, Eigenschaften, Herstellung und Konformität; 
Anwendungsregeln zu DIN EN 206-1 
 
DIN EN 196-1:2016-11 
Prüfverfahren für Zement - Teil 1: Bestimmung der Festigkeit; Deutsche Fassung EN 196-
1:2016 
 
DIN EN 196-2:2013-10 
Prüfverfahren für Zement - Teil 2: Chemische Analyse von Zement; Deutsche Fassung EN 196-
2:2013 
 
DIN EN 196-3:2017-03  
Prüfverfahren für Zement - Teil 3: Bestimmung der Erstarrungszeiten und der 
Raumbeständigkeit; Deutsche Fassung EN 196-3:2016 
 
DIN EN 196-6:2010-05  
Prüfverfahren für Zement - Teil 6: Bestimmung der Mahlfeinheit; Deutsche Fassung EN 196-
6:2010 
 
DIN EN 480-11:2005-12  
Zusatzmittel für Beton, Mörtel und Einpressmörtel - Prüfverfahren - Teil 11: Bestimmung von 
Luftporenkennwerten in Festbeton; Deutsche Fassung EN 480-11:2005 
 
DIN EN 933-1:2012-03  
Prüfverfahren für geometrische Eigenschaften von Gesteinskörnungen - Teil 1: Bestimmung 
der Korngrößenverteilung - Siebverfahren; Deutsche Fassung EN 933-1:2012 
 
DIN EN 933-4:2015-01  
Prüfverfahren für geometrische Eigenschaften von Gesteinskörnungen - Teil 4: Bestimmung 
der Kornform - Kornformkennzahl; Deutsche Fassung EN 933-4:2008 
 
DIN EN 1097-6:2013-09  
Prüfverfahren für mechanische und physikalische Eigenschaften von Gesteinskörnungen - Teil 
6: Bestimmung der Rohdichte und der Wasseraufnahme; Deutsche Fassung EN 1097-6:2013 
 
 
 
 



164 
 

DIN EN 1367-6:2008-12  
Prüfverfahren für thermische Eigenschaften und Verwitterungsbeständigkeit von 
Gesteinskörnungen - Teil 6: Beständigkeit gegen Frost-Tau-Wechsel in der Gegenwart von Salz 
(NaCl); Deutsche Fassung EN 1367-6:2008 
 
DIN EN 12350-5:2009-08  
Prüfung von Frischbeton - Teil 5: Ausbreitmaß; Deutsche Fassung EN 12350-5:2009 
 
DIN EN 12350-6:2011-03  
Prüfung von Frischbeton - Teil 6: Frischbetonrohdichte; Deutsche Fassung EN 12350-6:2009 
 
DIN EN 12350-7:2009-08  
Prüfung von Frischbeton - Teil 7: Luftgehalt - Druckverfahren; Deutsche Fassung EN 12350-
7:2009 
 
DIN EN 12390-3:2009-07 + B1:2011-11 
Prüfung von Festbeton - Teil 3: Druckfestigkeit von Probekörpern; Deutsche Fassung EN 
12390-3:2009 
 
DIN EN 12390-7:2009-07  
Prüfung von Festbeton - Teil 7: Dichte von Festbeton; Deutsche Fassung EN 12390-7:2009 
 
DIN CEN/TS 12390-9:2017-05  
Prüfung von Festbeton - Teil 9: Frost- und Frost-Tausalz-Widerstand - Abwitterung; Deutsche 
Fassung CEN/TS 12390-9:2016 
 
ISO 13320:2020-01  
Partikelgrößenanalyse - Partikelmessung durch Laserlichtbeugung 
 
DIN-Fachbericht CEN/TR 15177:2006-06  
Prüfung des Frost-Tauwiderstandes von Beton - Innere Gefügestörung; Deutsche Fassung 
CEN/TR 15177:2006 
 

Forschungsgesellschaft für Straßen- und Verkehrswesen e.V. (FGSV) 

M Luftporenbeton 
Merkblatt für die Herstellung und Verarbeitung von Luftporenbeton; Ausgabe 2004 (FGSV 
Nr. 818)   



165 
 

Table of Figures 
Figure 1: Polished cross-section of concrete ................................................................ 3 

Figure  2: C-S-H phases with needle-shaped morphology and an embedded Portlandite 
crystal (left); foil-shaped C-S-H or C-A-S-H phases (right). ........................ 3 

Figure 3: Schematic representation of the development of the capillary pore space in 
the cement paste during cement hydration after 0 days (left), 1 day 
(center), and 28 days (right) [22]. ............................................................... 4 

Figure 4: Growth of an ice front in a porous medium. Reprinted from [48], with 
permission from Elsevier. ............................................................................ 7 

Figure 5: Schematic representation of ice growth during freezing as well as during the 
melting process in cylindrical pores. ............................................................ 8 

Figure 6: Example of hysteresis during freezing and thawing ..................................... 9 

Figure 7: Depression of freezing or melting point as a function of pore radius, 
calculated according to Brun et al [40]. ....................................................... 9 

Figure 8: Freezing curves (LTDSC) for cement paste pre-aged in different solutions 
according to results from [67]. The dashed line (-20 °C) indicates the 
minimum temperature of the CDF test, the shaded area the allowable 
temperature variation of the Swedish slab test. Reproduced from [65] ...... 11 

Figure 9: Freezing curves for hardened cement paste (w/c=0.3) of different ages. 
Reprinted from [68], with permission from Elsevier. .................................. 11 

Figure 10: Binary phase diagram H2O-NaCl, calculated according to [73, 75] ............ 13 

Figure 11: Binary phase diagram H2O-CaCl2, calculated according to [76, 77] ........... 13 

Figure 12: Conditions for the growth of macroscopic ice lenses in soils. Reprinted from 
[82], with permission from Elsevier. .......................................................... 16 

Figure 13: Schematic representation for the generation of hydraulic pressure and the 
relief by air voids, not drawn to scale ....................................................... 17 

Figure 14: Freezing of cement paste with and without air voids. Results from [39], 
reprinted from [74], © 2006, with permission from Wiley .......................... 18 

Figure 15: Crystal pressure in capillary pore due to diffusion of unfrozen pore solution 
from the gel pores of the cement paste to the ice-filled capillary pore. ...... 19 

Figure 16: Determination of the critical degree of saturation based on the decrease of 
the dynamic Young's modulus at different degrees of saturation. Reprinted 
from [92], with permission from Springer Nature. ..................................... 20 

Figure 17: Effects of different thermal expansions during freezing and thawing of a 
water-filled capillary. Reprinted from [98], with permission from Elsevier. 21 

Figure 18: Schematic representation of the theory of the micro-ice lens pump -  I 
freezing, II thawing. The left side shows the non-stationary macroscopic 
system with progressive freezing or thawing as a function of temperature. 
The right side illustrates the associated microstructural processes. 
Reprinted from [101], with permission from Elsevier. ................................ 23 



166 
 

Figure 19: Effect of de-icing salt concentration on scaling behavior [114]. Reprinted 
from [74], with permission from John Wiley and Sons .............................. 25 

Figure 20: Internal damage of concrete after frost testing, SEM image of a polished 
cross section (left); beginning scaling of a concrete surface (right) ............ 25 

Figure 21: Temperature shock: Typical temperature profile in an ice-covered,  20 cm 
thick concrete slab (1 mm ice, -5 °C) during thawing with sodium chloride 
(eutectic concentration). Redrawn after [142] ............................................ 27 

Figure 22: Preferential penetration (diffusion) of de-icing salts from an external salt 
solution into the capillary pores of concrete. Schematic, not drawn to scale.
 ................................................................................................................. 28 

Figure 23: Layer-wise freezing due to the unfavorable interaction of salt and 
temperature gradients. Drawn according to [145]. ..................................... 29 

Figure 24: Light micrograph of the grain boundaries of ice crystals in sea ice with 
liquid inclusions. Reprinted from [147], with permission from Cambridge 
University Press. ....................................................................................... 30 

Figure 25: Moisture flow from unfrozen residual NaCl solution in the saline ice layer to 
an ice lens in the frozen concrete (after [80, 148]), illustration not drawn to 
scale. ......................................................................................................... 31 

Figure 26: Schematic representation of the five-phase theory. Reprinted from [151], 
with permission from Elsevier. .................................................................. 32 

Figure 27: Three steps for the production of decorative glass. (A) Sandblasting of the 
surface; (B) Application and drying of a layer of glue; (C) Heating in the 
furnace [152], with permission from WILEY. ............................................ 33 

Figure 28: Schematic illustration of the glue spall effect due to the greater contraction 
of a layer of ice on concrete. ..................................................................... 34 

Figure 29: Schematic illustration of the Brine Rejection Theory. Reprinted from [155], 
with permission from Taylor and Francis. ................................................. 35 

Figure 30: Influence of w/c-ratio and degree of hydration on capillary porosity and 
water permeability of hardened Portland cement paste according to [21, 
158]. .......................................................................................................... 36 

Figure 31: Typical relationship between GGBFS content in cement and scaling 
intensity in CDF test on air-entrained concretes. According to data from 
[15]. ........................................................................................................... 41 

Figure 32: Particle size distributions of the cements .................................................. 49 

Figure 33: Grading curve ........................................................................................... 51 

Figure 34: Pore size distribution of the Vycor glass according to the manufacturer's 
test certificate; mercury pressure porosimetry; University of Leipzig; ICT 53 

Figure 35: View into measuring cell of the calorimeter with reference and sample 
crucible ..................................................................................................... 56 

Figure 36: Schema of measuring cell (Source: Netzsch-Gerätebau GmbH)[251] .......... 56 



167 
 

Figure 37: DSC- example measurement – dehydration of Portlandite ........................ 57 

Figure 38: Example of a LTDSC measuring cycle LTDSC on hardened cement paste – 
Temperature and heat flow ....................................................................... 58 

Figure 39: Schematic illustration of the LTDSC experimental setup for cryogenic 
suction, not drawn to scale ....................................................................... 59 

Figure 40: Example of a LTDSC measuring cycle LTDSC on hardened cement paste in 
the setup “cryogenic suction” – temperature and heat flow ...................... 60 

Figure 41: Example of a non-corrected melting curve of a saturated hardened cement 
paste sample, starting from -20 °C ............................................................ 61 

Figure 42: Example – corrected melting curve ........................................................... 61 

Figure 43: Example – ice volume ............................................................................... 62 

Figure 44: Effect of NaCl concentration on the (ring) tensile strength of saline salt  at 
-20 °C, calculated from data in [74, 258]. .................................................. 65 

Figure 45: Calculated tensile stress of an uncracked saline ice layer on concrete due to 
different thermal expansion compared to ring tensile strength, NaCl 
concentration of 0.01 (left) and 3.00 wt.% (right). .................................... 66 

Figure 46: Scaling in the CDF test after 14 ftc as a function of the NaCl 
concentration. Reprinted from [118], with permission of the German Federal 
Highway Research Institute. ..................................................................... 67 

Figure 47: Relationship of centric tensile strength of sea ice as a function of total 
porosity with horizontal loading direction. Reprinted from [266], with 
permission from Elsevier. .......................................................................... 68 

Figure 48: Schematic illustration of the deflection experiment of Valenza and Scherer. 
Reprinted from [74], with permission from John Wiley and Sons. ............. 69 

Figure 49: Influence of ice layer thickness on scaling intensity (modeling). Reprinted 
from [119], with permission from Elsevier. ................................................ 70 

Figure 50: Test setup of CDF test with PVC inlay (schematic, not drawn to scale) .. 71 

Figure 51: CDF results - experimental setup ILT-1 - scaling (left) and liquid uptake 
(right) after 28 ftc. Error bar = standard deviation .................................. 72 

Figure 52: CDF results - test setup ILT-2 with PVC inlays; scaling (left) and liquid 
uptake (right) after 28 ftc; error bars = standard deviation. ..................... 72 

Figure 53: Temperature curves at the CDF test surface during a freeze-thaw cycle; 
influence of ice layer thickness without (left) and with (right) PVC inlays.
 ................................................................................................................. 73 

Figure 54: Results CDF test series NaCl-1; scaling (left) and liquid uptake (right) after 
28 ftc; error bars = standard deviation. .................................................... 74 

Figure 55: Calculated stresses in an ice layer of 1 wt.% NaCl solution on concrete 
compared to the tensile strength of the ice. Reprinted from [74], with 
permission from John Wiley and Sons. ..................................................... 75 



168 
 

Figure 56: CDF test NaCl-2 series, capillary suction with water; scaling (left) and 
liquid uptake (right) after 28 ftc; error bars = standard deviation ............ 76 

Figure 57: CDF test NaCl-3 series, capillary suction with 6 wt.% NaCl; scaling (left) 
and liquid uptake (right) after 28 Ftc; error b. = standard dev. ............... 76 

Figure 58: Comparison of normalized mean scaling amounts as a function of NaCl 
concentration for capillary suction; analog ftc = NaCl-1 series; 0 wt.% = 
NaCl-2 series; 6 wt.% = NaCl-3 series. ..................................................... 77 

Figure 59: Suction effect due to external ice layer, schematic, not drawn to scale...... 80 

Figure 60: Concrete surface in contact with saline ice shortly after ice lens formation 
in coarse capillaries; schematic, not to scale. ............................................. 81 

Figure 61: Concrete surface in contact with highly concentrated de-icing salt solution 
after ice lens formation in coarse capillaries; schematic, not drawn to scale.
 ................................................................................................................. 82 

Figure 62: Cryostat, container with NaCl solution, mortar discs in support; from [80].
 ................................................................................................................. 82 

Figure 63: Weight changes of mortars in NaCl solution. Storage temperature slightly 
above the freezing point of the corresponding NaCl solution. Salt 
concentration in the pore solution before the start of storage = 0 wt.%; 
from [80]. .................................................................................................. 83 

Figure 64: Crack in the center of a mortar specimen; the specimen was split for the 
photograph [80]. ........................................................................................ 83 

Figure 65: Weight changes of NaCl-free mortar in NaCl solution and of NaCl-
containing mortar in water. Storage temperature 21 °C. From [80]. .......... 84 

Figure 66: Moisture absorption of mortar samples (40A03); reprinted from [278]. ..... 85 

Figure 67: Specimen for dilatometer measurement with sponges attached; reprinted 
from [279]; with permission from Elsevier. ................................................ 85 

Figure 68: Length and temperature change for capillary-saturated concrete samples 
(red - surface-dry, blue - water, green -3 wt.% NaCl solution). Reproduced 
from [148].................................................................................................. 86 

Figure 69: Overview - experimental verification of cryogenic suction. ........................ 87 

Figure 70: Overview on experiments .......................................................................... 88 

Figure 71: Damaged samples after freezing in salt solution - preliminary test with 
samples dried in the intervening period. .................................................... 89 

Figure 72: Example of a cumulative intrusion curve with marked threshold radius and 
maximum intrusion volume ....................................................................... 90 

Figure 73: Results from mercury intrusion porosimetry ............................................. 91 

Figure 74: Freezing curves as heat flow versus temperature, related to the mass of 
water-saturated cement paste; plot with y-offset of 0.02 mW/mg, LTDSC 
experimental setup "Characterization". ..................................................... 93 



169 
 

Figure 75: Temperature profile in the test solution (left); ice crystals on hardened 
cement paste specimen in salt solution at -19.1 °C (right) ........................ 94 

Figure 76: Hardened cement paste CEM II/B-LL; w/c = 0.60;  fracture surface of split 
specimen ................................................................................................... 94 

Figure 77: Change in mass after immersion test at -20 °C in 22.4 wt.% NaCl solution; 
preservative-stored samples. ...................................................................... 95 

Figure 78: Characteristic values of mercury intrusion porosimetry compared with the 
weight increase in the immersion test at -20 °C in 22.4 wt.% NaCl .......... 96 

Figure 79: Melting curves of the LTDSC measurements in the "cryogenic suction" test 
setup with de-icing salt solution - CEM I 42.5 R with w/c = 0.50 ............ 97 

Figure 80: Melting curves of the LTDSC measurements in the experimental setup 
"cryogenic suction" with de-icing salt solution - hardened cement paste 
CEM I 42.5 R with w/c = 0.40 ................................................................. 98 

Figure 81: Melting curves of the LTDSC measurements in the test setup "cryogenic 
suction" with de-icing salt solution – HCP made of CEM I 42.5 R with w/c 
= 0.60 ....................................................................................................... 99 

Figure 82: Ice volume at initial cycle in temperature range down to -20 °C .............. 100 

Figure 83: Total intrusion volume of mercury intrusion porosimetry compared to the 
ice volume of the saturated HCP samples (initial cycle) at -20 °C. .......... 100 

Figure 84: Increase in total ice volume in "cryogenic suction" test setup; CEM I 42.5 R 
(left); CEM III/A 42.5 N (middle); CEM II/B-LL 32.5 R (right) ............ 101 

Figure 85: Relative increase in ice volume ................................................................ 102 

Figure 86: Comparison of the melting peaks from the fourth cycle and the reference 
cycle of LTDSC measurements; experimental set-up "cryogenic suction ... 103 

Figure 87: Scheme of the combined damage theory .................................................. 106 

Figure 88: Freeze-thaw cycle of the CDF process with 3 wt.% NaCl solution - divided 
into five sections ...................................................................................... 107 

Figure 89: Section 1 in the freeze-thaw cycle before the first ice formation. .............. 107 

Figure 90: Section 2 (end) in the freeze-thaw cycle ................................................... 108 

Figure 91: Section 3 in the freeze-thaw cycle at the minimum temperature .............. 108 

Figure 92: Section 4 in the freeze-thaw cycle - the thawing phase............................. 109 

Figure 93: Pessimal de-icing salt concentration in the CDF test - NaCl-1 test series 110 

Figure 94: Comparison of scaling and liquid uptake under freeze-thaw conditions of the 
NaCl-1 to -3 series when tested in water and in 0.5 wt.% NaCl ............... 110 

Figure 95: Comparison of normalized mean scaling amounts as a function of NaCl 
concentration during capillary suction; analog ftc = NaCl-1 series; 0 wt.% 
= NaCl-2 series; 6 wt.% = NaCl-3 series. ................................................ 111 

Figure 96: Schematic illustration on the influence of external liquid supply on the 
damage mechanisms in frost and salt frost attack. ................................... 113 



170 
 

Figure 97: Combined freezing point depression (left) and melting point depression 
(right) in Vycor glass. .............................................................................. 116 

Figure 98: Thermograms for freezing of hardened cement paste after pre-storage in  
3.0, 6.0 and 9.0 wt.% NaCl ...................................................................... 117 

Figure 99: Combined freezing point depression (left) and melting point depression 
(right) in hardened cement paste ............................................................. 118 

Figure 100: Schematic illustration - proportions of a NaCl solution ............................ 119 

Figure 101: Melting curves of the DSC measurements in the experimental setup 
"cryogenic suction" with de-icing salt solution - Vycor glass .................... 120 

Figure 102: LTDSC measurements in the "cryogenic suction" experimental setup; ice 
volume as a function of NaCl concentration at pre-saturation. ................ 121 

Figure 103: Relationship between total ice volume at -20 °C and scaling after  28 freeze-
thaw cycles in the CDF test. .................................................................... 124 

Figure 104: Accumulated scaling after 28 ftc in CDF test .......................................... 126 

Figure 105: Relationship between integral ice volume at -20 °C (specimens stored in 
standard climate) and accumulated scaling after 28 freeze-thaw cycles in 
the CDF test. ........................................................................................... 126 

Figure 106: Change of ice volume in LTDSC measurement "cryogenic suction"; influence 
of pre-storage with HCP based on CEM III/A. ........................................ 128 

Figure 107: Influence of carbonation of blastfurnace slag-rich concretes on ice formation 
during salt frost attack; schematic, not drawn to scale. ........................... 129 

Figure 108: Schematic illustration of the influence of concentration of the test solution 
on the damage mechanisms during frost and salt frost attack. ................. 133 

 

  



171 
 

List of tables 
Table 1: Classification of pores and pore water according to Setzer [65, 66] ............ 10 

Table 2: Publications on poromechanical models (selection) ................................... 24 

Table 3: Minimum fresh concrete air content according to DIN EN 206/DIN 1045-2
 ................................................................................................................. 38 

Table 4: Requirements for according to the air-entrained concrete bulletin ............ 38 

Table 5: Damage theories for salt frost attack - assessment .................................... 45 

Table 6: Strength and workability properties of cements ........................................ 49 

Table 7: Chemical-mineralogical composition of cements, specific surface area 
(BLAINE) and density ............................................................................. 50 

Table 8: Aggregate characteristics .......................................................................... 50 

Table 9: Particle size distribution of aggregates ...................................................... 51 

Table 10: Reference concrete mix design .................................................................. 51 

Table 11: Mixing procedure ...................................................................................... 52 

Table 12: Test solutions ........................................................................................... 53 

Table 13: Test procedures ........................................................................................ 54 

Table 14: Parameters for the X-ray diffraction analysis ............................................ 55 

Table 15: Intrusion volume and threshold radius ...................................................... 91 

Table 16: LTDSC data – cryogenic suction ............................................................. 102 

Table 17: Concrete properties .................................................................................. 125 

Table 18: Linear approximation functions ............................................................... 126 

   



 



173 
 

Annex A – Concrete mix designs and properties 

Concrete from Chapter 5 – Glue Spall Theory 

The concretes in Chapter 5 were produced with the identical mix design using a CEM I 42.5 R as 
binder. Table A1 shows the composition, Table A2 and A3 show relevant fresh and hardened 
concrete properties. 

Table A1: Reference concrete composition 

Component Addition (kg/m3) Further Parameters 

CEM I 42.5 R 350  
Sand 0-2 mm 619  
Gravel 2-8 mm 526  
Gravel 8-16 mm 607  
Water 175  
Air entraining agent 0.04  
Air content  5.0 ± 0.5 vol.% 

 

Table A2: Fresh and hardened concrete properties – Impact of ice layer thickness (ILT) 

Properties Unit ILT 
1.1 

ILT 
1.2 

ILT 
1.3 

ILT 
1.4 

ILT 
2.1 

ILT 
2.2 

ILT 
2.3 

Fresh concrete air content (vol.%) 5.0 5.2 4.8 4.9 4.7 5.0 4.8 

Fresh concrete bulk density (kg/m3) 2280 2260 2270 2290 2280 2260 2280 

Hardened concrete bulk dens. (kg/m3) 2310 2300 2260 2320 2320 2300 2300 

28d Compress. strength fc,cube  (MPa) 50.8 50.7 52.4 51.8 57.2 49.8 48.2 

 

Table A3: Fresh and hardened concrete properties –Impact of NaCl- concentration 

Properties Unit NaCl 
1.1 

NaCl 
1.2 

NaCl 
1.3 

NaCl 
2.1 

NaCl 
2.2 

 NaCl 
2.3 

NaCl 
3.1 

NaCl 
3.2 

 NaCl 
3.3 

Fresh concrete air content (vol.%) 4.7 5.2 4.9 5.2 5.4 5.4 5.1 5.1 5.3 

Fresh concrete bulk dens. (kg/m3) 2290 2290 2280 2280 2280 2280 2280 2280 2270 

Hard. concrete bulk dens. (kg/m3) 2310 2300 2300 2310 2300 2310 2310 2300 2300 

28d Comp. strength fc,cube  (MPa) 49.7 51.6 47.1 52.2 49.3 51.8 52.6 54.7 51.9 
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Concretes from Chapter 8.4.1 – Series 1  

For the investigations in Section 8.4.1, concretes based on four different Portland cements (Z1 to 
Z4) of strength classes 42.5 R or N were used. In addition to the pure Portland cements, Portland 
limestone cements (PLC) were used, which were prepared by blending the Portland cements with 
limestone powder. The addition rates were adjusted so that the resulting contents of limestone 
powder in the PLC corresponded to 20 wt.% and 35 wt.%. The limestone powder had a specific 
fineness of 5,180 cm2/g (BLAINE). Tables A4 and A5 give an overview of the concrete mix designs 
and the resulting fresh and hardened concrete properties. 

Table A4: Concrete compositions and properties - Chapter 8.4.1 

Component Cement: CEM I 42.5 R (Z1) CEM I 42.5 R (Z2) 

 LSP content: - 20 wt.% 35 wt.% - 20 wt.% 35 wt.% 

Cement (kg/m3) 350 350 350 350 350 350 

Sand 0-2 mm (kg/m3) 619 616 613 619 616 613 

Gravel 2-8 mm (kg/m3) 526 524 521 526 524 521 

Gravel 8-16 mm (kg/m3) 607 604 602 607 604 602 

Water (kg/m3) 175 175 175 175 175 175 

Air entraining agent (kg/m3) 0.042 0.046 0.049 0.035 0.042 0.046 

Target air content  (vol.%) 5.0 5.0 5.0 5.0 5.0 5.0 

Fresh concrete air content (vol.%) 4.5 5.3 5.0 5.0 4.7 4.7 

Fresh concrete bulk density (kg/m3) 2290 2260 2270 2260 2270 2270 

Hardened concrete bulk dens. (kg/m3) 2300 2270 2250 2270 2270 2260 

28d Compress. strength fc,cube  (MPa) 49.8 39.9 32.8 48.9 40.7 28.7 

 

Table A5: Concrete compositions and properties -  Chapter 8.4.1 

Component Cement: CEM I 42.5 R (Z3) CEM I 42.5 R (Z4) 

 LSP content: - 20 wt.% 35 wt.% - 20 wt.% 35 wt.% 

Cement (kg/m3) 350 350 350 350 350 350 

Sand 0-2 mm (kg/m3) 619 616 613 619 616 613 

Gravel 2-8 mm (kg/m3) 526 524 521 526 524 521 

Gravel 8-16 mm (kg/m3) 607 604 602 607 604 602 

Water (kg/m3) 175 175 175 175 175 175 

Air entraining agent (kg/m3) 0.042 0.054 0.053 0.035 0.042 0.046 

Target air content  (vol.%) 5.0 5.0 5.0 5.0 5.0 5.0 

Fresh concrete air content (vol.%) 4.6 5.1 4.8 4.6 5.0 4.9 

Fresh concrete bulk density (kg/m3) 2280 2270 2270 2280 2270 2270 

Hardened concrete bulk dens. (kg/m3) 2310 2280 2270 2290 2270 2250 

28d Compress. strength fc,cube  (MPa) 52.0 44.3 33.3 49.5 39.9 31.0 
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Concrete from chapter 8.4.2 – Series 2 

For the investigations in Section 8.4.2, a total of nine concrete mix designs based on three cements 
and three w/c ratios were used. Table A6 shows the concrete mix designs and relevant fresh and 
hardened concrete properties. 
 

Table A6: Concrete compositions and properties - Chapter 8.4.2  

Components Cement: CEM I 42.5 R CEM III/A 42.5 N CEM II/B-LL 32.5 R 

 w/c-ratio: 0.40 0.50 0.60 0.40 0.50 0.60 0.40 0.50 0.60 

Cement (kg/m3) 350 350 350 350 350 350 350 350 350 

Sand 0-2 mm (kg/m3) 623 592 711 619 588 704 619 588 706 

Gravel 2-8 mm (kg/m3) 564 536 313 560 530 310 561 532 311 

Gravel 8-16 mm (kg/m3) 630 598 543 625 593 537 626 594 539 

Limestone powder (kg/m3) - - 70 - - 70 - - 70 

Water (kg/m3) 140 175 210 140 175 210 140 175 210 

Air entraining agent (kg/m3) 0,025 0,037 0,125 0,065 0,053 0,175 0,032 0,065 0,228 

Superplasticizer (kg/m3) 2,95 - - 2,95  - 2,90 - - 

Target air content (vol.%) 5,5 5,5 5,5 5,5 5,5 5,5 5,5 5,5 5,5 

Properties 

Spread (mm) 380 450 490 470 390 480 420 380 480 

Fresh concrete air cont. (vol.%) 5.8 6.2 6.0 4.9 5.0 5.1 5.4 5.9 4.9 

Fresh concrete bulk den. (kg/m3) 2330 2270 2180 2300 2260 2200 2290 2220 2200 

Hard. concrete bulk den. (kg/m3) 2350 2280 2200 2320 2280 2200 2330 2230 2190 

28d Comp. strength fc,cube (MPa) 65.6 47.7 40.3 70.2 50.0 38.0 61.1 39.1 28.0 

 



 



 

Annex B – Salt frost scaling tests 

Results from CDF-test from Chapter 5 

Liquid uptake 

Table B-1: Liquid uptake series ILT-1 

Trial Days Ftc 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Ice layer thickness: 1 mm 5 mm 10 mm 

ILT-1.1 

-6 - 0.26 0.30 0.27 0.32 0.30 0.28 0.29 0.32 0.28 0.30 0.33 0.29 0.29 0.35 0.33 

-5 - 0.32 0.35 0.33 0.35 0.35 0.34 0.34 0.38 0.34 0.36 0.41 0.33 0.33 0.41 0.37 

-2 - 0.35 0.37 0.37 0.39 0.38 0.38 0.38 0.43 0.39 0.39 0.46 0.37 0.36 0.46 0.41 

-1 - 0.43 0.45 0.45 0.47 0.45 0.48 0.45 0.54 0.51 0.49 0.58 0.46 0.45 0.57 0.49 

0 0 0.44 0.47 0.46 0.49 0.48 0.50 0.46 0.58 0.52 0.51 0.60 0.47 0.47 0.59 0.51 

2 4 0.56 0.59 0.58 0.63 0.61 0.66 0.60 0.76 0.69 0.64 0.86 0.65 0.61 0.77 0.66 

3 6 0.59 0.61 0.60 0.67 0.66 0.71 0.66 0.83 0.74 0.71 1.01 0.75 0.69 0.86 0.77 

7 14 0.80 0.81 0.77 0.91 0.91 1.07 0.97 1.18 1.05 0.96 1.38 1.13 0.92 1.11 1.07 

14 28 0.99 1.02 0.94 1.14 1.17 1.37 1.26 1.41 1.32 1.26 1.56 1.41 1.17 1.37 1.37 

ILT-1.2 

-6 - 0.32 0.32 0.35 0.34 0.34 0.36 0.35 0.35 0.36 0.37 0.38 0.38 0.35 0.33 0.35 

-5 - 0.38 0.39 0.42 0.40 0.40 0.41 0.41 0.41 0.43 0.42 0.46 0.45 0.39 0.39 0.42 

-2 - 0.43 0.43 0.47 0.44 0.45 0.46 0.45 0.46 0.48 0.47 0.53 0.47 0.43 0.43 0.47 

-1 - 0.51 0.54 0.58 0.53 0.52 0.54 0.54 0.54 0.57 0.57 0.63 0.58 0.59 0.49 0.58 

0 0 0.55 0.56 0.59 0.55 0.54 0.57 0.54 0.56 0.59 0.57 0.67 0.60 0.53 0.52 0.61 

2 4 0.69 0.68 0.71 0.68 0.69 0.75 0.73 0.75 0.77 0.75 0.90 0.84 0.73 0.74 0.79 

3 6 0.73 0.74 0.78 0.75 0.75 0.82 0.77 0.82 0.84 0.82 1.00 0.95 0.82 0.82 0.89 

7 14 0.96 0.95 1.03 1.01 1.02 1.22 1.16 1.21 1.20 1.15 1.42 1.37 1.25 1.24 1.29 

10 20 1.24 1.20 1.34 1.29 1.26 1.39 1.35 1.41 1.49 1.43 1.65 1.66 1.53 1.50 1.57 

ILT-1.3 

-6 - 0.30 0.28 0.29 0.30 0.32 0.34 0.31 0.30 0.27 0.28 0.30 0.27 0.29 0.31 0.30 

-5 - 0.37 0.37 0.35 0.37 0.40 0.41 0.38 0.38 0.33 0.35 0.36 0.36 0.35 0.39 0.37 

-2 - 0.41 0.43 0.41 0.41 0.44 0.47 0.45 0.43 0.37 0.38 0.40 0.41 0.39 0.42 0.40 

-1 - 0.56 0.54 0.48 0.50 0.53 0.59 0.54 0.51 0.42 0.45 0.52 0.53 0.48 0.54 0.49 

0 0 0.57 0.56 0.50 0.52 0.55 0.62 0.56 0.51 0.44 0.47 0.54 0.53 0.49 0.55 0.50 

2 4 0.74 0.70 0.66 0.69 0.72 0.85 0.78 0.72 0.63 0.66 0.78 0.78 0.71 0.78 0.70 

3 6 0.80 0.74 0.72 0.75 0.76 0.93 0.84 0.79 0.70 0.73 0.87 0.86 0.78 0.84 0.75 

7 14 1.03 0.96 0.95 1.03 0.99 1.31 1.19 1.14 1.01 1.04 1.26 1.23 1.12 1.15 1.04 

14 28 1.42 1.30 1.33 1.41 1.38 1.54 1.48 1.42 1.38 1.34 1.54 1.51 1.46 1.47 1.45 

ILT-1.4 

-6 - 0.29 0.24 0.30 0.33 0.32 0.31 0.34 0.31 0.29 0.30 0.31 0.29 0.33 0.29 0.30 

-5 - 0.33 0.30 0.36 0.39 0.38 0.38 0.40 0.37 0.35 0.36 0.38 0.35 0.41 0.36 0.36 

-2 - 0.37 0.34 0.40 0.44 0.43 0.43 0.45 0.42 0.39 0.41 0.43 0.40 0.46 0.40 0.40 

-1 - 0.45 0.40 0.49 0.53 0.50 0.51 0.56 0.49 0.48 0.51 0.54 0.50 0.54 0.48 0.47 

0 0 0.46 0.41 0.50 0.55 0.52 0.53 0.57 0.51 0.49 0.52 0.57 0.51 0.56 0.50 0.49 

2 4 0.60 0.51 0.64 0.72 0.66 0.71 0.76 0.68 0.67 0.71 0.81 0.72 0.76 0.69 0.68 

3 6 0.63 0.55 0.70 0.77 0.73 0.81 0.84 0.77 0.75 0.78 0.92 0.81 0.84 0.76 0.76 

7 14 0.81 0.72 0.91 1.07 1.02 1.15 1.16 1.09 1.09 1.10 1.25 1.18 1.13 1.07 1.06 

14 28 1.14 0.99 1.27 1.35 1.36 1.38 1.38 1.35 1.40 1.43 1.46 1.43 1.41 1.43 1.39   
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Table B-2: Liquid uptake series ILT-2 

Trial Days Ftc 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Ice layer thickness: 1 mm 5 mm 10 mm 

ILT-2.1 

-6 - 0.26 0.30 0.25 0.28 0.28 0.27 0.31 0.28 0.27 0.28 0.30 0.32 0.27 0.29 0.30 

-5 - 0.30 0.35 0.29 0.33 0.33 0.32 0.35 0.32 0.30 0.31 0.37 0.37 0.33 0.34 0.35 

-2 - 0.33 0.37 0.34 0.35 0.37 0.34 0.37 0.36 0.34 0.35 0.42 0.41 0.35 0.37 0.39 

-1 - 0.39 0.46 0.40 0.42 0.41 0.37 0.45 0.40 0.41 0.40 0.51 0.49 0.43 0.45 0.51 

0 0 0.40 0.47 0.43 0.43 0.42 0.40 0.46 0.43 0.42 0.42 0.53 0.51 0.44 0.47 0.53 

2 4 0.53 0.61 0.54 0.56 0.59 0.59 0.62 0.60 0.60 0.58 0.76 0.74 0.62 0.64 0.71 

3 6 0.60 0.68 0.61 0.65 0.67 0.66 0.69 0.68 0.68 0.65 0.89 0.86 0.73 0.74 0.83 

7 14 0.80 0.88 0.77 0.93 0.95 0.89 0.93 0.89 0.98 0.92 1.04 1.09 1.01 0.96 1.00 

14 28 0.90 1.05 0.76 1.11 1.12 0.81 0.96 0.86 1.04 1.02 0.92 0.95 0.72 0.60 0.72 

ILT -2.2 

-6 - 0.30 0.33 0.32 0.32 0.29 0.34 0.30 0.30 0.23 0.27 0.32 0.29 0.31 0.32 0.33 

-5 - 0.34 0.37 0.38 0.38 0.33 0.38 0.32 0.31 0.27 0.32 0.34 0.33 0.35 0.35 0.38 

-2 - 0.38 0.41 0.44 0.43 0.38 0.43 0.38 0.37 0.31 0.37 0.40 0.37 0.39 0.40 0.41 

-1 - 0.44 0.52 0.56 0.55 0.45 0.55 0.47 0.43 0.41 0.45 0.49 0.45 0.46 0.49 0.51 

0 0 0.45 0.53 0.60 0.57 0.47 0.56 0.47 0.45 0.42 0.47 0.49 0.46 0.47 0.51 0.52 

2 4 0.64 0.72 0.78 0.79 0.64 0.79 0.67 0.65 0.62 0.64 0.74 0.67 0.70 0.74 0.70 

3 6 0.68 0.79 0.85 0.86 0.72 0.88 0.72 0.71 0.70 0.70 0.82 0.75 0.75 0.81 0.75 

7 14 0.93 1.07 1.13 1.18 0.99 1.19 0.98 0.97 0.96 0.93 1.05 0.94 0.97 1.07 0.94 

14 28 1.24 1.35 1.30 1.41 1.30 1.33 1.17 1.19 1.23 1.19 1.15 1.06 1.12 1.19 1.15 

ILT -2.3 

-6 - 0.30 0.38 0.29 0.31 0.32 0.34 0.33 0.30 0.33 0.33 0.31 0.30 0.32 0.32 0.30 

-5 - 0.35 0.47 0.35 0.36 0.38 0.39 0.38 0.37 0.39 0.39 0.36 0.35 0.38 0.38 0.36 

-2 - 0.37 0.54 0.39 0.40 0.43 0.43 0.44 0.42 0.44 0.44 0.42 0.40 0.43 0.42 0.40 

-1 - 0.47 0.69 0.46 0.48 0.50 0.54 0.54 0.51 0.51 0.53 0.51 0.49 0.51 0.51 0.48 

0 0 0.49 0.71 0.49 0.49 0.53 0.55 0.56 0.54 0.54 0.55 0.53 0.52 0.53 0.52 0.50 

2 4 0.63 0.96 0.65 0.70 0.71 0.78 0.79 0.73 0.76 0.74 0.78 0.78 0.74 0.75 0.70 

3 6 0.71 1.05 0.71 0.77 0.78 0.86 0.86 0.81 0.80 0.80 0.85 0.84 0.79 0.80 0.75 

7 14 0.94 1.28 0.98 1.05 1.09 1.19 1.13 1.12 1.06 1.07 1.18 1.15 1.00 1.03 1.00 

14 28 1.12 1.28 1.20 1.28 1.19 1.28 1.02 1.14 1.11 1.30 1.25 1.28 1.09 1.06 1.07 

   



179 
 

Table B-3: Liquid uptake series NaCl-1 

Trial Days Ftc 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NaCl concentration 0.0 wt.% 0.5 wt.% 1,5 wt.% 3,0 wt.% 6,0 wt.% 

NaCl-1.1 

-6 - 0.54 0.56 0.51 0.47 0.48 0.41 0.36 0.39 0.44 0.46 0.44 0.44 0.42 0.37 0.38 

-5 - 0.64 0.63 0.55 0.54 0.57 0.51 0.42 0.48 0.53 0.54 0.55 0.53 0.51 0.47 0.45 

-2 - 0.60 0.66 0.56 0.56 0.60 0.53 0.46 0.51 0.56 0.57 0.58 0.56 0.55 0.50 0.48 

-1 - 0.70 0.70 0.62 0.60 0.68 0.59 0.52 0.57 0.62 0.64 0.65 0.61 0.62 0.56 0.55 

0 0 0.72 0.72 0.64 0.63 0.69 0.62 0.55 0.60 0.64 0.67 0.68 0.63 0.65 0.58 0.56 

2 4 0.87 0.86 0.78 0.80 0.83 0.75 0.66 0.72 0.76 0.79 0.80 0.75 0.73 0.69 0.65 

3 6 0.90 0.90 0.82 0.83 0.88 0.81 0.72 0.77 0.80 0.82 0.84 0.81 0.78 0.72 0.71 

7 14 1.13 1.12 1.06 1.10 1.16 1.08 0.96 1.03 1.04 1.08 1.11 1.04 0.96 0.89 0.90 

14 28 1.33 1.32 1.29 1.34 1.40 1.35 1.25 1.28 1.34 1.34 1.37 1.31 1.26 1.18 1.20 

NaCl-1.2 

-6 - 0.31 0.32 0.32 0.29 0.27 0.26 0.24 0.32 0.30 0.26 0.27 0.28 0.26 0.25 0.26 

-5 - 0.40 0.39 0.39 0.35 0.32 0.32 0.30 0.41 0.38 0.32 0.33 0.33 0.31 0.30 0.31 

-2 - 0.44 0.42 0.43 0.37 0.34 0.34 0.33 0.45 0.41 0.34 0.36 0.37 0.33 0.32 0.33 

-1 - 0.56 0.53 0.54 0.44 0.41 0.41 0.41 0.57 0.50 0.40 0.42 0.44 0.39 0.38 0.38 

0 0 0.59 0.56 0.58 0.47 0.44 0.44 0.44 0.60 0.54 0.43 0.45 0.47 0.41 0.40 0.40 

2 4 0.74 0.71 0.73 0.72 0.63 0.66 0.64 0.89 0.80 0.62 0.69 0.69 0.57 0.57 0.57 

3 6 0.77 0.72 0.73 0.76 0.69 0.73 0.72 1.03 0.91 0.70 0.80 0.81 0.62 0.65 0.63 

7 14 1.09 0.91 1.01 1.29 1.15 1.22 1.16 1.34 1.31 1.18 1.32 1.31 1.12 1.15 1.16 

14 28 1.31 1.22 1.24 1.40 1.38 1.41 1.33 1.50 1.47 1.45 1.48 1.49 1.41 1.37 1.36 

NaCl-1.3 

-6 - 0.30 0.42 0.33 0.32 0.34 0.32 0.32 0.30 0.31 0.29 0.30 0.34 0.32 0.29 0.29 

-5 - 0.34 0.47 0.38 0.35 0.39 0.38 0.37 0.34 0.34 0.33 0.33 0.38 0.36 0.32 0.32 

-2 - 0.36 0.51 0.41 0.40 0.44 0.42 0.41 0.37 0.38 0.36 0.37 0.42 0.40 0.35 0.35 

-1 - 0.45 0.65 0.53 0.51 0.56 0.52 0.49 0.45 0.47 0.44 0.45 0.52 0.49 0.41 0.41 

0 0 0.46 0.66 0.56 0.54 0.59 0.56 0.52 0.48 0.50 0.45 0.48 0.54 0.52 0.43 0.43 

2 4 0.62 0.81 0.73 0.81 0.89 0.81 0.83 0.74 0.84 0.72 0.79 0.79 0.78 0.62 0.70 

3 6 0.65 0.85 0.77 0.96 1.10 0.98 1.05 0.92 1.05 0.88 1.00 0.98 0.92 0.75 0.89 

7 14 0.92 1.15 1.12 1.32 1.43 1.36 1.39 1.35 1.36 1.31 1.31 1.45 1.32 1.23 1.32 

14 28 1.24 1.39 1.36 1.47 1.59 1.48 1.54 1.52 1.52 1.53 1.51 1.68 1.50 1.45 1.49 
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Table B-4: Liquid uptake series NaCl-2 

Trial Days Ftc 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NaCl concentration 0.0 wt.% 0.5 wt.% 1,5 wt.% 3,0 wt.% 6,0 wt.% 

NaCl-2.1 

-6 - 0.32 0.32 0.34 0.35 0.33 0.29 0.32 0.30 0.31 0.32 0.30 0.32 0.34 0.33 0.32 

-5 - 0.40 0.39 0.42 0.43 0.41 0.36 0.39 0.37 0.39 0.39 0.36 0.39 0.42 0.41 0.40 

-2 - 0.42 0.42 0.47 0.46 0.43 0.39 0.41 0.41 0.40 0.41 0.40 0.42 0.46 0.43 0.43 

-1 - 0.50 0.49 0.57 0.56 0.50 0.48 0.49 0.50 0.49 0.49 0.49 0.50 0.57 0.52 0.53 

0 0 0.50 0.52 0.59 0.58 0.52 0.49 0.51 0.51 0.49 0.51 0.49 0.52 0.58 0.53 0.54 

2 4 0.72 0.72 0.81 0.85 0.82 0.82 0.83 0.82 0.82 0.85 0.84 0.86 0.99 0.88 0.93 

3 6 0.80 0.80 0.88 0.99 0.94 1.01 1.02 1.01 1.00 1.06 1.04 1.06 1.17 1.10 1.12 

7 14 1.08 1.07 1.09 1.34 1.31 1.33 1.37 1.40 1.38 1.40 1.42 1.35 1.48 1.46 1.42 

14 28 1.32 1.28 1.29 1.45 1.42 1.43 1.51 1.61 1.54 1.61 1.61 1.55 1.65 1.68 1.56 

NaCl-2.2 

-6 - 0.29 0.28 0.29 0.28 0.27 0.31 0.27 0.29 0.29 0.32 0.32 0.31 0.31 0.28 0.32 

-5 - 0.33 0.33 0.34 0.32 0.31 0.34 0.32 0.32 0.34 0.37 0.37 0.35 0.35 0.34 0.37 

-2 - 0.37 0.37 0.38 0.37 0.34 0.39 0.35 0.36 0.36 0.41 0.42 0.39 0.40 0.38 0.41 

-1 - 0.44 0.44 0.46 0.42 0.42 0.46 0.45 0.42 0.42 0.51 0.52 0.49 0.48 0.45 0.50 

0 0 0.47 0.47 0.47 0.45 0.43 0.49 0.46 0.43 0.44 0.53 0.54 0.51 0.51 0.47 0.51 

2 4 0.61 0.62 0.61 0.67 0.66 0.75 0.68 0.67 0.67 0.76 0.83 0.78 0.73 0.69 0.76 

3 6 0.66 0.70 0.67 0.80 0.79 0.87 0.79 0.82 0.80 0.90 0.98 0.93 0.86 0.80 0.87 

7 14 0.93 0.97 0.98 1.20 1.19 1.29 1.22 1.29 1.20 1.28 1.29 1.29 1.23 1.13 1.20 

14 28 1.17 1.21 1.26 1.38 1.37 1.49 1.46 1.46 1.43 1.48 1.42 1.48 1.44 1.35 1.41 

NaCl-2.3 

-6 - 0.30 0.31 0.27 0.27 0.29 0.29 0.28 0.29 0.30 0.27 0.28 0.31 0.31 0.32 0.31 

-5 - 0.36 0.37 0.34 0.35 0.33 0.35 0.34 0.35 0.35 0.35 0.33 0.37 0.37 0.39 0.38 

-2 - 0.41 0.40 0.39 0.38 0.39 0.40 0.38 0.39 0.41 0.38 0.37 0.42 0.42 0.44 0.40 

-1 - 0.50 0.51 0.46 0.46 0.47 0.48 0.45 0.48 0.51 0.46 0.46 0.50 0.51 0.53 0.52 

0 0 0.52 0.52 0.50 0.49 0.50 0.49 0.48 0.50 0.52 0.48 0.47 0.53 0.53 0.56 0.53 

2 4 0.68 0.68 0.67 0.70 0.67 0.68 0.67 0.65 0.71 0.65 0.63 0.74 0.69 0.71 0.70 

3 6 0.76 0.76 0.75 0.83 0.77 0.79 0.79 0.73 0.82 0.74 0.74 0.90 0.79 0.80 0.80 

7 14 1.09 1.06 1.03 1.24 1.18 1.21 1.29 1.17 1.26 1.19 1.16 1.33 1.11 1.13 1.23 

14 28 1.27 1.23 1.22 1.40 1.37 1.37 1.49 1.44 1.51 1.47 1.43 1.54 1.49 1.46 1.55 
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Table B-5: Liquid uptake Serie NaCl-3 

Trial Days Ftc 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NaCl concentration: 0,0 wt.% 0,5 wt.% 1,5 wt.% 3,0 wt.% 6,0 wt.% 

NaCl-3.1 

-6 - 0.28 0.30 0.28 0.26 0.28 0.29 0.31 0.30 0.31 0.26 0.26 0.28 0.25 0.27 0.26 

-5 - 0.35 0.37 0.33 0.32 0.33 0.34 0.38 0.34 0.37 0.31 0.31 0.34 0.29 0.32 0.33 

-2 - 0.39 0.42 0.37 0.35 0.36 0.37 0.43 0.39 0.42 0.35 0.33 0.38 0.34 0.36 0.36 

-1 - 0.47 0.52 0.45 0.42 0.45 0.44 0.52 0.45 0.49 0.39 0.41 0.45 0.41 0.44 0.43 

0 0 0.49 0.53 0.46 0.43 0.47 0.46 0.55 0.47 0.50 0.41 0.42 0.47 0.42 0.45 0.44 

2 4 0.68 0.70 0.65 0.66 0.69 0.69 0.83 0.74 0.74 0.63 0.64 0.70 0.59 0.61 0.65 

3 6 0.76 0.77 0.73 0.81 0.81 0.83 1.01 0.91 0.92 0.75 0.76 0.84 0.70 0.71 0.79 

7 14 1.07 1.07 1.06 1.21 1.25 1.25 1.39 1.30 1.36 1.22 1.22 1.27 1.17 1.17 1.25 

14 28 1.26 1.26 1.24 1.38 1.41 1.43 1.55 1.47 1.57 1.49 1.44 1.46 1.52 1.51 1.55 

NaCl-3.2 

-6 - 0.33 0.29 0.27 0.30 0.29 0.31 0.28 0.27 0.29 0.27 0.28 0.28 0.29 0.29 0.29 

-5 - 0.38 0.33 0.32 0.33 0.33 0.35 0.32 0.30 0.33 0.31 0.32 0.31 0.32 0.33 0.33 

-2 - 0.41 0.36 0.35 0.36 0.35 0.38 0.35 0.33 0.36 0.35 0.36 0.34 0.36 0.37 0.36 

-1 - 0.48 0.42 0.39 0.38 0.40 0.43 0.40 0.37 0.41 0.41 0.39 0.39 0.40 0.42 0.42 

0 0 0.49 0.43 0.42 0.41 0.42 0.44 0.40 0.38 0.43 0.42 0.41 0.40 0.42 0.44 0.44 

2 4 0.69 0.64 0.61 0.64 0.65 0.66 0.64 0.62 0.69 0.68 0.68 0.65 0.62 0.66 0.68 

3 6 0.75 0.70 0.67 0.76 0.75 0.77 0.78 0.75 0.80 0.79 0.81 0.76 0.68 0.75 0.78 

7 14 0.97 0.93 0.85 1.18 1.14 1.19 1.20 1.20 1.17 1.22 1.18 1.16 0.96 1.07 1.12 

14 28 1.25 1.17 1.15 1.36 1.32 1.34 1.37 1.38 1.35 1.44 1.40 1.37 1.31 1.34 1.39 

NaCl-3.3 

-6 - 0.26 0.29 0.27 0.28 0.28 0.29 0.28 0.29 0.30 0.26 0.25 0.26 0.27 0.29 0.29 

-5 - 0.30 0.36 0.31 0.32 0.33 0.33 0.33 0.34 0.36 0.33 0.29 0.31 0.33 0.35 0.35 

-2 -                

-1 -                

0 0 0.40 0.50 0.40 0.43 0.41 0.43 0.42 0.45 0.48 0.45 0.42 0.43 0.43 0.45 0.48 

2 4 0.55 0.65 0.56 0.62 0.60 0.65 0.59 0.63 0.72 0.65 0.64 0.62 0.59 0.59 0.64 

3 6 0.60 0.71 0.59 0.73 0.68 0.77 0.70 0.73 0.84 0.75 0.73 0.71 0.63 0.63 0.68 

7 14 0.90 1.01 0.88 1.20 1.19 1.24 1.24 1.28 1.33 1.23 1.23 1.20 1.06 1.05 1.12 

14 28 1.22 1.27 1.20 1.39 1.46 1.44 1.43 1.48 1.53 1.44 1.42 1.40 1.33 1.35 1.41 
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Scaling 
 

Table B-6: Scaling series ILT-1 

Trial Ftc 
Accumulated scaling (kg/m2) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Ice layer thick.: 1 mm 5 mm 10 mm 

ILT-1.1 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.017 0.016 0.017 0.017 0.016 0.020 0.017 0.022 0.022 0.021 0.032 0.025 0.030 0.039 0.047 

6 0.032 0.031 0.032 0.034 0.032 0.037 0.032 0.040 0.041 0.038 0.059 0.049 0.051 0.066 0.074 

14 0.066 0.061 0.065 0.060 0.060 0.100 0.073 0.098 0.096 0.092 0.155 0.108 0.129 0.153 0.157 

28 0.101 0.083 0.093 0.084 0.085 0.154 0.120 0.160 0.150 0.145 0.219 0.202 0.190 0.223 0.215 

ILT -1.2 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.026 0.022 0.019 0.019 0.023 0.024 0.024 0.021 0.033 0.039 0.048 0.035 0.040 0.046 0.039 

6 0.049 0.044 0.042 0.039 0.049 0.044 0.045 0.044 0.058 0.070 0.080 0.077 0.074 0.081 0.078 

14 0.096 0.074 0.086 0.079 0.093 0.079 0.087 0.109 0.108 0.122 0.184 0.159 0.149 0.145 0.164 

20 0.139 0.111 0.121 0.112 0.120 0.115 0.115 0.152 0.146 0.173 0.250 0.234 0.223 0.221 0.254 

ILT -1.3 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.031 0.039 0.032 0.047 0.039 0.036 0.041 0.044 0.040 0.037 0.057 0.059 0.063 0.038 0.062 

6 0.056 0.070 0.054 0.080 0.061 0.078 0.074 0.076 0.066 0.065 0.110 0.116 0.105 0.077 0.102 

14 0.116 0.148 0.098 0.152 0.109 0.211 0.150 0.151 0.135 0.156 0.345 0.336 0.255 0.186 0.220 

28 0.255 0.320 0.177 0.343 0.211 0.446 0.335 0.274 0.288 0.368 1.003 0.909 0.631 0.442 0.428 

ILT -1.4 

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011 0.012 0.013 0.014 0.015 

4 0.027 0.043 0.042 0.045 0.035 0.042 0.056 0.040 0.037 0.050 0.062 0.050 0.058 0.055 0.062 

6 0.043 0.088 0.065 0.068 0.057 0.075 0.093 0.071 0.059 0.082 0.104 0.088 0.092 0.094 0.106 

14 0.094 0.227 0.154 0.144 0.121 0.211 0.271 0.189 0.138 0.194 0.280 0.218 0.229 0.244 0.282 

28 0.206 0.537 0.320 0.260 0.247 0.581 0.706 0.541 0.377 0.476 0.727 0.614 0.594 0.613 0.678 

 

Table B-7: Scaling series ILT-2 

Trial Ftc 
Acumulated scaling (kg/m2) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Ice layer thick.: 1 mm 5 mm 10 mm 

ILT -2.1 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.013 0.009 0.014 0.006 0.016 0.015 0.019 0.019 0.014 0.018 0.035 0.028 0.032 0.043 0.038 

6 0.032 0.030 0.031 0.018 0.033 0.045 0.041 0.047 0.037 0.040 0.062 0.054 0.058 0.075 0.067 

14 0.093 0.091 0.099 0.064 0.074 0.148 0.117 0.152 0.096 0.103 0.182 0.153 0.199 0.259 0.256 

28 0.237 0.245 0.396 0.161 0.192 0.461 0.340 0.427 0.289 0.270 0.521 0.508 0.631 0.732 0.706 

ILT -2.2 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.016 0.029 0.035 0.020 0.017 0.024 0.022 0.024 0.025 0.029 0.032 0.029 0.024 0.028 0.037 

6 0.039 0.044 0.057 0.041 0.031 0.044 0.042 0.044 0.042 0.049 0.060 0.057 0.049 0.054 0.069 

14 0.069 0.069 0.094 0.072 0.054 0.077 0.086 0.081 0.073 0.097 0.123 0.137 0.118 0.121 0.148 

28 0.121 0.112 0.155 0.112 0.098 0.163 0.175 0.171 0.143 0.190 0.280 0.302 0.266 0.275 0.301 

ILT -2.3 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.020 0.019 0.021 0.019 0.019 0.022 0.033 0.025 0.015 0.024 0.026 0.027 0.027 0.026 0.030 

6 0.035 0.044 0.035 0.036 0.036 0.042 0.058 0.042 0.038 0.041 0.047 0.047 0.044 0.047 0.052 

14 0.071 0.117 0.062 0.073 0.081 0.099 0.148 0.104 0.107 0.081 0.088 0.099 0.120 0.127 0.125 

28 0.159 0.298 0.150 0.148 0.205 0.250 0.441 0.299 0.318 0.172 0.252 0.224 0.349 0.377 0.334 
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Table B-8: Scaling series NaCl-1 

Trial Ftc 
Accumulated scaling (kg/m2) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NaCl Conc. 0,0 wt.% 0,5 wt.% 1,5 wt.% 3,0 wt.% 6,0 wt.% 

NaCl-1.1 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.002 0.013 0.005 0.035 0.007 0.018 0.013 0.019 0.016 0.020 0.024 0.017 0.029 0.024 0.030 

6 0.002 0.013 0.005 0.058 0.019 0.034 0.026 0.038 0.028 0.040 0.049 0.037 0.057 0.053 0.060 

14 0.009 0.019 0.012 0.181 0.106 0.129 0.100 0.129 0.113 0.096 0.131 0.093 0.116 0.089 0.102 

28 0.017 0.031 0.017 0.531 0.433 0.454 0.350 0.425 0.423 0.229 0.353 0.223 0.215 0.154 0.171 

NaCl-1.2 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.013 0.008 0.007 0.016 0.020 0.023 0.035 0.021 0.019 0.023 0.017 0.024 0.033 0.022 0.033 

6 0.014 0.010 0.010 0.027 0.032 0.035 0.066 0.042 0.037 0.040 0.038 0.047 0.056 0.055 0.060 

14 0.025 0.018 0.016 0.106 0.111 0.121 0.318 0.172 0.147 0.084 0.086 0.103 0.084 0.091 0.099 

28 0.035 0.028 0.026 0.352 0.364 0.376 0.783 0.524 0.440 0.169 0.229 0.235 0.141 0.150 0.160 

NaCl-1.3 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.007 0.011 0.007 0.027 0.017 0.017 0.014 0.014 0.022 0.025 0.019 0.022 0.030 0.032 0.027 

6 0.014 0.019 0.013 0.056 0.041 0.037 0.035 0.034 0.046 0.046 0.044 0.044 0.054 0.055 0.054 

14 0.024 0.032 0.025 0.212 0.185 0.129 0.103 0.096 0.135 0.066 0.104 0.106 0.097 0.100 0.104 

28 0.033 0.044 0.036 0.671 0.492 0.370 0.310 0.289 0.386 0.211 0.287 0.280 0.173 0.165 0.168 

 

Table B-9: Scaling series NaCl-2 

Trial Ftc 
Accumulated scaling (kg/m2) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NaCl Conc. 0,0 wt.% 0,5 wt.% 1,5 wt.% 3,0 wt.% 6,0 wt.% 

NaCl-2.1 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.013 0.011 0.015 0.087 0.070 0.069 0.053 0.056 0.058 0.050 0.049 0.046 0.034 0.044 0.046 

6 0.018 0.015 0.021 0.178 0.146 0.141 0.124 0.126 0.126 0.105 0.100 0.096 0.068 0.080 0.084 

14 0.025 0.024 0.029 0.615 0.478 0.512 0.505 0.493 0.441 0.401 0.385 0.358 0.188 0.217 0.186 

28 0.043 0.052 0.045 1.250 1.076 1.015 1.199 1.157 0.976 0.857 0.982 0.886 0.457 0.471 0.427 

NaCl-2.2 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.008 0.010 0.011 0.025 0.022 0.026 0.022 0.021 0.021 0.023 0.024 0.024 0.028 0.029 0.030 

6 0.013 0.016 0.013 0.054 0.048 0.050 0.043 0.045 0.046 0.044 0.046 0.052 0.051 0.051 0.057 

14 0.027 0.026 0.020 0.199 0.170 0.192 0.166 0.156 0.159 0.156 0.175 0.222 0.121 0.111 0.121 

28 0.041 0.035 0.036 0.543 0.471 0.513 0.418 0.397 0.436 0.396 0.477 0.628 0.209 0.226 0.229 

NaCl-2.3 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.009 0.004 0.010 0.035 0.028 0.029 0.033 0.032 0.035 0.036 0.027 0.024 0.026 0.022 0.032 

6 0.012 0.007 0.013 0.092 0.069 0.078 0.093 0.086 0.097 0.086 0.063 0.058 0.059 0.056 0.064 

14 0.024 0.016 0.022 0.451 0.284 0.369 0.448 0.386 0.409 0.366 0.318 0.266 0.207 0.214 0.179 

28 0.040 0.026 0.027 1.215 0.790 0.938 1.233 1.069 1.147 1.022 0.964 0.797 0.661 0.680 0.472 

   



184 
 

Table B10: Scaling series NaCl-3 

Trial Ftc 
Accumulated scaling (kg/m2) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

NaCl Conc. 0,0 wt.% 0,5 wt.% 1,5 wt.% 3,0 wt.% 6,0 wt.% 

NaCl-3.1 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.011 0.007 0.016 0.038 0.029 0.031 0.031 0.028 0.031 0.024 0.023 0.038 0.032 0.029 0.031 

6 0.019 0.014 0.023 0.077 0.056 0.063 0.067 0.056 0.062 0.053 0.051 0.073 0.056 0.057 0.059 

14 0.026 0.023 0.037 0.264 0.256 0.253 0.267 0.216 0.225 0.144 0.152 0.213 0.109 0.105 0.113 

28 0.033 0.030 0.051 0.667 0.696 0.642 0.694 0.585 0.624 0.342 0.413 0.481 0.231 0.223 0.206 

NaCl-3.2 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.021 0.007 0.011 0.023 0.023 0.041 0.027 0.017 0.019 0.021 0.020 0.020 0.031 0.040 0.041 

6 0.028 0.013 0.016 0.049 0.047 0.076 0.050 0.036 0.044 0.044 0.038 0.045 0.066 0.071 0.082 

14 0.038 0.019 0.022 0.143 0.129 0.186 0.134 0.102 0.131 0.087 0.086 0.089 0.091 0.101 0.111 

28 0.059 0.027 0.032 0.321 0.307 0.398 0.299 0.267 0.294 0.174 0.180 0.173 0.128 0.135 0.152 

NaCl-3.3 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.009 0.006 0.013 0.029 0.032 0.046 0.038 0.035 0.037 0.026 0.031 0.025 0.026 0.030 0.038 

6 0.017 0.011 0.018 0.058 0.064 0.083 0.072 0.068 0.074 0.048 0.045 0.044 0.042 0.051 0.059 

14 0.025 0.017 0.024 0.212 0.187 0.254 0.215 0.208 0.245 0.139 0.139 0.147 0.080 0.102 0.118 

28 0.031 0.026 0.031 0.589 0.575 0.618 0.571 0.519 0.612 0.373 0.374 0.436 0.176 0.185 0.227 
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Calculation of normalized scaling amount for CDF tests in Chapter 5 

For a better comparison of the CDF series on the influence of the de-icing salt concentration on 
scaling intensity, three test series were compared in Chapter 5. For good comparability, the 
results of the series were normalized so that the maximum scaling amount of each series (mean 
value) was equal to 1. The calculation is shown below. 
 
Table B11 shows the accumulated scaling after 28 ftc of the series NaCl-1 to -3. 

Table B11: Accumulated scaling of series NaCl-1 to -3 

Accumulated scaling after 28 ftc (kg/m2) 

Test solution for 
capillary suction 

Designation 
NaCl concentration during ftc (wt.%): 

0 0,5 1,5 3 6 

analog ftc 

NaCl-1.1 0.021 0.473 0.400 0.269 0.180 

NaCl-1.2 0.030 0.364 0.582 0.211 0.150 

NaCl-1.3 0.038 0.511 0.328 0.259 0.169 

water 

NaCl-2.1 0.047 1.114 1.111 0.908 0.452 

NaCl-2.2 0.037 0.509 0.417 0.501 0.221 

NaCl-2.3 0.031 0.981 1.150 0.928 0.604 

6 wt.% NaCl 

NaCl-3.1 0.038 0.668 0.634 0.412 0.220 

NaCl-3.2 0.039 0.342 0.287 0.176 0.138 

NaCl-3.3 0.029 0.594 0.568 0.394 0.196 

 
Scaling sums were normalized so that the maximum value of each subseries corresponded to = 
1.000 (cf. Table B12). The maximum values are highlighted in gray. 
 

Table B12: Normalized accumulated scaling of series NaCl-1 to -3 

Normalized accumulated scaling after 28 ftc (-) 

Test solution for 
capillary suction 

Designation 
NaCl concentration during ftc (wt.%): 

0 0,5 1,5 3 6 

analog ftc 

NaCl-1.1 0.045 1.000 0.846 0.568 0.381 

NaCl-1.2 0.051 0.625 1.000 0.362 0.258 

NaCl-1.3 0.074 1.000 0.642 0.507 0.330 

water 

NaCl-2.1 0.042 1.000 0.997 0.815 0.406 

NaCl-2.2 0.073 1.000 0.819 0.983 0.435 

NaCl-2.3 0.027 0.853 1.000 0.807 0.526 

6 wt.% NaCl 

NaCl-3.1 0.057 1.000 0.949 0.617 0.329 

NaCl-3.2 0.115 1.000 0.838 0.514 0.404 

NaCl-3.3 0.049 1.000 0.956 0.664 0.329 

 
In the next step, the mean values of the individual, normalized series were calculated (see Table 
B13). The maximum values are also highlighted in gray here.   
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Table B13: Mean values of normalized accumulated scaling of series NaCl-1 to -3 

Mean values of normalized accumulated scaling after 28 ftc (-) 

Test solution for 
capillary suction 

Designation 
NaCl concentration during ftc (wt.%): 

0 0,5 1,5 3 6 

analog ftc NaCl-1 0.057 0.875 0.829 0.479 0.323 

water NaCl-2 0.048 0.951 0.939 0.869 0.455 

6 wt.% NaCl NaCl-3 0.074 1.000 0.914 0.598 0.354 

 
If in a series the maximum scaling values occurred at different NaCl concentrations (cf. Table 
B12), the mean value of the normalized maximum is < 1.000. For better comparability among 
the series, the values were normalized one more time so that the maximum value = 1.000. The 
results are shown in Table B14. 
 

Table B14: Mean values of accumulated scaling of series NaCl-1 to -3 after two 

normalization steps 

Mean values of accumulated scaling after 28 ftc (-) after two normalization steps 

Test solution for 
capillary suction 

Designation 
NaCl concentration during ftc (wt.%): 

0 0,5 1,5 3 6 

analog ftc NaCl-1 0.065 1.000 0.948 0.548 0.369 

water NaCl-2 0.050 1.000 0.987 0.913 0.479 

6 wt.% NaCl NaCl-3 0.074 1.000 0.914 0.598 0.354 
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Results of CDF tests from Chapter 8.4.1 – Series 1 

Liquid uptake 

Table B-15: Liquid uptake – Series 1 from Chapter 8.4.1 

Cement Days FTC 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

LSP content: - 20 wt.% 35 wt.% 

Z1 

-6 - 0.54 0.53 0.56 0.55 0.57 0.77 0.81 0.73 0.80 0.78 1.10 1.12 1.15 1.21 1.18 

-5 - 0.64 0.62 0.66 0.64 0.67 0.93 1.01 0.92 0.97 0.96 1.32 1.34 1.38 1.47 1.41 

-2 - 0.70 0.69 0.73 0.70 0.73 1.03 1.14 1.03 1.10 1.08 1.49 1.52 1.59 1.67 1.60 

-1 - 0.84 0.82 0.87 0.84 0.86 1.23 1.34 1.25 1.32 1.29 1.76 1.84 1.92 2.00 1.91 

0 0 0.87 0.85 0.89 0.86 0.89 1.26 1.39 1.29 1.36 1.33 1.86 1.90 1.99 2.06 1.99 

2 4 1.11 1.08 1.12 1.06 1.07 1.57 1.66 1.60 1.60 1.57 2.21 2.26 2.35 2.43 2.35 

3 6 1.20 1.17 1.21 1.13 1.13 1.67 1.76 1.71 1.68 1.67 2.33 2.37 2.46 2.55 2.46 

7 14 1.48 1.46 1.52 1.38 1.36 2.06 2.12 2.08 1.98 1.95 2.74 2.78 2.70 2.96 2.82 

14 28 1.73 1.74 1.78 1.72 1.65 2.36 2.38 2.38 2.29 2.25 2.94 2.98 2.90 3.16 3.00 

Z2 

-6 - 0.58 0.55 0.59 0.56 0.57 0.94 0.89 0.95 0.96 0.88 1.24 1.21 1.37 1.35 1.20 

-5 - 0.70 0.65 0.72 0.65 0.68 1.10 1.06 1.11 1.12 1.05 1.48 1.45 1.58 1.60 1.44 

-2 - 0.74 0.70 0.78 0.69 0.73 1.22 1.18 1.22 1.23 1.19 1.67 1.63 1.73 1.77 1.62 

-1 - 0.89 0.82 0.97 0.81 0.85 1.30 1.25 1.30 1.30 1.28 1.78 1.74 1.81 1.87 1.73 

0 0 0.91 0.85 0.98 0.83 0.88 1.51 1.48 1.52 1.52 1.51 2.08 2.05 2.05 2.09 2.04 

2 4 1.14 1.09 1.24 1.08 1.12 1.78 1.72 1.80 1.82 1.78 2.42 2.38 2.42 2.41 2.39 

3 6 1.25 1.18 1.33 1.16 1.20 1.90 1.83 1.94 1.94 1.91 2.55 2.51 2.55 2.52 2.51 

7 14 1.53 1.50 1.61 1.47 1.50 2.20 2.11 2.19 2.19 2.14 2.87 2.88 2.82 2.79 2.87 

14 28 1.73 1.69 1.79 1.67 1.69 2.30 2.25 2.31 2.28 2.24 3.01 3.01 2.91 2.96 3.02 

Z3 

-6 - 0.42 0.41 0.41 0.40 0.39 0.53 0.54 0.54 0.53 0.52 0.84 0.81 0.81 0.77 0.80 

-5 - 0.49 0.48 0.47 0.47 0.48 0.65 0.65 0.64 0.63 0.63 1.04 0.99 1.00 0.93 0.98 

-2 - 0.54 0.52 0.52 0.52 0.52 0.73 0.72 0.71 0.71 0.71 1.15 1.10 1.12 1.04 1.08 

-1 - 0.66 0.61 0.60 0.61 0.60 0.86 0.85 0.83 0.82 0.83 1.41 1.37 1.37 1.29 1.35 

0 0 0.69 0.62 0.62 0.64 0.62 0.89 0.88 0.85 0.85 0.86 1.47 1.43 1.42 1.33 1.41 

2 4 0.91 0.83 0.85 0.85 0.84 1.16 1.14 1.11 1.10 1.11 1.79 1.72 1.73 1.64 1.72 

3 6 0.99 0.92 0.93 0.94 0.92 1.25 1.24 1.20 1.20 1.20 1.92 1.82 1.85 1.76 1.84 

7 14 1.16 1.17 1.16 1.16 1.16 1.54 1.57 1.49 1.51 1.51 2.21 2.13 2.14 2.05 2.13 

14 28 1.39 1.38 1.34 1.39 1.30 1.73 1.80 1.68 1.72 1.74 2.43 2.32 2.30 2.22 2.29 

Z4 

-6 - 0.56 0.55 0.53 0.52 0.55 0.69 0.75 0.70 0.70 0.68 1.08 1.09 1.14 1.12 1.10 

-5 - 0.68 0.66 0.64 0.63 0.66 0.82 0.89 0.84 0.85 0.82 1.32 1.33 1.40 1.38 1.35 

-2 - 0.72 0.70 0.68 0.69 0.71 0.91 1.00 0.95 0.96 0.91 1.49 1.50 1.56 1.55 1.52 

-1 - 0.86 0.81 0.82 0.83 0.84 1.04 1.17 1.13 1.11 1.07 1.79 1.80 1.86 1.84 1.83 

0 0 0.87 0.84 0.84 0.87 0.88 1.08 1.21 1.17 1.13 1.10 1.85 1.86 1.92 1.90 1.89 

2 4 1.12 1.06 1.06 1.04 1.03 1.28 1.40 1.39 1.37 1.32 2.14 2.16 2.22 2.14 2.14 

3 6 1.19 1.14 1.13 1.08 1.08 1.36 1.47 1.46 1.44 1.41 2.25 2.25 2.30 2.22 2.22 

7 14 1.50 1.42 1.42 1.28 1.27 1.59 1.74 1.74 1.74 1.73 2.76 2.66 2.70 2.54 2.59 

14 28 1.74 1.72 1.70 1.57 1.52 1.98 2.13 2.06 2.07 2.11 2.97 2.95 2.96 2.87 2.98 
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Scaling 

Table B-16: Accumulated scaling – Series 1 from chapter 8.4.1 

Cement FTC 
Accumulated scaling (kg/m2) 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

LSP content: - 20 wt.% 35 wt.% 

Z1 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.065 0.053 0.081 0.077 0.091 0.135 0.211 0.103 0.082 0.104 0.278 0.252 0.359 0.271 0.300 

6 0.102 0.085 0.122 0.112 0.138 0.222 0.316 0.167 0.146 0.181 0.449 0.382 0.558 0.417 0.453 

14 0.182 0.155 0.217 0.200 0.214 0.413 0.515 0.268 0.276 0.326 0.770 0.680 0.702 0.738 0.769 

28 0.309 0.235 0.319 0.313 0.314 0.627 0.716 0.394 0.445 0.509 1.225 1.115 1.153 1.156 1.194 

Z2 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.072 0.060 0.071 0.065 0.080 0.298 0.210 0.247 0.187 0.212 0.438 0.454 0.266 0.288 0.408 

6 0.123 0.109 0.125 0.113 0.133 0.407 0.314 0.355 0.286 0.316 0.661 0.681 0.450 0.473 0.612 

14 0.292 0.291 0.311 0.286 0.297 0.689 0.561 0.662 0.555 0.558 1.154 1.261 0.896 0.950 1.124 

28 0.511 0.551 0.558 0.515 0.483 0.970 0.798 0.960 0.826 0.842 1.596 1.698 1.303 1.423 1.525 

Z3 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.055 0.059 0.048 0.036 0.045 0.071 0.084 0.088 0.075 0.090 0.111 0.222 0.131 0.135 0.177 

6 0.088 0.095 0.077 0.051 0.072 0.133 0.177 0.183 0.164 0.175 0.202 0.329 0.211 0.220 0.271 

14 0.198 0.230 0.183 0.138 0.171 0.294 0.409 0.475 0.406 0.440 0.450 0.629 0.466 0.487 0.573 

28 0.390 0.461 0.362 0.294 0.351 0.538 0.704 0.784 0.718 0.762 0.878 1.027 0.887 0.857 1.020 

Z4 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.097 0.113 0.119 0.128 0.134 0.102 0.153 0.123 0.098 0.077 0.245 0.262 0.305 0.233 0.292 

6 0.142 0.164 0.166 0.178 0.192 0.143 0.205 0.164 0.139 0.115 0.329 0.361 0.412 0.322 0.390 

14 0.247 0.271 0.270 0.272 0.310 0.258 0.321 0.286 0.248 0.227 0.558 0.632 0.707 0.556 0.638 

28 0.381 0.410 0.419 0.398 0.448 0.409 0.518 0.443 0.411 0.370 0.940 0.971 1.112 0.881 0.993 
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Results of CDF tests from Chapter 8.4.1 – Series 2 

Liquid uptake 

Table B-17: Liquid uptake – Series 2 from chapter 8.4.2 

Cement Days Ftc 
Corrected change in mass of the test specimen (wt.%) 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

w/c-ratio: 0.40 0.50 0.60 

C
E

M
 I

 4
2.

5 
R

 

-6 - 0.20 0.22 0.22 0.22 0.20 0.45 0.47 0.49 0.46 0.51 0.80 * 0.74 0.69 0.71 

-5 - 0.22 0.24 0.24 0.23 0.23 0.53 0.54 0.56 0.55 0.59 0.95 * 0.91 0.83 0.85 

-2 - 0.25 0.28 0.27 0.27 0.26 0.59 0.60 0.62 0.61 0.66 1.04 * 1.00 0.92 0.95 

-1 - 0.31 0.30 0.31 0.32 0.31 0.68 0.69 0.72 0.72 0.78 1.20 * 1.19 1.09 1.12 

0 0 0.31 0.32 0.32 0.33 0.32 0.69 0.71 0.75 0.73 0.80 1.23 * 1.23 1.13 1.17 

2 4 0.52 0.54 0.53 0.54 0.52 0.93 0.93 1.00 0.94 1.03 1.52 * 1.51 1.34 1.41 

3 6 0.56 0.60 0.58 0.59 0.57 1.03 1.02 1.12 1.06 1.17 1.65 * 1.66 1.45 1.52 

7 14 0.69 0.71 0.65 0.71 0.66 1.34 1.33 1.40 1.37 1.44 1.93 * 1.99 1.74 1.81 

14 28 0.78 0.84 0.77 0.82 0.78 1.48 1.48 1.56 1.55 1.64 2.10 * 2.16 2.04 2.05 

C
E

M
 I

II
/A

 4
2.

5 
N

 

-6 - 0.32 0.32 0.29 0.32 0.31 0.71 0.69 0.70 0.71 0.75 1.06 1.08 1.09 1.08 1.05 

-5 - 0.39 0.36 0.36 0.38 0.37 0.86 0.83 0.86 0.84 0.86 1.26 1.28 1.27 1.26 1.23 

-2 - 0.41 0.43 0.42 0.44 0.42 0.98 0.95 0.97 0.96 0.98      

-1 - 0.51 0.51 0.49 0.52 0.49 1.18 1.13 1.12 1.15 1.16 1.67 1.71 1.69 1.69 1.63 

0 0 0.52 0.54 0.52 0.53 0.50 1.20 1.15 1.17 1.19 1.20 1.75 1.78 1.76 1.75 1.70 

2 4 0.84 0.78 0.76 0.75 0.73 1.42 1.33 1.45 1.49 1.47 2.11 2.45 2.06 2.02 2.02 

3 6 0.93 0.89 0.86 0.85 0.81 1.54 1.46 1.61 1.62 1.62 2.22 2.55 2.18 2.15 2.13 

7 14 1.14 1.10 1.07 1.07 1.04 1.88 1.87 1.89 1.87 1.87 2.40 2.68 2.34 2.35 2.31 

14 28 1.28 1.29 1.21 1.24 1.24 2.11 2.07 2.05 2.06 2.03 2.54 2.88 2.53 2.53 2.47 

C
E

M
 I

I/
B

-L
L
 3

2.
5 

R
 

-6 - 0.25 0.24 0.24 0.24 0.24 0.64 0.63 0.61 0.66 0.64 1.31 1.35 1.33 1.31 1.29 

-5 - 0.27 0.28 0.26 0.26 0.28 0.77 0.78 0.71 0.83 0.79 1.54 1.58 1.56 1.53 1.49 

-2 - 0.29 0.30 0.28 0.29 0.30 0.90 0.91 0.83 0.94 0.90      

-1 - 0.34 0.34 0.33 0.35 0.35 1.09 1.10 1.03 1.14 1.05 2.08 2.11 2.08 2.04 1.99 

0 0 0.35 0.36 0.36 0.37 0.36 1.14 1.15 1.07 1.16 1.09 2.13 2.20 2.16 2.14 2.08 

2 4 0.53 0.54 0.55 0.55 0.55 1.43 1.47 1.35 1.48 1.40 2.53 2.58 2.58 2.53 2.46 

3 6 0.64 0.63 0.66 0.66 0.68 1.59 1.64 1.50 1.66 1.61 2.73 2.78 2.82 2.76 2.70 

7 14 0.80 0.79 0.81 0.80 0.81 2.01 1.99 1.96 2.04 1.98 3.19 3.30 3.24 3.20 3.19 

14 28 0.91 0.90 0.90 0.92 0.92 2.20 2.14 2.11 2.19 2.12 3.41 3.48 3.45 3.40 3.32 
  *Specimen discarded, as it was damaged due to a single, large gravel particle, which was not frost resistant.  
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Scaling 

Table B-18: Accumulated scaling – Series 2 from chapter 8.4.2 

Cement Ftc 
Cumulated scaling (kg/m2) 

1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

w/c-ratio 0.40 0.50 0.60 

C
E

M
 I

  
42

.5
 R

 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 * 0.000 0.000 0.000 

4 0.034 0.025 0.025 0.030 0.028 0.079 0.074 0.068 0.060 0.072 0.057 * 0.070 0.062 0.059 

6 0.064 0.049 0.044 0.047 0.049 0.137 0.140 0.122 0.106 0.141 0.093 * 0.110 0.094 0.098 

14 0.212 0.132 0.121 0.126 0.168 0.327 0.310 0.280 0.258 0.295 0.158 * 0.178 0.151 0.155 

28 0.505 0.348 0.360 0.336 0.445 0.574 0.543 0.523 0.456 0.504 0.222 * 0.252 0.219 0.216 

C
E

M
 I

II
/A

 
42

.5
 N

 

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.655 0.657 0.654 0.668 0.554 1.521 1.394 1.605 1.567 1.462 1.376 1.831 1.576 1.915 1.396 

6 0.892 0.892 0.910 0.888 0.880 1.924 1.854 2.057 2.026 1.854 2.128 2.514 2.405 2.662 2.139 

14 1.269 1.279 1.281 1.262 1.251 2.455 2.423 2.677 2.573 2.496 3.450 3.849 3.530 3.614 3.370 

28 1.608 1.594 1.617 1.613 1.586 3.094 2.989 3.162 3.100 3.007 4.123 4.392 4.183 4.106 3.814 

C
E

M
 I

I/
B

-
L
L
 3

2.
5 

R
 0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

4 0.037 0.032 0.026 0.028 0.030 0.100 0.067 0.061 0.061 0.084 0.201 0.246 0.203 0.256 0.264 

6 0.062 0.056 0.050 0.050 0.070 0.143 0.115 0.091 0.095 0.130 0.289 0.383 0.290 0.359 0.355 

14 0.114 0.104 0.110 0.103 0.113 0.254 0.235 0.163 0.174 0.220 0.499 0.660 0.541 0.607 0.655 

28 0.217 0.214 0.224 0.195 0.214 0.419 0.393 0.297 0.327 0.377 0.713 0.908 0.771 0.855 0.876 
*Specimen discarded, as it was damaged due to a single, large gravel particle, which was not frost resistant.  
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Annex C – LTDSC measurements “Cryogenic Suction“ 

LTDSC measurements “Cryogenic Suction“ from chapter 6 

The following figures show the results of the LTDSC measurements in the "Cryogenic Suction" 
experimental setup, which are not shown in detail in Chapter 6. 

 CEM III/A 42.5 N 

 
Figure C-1: LTDSC “Cryogenic Suction“; Composition CEM III/A with w/c=0.50 

 

 
Figure C-2: LTDSC “Cryogenic Suction“; Composition CEM III/A with w/c=0.60   
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CEM II/B LL 32,5 R 

 
Figure C-3: LTDSC “Cryogenic Suction“; Composition CEM II/B-LL with w/c=0.40 

 
Figure C-4: LTDSC “Cryogenic Suction“; Composition CEM II/B-LL with w/c=0.50 
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Figure C-5: LTDSC „Cryogenic Suction“; Composition CEM II/B-LL with w/c=0.60 
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LTDSC-Measurements “Cryogenic Suction“ from Chapter 8.3 

The following figures show the results of the LTDSC-measurements in the “Cryogenic Suction“ 
setup. The investigations were carried out on HCP samples, that were stored in different NaCl 
solutions before the measurements.  

 
Figure C-6: LTDSC “Cryogenic Suction“; Pre-storage in 0 wt.% NaCl 

 

 
Figure C-7: LTDSC “Cryogenic Suction“; Pre-storage in 0.5 wt.% NaCl 
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Figure C-8: LTDSC “Cryogenic Suction“; Pre-storage in 3.0 wt.% NaCl 

 

 
Figure C-9: LTDSC “Cryogenic Suction“; Pre-storage in 6.0 wt.% NaCl 
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Figure C-10: LTDSC “Cryogenic Suction“; Pre-storage in 9.0 wt.% NaCl 

 

 
Figure C-11: LTDSC “Cryogenic Suction“; Pre-storage in 12.0 wt.% NaCl 
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Figure C-12: LTDSC “Cryogenic Suction“; Pre-storage in 15.0 wt.% NaCl 

 

 
Figure C-13: LTDSC “Cryogenic Suction“; Pre-storage in 18.0 wt.% NaCl   
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LTDSC Measurements “Cryogenic suction“ from chapter 8.4 

The following table shows the results of the LTDSC measurement "cryogenic suction" (initial 
measurement only) of different hardened cement paste specimens. The sample was subjected to 
similar pre-storage conditions as the concrete surface layer before a CDF test. 
 

Table C1: Results of LTDSC measurement “Cryogenic suction” (initial measurement) 

Cement w/c [-] Ice volume [ml/g] 

CEM I 42.5 R 
0.40 0.025 
0.50 0.062 
0.60 0.097 

CEM III/A 42.5 N 
0.40 0.004 
0.50 0.074 
0.60 0.092 

CEM II/B-LL 32.5 R 
0.40 0.032 
0.50 0.105 
0.60 0.117 

 
 

LTDSC Measurements “Cryogenic suction“ from chapter 8.5 

The following figure shows the results of the LTDSC measurement "cryogenic suction" on a 
hardened cement paste specimen based on CEM III/A. The specimen was subjected to similar 
pre-storage conditions as the concrete surface layer before a CDF test. 
 

 
Figure C-14: LTDSC “Cryogenic Suction“; Specimen based on CEM III/A with w/c =0.50; 

Pre-storage in analogy to concrete   
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Annex D – Combined freezing point depression 
Chapter 8.1 presented investigations on the combined freezing point depression. This appendix 
contains a detailed description of the experimental procedure.  

Investigations on Vycor glass (chapter 8.1.1) 

The LTDSC measurements were performed according to the methodology described in chapter 
4.6.3 to avoid supercooling of the pore solution during freezing. The starting temperatures were 
0.2 to 3.0 °C below the freezing points of the macroscopic solutions (cf. Table D-1). Especially at 
high de-icing salt concentrations, the starting points had to be strongly lowered compared to the 
macroscopic freezing point in order to avoid supercooling. 

Table D-1: Test solutions and freezing points 

Test solution Macroscopic freezing 
point 

Start temperature of 
LTDSC-measurement 

- °C °C 

H2O de-ionized  0.0 -1.0 
 0.5 wt.% NaCl -0.3 -1.0 
 3.0 wt.% NaCl -1.8 -2.0 
 6.0 wt.% NaCl -3.7 -4.0 
 9.0 wt.% NaCl -5.8 -6.0 
12.0 wt.% NaCl -8.3 -9.0 
15.0 wt.% NaCl -11.0 -12.0 
18.0 wt.% NaCl -14.3 -17.0 
22.4 wt.% NaCl -20.0 -23.0 

 

The cooling and heating rates were 2.0 K/min. According to the manufacturer, the Vycor glass 
has an average pore diameter of 22.3 nm. This corresponds to a mean pore radius of 11.15 nm. 
Each sample was tested in two freeze-thaw cycles. The freezing and melting point depression was 
determined as the average of the two cycles.  

Figure D-1 shows the thermograms for cooling and heating the sample saturated with de-
ionized water. The start and end ranges of the measurement curves have been removed from the 
plot, as stable measurement conditions were not yet achieved here. 

  
Figure D-1: Cooling and heating curves of water-saturated Vycor glass; Cycle 1 of 2 
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In the cooling curve, freezing of the water in the pores starts at -5.6 °C. There are two clearly 
defined peaks, which also appear in the heating curve.  

A sudden freezing at the onset of the freezing process could be prevented with the applied 
measurement procedure. During the subsequent freezing process, however, significant supercooling 
effects occurred in some cases (cf. Figure D-2). A meaningful interpretation of the cooling curves 
is therefore not possible. Hence, for each sample the position of the first freezing peak or the 
melting peak was obtained from the thermograms. 
 

 
Figure D2: Cooling curves of Vycor glass saturated with different NaCl-solutions; 

curve for 6 wt.% NaCl cropped at -15 °C 

 
The software "NETZSCH Proteus - Thermal Analysis" was used to determine the position of the 
peaks. For the freezing peaks, this was done using the temperature for the peak onset. For the 
melting peaks, the peak offset was used instead, since it was not possible to determine the onset 
due to the gradual slope of the curve. The following figure shows an example of the determination 
of freezing and melting points. 
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Figure D-3: Exemplary determination of the position of freezing and thawing peak on the 

thermogram for freezing and thawing of water saturated Vycor glass, 1st measuring cycle 

In the Vycor glass, a depression of the freezing points results from the effects of surface forces and 
NaCl concentration. By shifting the H2O-NaCl liquidus line by the magnitude of the freezing point 
depression due to surface forces, the expected freezing point can be estimated, insofar as both 
effects can be superimposed. The measured freezing point of the water-saturated Vycor glass is 
used as the magnitude for the shift in the liquidus line. Table D-2 compares the measured freezing 
points with the estimated freezing points. Figure D-4 gives a graphical representation of the 
results. 

Table D-2: Freezing behavior in Vycor glass 

Test solutions Freezing points in Vycor glass 
Measured 

freezing point 
Estimated 

freezing point 
Difference  

- °C °C K 

H2O de-ionized -5.6 -5.6 (0) 
 0.5 wt.% NaCl -5.9 -5.9 0.0 
 3.0 wt.% NaCl -7.7 -7.4 -0.3 
 6.0 wt.% NaCl -9.9 -9.3 -0.6 
 9.0 wt.% NaCl -11.6 -11.4 -0.2 
12.0 wt.% NaCl -14.6 -13.9 -0.7 
15.0 wt.% NaCl -17.6 -16.6 -1.0 
18.0 wt.% NaCl -20.8 -19.9 -0.9 
22.4 wt.% NaCl -26.9 -25.6 -1.3 

Average deviation (absolute) 0.6 
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Figure D-4: Comparison of measured and estimated freezing points in Vycor glass  

 
In the following, an analogous procedure is also applied to the heating curves. 

 
Figure D-5: Heating curves for Vycor glass saturated with different NaCl solutions 
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this is influenced not only by the pore size but also by the inertia of the measurement. The more 
intense the heat of fusion, the more the offset is shifted to higher temperatures. The melting 
points, NaCl liquidus line, and shifted liquidus line are plotted against NaCl concentration in the 
following diagram. Table D-3 lists the corresponding values. 
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Figure D-6: Comparison of measured and estimated melting points in Vycor glass 

 

Table D-3: Melting behavior in Vycor glass 

Test solution Freezing points in Vycor glass 
Measured 

freezing point 
Estimated 

freezing point 
Difference  

- °C °C K 

H2O de-ionised -1.1 -1.1 (0) 
 0.5 wt.% NaCl -1.3 -1.4  0.1 
 3.0 wt.% NaCl -2.7 -2.9  0.2 
 6.0 wt.% NaCl -4.9 -4.8 -0.1 
 9.0 wt.% NaCl -6.6 -6.9  0.3 
12.0 wt.% NaCl -8.9 -9.4  0.5 
15.0 wt.% NaCl -12.3 -12.1 -0.2 
18.0 wt.% NaCl -15.3 -15.3  0.0 
22.4 wt.% NaCl -22.6 -21.1 -1.5 

Average deviation (absolute) 0.3 
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Investigations on hardened cement paste (Chapter 8.1.2) 

The LTDSC measurements were performed analogous to Section 8.1.1, but with slightly different 
starting temperatures. Table D-4 shows the starting temperatures assigned to the test solutions 
for the investigations. Figure D-7 gives an overview of the thermograms during freezing. 

Table D-4: Test solutions and freezing points 

Test solution Macroscopic freezing point Starting temperature of LTDSC 
- °C °C 

H2O de-ionized  0.0 -0.3 
 0.5 wt.% NaCl -0.3 -0.3 
 3.0 wt.% NaCl -1.8 -2.0 
 6.0 wt.% NaCl -3.7 -3.7 
 9.0 wt.% NaCl -5.8 -5.8 
12.0 wt.% NaCl -8.3 -8.3 
15.0 wt.% NaCl -11.0 -11.1 
18.0 wt.% NaCl -14.3 -14.4 
22.4 wt.% NaCl -20.0 -20.0 

 

  
Figure D-7: Cooling curves of hardened cement paste, saturated with different NaCl 

solutions 
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the beginning of the freezing curve indicates freezing in interconnected capillaries. This occurs at 
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Figure D-8 shows the determination of the relevant freezing points from the freezing curves. The 
freezing point in the gel pore region is determined from the peak onset. This is not possible for 
the peak of the interconnected capillaries, since this region is immediately adjacent to the starting 
point of the measurement. Here, it is not possible to clearly distinguish which parts of the DSC 
signal originate from the freezing and which from the initial onset of the measurement. The 
maximum before the (negative) freezing peak of the cross-linked capillaries is determined here as 
the onset for the first freezing peak.  

 

  
Figure D-8: Exemplary determination of the position of the freezing peaks for hardened 

cement paste saturated with 3 wt.% NaCl solution 

 
The measured freezing point in the capillary pore and gel pore regions of the water-saturated 
hardened cement paste is used as the magnitude for the shift of the liquidus line. 

Table D-5: Differences between measured and estimated freezing points 

Test solution Capillaries Gel pores 
Measured 

freezing point 
Estimated 

freezing point 

 Measured 
freezing point 

Estimated 
freezing point 

 

- °C °C K °C  K 

H2O de-ionized -1.8 -1.8 0.0 -38.3 -38.3 0.0 
 0.5 wt.% NaCl -2.1 -2.1 0.0 -38.2 -38.6 0.4 
 3.0 wt.% NaCl -3.0 -3.6 0.6 -42.0 -40.1 -1.9 
 6.0 wt.% NaCl -5.6 -5.5 -0.1 -49.0 -42.0 -7.0 
 9.0 wt.% NaCl -7.6 -7.6 0.0 -  - 
12.0 wt.% NaCl -10.2 -10.1 -0.1 -  - 
15.0 wt.% NaCl -13.0 -12.8 -0.2 -  - 
18.0 wt.% NaCl -16.5 -16.0 -0.5 -  - 
22.4 wt.% NaCl -23.7 -21.8 -1.9 -  - 

Average deviation (absolute) 0.4   2.3 
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Figure D-9 shows the shifted liquidus lines and the measured freezing points. 
 

 
Figure D-9: Shifted liquidus lines and  

measured freezing points in the hardened cement paste 

Figure D-10 shows the thermograms for heating. 
 

 
Figure D-10: Thermograms - heating at 2 K/min after pre-saturation in different NaCl 

solutions 
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In the melting curves, a pronounced peak is usually observed, in which the peak maximum is 
approximately in the order of magnitude of the macroscopic melting point. A special feature is 
the formation of a double peak at the NaCl concentration of 18 wt.%, which is also indicated for 
the sample with 15 wt.% NaCl. The formation of the double peak is due to the fact that at high 
de-icing salt concentrations just below the eutectic concentration, large portions of the solution 
melt in the eutectic temperature range. The peak offsets were also determined here as reference 
points for the melting point temperature. Table D-6 gives an overview of the dew points. 

Table D-6: Differences between measured and estimated melting points 

Test solution Measured 
melting point 

Estimated 
melting point 

Difference 

- °C °C K 

H2O de-ionized  1.5  1.5  0.0 
 0.5 wt.% NaCl  1.1  1.2 -0.1 
 3.0 wt.% NaCl -0.4 -0.3 -0.1 
 6.0 wt.% NaCl -2.2 -2.2  0.0 
 9.0 wt.% NaCl -4.4 -4.3 -0.1 
12.0 wt.% NaCl -7.3 -6.8 -0.5 
15.0 wt.% NaCl -9.9 -9.5 -0.4 
18.0 wt.% NaCl -13.2 -12.7 -0.5 
22.4 wt.% NaCl -18.6 -18.5 -0.1 

Average deviation (absolute): 0.2 

 
Figure D-11 shows the shifted liquidus line and the measured melting points. 
 

  
Figure D-11: Shifted liquidus line and  

measured melting points in the hardened cement paste 
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