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Abstract 

This dissertation deals with the effect of a new concrete additive, called salt-insensitive super-

absorbent polymer, on the physical properties of normal and high strength concrete. Super-

absorbent polymers, short SAP, are special polymers that are able to absorb many times more 

water than their own weight within short time. They can even store water when exposed to gentle 

mechanical stress. When added dryly to the concrete mix, they absorb a specific part of the 

mixing water. In doing so, they swell and form finely distributed internal water reservoirs with 

diameters of about 50 to 1000 µm. During cement hydration, the stored water is released back 

and air-filled macropores remain in the hardened matrix. The supply of water due to internal 

reservoirs is called internal curing. Recently, internal curing by SAP is investigated in the field of 

high-strength concretes at low water-to-cement (w/c) ratio. The intention is to mitigate self-

desiccation and self-desiccation shrinkage, respectively, in order to prevent early-age cracking of 

restraint concrete structures. 

The superabsorbent polymers examined in this thesis were tested with respect to their aibility 

for internal curing in Portland cement pastes and silica fume modified high performance mortars. 

Autogenous shrinkage tests, continuous monitoring of the dynamic elastic material parameters 

and measurements on the change in internal relative humidity were performed. The results show 

that not only the amount of entrained water but also the three dimensional distribution of the 

water reservoirs significantly influences the efficiency of internal curing. Due to measurements 

with nuclear magnetic resonance relaxometry, the emptying of the initially water-filled SAP pores 

in hardening cement paste was observed. Thermogravimetry measurements revealed that curing 

water provided by SAP does not influence hydration much different compared to the same 

amount of ordinarily added water. A similar trend was found for the influence of internal curing 

water on the development of compressive strength. Only in case of mixtures produced at low 

w/c ratio it could be shown that internal curing leads to a slight increase of compressive strength 

when compared to mixtures without internal curing but same total water content. 

One of the main topics of this work is the redistribution of capillary water into larger SAP 

pores. This approach has the target to significantly enhance the concrete’s durability by a specific 

change of the pore structure. For instance, it is shown that the gas and water permeability and the 

capillary water absorption of concrete can be reduced due to addition of SAP. This effect is more 

pronounced when the particle size distribution of the used SAP is increased. Further, it is 

demonstrated that the air pores, which remain after the polymers have dried out, can be used to 

improve the freeze-thaw resistance of concrete. The presented results substantiate the assump-

tion that a certain SAP pore volume with d50 > 150 µm can improve the frost-resistance of 

concrete (according to the CDF-test method) similar to the same volume of air pores generated 

by traditional air-entraining agents, although the SAP pores are initially water-filled. So far, the 

void spacing factor has been used as reliable parameter for the characterization of the pore 

system. However, it was found that the correlation between total pore volume and concrete 

scaling is much better than the correlation between void spacing of SAP pores and scaling. A big 

advantage of air-entrainment by SAP is the ability to control the characteristics of the pore 

volume by the dosage and the size of the dry SAP particles. 

A so far completely unknown effect was observed in case of tensile creep measurements on 

SAP-modified concrete. It was found that addition of SAP reduces tensile creep down to a level 



 

of a reference concrete without SAP addition, which has a water content comparable to the water 

content of the SAP-modified concrete while neglecting the water stored in SAP. Further, it was 

found that tensile creep of concrete is less sensitive to changes in ambient relative humidity 

compared with shrinkage of concrete. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Kurzfassung (German abstract) 

Die vorliegende Dissertation beschäftigt sich mit dem Einfluss von salzstabilen Super-

absorbierenden Polymeren als neuem Betonzusatz auf die physikalischen Eigenschaften von 

normal- und hochfestem Beton. Superabsorbierende Polymere, kurz SAP, sind Spezialkunststoffe, 

die in der Lage sind innerhalb weniger Minuten ein Vielfaches ihres Eigengewichts an Wasser 

oder wässriger Lösung aufzunehmen und unter Druck zu speichern. Dem Beton trocken zu-

gemischt, entziehen sie einen vordefinierten Teil des Anmachwassers und quellen dabei zu fein-

verteilten, inneren Wasserreservoirs mit Durchmessern von zirka 50 bis 1000 µm auf. Während 

der Hydratation des Zements geben sie das Wasser wieder ab und verbleiben als luftgefüllte 

Poren im Zementstein zurück. Dieser Vorgang, auch innere Nachbehandlung genannt, wird seit 

kurzem im Bereich hochfester Betone erforscht, um der inneren Austrocknung dieser Betone 

und dem damit einhergehenden autogenen Schwinden, welches zur frühen Rissbildung im Bauteil 

führen kann, entgegenzuwirken. 

Die in dieser Arbeit verwendeten Superabsorber wurden ebenfalls hinsichtlich ihrer Eignung 

zur inneren Nachbehandlung in Portlandzementleimen und in mit Silikastaub modifizierten 

Hochleistungsmörteln untersucht. Es wurden Messungen zum autogenen Schwinden, zur Ent-

wicklung der dynamischen elastischen Materialparameter und zum Verlauf der inneren Feuchte 

vorgenommen. Dabei konnte gezeigt werden, dass nicht nur die Menge an eingebrachtem Wasser, 

sondern auch die räumliche Verteilung der Wasserquellen einen maßgebenden Einfluss auf die 

Effektivität der inneren Nachbehandlung ausübt. Anhand hochauflösender Kernspinresonanz-

Messungen an Zementleimproben wurde die Entleerung der anfangs wassergefüllten SAP-Poren 

über den Hydratationsverlauf beobachtet. Mittels Thermogravimetrie wurde nachgewiesen, dass 

sich das von den SAP zur Verfügung gestellte Wasser hinsichtlich des Hydratationsverlaufs nur 

marginal von einer vergleichbaren Menge an frei zugegebenem Wasser unterscheidet. Ähnlich 

verhält es sich mit dem Einfluss der SAP-Poren auf die Druckfestigkeit. Hier konnte lediglich bei 

Mischungen mit niedrigen Wasser-Zement-Werten gezeigt werden, dass durch die inneren 

Wasserquellen die Druckfestigkeit im Vergleich zur gleichen Menge an gewöhnlich zugegebenem 

Wasser leicht gesteigert werden kann.  

Ein wesentlicher Bestandteil dieser Arbeit stellt die Herausarbeitung der Auswirkungen einer 

Umverteilung von Kapillarwasser in größere SAP-Poren dar. Ziel dieses Ansatzes ist es, durch 

gezielte Änderungen der Porenstruktur die Dauerhaftigkeitseigenschaften des Betons erheblich 

zu verbessern. So konnte beispielsweise gezeigt werden, dass durch den Einsatz von SAP die 

Gas- und Wasserpermeabilität sowie die kapillare Wasseraufnahme des Betons reduziert werden 

können. Dieser positive Effekt nimmt mit steigender Partikelgröße der verwendeten SAP zu. Des 

Weiteren wurde die Eignung der nach Austrocknung im Zementstein verbleibenden SAP-Poren 

zur Steigerung der Frost-Tausalzbeständigkeit des Betons untersucht. Die dargelegten Ergebnisse 

bekräftigen die Annahme, dass ein bestimmtes Volumen an SAP-Poren bei ausreichender Größe 

der einzelnen Poren von d50 > 150 µm, trotz ihrer anfänglichen Wassersättigung, den Frost-

Tausalzwiderstand (CDF-Verfahren) in ähnlicher Weise steigern kann, wie ein vergleichbares 

Volumen an herkömmlich eingebrachten Luftporen. Dabei zeigte sich eine bessere Korrelation 

zwischen Gesamtporenvolumen und Abwitterungsmenge als eine entsprechende Korrelation mit 

dem Porenabstandsfaktor, der bisher als geeigneter Parameter für die Beschreibung des Frost-



 

Tausalzwiderstandes galt. Ein wesentlicher Vorteil der Verwendung von SAP besteht in der 

Zuverlässigkeit, mit der ein entsprechendes stabiles Porensystem im Beton angelegt werden kann.  

Ein bisher völlig unbekannter Effekt trat bei der Untersuchung des Einflusses der SAP auf 

das Zugkriechverhalten von Beton in Erscheinung. Hier wurde festgestellt, dass sich durch 

Zugabe von SAP das Zugkriechen auf ein Maß reduzieren lässt, das dem eines Referenzbetons 

ohne SAP entspricht, dessen Zugabewasser um die in SAP gespeicherte Wassermenge reduziert 

wurde. Des Weiteren wurde festgestellt, dass das Zugkriechen von Beton deutlich weniger 

empfindlich auf Änderungen der Umgebungsfeuchte reagiert als das Schwinden von Beton. 
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Scope 1 

1 Introduction 

1.1 Scope 

In the present chapter the motive and objective of the dissertation will be addressed. It describes 

briefly the general idea of using superabsorbent polymers (SAP) in concrete construction and 

provides a short introduction to the main objects and goals of this research. Finally, the organiza-

tion of the dissertation is explained. 

1.2 Motive 

Great advances in concrete technology have appeared in the last decades due to the development 

of new chemical additives which, although added in only small quantities, can lead to significant 

improvements concerning properties of concrete in its fresh and/or hardened state. One example 

is the use of superplasticizers on the basis of polycarboxylate ethers. Their application allowed 

the design of new types of concrete, such as self-compacting and ultra-high-strength concrete. 

Recently, efforts are made in the field of salt-insensitive superabsorbent polymers (SAP) used 

as concrete additive for gaining water control in concrete. SAP is a special material that is able to 

absorb many times more water than its own weight, within short time. Added in dry condition to 

the mixture, water absorption changes the rheology of fresh concrete, reduces the tendency of 

bleeding and segregation, and may be advantageous in case of shotcreting. However, the most 

appropriate application of SAP in concrete so far is the purpose of internal curing (IC). IC means 

the provision of extra water by internal water reservoirs, which is freely available for hydration. 

Especially high performance concrete with low water-to-cement (w/c) ratio suffers from self-

desiccation when the free water is consumed by hydration and the dense pore structure inhibits 

the transport of external curing water from the surface to the interior. This self-desiccation is 

accompanied by so-called autogenous shrinkage, which primarily occurs at early age and causes 

high cracking susceptibility if the concrete structure is restraint. IC water released by SAP may 

prevent self-desiccation and, therefore, autogenous shrinkage cracking. Compared to saturated 

lightweight aggregates and other materials used for incorporation of curing water, water entrain-

ment by SAP is considered to be the most straightforward IC method at the moment. 

One of the major challenges in modern concrete technology is still to fit concrete structures 

with sufficient durability against all kinds of actions and threats possible for the expected service 

life. However, nearly all concrete deterioration mechanisms only become operative, if water, dis-

solved harmful substances or gases can enter the concrete interior. Since the transport processes 

that trigger concrete deterioration are facilitated by the presence of interconnected capillary pores, 

another intention of adding SAP to concrete is redistribution of capillary water to artificial water-

filled macropore inclusions. The characteristics of the imposed SAP pore system in the hardened 

concrete, such as size, shape and number of pores, depends on the properties of the dry SAP 

material, e.g. its water absorption capacity, which are defined by polymer chemistry, production 

method and processing. The aim is to manipulate the pore structure of the concrete in a way that 

its durability is improved. The use of durable concrete helps the environment by conserving natu-

ral resources and reducing wastes and environmental impacts from repair and replacement. An 
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example that illustrates the practicability of durability enhancement by SAP is the still persistent 

problem of concrete deterioration caused by freezing and thawing in combination with de-icing 

agents. At the latest when SAP pores are drained due to hydration or by evaporation, air-filled 

macropores remain. These pores act similarly as air pores generated by traditional air-entraining 

agent (AEA), and achieve high freeze-thaw resistance. In doing so, the addition of SAP is ex-

pected to show an immense profit compared with the use of traditional AEA: While the method 

of AEA is sensitive to environmental impacts, the SAP pore system is stable enough to sustain 

transport, compaction and changes in temperature. 

Research on the application possibilities for SAP as concrete additive has increasingly becom-

ing popular in the last years. Comprehensive information on the application of SAP in concrete 

construction is provided by the recently available state of the art report of the RILEM Technical 

Committee 225-SAP [Rilem 2012]. However, most research published up to now deals with the 

use of SAP for the purpose of internal curing. The study of the effects of SAP addition on the 

physical properties of concrete is a new task, being extensively investigated in this dissertation. 

1.3 Objective and organization 

The dissertation provides first comprehensive data on the application of SAP as concrete ad-

ditive for the enhancement of durability of concrete and mortar produced with w/c ratios in the 

range 0.30 to 0.50. Fundamentals that are essential for the understanding of the research topics 

dealt within this work are provided by CHAPTER 2. The idea behind addition of SAP for the two 

main purposes, i.e. provision of extra water for internal curing of concrete and redistribution of 

capillary water in order to manipulate the concrete’s pore structure, is described in CHAPTER 3. 

In addition, further application possibilities for SAP in concrete construction are discussed briefly.  

Chapters 4 to 10 report on individual experimental series that can be regarded separately. 

Basically, various types of SAP were investigated to account on the sensitivity of the test results 

to the specifications of the SAP material in use. To ease the comparability among the test results 

obtained from various SAP, only one type of cement was used, viz CEM I 42.5 R. In order to 

highlight the effects of SAP addition on the concrete properties, by contrast with ordinarily 

added water, each mixture containing SAP is compared to two control mixes without SAP 

addition: The first control mix has the same total amount of added water whereas the second 

control mix has less water content, i.e. equal to the water content of the SAP-modified mixture 

while neglecting water initially absorbed by SAP. The amount of initially absorbed water varied 

between 0.04 and 0.14 on a w/c ratio basis, corresponding to SAP contents of 0.25 to 0.58% by 

mass of cement. 

This concept of water entrainment implies the use of the best possible estimate of the water 

absorption capacity as a basis. Thus, CHAPTER 4 was intended to characterize the dry polymer 

material, for example by laser granulometry, as well as its water absorption capacity in cementi-

tious environment. The latter was studied by comparative mortar spread tests and computer-

based imaging analysis of microsections.  

Water release of SAP during sealed hydration is the subject matter of CHAPTER 5. Drainage 

of SAP was indirectly observed on cement pastes due to measurements with nuclear magnetic 

resonance (NMR) relaxometry. Further, the effect of IC water on the development of hydration 

was investigated and compared with ordinarily added water. In doing so, the non-evaporable 

water content was determined as a function of age of cement paste by thermogravimetric analysis.  
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Naturally, this work cannot afford to miss investigating the aibility of the used SAP material 

as admixture for internal curing. In fact, mitigation of autogenous shrinkage can indisputably 

enhance the durability of concrete due to prevention of possible cracking. Thus, CHAPTER 6 is 

aimed on the effects of the used SAP types on autogenous phenomena of cement paste, such as 

change in internal relative humidity and free autogenous deformation. Unfortunately, stresses that 

would occur if autogenous shrinkage was restraint could not be measured, nor the susceptibility 

to cracking could be observed. However, the performance in the free autogenous deformation 

test provides a suitable benchmark for the ability of SAP material as admixture for internal curing. 

The determination of the dynamic elastic material parameters due to non-destructive ultrasound 

transmission testing was another part of the series. The results were compared with statically 

determined values. Furthermore, the self-desiccation shrinkage of reference pastes was calculated 

in analogy with a refined modelling approach that was originally introduced by Lura [Lura 2003]. 

In CHAPTER 7 free autogenous shrinkage of a fine-grained high-performance mortar is 

investigated and the results are compared to findings of cement paste measurements. To clarify 

the reasons of ineffective curing that was found to occur despite sufficiently high amounts of 

entrained curing water, the travel distance of water in the hydrating matrix is estimated, as well as 

the spacing of SAP inclusions. The latter estimate bases on results obtained from imaging analysis.  

The effect of SAP addition on creep of concrete under constant tension loading is the main 

topic of CHAPTER 8. Creep is relevant for durability of concrete since it causes loss of pre-stress 

in case of pre-stressed concrete structures, and, increase of deformation and deflections. The last 

two may especially impair the serviceability of concrete structural elements subjected to bending. 

But, high creep capability can also have positive effects. In case of restraint shrinkage at early age, 

i.e. when the young material is particularly weak, creep reduces detrimental stress. However, in 

case of SAP-modified concrete, which is expected to prevent autogenous shrinkage at early age, 

creep behaviour at higher age is of interest. The specimens were loaded 28 days after casting by 

60% of the mean tensile strength. The measurements ended 5 months later. 

The effects of redistribution of capillary water on the transport properties of concrete is 

reviewed and evaluated in CHAPTER 9. Knowledge of the transport properties is of paramount 

interest to assess the resistance of concrete against various attacks. The experimental series com-

prises the determination of the water absorption coefficient, oxygen and water permeability 

measurements and tests on chloride migration and carbonation. The question is whether 

redistribution of capillary water can increase the durability of concrete, even though the total 

porosity remains the same. Most of the concretes designed for this investigation possessed high 

w/c ratio of 0.42 or 0.50. This means that the results can be safely transferred to systems with 

low w/c ratios where internal curing may additionally enhance the durability due to further densi-

fication of the matrix. Last but not least, the effect of water entrainment on the 28 days compres-

sive strength in dependence on the storage condition is emphasized and the pore structure is 

characterized by mercury intrusion porosimetry.  

CHAPTER 10 considers the question whether a given volume of initially water-saturated SAP 

pores increases the frost resistance of concrete as efficient as the same volume of pores entrap-

ped by traditional air-entraining agent. Further, the method of air entrainment due to SAP is used 

to study the influence of pore size and spacing on the frost resistance. In doing so, the particle 

size of SAP is varied while the total pore volume is kept constant.  

The main achievements and open questions resulting from this research are summarized in 

CHAPTER 11. For reasons of completeness, several appendices are attached to this work. They are 

listed chronologically in the last section, designated APPENDIX. 
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2 Fundamentals 

2.1 Introduction 

The intention of this chapter is to provide a theoretical background for the comprehension of the 

main topics dealt within this dissertation. Only the fundamentals that are essential for the under-

standing are discussed briefly in the following: 

 hydration and microstructure formation of Portland cement 

 mechanisms causing volume change 

 autogenous phenomena and internal curing 

 deformation of concrete under constant load 

 durability of concrete 

 transport processes in concrete 

 freeze-thaw damage of concrete with de-icing salts 

 superabsorbent polymers. 

2.2 Cement hydration and formation of microstructure 

2.2.1 Portland cement hydration 

Cement is a hydraulic binder which hardens independently when mixed with water. All reactions 

of the cement constituents with water are summarized under the term “hydration”. Once reacted, 

either in air or even under water, it remains solid but changes its material properties over time. 

These changes are dependent on the environmental conditions, e.g. availability of free water. 

Ordinary Portland cement (OPC) that was used for all experiments of this thesis has 

generally a fraction of 95 to 100% by mass of Portland cement clinker. It is produced by sintering 

of the principal constituents calcium oxide CaO, silicon dioxide SiO2, aluminium oxide Al2O3 and 

hematite Fe2O3. Minor constituents are free lime CaO and periclas MgO. The fraction of each 

clinker can be calculated on the basis of equations developed by Bogue [Bogue 1955]. During 

hydration, the cement clinker reacts with water molecules forming various complex hydrates. The 

speed of reaction as well as the heat quantity released during hydration depends on the clinker 

phase composition. According to [Locher et al. 1976] and [Jennings et al. 1981] the hydration of 

Portland cement can be divided into three stages, see Figure 2.1: 

1) Early period: Immediately after getting in contact with water, the cement grains start to 

react. This reaction period lasts only a few minutes and is called pre-induction phase. The 

main reaction component is calcium aluminate C3A and gypsum CaSO4·2H2O. As a 

result, ettringite is formed and Ca2+ ions start to evolve. The concentration of Ca2+ ions 

can reach up to 30 mmol/l within a few minutes [Rajabipour et al. 2008]. In particular 

with regard to the swelling of SAP in fresh cement paste, Ca2+ ions are important as they 

act as additional crosslinkers reducing the absorption capacity of SAP in pore solution, cf. 

chapter 2.9. The pre-induction phase is followed by a period of reduced reaction velocity, 

called dormant stage. It can be explained by the formation of a layer of reaction products 

that covers the surface of the cement grain. When the pressure inside, applied by further 

evolving hydration products, is sufficient enough, the layer breaks. Ludwig and Pence 



Cement hydration and formation of microstructure 5 

[Ludwig & Pence 1956] supposed that the protecting layer repeatedly cracks and heals 

again until the sulphate is consumed and the dormant stage ends. 

2) Middle period: The tricalcium silicate, C3S, and the dicalcium silicate, C2S, react with 

water forming amorphous calcium silicate hydrate, CSH, and crystalline calcium hydro-

xide, CH. In this period, long CSH needles are formed that fill the space between the 

cement grains and lead to the first strength development. It marks the end of workability 

(setting) as the viscosity is changed irreversible. From the reaction of the aluminates, C3A 

and C4AF, and the sulphates further ettringite emerges that is later converted into mono-

sulphate. Since all clinker minerals do react, the heat production is rapidly increasing. 

3) Late period: In the late period, also called hardening, the hydration products form a dense 

structure inside the original boundaries of the cement grains. The reaction rate and the 

heat release decrease as hydration is controlled by diffusion of water molecules and ions 

through the layer of hydration products becoming more and more dense. While the 

concentration of Ca2+ ions decreases progressively within the first 3 days, the amount of 

OH- increases, resulting in an alkaline environment of approximately pH > 12.5. 

Porosity
CSH

short fibres

Ca(OH)2

C4(A,F)H13

CSH

long fibres

Monosulphate

Ettringite

R
e

la
ti

v
e

 a
b

u
n

d
a

n
c

e

                minutes                              hours                                         days

"dormant period" "setting"

middle period

"hardening"

early period late period

 

Figure 2.1: Stages of hydration [Locher et al. 1976]. 

 

2.2.2 Degree of hydration 

The degree of hydration α [-] is defined as the quotient of c reacted (t) [kg/m³], the cement reacted 

until time t, to c [kg/m³], the total amount of cement initially present in the mixture: 

 
 reactedc t

t
c

    0 1t   (2.1) 
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Besides the definition above, which is referred to in the present thesis, there are different 

other definitions published in literature. All have in common the observation of a characteristic 

“X” that is developing closely related to hydration, e.g. heat development in an adiabatic system 

H [J/(s m³)], amount of chemically bound water wcb [g/g], compressive strength fc [MPa] or 

specific internal surface SS [cm²/g]. In all these cases the degree of hydration is defined as the 

quotient of X(t), the specific characteristic at time t to Xmax, its maximum possible stage of 

development at full hydration. The maximum achievable degree of hydration αmax depends on the 

amount of water available during hydration and the pore space that can be occupied by the 

reaction products. The stochiometric amount of water that is needed to obtain full hydration in a 

closed system corresponds to w/c ratio of 0.42 [Powers & Brownyard 1948]. Closed (also called 

sealed) means no exchange of water between the cement paste and the surrounding during 

hydration. In an open system, where water can penetrate into the hardening cement paste, the 

w/c ratio to obtain full hydration is reduced to 0.36 as explained below. 

2.2.3 Powers’ model 

One of the most important empirical models describing the volumetric phase distribution of a 

hardening cement paste is the so-called Powers-Brownyard model1. It bases on a widely discussed 

theory developed from Powers and Brownyard [Powers & Brownyard 1948]. The fundamentals 

are detailed studies on water vapour sorption isotherms and chemically bound water of cement 

paste during hardening. According to the model, the hardened cement paste is divided into 

unhydrated cement, hydration products and pores. There is no further distinction between the 

various hydration products as they are all referred to as cement gel, consisting of gel solid and gel 

water. Powers found the volume of the hydrates to be about 2 times the volume of the original 

cement. Further he described the cement gel as a porous substance interspersed with micropores 

as the hydration products occupy less space than the volumes of water and cement unreacted. 

This reduction in volume is called chemical shrinkage and was found to yield approximately 6 to 

7 ml per 100 g of Portland cement reacted. Besides gel porosity present as gel water and micro-

pores created by chemical shrinkage, the cement gel is interspersed with coarser pores, the so-

called capillary pores. At onset of hydration, the capillary porosity is equal to the initial porosity 

represented by the water component. During hydration the water in the capillary pores is con-

sumed and the capillary porosity becomes less in favour of cement gel (cf. Figure 2.3 on page 7).  

According to Powers’ model, the water existing in a hydrating cement paste system can be 

classified into three water phases, cf. Figure 2.2 on page 7:  

1) Chemically bound water: It is the water that has already reacted with cement. Thus it is an 

integral part of the structure of the gel solid, also known as non-evaporable water as it 

can only be driven off at temperatures far above 105 °C. 

2) Physically bound water: It is the water that is absorbed on the surface of the gel solid, 

referred to as gel water. It has a range of binding energies depending on the RH of the 

pore system and can be driven off at temperatures of 105 °C. 

3) Free water: It is the water in the coarse capillary pores that is freely accessible for cement 

hydration. It is also called capillary water and can be dried at temperatures below 105 °C. 

Powers’ measurements showed that one gram of fully hydrated Portland cement can bind 

approximately 0.23 g of water chemically and 0.19 g of water physically. Hence, in sealed 

condition, complete hydration is possible only for w/c > 0.42. Sealed condition refers to a closed,  

                                                 
1 Powers slightly modified the model later [Powers 1960], which is why it is referred to as Powers’ model nowadays. 
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Figure 2.2: Schematic view of water phases in the hardening cement paste [van Breugel 1991]. 

isothermal system not subjected to external forces [Jensen & Hansen 2001a]. In an open system, 

complete hydration is possible even in the range 0.36 < w/c < 0.42, provided that external curing 

water is available and the sample observed is small enough to facilitate water intake. In doing so, 

the air-filled space created from chemical shrinkage is replaced by water. Figure 2.3 shows the 

volumetric phase distribution of two sealed hardening cement pastes at w/c ratio of 0.50 (left) 

and 0.30 (right) calculated according to Powers. The equations are reported in appendix 2.  
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Figure 2.3: Volumetric phase distribution of cement paste as a function of degree of hydration at  

                    w/c ratio of 0.50 (left) and 0.30 (right). The diagrams apply to sealed hydration. 

In case of w/c of 0.50 the cement can hydrate completely since an excess of free water is available. 

Further, the excess water maintains the relative humidity (RH) in the pore structure to be 100%, 

neglecting the RH-depression due to salts dissolved in the pore solution. At w/c of 0.30 on the 

contrary, hydration is significantly retarded when all the capillary water is consumed, i.e. the 

cement attempts to react with the harder bound gel water. As a result, the cement paste self-

desiccates and hydration stops although a certain amount of cement remains unreacted. The 

growth of hydration products is restricted at this stage due to lack of free water and the minimum 

gel porosity. The latter is about 26 to 28% by volume of the cement gel. Of course, the maxi-

mum degree of hydration decreases with decreasing w/c ratio. In contrast, the capillary porosity 

at maximum degree of hydration is higher when increasing the w/c ratio provided that w/c > 

0.42. Brouwers [Brouwers 2004] revealed that the minimum w/c ratio necessary to obtain com-

plete hydration is actually lower for CEM I produced nowadays, i.e. around 0.39. Nevertheless, in 

the present thesis the calculations refer to values predicted by Powers, which were found to be 

more in line with the values of the used Portland cement.  
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Another model for hydrated cement paste was developed by Feldman and Sereda [Feldman 

& Sereda 1968]. It was deduced from sorption measurements on water vapour and nitrogen. The 

cement gel is described as layered irregular structure illustrated as crumpled sheets. The model 

distinguishes between chemically bound water, surface-absorbed water and interlayer water. The 

last named is considered to be partially bound in hydrates and is therefore accounted as solid 

phase. Gel water, capillary water and interlayer water are assumed to be driven off at 105°C.  

A third model is presented in [Tzschichholz et al. 1996]. They modelled the cement hydration 

by describing the dissolving and crystallization processes mainly of the tricalciumsilicate.  

2.2.4 Microstructure and porosity 

As a consequence of hydration the initial suspension of cement and water is transformed into a 

porous solid. Powers and Brownyard found only minor differences in the characteristics of the 

cement gel due to variation of the w/c ratio and the degree of hydration. They assumed the 

average diameter of the gel pores to be 2 nm. On the contrary, the capillaries get narrowed during 

hydration as the water is consumed and new hydration products form in the pore space [Aligizaki 

2006]. A simplified illustration of the cement gel as proposed by Powers is presented below.  

capillary pores

gel pores

 

Figure 2.4: Schematic structure of cement gel as proposed by Powers [Stark & Wicht 2000]. 

 

In literature, various pore size classifications can be found, cf. appendix 2 on page 182. Stark and 

Wicht [Stark & Wicht 2000] classified the individual pore sizes as follows: Gel pores have a radius 

of up to 10 nm, capillary pores have a size between 10 nm and 10 to 100 µm, where the highest 

frequency is between 10 and 100 nm, and air voids range between 1 µm and 1 mm. Air-filled 

micropores that emerge from chemical shrinkage have sizes about 10 nm. The pore size classi-

fication considered in the thesis at hand refers to this data as reported in Figure 2.5. 
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Figure 2.5: Size of various concrete pores compared to size of cement and silica fume. 
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2.2.5 Silica fume 

Silica fume used as concrete additive according to [DIN EN 13263-1 2009] is also referred to as 

micro-silica or condensed silica fume. It is a by-product of the manufacture of silicon and ferro-

silicon alloys made from high-purity quartz and coal. The exhaust gas SiO oxidizes and con-

densates in form of extremely fine particles of amorphous silica (SiO2), which is filtered from the 

submerged-arc electric furnace. The effect of silica fume on the microstructure of concrete is 

twofold. First, the pozzolanic reaction: it is the reaction of silica fume with water and calcium 

hydroxide formed during hydration of Portland cement. Silica fume has a specific surface of 19 

to 25 m²/g [Alfes 1989] and is highly reactive. Self-desiccation and chemical shrinkage are in-

creased if Portland cement is replaced by silica fume, see chapter 3.2. Due to consumption of the 

calcium hydroxide the addition of silica fume is limited to a maximum of 11% by mass of cement 

in order to maintain the high alkalinity of concrete required for protection of the reinforcing steel 

against corrosion, see section 2.6.3. Second, the filler-effect: It means that the spherical silica 

fume particles of 0.1 µm average size enter the space between the cement grains and thus 

improve packing. This second effect leads to reduced total porosity [Kahn et al. 2000] and pore 

refinement resulting in higher strength [Malier 1992]. The porosity in the interfacial transition 

zone between matrix and aggregates is reduced as even confirmed by numerical simulation [Bentz 

& Garboczi 1991a]. Besides the filler-effect, the addition of silica fume improves workability of 

the fresh concrete and mitigates bleeding [Neville 1995], i.e. no bleed water is trapped beneath 

coarse aggregates, cf. section 2.3.6. In consequence, the transition zone is no longer particular 

weak, neither in terms of strength, nor in terms of permeability. 

2.3 Volume changes and autogenous phenomena 

2.3.1 Volume changes of concrete - an overview 

The total deformation of a concrete construction is the sum of stress-dependent and stress-

independent deformations. The latter are of hygroscopic nature, are caused by chemical reactions 

or result from changes in temperature. Stress-dependent volume changes may be instantaneous, 

e.g. if elastic material behaviour is considered, occur due to cyclic loading or depend on time as 

well, i.e. strain increases with time when concrete is subjected to sustained loading. Table 2.1 

presents an overview on the different volume changes of concrete classified according to the 

mechanism. The bold printed types of deformation are investigated in the thesis at hand.  

Table 2.1: Volume changes of concrete - classification due to mechanism 

Stress-independent Time-dependent Autogenous deformation 

Plastic shrinkage 

Drying shrinkage & expansion 

Carbonation shrinkage 

Thermal deformation 

Stress-dependent Time-dependent Creep & relaxation 

Instantaneous Elastic deformation 

Plastic compaction 

Cyclic Reversible deformation 

Irreversible deformation 
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A brief introduction to stress-independent deformations is presented in the next sections. The 

mechanisms behind autogenous deformation and the autogenous phenomena involved are 

discussed in detail in paragraphs 2.3.3 to 2.3.5. Further, an empirical approach for the estimation 

of concrete shrinkage is reported and the consequences of restraint shrinkage are paid attention 

to. The basics on stress-dependent deformation mechanisms, primarily mechanisms causing creep 

of concrete under constant load, are addressed in chapter 2.5. 

2.3.2 Stress-independent deformations 

The effects involved in stress-independent deformation are still under discussion but there is 

broad consensus about the general mechanisms [Müller et al. 2012]. In contrast, the terminology 

found in literature is inconsistent in some cases, especially with regard to autogenous deforma-

tion. The nomenclature of the term “autogenous deformation” in this dissertation will be adop-

ted from [Jensen & Hansen 2001a]. It bases on definitions of physical chemistry:  

 Autogenous deformation: The bulk deformation of a closed, isothermal, cementitious 

material system not subjected to external forces. It includes chemical shrinkage, which is 

the internal volume reduction associated with the cement hydration reactions as already 

introduced in chapter 2.2.3. In addition, self-desiccation shrinkage is the autogenous 

deformation of a set cementitious material system caused by chemical shrinkage. 

The following definitions base on the terminology given in [Neville 1995]: 

 Plastic shrinkage: The contraction of concrete due to evaporation of water from the 

surface while the concrete is still in plastic state (fluid or semi-fluid). 

 Drying shrinkage: The shrinkage of concrete caused by the withdrawal of water when 

stored in unsaturated air. 

 Carbonation shrinkage:  The contraction of concrete resulting from carbonation. 

 Thermal deformation: The deformation of concrete caused by thermal action. 

Common causes for plastic shrinkage of concrete are insufficient curing, see section 2.3.7, 

and lack of protection of the concrete surface exposed to severe conditions, i.e. strong wind, high 

temperatures and low humidity. Wittmann [Wittmann 1976] has shown experimentally that 

plastic shrinkage is caused by the physical process of capillary tension build-up in the mixing 

water present in the fresh concrete after the surface is exposed to drying. The capillary pressure is 

related to the connectivity between the solids of a drying suspension [Radocea 1992]. Once the 

water film covering the concrete surface vanishes, a complicated system of menisci develops and 

the tensile capillary pressure of the liquid is increased to a maximum rate which Wittmann calls 

“break-through pressure”. The increase is inverse proportional to the radius of the formed 

meniscus. As a result, the solid particles are subjected to contracting interparticular forces result-

ing in shrinkage, in both, horizontal (surface) and vertical (depth) direction [Cohen et al. 1990]. 

Plastic shrinkage cracking can occur if the amount of water lost exceeds the amount of water 

brought to the surface e.g. by bleeding, cf. section 2.3.6, which is needed to bridge the gaps 

between the solid particles by formation of water menisci.  

The change in volume of drying concrete is due to removal of adsorbed water on the surface 

of the gel particles. It was found that the change in volume of unrestrained hardened cement 

paste equals approximately the volume of the water layer dried from the surface of the gel 

particles [Powers 1959]. In return, absorption of water, i.e. due to storage in water or moist air, 

leads to swelling of concrete, that means drying shrinkage is reversible to some extent. The ir-

reversible part of shrinkage of ordinary concrete was found to be in the range of 0.3 to 0.6 of the 
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drying shrinkage [L’Hermite 1960]. The gel particle size has an influence on the amount of drying 

shrinkage since the use of cement with high specific surface shows higher concrete shrinkage. 

The loss of free water drained from large capillary pores, which takes place prior to loss of 

physically bound water, causes little or no shrinkage. In general, decreasing the capillary porosity 

due to decrasing the w/c ratio leads to reduction of drying shrinkage. Further, increasing the 

ambient humidity leads to reduction of drying shrinkage. While the ambient air humidity is in 

equilibrium with the concrete moisture at area close to the surface after quite a short time, the 

time to achieve equilibrium with the internal relative humidity of concrete may last several dec-

ades. The required period increases with increasing thickness of the concrete member exposed to 

drying. The free shrinkage strain along the cross-section correlates with the humidity profile 

resulting in eigenstresses, i.e. tensile stresses at the surface and compressive stresses in the lower 

depths. Surface cracking of concrete will occur if the tensile stresses reach the tensile strength.  

In practice, drying shrinkage of ordinary Portland cement (OPC) concrete with normal 

strength includes shrinkage caused by autogenous volume change and carbonation. The latter has 

a share in total shrinkage when the RH ranges between 25% and <100%. It is a secondary effect 

caused by the binding of carbon dioxide in hydration products, cf. section 2.6.3. Actually, this 

comes along with an increase of mass of the hydration products and the concrete, respectively. 

Shrinkage is caused by the dissolving of Ca(OH)2 crystals while under compressive stresses 

(imposed by drying of concrete) and the depositing of CaCO3 formed in spaces free from stress 

[Houst 1993]. As a first approximation, free concrete shrinkage ranges in total between 0.1 and 

1.0 mm/m and can be assumed to be proportional to the matrix content [Neville 1995].  

Thermal deformation is mainly caused by the development of heat of hydration at early age 

or by heat treatment. The length change of concrete Δlc,T [-] caused by thermal action ΔT [K] is: 

, ,c T c Tl T l      (2.2) 

where αc,T [1/K] is the thermal expansion coefficient of concrete. It is in the range 14.2 x 10-6 

to 5.4 x 10-6/K [Dettling 1962] and depends on composition, moisture and age of concrete.  

2.3.3 Problems resulting from autogenous phenomena 

Autogenous deformation is the self-created deformation of a closed cementitious system. That 

means it occurs devoid of environmental impacts such as changes in temperature and humidity 

or external loads. It is a phenomenon known from the beginning of the 20th century [Neville & 

Jones 1928] but not much noticed since for ordinary concrete autogenous deformations are 

negligible compared to e.g. drying shrinkage [Davis 1940]. Only when the first high performance 

concretes (HPC) were developed in the 1980s, autogenous shrinkage has achieved increasing 

practical relevance [Jensen & Hansen 1996]. HPC is characterized by low w/c ratios (far below 

0.40) and, at the same time, the use of superplasticizer to maintain workability and micro-fillers to 

further increase strength. In the process, capillary porosity is reduced dramatically and thus im-

permeability is increased. As a result, conventional water curing (section 2.3.8) is not applicable as 

penetration of water from the external surface is limited to small cross-sections only [Schrage 

1994]. Self-desiccation occurs in the interior of concrete due to chemical water binding as a 

consequence of hydration resulting in high autogenous shrinkage, primarily at very early age, i.e. 

when the matrix has small stiffness (section 2.3.4). However, autogenous shrinkage should be 

limited since it may induce micro-, macro- or even through-cracking of concrete if restraint 

(section 2.3.8) and may extensively impair the quality of concrete structures [Paillère et al. 1989]. 
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2.3.4 Mechanisms causing autogenous shrinkage 

Most literature published in recent years emphasizes capillary tension in the pore fluid to be the 

prominent mechanism causing self-desiccation shrinkage [Fontana 2007]. It correlates well with 

the drop in internal relative humidity which is indicating self-desiccation. In [Lura et al. 2003] 

various other mechanisms suggested for the description of autogenous shrinkage are intensively 

discussed. A summary of the main mechanisms debated by Lura is presented in the following. 

Besides the capillary tension approach, these are the disjoining pressure and the change in surface 

tension of the solid gel particles. 

Solid matter Pore water

Air bubble

 

Figure 2.6: Schematic representation of a cross-section of hydrating cement paste at low degree  

                    of hydration (left) and at high degree of hydration (right) [Jensen & Hansen 2001a]. 

As long as the cement paste is a fluid suspension, i.e. before setting, the internal volume reduct-

ion due to chemical shrinkage may be completely converted into a bulk deformation of the 

system, also called setting shrinkage [Jensen & Hansen 2001a]. Thus, setting shrinkage is a consti-

tuent part of the autogenous deformation and amounts to about 1% of the total shrinkage. With 

begin of setting that means when the cement paste starts to form a solid skeleton, the paste 

system gains stiffness and is able to sustain this external volume change. As a result small air 

bubbles arise as illustrated by Figure 2.6. The small air bubbles form water-air menisci causing the 

relative humidity to drop. The drop in internal RH is related to the radius of the water-air 

meniscus, r [m], according to Kelvin’s law: 

2 cos

ln

WV
r

RH RT

   



  (2.3) 

where γ [N/m] is the surface tension of the pore fluid, VW [m³/mol] the molar volume of 

water, i.e. 18.02 x 10-6, R [J/mol K] the ideal gas constant, i.e. 8.314, T [K] the absolute 

temperature and θ [-] the contact angle between water and solids, with cosθ
 
≈ 1 in case of 

perfect wetting. 

Self-desiccation starts in larger pores and passes on to smaller pores. The radius of the largest 

pore filled with water as a function of the RH is reported in Figure 2.7 (left). In doing so, γ was 

assumed as 0.073 N/m. The capillary tension in the pore fluid σcap [MPa] is given by Laplace’s law:  

2
cap

r


     (2.4) 

Both Kelvin’s law and Laplace’s law apply to the assumption of circular cylindrical pores. 

Theoretically, the maximum surface tension at 75% RH is -38.4 MPa, as reported in Figure 2.7 

(right). At the same time pores of diameter > 3.8 nm are already emptied due to self-desiccation.  
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Figure 2.7: Pore radius as a function of internal RH (left) and capillary tension as a function of  

                    the radius of water-filled pores (right). 

The fact that shrinkage reducing agents (SRA) successfully diminish autogenous shrinkage by 

lowering the surface tension of the pore fluid [Bentz et al. 2001], underlines the importance of 

the capillary tension approach. Nevertheless, as further consequence of the RH drop, the layer 

thickness of adsorbed water on the gel solid particles is decreased. This leads to changes in the 

surface tension of the solid particles and the disjoining pressure between these particles as well. 

The surface tension approach goes back to Bangham [Bangham & Fakhoury 1931]. It states 

that shrinkage and expansion are driven by changes in the surface tension of the gel solid 

particles caused by adsorption and desorption of water, respectively. The surface tension results 

in hydrostatic pressure acting on the colloidal solids leading to compaction of the whole system. 

Adsorption of water lowers the surface tension resulting in expansion whereas desorption of 

water leads to shrinkage. Bangham studied this phenomenon on coal. He proposed the relation 

of swelling to the change in surface tension by the following equation: 

solid

l

l
 


    (2.5) 

where l [m] is the length, Δl [m] the length change, λ [s²/kg] a coefficient of proportionality 

and Δγsolid [N/m] is the change in surface tension of the solid particles. 

The change in thickness of the water layers covering the solid particles influences the surface 

tension only minor if more than three water layers are absorbed [Wittmann 1977]. This will be 

the case for RH above 40% [Ferraris & Wittmann 1987]. In other words, surface tension of the 

solid gel particles does not play a major role in terms of self-desiccation shrinkage where normal-

ly, the RH does not drop below 75% [Jensen & Hansen 1995].  

In regions of hindered adsorption, i.e. where water of less than two times the thickness of an 

adsorbed layer is inbetween two solid particles, cf. Figure 2.8 (p. 14), the so called disjoining pres-

sure comes into effect. According to [Ferraris & Wittmann 1987] the disjoining pressure between 

solid particles is the result of attracting forces, i.e. van der Waals forces, and repelling forces, i.e. 

electrostatic double layer repulsion and structural forces. Due to drop in RH, the disjoining pres-

sure is decreasing and consequently the paste system contracts. In [Wittmann 1977] it is proposed 

that the disjoining pressure contributes to hygroscopic deformation at RH above 40%. 
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Figure 2.8: Region of hindered adsorption and distribution of disjoining pressure [Lura 2003]. 

2.3.5 Mechanisms causing expansion 

It is well known that concrete with high w/c ratio shows expansion during hardening even when 

sealed storage is applied [Grube 1991]. It was Le Chatelier who already found in 1900 that 

cement paste stored in saturated condition expands during hydration although it undergoes 

chemical shrinkage at the same time [Le Chatelier 1900]. The source of the observed expansion is 

different from the mechanisms causing expansion of cement paste which is dried prior to re-

wetting, q.v. chapter 2.3.2. Powers explained autogenous expansion of cement paste by the 

absence of capillary pressure, which in drying conditions would counteract expansion by imposing 

shrinkage [Powers 1935]. According to [Bažant & Wittmann 1982] autogenous expansion is caus-

ed by growth of hydration products in the set cement paste. Indeed, the hydration products have 

less net volume than the reactants, but they occupy more space as they form a spatial network.  

In [Lura 2003] further possible mechanisms causing autogenous expansion are discussed. An 

important factor is the disjoining pressure acting on surfaces of hindered adsorption, see Figure 

2.8. As the total surface of hydration products is larger than of the reactants they emerge from, 

the region of hindered adsorption is increasing as hydration proceeds [Wittmann 1977]. As a 

result, expansion may occur. Crystallization processes, e.g. formation of ettringite and portlandite 

are also indicated as principal cause of autogenous expansion [Baroghel-Bouny & Kheirbek 2001]. 

Lura partially attributed the temporary expansion observed on blast furnace slag cement paste 

within the acceleration period of hydration to this phenomenon. On the other hand, subsequent 

conversion of ettringite to monosulphate seems to cause intensified shrinkage [Han et al. 2000].  

Mohr and Hood [Mohr & Hood 2010] observed only small influence of ettringite growth on 

expansion at early age. The same was found for thermal dilation caused by heat release due to 

hydration. They showed the primary cause for early age expansion to be bleed water reabsorption.  

2.3.6 Settlement and bleeding 

Due to clear distinction between density of water and solid components, the latter, i.e. aggregates 

and cement particles, start to settle in fresh concrete [Müller et al. 2012]. As a result, excess mix-

ing water is forced upward. The accumulation of mixing water on the surface of fresh concrete is 

called bleeding. This process stops either when the matrix sets or the solids are bridging. The 

latter case leads to internal bleeding if settlement of cement particles continues and consequently 

water segregates beneath aggregates or reinforcing steel. Addition of supercritical amounts of 

superplasticizer increases the risk of bleeding [Spanka et al. 1998]. In general, bleeding reduces 

the w/c ratio leading to higher density of the concrete but also causes optical impairment. At last, 

settlement and bleeding result in external volume change. 
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2.3.7 Empirical approach for modelling shrinkage of concrete 

In general, models estimating the shrinkage strain of concrete have to consider effects of creep 

leading to time-dependent reduction of stresses induced when restraint. An empirical approach to 

predict autogenous shrinkage εas [µstrain] and drying shrinkage εds [µstrain] of concrete as a 

function of concrete age t [days] and concrete age at begin of drying tt [days] is presented in 

[Müller et al. 2012]. It is: 
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where H is 3.5, an empirical coefficient, h0 [cm] is the effective thickness of the specimen, A 

[cm] its cross-section and u [cm] its perimeter exposed to drying. Further εas,∞ [µstrain] is the 

final autogenous shrinkage coefficient and εds,∞ [µstrain] is the final drying shrinkage coef-

ficient. Both depend on fcm [MPa], the 28 days compressive strength measured on cylinders, 

and the type of cement. Further εds,∞ depends on the ambient RH. For the cement of type 

CEM I 42.5 R, as used in this thesis, both coefficients can be approximated by equation (2.8) 

and equation (2.9), respectively: 

2.5

3

, 10
60MPa

cm
as as

cm

f

f
  



 
   

 
 with: 0.85cm

c

f

f
  (2.8) 

0.12

310MPa

, 10
cmf

ds ds e 

 
 

 
       (2.9) 

where yas is 0.6, yds is ≈1.0 at 65% ambient RH and fc is the 28 days cube compressive strength. 

2.3.8 Restraint shrinkage and relevance of curing of concrete 

In the above description of volume changes, load-dependent and load-independent actions were 

regarded decoupled. Actually, load independent deformations are accompanied by stresses - be it 

eigenstresses in the cross-section of a concrete member due to temperature or drying gradient, or 

be it stresses due to restraint support conditions or due to deformations imposed in any other 

manner. In practice, restraint of a concrete member can be caused externally, e.g. by adjoining 

structures, or internally either by reinforcement or by aggregates [Dela 2000]. Restraint shrinkage 

leads to tensile stresses in the concrete, whereas restraint expansion results in compressive 

stresses. The result of changes in temperature depends on whether a decrease or an increase of 

temperature is considered. The latter occurs e.g. at early age due to development of heat of 

hydration resulting in compressive stresses. When the concrete structure cools down at later age, 

i.e. after a certain gain in stiffness has arisen and hydration slows down, the restraint concrete 

tries to contract and may crack if the tensile stress reaches the concrete’s tensile strength. In do-

ing so, external restraint causes through-cracking, while internal restraint leads to micro-cracking. 

Compared to changes in temperature, shrinkage of concrete is normally related to higher risk 

of cracking if restraint. Extent and fraction of each type of shrinkage depend on the type of 

concrete: Drying shrinkage is dominant in case of ordinary concrete, but autogenous shrinkage 

may be constitutive in case of high performance concrete (HPC) [Müller et al. 1999]. Both types 
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of shrinkage should be limited, i.e. by conventional curing in terms of drying shrinkage, or by 

internal curing in terms of autogenous shrinkage (chapter 2.4). Conventional, external curing can 

be provided in two ways [Rilem 2007], either by water curing, i.e. ponding or spraying the surface 

with water, respectively, or by preventing loss of moisture from the concrete. The latter, which is 

also called sealed curing, is achieved e.g. by: 

 leaving formwork in place 

 covering the concrete with impermeable membrane 

 application of suitable chemical curing agents. 

In practice, there are often used combinations of the above curing procedures. External 

curing is further recommended in order to prevent plastic shrinkage. Plastic shrinkage may occur 

even without being externally restraint. It is particularly harmful since it may cause early age 

through-cracking of mainly flat concrete members with cracks ranging in width of up to 3 mm 

[Neville 1995]. Complete prevention of evaporation immediately after casting eliminates plastic 

shrinkage cracking [Ravina & Shalon 1968]. 

To summarize, sufficient curing is needed in order to prevent early age cracking and there-

fore can be seen as key to produce durable concrete construction. 

2.4 Internal curing 

2.4.1 Idea of internal curing 

Internal curing (IC) means incorporation of a component to the concrete mixture which serves 

as curing agent [Rilem 2007]. IC can be classified in two categories as proposed by Rilem: 

1) Internal water curing, which includes the incorporation of a curing agent that serves as an 

internal water reservoir. This method is also called water entrainment. 

2) Internal sealing, which introduces a curing agent to the concrete with the intention to 

delay or prevent the system from water evaporation. 

The latter category is not relevant for the thesis at hand. The first definition, which is internal 

water curing or water entrainment, respectively, is referred to as internal curing in the following. 

The basic principle behind IC is the provision of internal water sources to prevent concrete, 

i.e. HPC, from self-desiccation on the one hand and, on the other hand, to promote hydration. 

Self-desiccation can be eluded by water movement from the internal water source into pore space 

created by chemical shrinkage. This way, the formation of water-air menisci is mitigated and the 

drop in RH is reduced or even prevented. Consequently, the risk of early age cracking caused by 

self-desiccation shrinkage is dramatically reduced. Since internal curing water is considered as 

extra water which is accessible for hydration, IC leads to an increase of the degree of hydration. 

In literature, several techniques are reported that can be used for incorporation of internal 

water reservoirs. The most prominent technique is using saturated lightweight aggregates (LWA). 

More recently, superabsorbent polymers (SAP) are investigated for water entrainment. But also 

other materials are suggested for this purpose as reported in the next sections.  

2.4.2 General prerequisites for internal curing 

Appropriate internal curing requires unrestricted supply of water from the internal water source 

to the cementitious reaction. The thermodynamic availability of water is decreasing with lowering 

its equilibrium relative humidity, i.e. < 100%. As mentioned previously, cf. Figure 2.7 on page 13, 
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pure water held in circular cylindrical pores of a porous body will have an equilibrium RH of ap-

proximately 99% if the meniscus formed has a diameter of about 200 nm. That means that only 

substances with water-saturated pores of larger than 200 nm in diameter are recommended for 

appropriate IC. Further, the kinetic availability of water determines the effectiveness of IC. Thus, 

another prerequisite for appropriate IC is that water from the internal source is transported to all 

areas of the self-desiccating matrix. Kinetic availability is eased by spatial distribution of the water 

sources i.e. due to increasing the specific surface. Nevertheless, water release may be described as 

a competition for water between internal water source and hydrating cement paste [Mönnig 2009]. 

Simulations reported in [Bentz & Snyder 1999] showed that the effective distance water can 

travel in ultra-high performance concrete (UHPC) is limited to approximately 200 µm. 

Several potential techniques for incorporation of internal curing water in concrete are 

presented in [Jensen & Lura 2006]. The various materials were distinguished by the mechanism 

of water storage, i.e. substances with: 

 chemically bound water, e.g. crystalline water in ettringite 

 physically adsorbed water, e.g. water in SAP 

 physically held water, e.g. capillary water in fine pores of LWA 

 unbound water, e.g. water in micro-encapsulations. 

For SAP and some suitable lightweight aggregates, material pricing and costs per one kg 

curing water incorporated are listed in Table 2.2. The data should be seen as a rough guide only. 

Data of SAP refer to the materials used in this thesis, see chapter 4. 

Table 2.2: Pricing and cost efficiency of IC materials (*)2 

Material Water content Material price IC water price 

[kg water/kg] [€/kg material] [€/kg IC water] 

SAP 10-40 6 0.15-0.6 

Liapor* 0.17 0.1 0.6 

Pumice* 0.27 0.06 0.2 

Perlite* 4.5 0.3 0.07 

Stalite* 0.06 0.04 0.7 

2.4.3 Internal curing with lightweight aggregates 

LWA having high open porosity added pre-saturated to the concrete mix can effectively counter-

act autogenous shrinkage as demonstrated e.g. in [Hammer 1992]. Extra water stored in large 

pores of LWA is drawn into smaller pores of the hydrating cement paste, which is called 

“autogenous curing” [Weber & Reinhardt 1997]. The difficulties that occur when using LWA, i.e. 

controlling the consistency of fresh concrete and reduction of mechanical properties of hardened 

concrete due to poor mechanical properties of the water source, are minimized by the use of SAP.  

 

Figure 2.9: LWA of different size (mm) made of expanded clay (Liapor) [Mönnig 2009]. 

 

                                                 
2 (*): Average values adopted from [Jensen & Lura 2006]. 
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2.4.4 Internal curing due to SAP 

Macropore inclusions with SAP particles (see chapter 2.9) provide “water-entrainment in its 

purest form” [Jensen & Hansen 2001b]. SAP can either be added dryly to the mix or in water-

saturated condition. In this thesis, the first approach was conducted, i.e. SAP were dryly pre-mix-

ed with cement/binder. In doing so, swelling as illustrated by Figure 2.10 starts as soon as SAP 

are getting in contact with water. Due to high alkalinity of the pore solution, the swelling capacity 

in concrete is reduced compared to tap water. The volume increase due to uptake of mixing 

water amounts to circa 2 to 3.5 times the volume of the dry particles. The basic principles of 

using SAP in concrete construction, for the purpose of IC in particular, are reported in chapter 3. 

 

Figure 2.10: SAP particles in dry condition (left) and the same amount of SAP after absorption  

                     of tap water [Schwarz 2005] as cited in [Mönnig 2009]. 

2.5 Deformation of concrete under constant load 

2.5.1 Introduction 

The total strain of concrete in constant environment exposed to constant uniaxial loading is 

divided into three additive components: shrinkage εs, initial elastic strain at loading εel and creep εc, 

see equation (2.10). Both instantaneous strain at loading and creep strain are the subject matters 

of this section, in particular with respect to loading in tension. The principles of shrinkage were 

extensively described in section 2.3.  

0 0( ) ( , ) ( ) ( , , )tot s d el c dt t t t t t t        (2.10) 

Figure 2.11 illustrates qualitatively the components of total concrete strain εtot(t) at any time t 

in case of uniaxial compression loading (left) and tension loading (right). The constant stress σ is 

applied at time t0. Drying starts before, viz at time td, and the time of unloading is called tf. In the 

compression case, the shrinkage strain is in the same direction with creep and in the tension case 

creep is directed opposite to shrinkage. The elastic strain at loading εel(t0) is always in the direction 

of creep but is fully reversible, that means the elastic strain at unloading εel(tf) amounts the same. 

Creep reflects the viscoelastic character of concrete and therefore is only partly reversible, cf. 

Table 2.3. It is defined as time-dependent response of strain due to constant loading and, thus, 

does not include load-free volume changes that occur at the same time. The irreversible part of 

creep that occurs instantaneously at loading is rather small and is known as plastic set εci(t0). The 

time-dependent irreversible part of creep is known as viscous deformation and the third part of 

creep is the elastic-delayed strain εcf(t,tf). The latter is time-dependent as well but fully recoverable 

on unloading. It reduces the total creep strain after unloading to the final creep ratio of εc(t=∞). 
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Figure 2.11: Definition of strain components of uniaxially loaded and unloaded concrete. 

There is dispute whether creep under loading for an indefinite time period will ever end or not. 

However, this issue is not relevant in practice since the increase in creep strain becomes smaller 

with time. Table 2.3 summarizes the phenomenological types of deformation that all, except the 

instantaneous strain at loading, contribute to concrete creep. To characterize creep, the so-called 

creep coefficient φc is introduced as quotient of creep strain εc to elastic strain at loading εel. At this 

point it should be noted that uniaxial loading of a concrete specimen of course not only results in 

longitudinal strain in the direction of the applied load but, at the same time, produces a lateral 

strain of opposite sign. The factor of lateral to longitudinal strain is referred to as Poisson’s ratio. 

0 0 0( , ) ( , ) ( )c c elt t t t t     (2.11) 

Indeed, equation (2.11) is accepted for stress-strength ratios of < 0.40 only. At above loading 

rates, creep is disproportionately increasing with stress and at loading rates > 75% of the tensile 

strength, rapid failure may occur [Rinder 2002]. Already at 50% of the tensile strength, micro-

cracks occur in the interfacial transition zone between matrix and aggregate. In the crack tips, 

high stresses provoke crack propagation. Due to inhomogeneities like air voids, cracks are 

branched but still progress until they reach the concrete surface and cause failure [Blaschke 1993]. 

Table 2.3: Stress-dependent strain components [Neville 1995] 

Type of deformation Instantaneous Time-dependent 

Reversible Elastic* Delayed-elastic 

Irreversible Plastic set Viscous 

(*): not part of creep strain 
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2.5.2 Pickett’s effect 

In the above-made description the total concrete strain is the sum of elastic, creep and shrinkage 

strain. In this view, creep and shrinkage are asserted as separable phenomena where creep is 

defined as the total strain of a loaded specimen minus the initial elastic strain and the shrinkage as 

measured on an unloaded companion specimen. But the principle of superposition may under-

estimate the total strain. This observation is referred to as Pickett’s effect [Pickett 1942]. It states 

that during simultaneous creep and shrinkage, the total time-dependent strain εtot does not equal 

to the sum of the separate strain of loaded concrete prevented from drying εbc and the strain of 

load-free companion specimen exposed to drying εds, but differs by an extra strain called drying 

creep εdc, as illustrated by Figure 2.12. It is: 

dc tot ds bc         with   c bc dc      (2.12) 

In literature the creep strain of concrete loaded in sealed condition, i.e. under conditions of 

no moisture exchange with the environment, is called basic creep εbc and drying creep εdc is 

defined as additional creep in excess of basic creep when the loaded concrete is allowed to dry. In 

case of concrete produced with low w/c ratio, i.e. w/c < 0.42, concrete suffers from internal, 

probably uniform drying and therefore basic creep in its proper sense cannot be measured. To 

overcome confusion, Atrushi [Atrushi 2003] introduced the notion “sealed creep”. The term seal-

ed creep implies drying creep from self-desiccation that occurs at sealed condition. 
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Figure 2.12: Pickett’s effect in centric loading in compression (left) and in tension (right). Based  

                      on [Bažant & Xi 1994].  

In most literature, two major mechanisms are cited that cause Pickett’s effect, viz micro-cracking 

[Wittmann 1982] and stress-induced shrinkage [Bažant & Chern 1985]. In compression, micro-

cracking as a result of eigenstresses in the specimen caused by non-uniformity moisture distribut-

ion (tension at surface exposed to drying and compression in the moist interior) is compensated. 

Therefore, the drying shrinkage of a non-loaded companion specimen is smaller than the real 

shrinkage as micro-cracks cannot close in consequence of inelastic material behaviour when the 

eigenstresses fade. From this point of view it is not correct to call the extra drying deformation a 

creep strain [Altoubat & Lange 2002a]. In case of tension loading the tensile stress in the drying 

surface zone is increased and promotes micro-cracking. Therefore it is rather to speak of reduced 

shrinkage strain instead of increased creep strain. The outcome of this approach implies that total 

strain is always increased in the direction of load and, thus, in the direction of creep. 
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With increasing the weight loss due to drying while the specimen is under load, up to five 

times larger creep deformations were measured compared to basic creep strain [Acker & Ulm 

2001]. But Wittmann’s theory can only partially explain such immense increase in strain. Further, 

the development of tensile strength protects concrete from excessive micro-cracking at later age. 

Hence, micro-cracking in concrete skin as cause of extra drying creep strain was called into quest-

ion [Kovler 1995].  

The stress-induced shrinkage approach provides a different explanation. It states that during 

drying, moisture diffusion transports water from micropores to larger capillary pores (micro-

diffusion). While macro-diffusion in the large capillaries does not affect deformation, the move-

ment of water through the gel pores causes the breakage of bonds and again the formation of 

new CSH-bonds. However, there are also some doubts about the correctness of this concept 

[Kovler 1999]. Some researchers even promote the idea of shrinkage-induced creep as potential 

cause of drying creep strain [Kovler 2001]. But, in the course of investigations on tensile creep of 

high-strength concrete [Reinhardt & Rinder 2006] it was found that loaded specimens dry more, 

shrink more and hydrate more than non-loaded specimens. The fact that shrinkage even exceed-

ed the creep strain supports the idea of stress-induced shrinkage as cause of drying creep. Rossi 

[Rossi et al. 2012] even proposes basic creep to be mainly an additional self-drying shrinkage 

under stress. 

An attempt to experimentally separate the effects of micro-cracking and stress-induced 

shrinkage on drying creep was invented by [Bažant & Xi 1994]. They examined the curvature 

creep of beam specimens exposed to the same bending moment but different excentric loadings. 

The stress-induced shrinkage was found to increase continuously whereas micro-cracking contri-

buted more intensively to creep at early age and then reduced its influence over time. According 

to [Bažant et al. 1988] the part of creep increase per unit stress due to cracking is larger for 

tension than for compression, while the part of stress-dependent shrinkage is about the same. 

Comparative experiments on uniaxial tension loaded beam specimens revealed the influence of 

micro-cracking to be almost non-existent in case of fibre-reinforced concrete, while the stress-

induced shrinkage was found to yield the same with plain control concrete [Altoubat & Lange 

2002b]. It was concluded that preventing the apparent drying creep caused by micro-cracking, i.e. 

due to fibre-reinforcement, reduces the creep strain and enhances stress relaxation.  

Since creep and relaxation capability decrease with time [Kordina 1999] it is useful to investi-

gate the early-age behaviour of concrete under constant loading. Especially creep in tension needs 

to be concerned when the possibility of cracking due to shrinkage and thermal stress is high. 

2.5.3 Creep mechanisms 

Several theories have been elaborated to explain the mechanisms of creep. As cited in [Lange & 

Altoubat 2003] the main creep mechanisms as propsed by [ACI 209R 1992] are: 

1) Viscous flow of cement paste caused by sliding or shearing of the gel particles lubricated 

by layers of absorbed water. 

2) Consolidation of gel due to seepage in the form of absorbed water or the decomposition 

of interlayer hydrate water. 

3) Delayed elastic deformation due to the cement paste acting as a restraint on the skeleton 

formed by the aggregates and gel crystals. 

4) Permanent deformation caused by micro-cracking as well as re-crystalization and format-

ion of new physical bonds. 
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Although these mechanisms are still under discussion, it is generally agreed that viscous flow 

and seepage are the main causes of creep. The viscous flow hypothesis [Ruetz 1968] states that 

few layers of absorbed water are appropriate to ensure shearing of CSH particles. The Seepage 

theory [Powers 1968] postulates that creep is caused by change of internal vapour pressure that 

results in change of gel water content. In regions of hindered absorption, seepage of gel water 

under pressure into regions of unhindered absorption causes decrease in the disjoining pressure, 

cf. section 2.3.4. From this viewpoint, creep is a time-dependent removal of a swollen state of the 

gel solid. Further theories are the interlayer theory [Feldman & Sereda 1968] and the thermal 

activation theory [Wittmann 1982]. However, each theory considered individually is not able to 

explain all creep phenomena. A comprehensive discussion on creep mechanisms is given in 

[Bažant & Chern 1985]. Besides, relaxation is expected to refer to the same mechanisms as creep 

of concrete and means the time-dependent stress reduction under imposed constant deformation.  

2.5.4 Parameters influencing creep 

As stated in [Müller & Kvitsel 2002], it is well known from systematical investigations on creep of 

concrete that the creep strain: 

 increases with increasing loading time and increasing stress-strength ratio, 

 is greater the higher the cement content or the matrix volume, 

 decreases with decreasing porosity, with exceeding hydration and lowering the w/c ratio, 

 increases with faster weight loss due to drying, and 

 is on the increase if temperature rises but is constant during loading. 

So far, no investigation about the effect of SAP addition on tensile creep of concrete exists. 

2.5.5 Measure of tensile creep 

Measuring creep under uniaxial tensile loading can be performed either by the direct measuring 

method where the concrete specimen is subjected to a constant load (conventional test) or tensile 

creep is indirectly measured from a restraint shrinkage test [Kovler et al. 1999]. In the second 

method, the strain is incrementally pulled back to zero (restraint condition) after shrinkage occur-

red and has approached a pre-defined level. The creep plus shrinkage strain is obtained by adding 

the incremental strains over time. The conventional method was applied in this thesis (chapter 8). 

2.6 Durability of concrete 

2.6.1 Introduction 

The mechanical properties of concrete are of outstanding importance for the stability of concrete 

structures, but they alone will not be sufficient to describe the serviceability. Concrete structures 

have to withstand all kinds of actions and threats possible for the expected service life, i.e. the 

material properties must not change inadmissibly. Actions are directed either to cause corrosion 

of the reinforcing steel or of the concrete itself. The resistance of concrete structures against both 

classes of action are subsumed under the term durability of concrete.  

In the following, an overview on the mechanisms causing deterioration of concrete is given 

and the classification of risk of deterioration is addressed. As durability of concrete in the vast 

majority of cases is related to transport of gas, water or deleterious substances, the mechanisms 

behind are discussed in chapter 2.7. A special topic, the impact of freezing and thawing associat-
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ed by the action of dissolved salts, is the subject matter of chapter 2.8. An outline of the durabili-

ty aspects edited in the dissertation at hand will follow in chapter 3. 

2.6.2 Exposure classes 

Environmental and ground conditions are classified as exposure classes in [DIN EN 206-1 2001] 

for both the attack of concrete and the corrosion of reinforcement. Table 2.4 provides a general 

overview. The set of exposure classes reflects the chemical and physical environmental condi-

tions the concrete and the reinforcement, respectively, are exposed to. A more detailed descrip-

tion of the exposure classes including informative examples for concrete structural elements is 

provided in appendix 2 on page 182. The number in the class designation indicates the risk 

potential. The higher the number the higher the risk indicated.  

Table 2.4: Exposure classes of structural concrete according to DIN EN 206-1/DIN 1045-2 

Classification of risk of concrete attack Classification of risk of corrosion of reinforcement 

Class designation Class description Class designation Class description 

X0 No risk of attack X0 No risk of corrosion 

XF (XF1 … XF4) Freeze thaw attack XC (XC1 … XC4) Corrosion induced by carbonation 

XA (XA1 … XA3) Chemical Attack XD (XD1 … XD3) Corrosion induced by chlorides 

XM (XM1 … XM3) Mechanical Abrasion XS (XS1 … XS3) Corrosion induced by chlorides 

from sea water W0, WF, WA, WS Alkali-Silica Reaction  

For a given structural element, different surfaces might be exposed to different environmental 

actions. If concrete is subject to more than one of the actions described in Table 2.4, the environ-

mental conditions are expressed as a combination of exposure classes.  

2.6.3 Corrosion of reinforcement 

Corrosion of steel reinforcement is prevented by the passivity layer of iron oxide formed in the 

alkaline environment of hardened cement paste. Corrosion takes place if the passivation is lost by 

carbonation or a critical concentration of chloride ions is present and, at the same time, water and 

oxygen are available. Carbonation is the chemical reaction of the hydrated cement paste with 

carbon dioxide molecules diffusing from air into concrete, see section 2.7.3. Equation (2.13) 

depicts the main reaction where OH- ions are consumed and calcium carbonate is formed causing 

the pH value to drop. Once the pH value drops below 9, the steel reinforcement is depassivated. 

  2 2 3 22
2Ca OH CO H O CaCO H O     (2.13) 

Chloride induced corrosion of reinforcing steel is the most important degradation process for 

reinforced concrete structures [Tang & Zhu 2007]. The two main sources for chlorides to 

penetrate into concrete are seawater and de-icing agents. Chlorides enter the concrete dissolved 

in water, but the mechanisms behind chloride ingress are not fully understood. In dependence on 

the cement composition, the temperature and the alkali concentration, chlorides are bound by the 

matrix to a certain extent [Tang 1996]. Only when a critical concentration of free chloride ions 

reaches the reinforcement, depassivation occurs. In [Richartz 1969] the amount of chlorides 

bound in hardened Portland cement was found to yield 0.4% by mass of cement. It is in agree-

ment with the limit value for chlorides in reinforced concrete fixed by the standard [DIN 1045-2 

2008]. Further information on corrosion of reinforcing steel is compiled e.g. in [Slater 1983]. 
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2.6.4 Concrete attack 

Actions causing concrete deterioration can be of mechanical, chemical or physical nature. 

Mechanical damage is caused by impact, erosion, cavitation or abrasion. High abrasion resistance 

is required if the concrete surface is exposed to e.g. moving traffic, bed load or floating debris. A 

good indication for the hydroabrasion resistivity of concrete is the product of compressive 

strength and dynamic modulus of elasticity [Vogel 2011]. The higher the factor, the higher the 

expected resistivity is. In general, higher concrete strength means lower surface abrasion. 

Chemical causes of deterioration can be distinguished between internal causes including 

alkali-silica and alkali-carbonate reactions, and external causes. Alkali-silika reaction is an 

expansive chemical reaction between the alkaline solution of concrete and reactive minerals 

(amorphous silicic acid) in the concrete aggregates. The reaction product is a gel which occupies 

much more space than the reactants, as already observed by Stanton [Stanton 1941]. As a result, 

cracks may start to emerge out of the aggregate surface. Preventive measures are the choice of 

aggregates of less potential reactivity and cements with low alkali content. External chemical 

causes are mainly due to attack of aggressive ions like sulphates as well as of natural and industrial 

liquids and gases. Main sources of sulphate ions in groundwater are soils containing sodium, 

potassium, magnesium and calcium sulphate [BRE 1996]. Formation of ettringite, thaumasite and 

gypsum as a result of sulphate attack cause expansion and disruption of concrete structures. 

Besides expansive attacks, solvent attacks caused by the action of acids may degrade concrete 

heavily. Acids like carbon dioxide enriched groundwater convert calcium silicate hydrates to 

soluble products. This process is also called decalcification. As a result, the pH value drops, the 

porosity is increased, the microstructure is progressively opened to further forms of attack and 

the strength is dramatically reduced [Monteny et al. 2000]. Further solvent attack is caused by soft 

water, interchangable salt ions, plant and animal oils and greases.  

In general, the chemical resistance of concrete depends significantly on the intrusion velocity 

of water and harmful substances dissolved, see chapter 2.7.  

Physical causes of deterioration are high temperature treatment accompanied by differences 

in thermal expansion of concrete components (see section 2.3.2) and the effects of alternating 

freezing and thawing as discussed in chapter 2.8.  

Physical and chemical deterioration processes can act in a synergetic manner which is why it 

is difficult to assign damage to single factors. As a rule of thumb, high quality of concrete means 

high durability. Improperly produced concrete, e.g. insufficient curing (see section 2.3.8), and 

change of use of concrete construction accompanied by a change in exposure class may lead to 

dramatically increased risk of deterioration.  

Detailed information on concrete attack is provided e.g. in [Stark & Wicht 2001]. 

2.6.5 Guidance for the design of concrete construction 

For each exposure class, guidance is given by the standard [DIN EN 206-1 2001] with respect to 

mix design, properties of hardened concrete and nominal concrete cover. The requirements to be 

fulfilled by the mix design to guarantee adequate protection refer to: 

 minimum compressive strength class of concrete 

 maximum w/c ratio and w/b ratio, respectively 

 minimum content of cement 

 minimum air content 

 frost-resistance of aggregates.  
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2.7 Transport processes in concrete 

2.7.1 Introduction 

The durability of concrete structures strongly depends on the physical properties of concrete. 

Except mechanical abrasion and attack by high temperatures, deterioration processes come along 

with the penetration of gas, water and harmful dissolved substances in concrete: Water permeabi-

lity governs the ingress of deleterious substances such as chlorides; gas diffusion and gas perm-

eability is responsible for carbonation and corrosion of reinforcing steel; water supply triggers 

alkali-silica reaction and leaching; and freeze-thaw problems occur with higher water saturation. 

The resistance of concrete against penetration, i.e. its impermeability, is of paramount interest 

when considering durability of concrete and requires an understanding of the transport pheno-

mena involved. In the following, the basic mechanisms behind transport of fluid in concrete are 

introduced. In detail these are permeation, diffusion and capillary suction. Freely available for 

transportation are capillary pores, pores in the contact zone between aggregates and matrix and 

micro-cracks. Besides total porosity, size distribution of pores and degree of inter-connection are 

important factors influencing the impermeability. Pore discontinuity is achieved by low w/c 

ratios and at the same time high degrees of hydration [Bentz & Garboczi 1991b]. 

2.7.2 Permeation 

Permeation means flow of liquids and gases through porous media as a consequence of pressure 

applied. It is characterized by the specific permeability coefficient kw [m/s] in case of liquids, i.e. 

water, and Kg [m²] in case of gases, respectively. Hagen-Poiseuille’s law describes the flow rate of 

gas Qg [m³/s] through porous solids which possess narrow capillaries under consideration of the 

compressibility of the test gas as follows: 
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  (2.14) 

where A [mm²] is the test surface, L [mm] is the specimen’s height, pi and po [105 N/m²] is the 

inlet and the outlet pressure, respectively, p [105 N/m²] is the atmospheric pressure and η [105 

Ns/m²] is the viscosity of the test gas.  

The atmospheric pressure depends on the altitude above zero and the viscocity of the test gas 

depends on the ambient temperature. Equation (2.14) leads to constant permeability coefficients 

solely in case of laminar flow which is verified by the following condition:  

 2~ 1g iQ p    (2.15) 

Permeation of liquids is described by d’Arcy’s law which is derived from flow in pipes. It is: 
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where Qw [m³/s] is the flow rate of liquid, kw [m/s] is the permeability coefficient of liquid 

and Δh [m] is the pressure of liquid expressed in meter water column. 

Equation (2.16) is present in equation (2.14) if liquid (water) is considered as incompressible: 
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Equation (2.16) conceals the well-known correlation between filter velocity vf [m/s], also 

known as Darcian velocity, and hydraulic gradient i [m/m]: 
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   (2.18) 

In accordance with Valenta [Valenta 1969] the water intrusion depth xw [m] in dependence of 

time t [s] can be estimated by integration of the following equation: 

n n

w w wx dx k h dt      (2.19) 

where vf and i from equation (2.18) were replaced as follows: 
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As a result, the approximated water intrusion depth xw is obtained by the following equation: 
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where in agreement with Darcy it is n = 1 and c = 0: 

2w wx k h t       (2.22) 

Unfortunately, the high capillary activity of concrete is not considered in this approach. It can 

be assumed that the water permeability coefficient is not constant but rather decreases with time 

and persistent moisture penetration, respectively. The reason is twofold: first, the reactivity of 

water with unhydrous cement and, second, the swelling of the concrete itself densify the matrix. 

2.7.3 Diffusion 

Diffusion takes place if transport of water, vapour, gas or dissolved substances, ions and atoms, 

respectively, is the result of a concentration gradient and not of a pressure differential. The 

resistance of a porous solid against diffusion is described by the diffusion coefficient D [m²/s] 

according to Fick’s first law: 
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where Ix [g/m²s] is the one-dimensional diffusion flow of molecules or ions driven by 

molecular motion and change in concentration dc [g/m³] along the infinitesimal length dx [m].  

For steady-state diffusion in homogenous material with isotropic behaviour it is: 
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  (2.24) 

where L [m] is the specimen’s thickness and Δc [g/m³] is the concentration gradient. 

For concrete structures, diffusion has practical relevance when considering, e.g. desiccation 

rates, carbonation as a consequence of penetration of carbon dioxide from air, chloride migration 

and oxygen penetration resulting in corrosion of embedded steel. The diffusion coefficient of gas 

is inversely proportional to the square root of its molar mass. That means it is possible to 

calculate the diffusion coefficient of one gas from experimental data on another gas. 
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For concrete stored in constant environment, the carbonation depth dcar [m] can be described 

by the laws of diffusion as a function of time t according to equation (2.25): 

2
2 air

car CO

c

c
d D t

c
     (2.25) 

where DCO2 [m²/s] is the diffusion coefficient of carbon dioxide in carbonated concrete, cair 

[g/m³] is the concentration of CO2 in air and cc [g/m³] is the amount of CO2 needed for 

carbonation of one unit volume of concrete. 

The concentration of CO2 in air is in the range 0.03 to 1.0% by volume. The relation of cair to 

cc can be estimated by 8 x 10-6 [CEB 2003]. Besides these two parameters, the carbonation depth 

dcar is influenced by the diffusion coefficient DCO2 which mainly depends on the capillary porosity, 

the degree of hydration, the w/c ratio and the surface quality determined by the curing regime 

applied. Of course, diffusion is lower the denser the concrete and the higher its moisture content 

is. However, in very dry concretes, i.e. RH below 25%, and in water-saturated concretes, carbo-

nation is almost zero. Further, alternating watering and drying of the concrete surface leads to 

limited carbonation depth. 

In addition to the diffusion of gases, i.e. oxygen and carbon dioxide, it is the diffusion of ions 

of aggressive character like chlorides and sulfates that move by diffusion in pore water. This 

process can be described by Fick’s second law for non-steady state processes, e.g. for chlorides: 
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where ccl [g/m³] is the concentration of total chloride ions at time t and place x, t [s] is the 

duration of chloride penetration, x [m] is the coordinate, ccl
b [g/m³] is the amount of chlorides 

bound in the matrix and Dcl [m²/s] is the diffusion coefficient for chlorides in pore solution.  

The second term in equation (2.26) stands for the amount of chlorides that are bound by the 

matrix. By insertion of Dcl
eff [m²/s] instead of Dcl, this phenomenon is accounted for: 
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where it is ccl
free [g/m³] the concentration of free chloride ions in the pore solution.  

On the one hand Dcl
eff depends on the capillary porosity and density of the matrix, and on the 

other hand it depends on the binding capacity of the matrix, i.e. the type of cement [Brodersen 

1982]. In particular the use of blast furnace slag cement reduces Dcl
eff effectively [Smolczyk 1984]. 

In real conditions chloride ions enter rarely the concrete by diffusion only. Most times 

transport is managed by capillary suction in combination with diffusion. This happens if concrete 

is treated by salt-solutions and, at the same time, its surface is allowed to dry periodically. 

2.7.4 Capillary absorption 

Among all transport processes in concrete, capillary absorption is the fastest. It is the transport of 

water or other wetting liquids due to capillary forces. The pore volume can be determined by 

adsorption, but it is not necessarily related to the ease with which the liquid can penetrate it. 

Absorption is usually determined by immersing a specimen in water or liquid after it was dried to 

a constant mass previously, and measuring the mass ingress as a percentage of dry mass. The 

absorption process is assumed to follow a square root of time law as stated by equation (2.28): 
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m W t A      (2.28) 

where Δm is the absorbed mass of liquid at time t [s], W [g/m²s-1/2] is the water absorption 

coefficient and A [m²] is the test surface. 

The test results may be widely different due to various procedures used, i.e. the temperature 

applied for drying or the immersion conditions [Lea 1970]. 

2.7.5 Influence of moisture on transport processes 

The equations above describing the transport mechanisms in concrete are quite similar, i.e. the 

transport coefficients underlie the same parameters which are influenced first and foremost by 

environmental conditions. In general, higher temperatures accelerate transportation processes in 

concrete [Jooss & Reinhardt 2002]. In addition, the speed of water and gas penetration, and 

hence, the coefficients kw, Kg, D and S, are increased with increasing the capillary porosity and the 

level of micro-cracking, respectively. Further, the penetration depth depends on the moisture 

content of concrete. With increasing moisture content the permeability of gas as well as the water 

absorption are remarkably reduced and even reach a negligible level in case of water saturation 

[Kropp & Hilsdorf 1995]. The influence on diffusion needs to be looked at more differentiated 

as it depends on the media transported. For example, diffusion of gas decreases strongly by 

increasing the moisture content, whereas the diffusion of ions and vapour will be facilitated. 

A model for the description of moisture transport in a porous solid like concrete was 

developed by Rose [Rose 1965]. It bases on the previously introduced transport mechanisms. In 

agreement with the model there are 6 stages of water movement in the pore system as reported in 

Figure 2.13. From stage 1 to stage 6 the water content in the pore structure is increasing. In dry 

porous media, cf. stage 1, the vapour intruding the pore will be absorbed on the surface of the 

pore walls. As far as the pore walls are covered by one or more layers of water molecules, vapour 

can diffuse the pore space, cf. stage 2. The thickness of the absorbed water film is in equilibrium 

with the ambient relative humidity and increases with increasing RH. In stage 3 the smaller pore 

channels are filled with liquid water as a result of capillary condensation. Consequently, water 

movement encounters less resistance, whereas in the larger pores water movement is still 

managed by diffusion. The thickness of the water layer in stage 4 allows continuous water trans-

port as distinct from diffusion by higher effectiveness. Stage 5 provides unsaturated flow descri-

bed by Krischer’s law [Krischer & Kast 1974]. The air bubble enclosed is assumed to be afloat. In 

stage 6, complete water-saturation is achieved and water transport proceeds acc. to Darcy’s law. 

1 2 3

4 5 6

Liquid phase Vapour phase Absorbed phase  

Figure 2.13: Model for moisture transport in porous media [Lutz et al. 2002]. 

 



Freeze-thaw damage of concrete with de-icing salts 29 

2.8 Freeze-thaw damage of concrete with de-icing salts 

2.8.1 Introduction 

Due to its mix design, structural concrete that is sufficiently cured has generally a high durability, 

even with regard to freeze-thaw attack. However, damage may occur when the concrete is ex-

posed to severe conditions e.g. low temperatures in combination with constant water impact, de-

icing salts and frequently arising cycles of freezing and thawing. The mechanisms behind freeze-

thaw damage of concrete belong to two categories: macroscopic phenomena and processes that 

pass off on the micro- and sub-micro scale, respectively. In the following, the relevant 

mechanisms of both categories are addressed. Further, this subchapter discusses methods that are 

usually applied to enhance the freeze-thaw resistance of concrete, i.e. the use of air-entraining 

agents, and provides a short introduction into the testing methods quantifying the damage. 

2.8.2 Mechanisms causing freeze-thaw damage 

Freeze-thaw damage of concrete is directly linked to the formation of ice on the surface of 

concrete and/or in its pore structure. The change in phase state of water when freezing comes 

along with a volumetric expansion of approximately 9%. With this in mind, Powers postulated 

the working hypothesis of hydraulic pressure [Powers 1945]: Macroscopic ice growth in the 

capillary pores expels water away from the ice leading to hydraulic pressure in the pore system. In 

simple terms concrete damage will occur if its breaking strain is exceeded in this process. The 

pressure build-up depends on the length of the pore channels equivalent to the distance between 

air voids where the pressure can relieve. As a result of his investigations, Powers introduced the 

critical spacing factor [Powers 1949]. It is equal to the longest distance water can travel in the 

capillaries without causing deterioration of the concrete. The magnitude of this factor was initially 

estimated to yield about 200 µm. On the basis of Powers’ hypothesis, Fagerlund [Fagerlund 1973] 

assessed a critical degree of saturation above which freeze-thaw attack causes damage of concrete 

without artificial air pores. However, the hypothesis about the hydraulic pressure and the critical 

degree of saturation are not sufficient to entirely explain freeze-thaw damage with de-icing salts.  

2.8.3 Further microscopic phenomena 

Water in porous media like concrete can coexist stably as liquid, solid and vapour [Setzer 2001]. 

The temperature at which water freezes in concrete mainly depends on the concentration of 

dissolved salts and the binding forces that act between the pore solution and the pore wall. The 

freezing point depression ΔTf is proportional to the concentration of the dissolved substances: 
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where e is the cryoscopic constant, m1 is the mass of liquid, m2 and M2 are the mass and the 

molar mass of the dissolved substance, respectively, and s is its degree of dissociation. 

The temperature depression due to binding forces depends on the hydraulic pore radius rh. 

The relation between radius and temperature depression is given by equation (2.30) [Setzer 1977]: 
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where Tf0 is the freezing temperature of the bulk water, Tf is the freezing temperature of the 

pore with radius rh, Δφ is the change in the surface energy, Vm and H0 are the molar volume 

of ice and its molar enthalpy of fusion, respectively. For cylindrical pores rh is about one 

quarter of the pore diameter. More exact approximations are presented in [Stockhausen 1981].  

As a consequence of temperature depression the water present in the microstructure of 

concrete is only partly freezing even at very low temperatures. Freezing starts in the larger 

capillary pores and expands to smaller capillaries if the temperature drops further. Already 

Powers found that some of the gel pores are too small that water cannot freeze at temperatures 

above -78°C. In general, water at temperatures below 0°C has higher Gibbs free energy than ice. 

According to the laws of thermodynamics, which state the diffusion from high to low free energy, 

water will flow from gel to capillary pores along the free energy gradient in order to freeze. 

Pressure will develop if further ice accretion is hindered by the pore wall. This mechanism is 

called capillary effect and mainly depends on the cooling rate. Besides the hydraulic pressure the 

capillary effect is the most prominent mechanism causing freeze-thaw damage of concrete. 

2.8.4 Micro-ice-lens model 

When the water present in the microstructure is alternating freezing and thawing, not only global 

expansion of the concrete is measured but also temporary global shrinkage. Setzer [Setzer 2002] 

developed the micro-ice-lens model in order to explain both phenomena using the laws of 

mechanical thermodynamics and physico-chemical effects. 

Figure 2.14 shows the temperature and strain of concrete as a function of time during freez-

ing and thawing. Further it presents a schematic illustration of the related microscopic damage 

mechanisms. To this end the concrete is modelled as cement matrix with gel pores embedding 

the larger capillary pores. The temperature depression due to binding forces prevents the 

formation of ice inside the microstructure although the temperature drops below 0°C (cf. state 1 

and 2). Further water from the interior of the concrete moves along the free energy gradient in 

order to freeze on the top. As a result, the concrete shrinks since the matrix is non-infinitely rigid. 
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Figure 2.14: Schematic illustration of the mechanisms causing damage of concrete during freez- 

                     ing and thawing [Haist et al. 2009]. 
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This shrinkage is called frost shrinkage and is extended by a further drop in temperature since the 

negative pressure build-up between liquid water and ice grows by 1.22 MPa per K undercooling 

[Stark & Wicht 2001]. Due to further decrease of temperature water in the capillary pores is 

freezing and consequently, the gel pores are drained (cf. state 3).  

At temperatures of approximately -25°C the water in the smaller capillaries and the larger gel 

pores is freezing. Since frost shrinkage has already finished, the ice formation causes first changes 

of the microstructure while the matrix expands (cf. state 4). During the following thawing period, 

the negative pressure (capillary effect) relieves as thawing begins in the gel pores and the smaller 

capillaries whereas the water in the larger pores remains frozen (cf. state 5). As a result, free water 

is attracted by the gel pores in order to keep the system in equilibrium. This effect is called frost 

suction. Since thawing is a non-stationary process, water released by thawing of the ice-lenses is 

provided with delay. On this account, the free water attracted is primarily, if available, external 

water, i.e. water from the top of the concrete that is treated with de-icing agents. According to 

Setzer, this mechanism is called micro-ice-lens pump. In consequence, the degree of saturation of 

the pores is increased accompanied by the macroscopic expansion of the concrete. If the 

saturation is completed, i.e. enough freeze-thaw cycles were assessed, global expansion dominates 

and the concrete strain remains above the initial level (cf. state 6).  

It is the air-filled pore structure that ensures the frost-resistance of concrete. This free pore 

space is generated either by the use of air-entraining agents, by self-desiccation during hydration, 

or by drying of initially water-filled pores due to appropriate environmental conditions. Only 

once the saturation of the pore space has exceeded a critical value and the breaking strain during 

alternating shrinkage and expansion processes has reached its limit, freeze-thaw damage occurs. 

In general, the damage results in visible surface scaling or internal damage, e.g. leading to reduced 

modulus of elasticity. 

2.8.5 The role of dissolved salts 

Considerable amounts of chloride ions, i.e. dissolved in the surface water treated with de-icing 

salt, are able to enter the concrete by means of the micro-ice-lens pump during thawing. Because 

ice is free of any dissolved substances, the ions accumulate in the unfrozen gel water [Setzer 

2009]. When increasing the concentration of the dissolved substances in the pore solution, the 

electrostatic part of the disjoining pressure between solid particles of the hardened cement paste 

is reduced, cf. chapter 2.3.4. As a result, the frost shrinkage is increased. However, due to electro-

osmosis and chromatography the penetration of ions is restricted to the surface close area and 

affects surface scaling more than internal damage. Investigations of Auberg [Auberg 1998] have 

shown that even the quality of the used tap water significantly influences the scaling of concrete. 

2.8.6 Methods for quantifying freeze-thaw damage 

Concrete of high quality survives freeze-thaw attack for a rather long time, which is why the 

established test methods prescribe the application of many freeze-thaw cycles e.g. the ASTM 

standard 300 [ASTM C666-08], the slab test 56 [DIN EN 12390-9 2009], the CDF-test 28 [Rilem 

1996] and the CIF-test method 56 [Rilem 2004]. To maintain the comparison of laboratory test 

results with practice, the boundary conditions of the test methods have to reproduce the real 

conditions as closely as possible. Both, the CDF and the CIF test method meet this requirement 

the most [Setzer 2009]. On this account, in the present thesis the decision was made in favour of 

a combination of both test methods in order to examine the effect of SAP on the freeze-thaw 
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resistance of concrete, cf. chapter 10.2.3. The CDF-test method determines the surface scaling of 

the test samples and postulates a limit value of 1500 g/m² after 28 freeze-thaw cycles. The CIF 

test method measures the ultrasonic transit time of an US wave travelling through the test sample. 

A decrease in the ultrasonic velocity with increasing number of freeze-thaw cycles is an indication 

for internal damage (leading to reduced lifetime of the concrete) as internal cracks reduce the 

velocity of the US wave. After the 56th cycle, the relative dynamic modulus of elasticity - calcu-

lated on the basis of the US-wave velocity - must not drop below 80%. 

2.8.7 Requirements for improved freeze-thaw-resistance of concrete 

The design of concrete with high frost resistance has to follow general rules:  

 The pore structure has to be influenced in a way that capillary water transport is mitigated. 

 The matrix has to sustain the pressure build-up by ice formation; therefore the tensile 

strength of the matrix has to be maximized. 

 The aggregates used have to show sufficient resistance against freeze-thaw attack. 

To achieve these requirements, the following measures are available: 

 Reduction of the w/c ratio and selection of an appropriate type of cement/binder. 

 Entrainment of artificial air voids. 

The w/c ratio is one of the main parameters determining the frost resistance of concrete. 

With decreasing w/c ratio, capillary water transport is reduced and strength as well as frost-

resistance is increased. Because of its dense microstructure formed during hydration, blast 

furnace cement is recommended when the concrete member is protected against carbonation. 

Otherwise the porosity is increased and the long-term resistance against freeze-thaw attack is 

even reduced [DAfStB 2005]. The use of fly ash has shown positive effects on the frost-

resistance of concrete [Brameshuber & Schießl 2000]. In contrast, the use of silica fume can in-

crease the internal damage of concrete [Feldrappe & Müller 2004]. 

Air pores entrapped in the matrix enhance the frost-resistance of concrete the most effective. 

They do not only provide space for expansion of expelled water (hypothesis of hydraulic 

pressure), they also provide space for ice accretion (capillary effect) and interrupt water transport 

by capillary suction. The void spacing (VS) factor, compare Figure 2.15, is still the decisive 

parameter for the design of frost-resistant concrete today. It is defined as the distance between 

the centroid of three equally afar air voids to the pore wall by assuming equal size and 

distribution of the air voids. Keeping the limit value of VS ≤ 0.20 mm recommended for frost-

resistant concrete [DIN EN 480-11 2005] implies the use of air-entraining agents. 
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Figure 2.15: Schematic illustration of the VS factor based on [Jungwirth et al. 1986]. 
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2.8.8 Air-entraining agents 

Air-entraining agents (AEA) generate a large number of small air voids of about 300 µm in 

diameter in the fresh concrete during mixing. AEA are admixtures that belong to the group of 

surface-active agents also known as tensides. The characteristic all tensides have in common is 

their hydrophobic/hydrophilic molecular structure, cf. Figure 2.16. They consist of a covalent 

hydrophobic hydrocarbon chain and a hydrophilic polar carboxyl group. The latter may also be a 

sulphate or sulphonate group. The hydrophilic part reduces the surface tension of the pore water 

which results in a liquefying effect. The hydrophobic part has a water repellent effect causing the 

creation of stable air voids. AEA base primarily on soaps made from natural resin. Synthetic 

active ingredients have been used in the last years increasingly as well. 

The interactions of the active ingredients forming air voids, the influence of the mixing 

regime, the temperature, the consistency of the concrete and the amount added to the fresh mix 

are poorly understood so far. To compensate the inadequate knowledge, initial testing and testing 

during construction work have to be exercised in detail. Further the interaction with super-

plasticizer containing defoaming agents has to be carefully considered. An alternative to AEA is 

provided by the application of synthetic microspheres [Sommer 1978].  

Air

Cement

particle

AEA molecule

hydrophilic hydrophobic

 

Figure 2.16: Schematic illustration of the acting mechanism of air-entraining agents. 

A promising new technology for air entrainment of concrete is provided by the use of super-

absorbent polymers as concrete admixture. This task is extensively being dealt with in chapter 10. 

The basic principle behind this new technology is explained in chapter 3.3. 

2.9 Superabsorbent polymer (SAP) 

2.9.1 General information 

Polymer materials that are able to absorb many times more water or aqueous solution than their 

own weight belong to the group of superabsorbent polymers (SAPs). One gram of these poly-

mers can absorb and retain more than 1000 g of water and up to 100 g of dilute salt solution 

without dissolving [Buchholtz & Graham 1998]. SAPs were developed in the late 1980s and were 

used primarily as urine absorber in baby diapers.  

Chemically speaking SAPs are cross-linked polyelectrolytes. In [Buchholtz & Graham 1998] 

SAPs are classified according to their ionic and non-ionic nature. SAPs of the ionic group, which 

are generally used in this dissertation, can be subdivided further into anionic and cationic poly-

mers. The commercially important types of SAP are covalently cross-linked polyacrylates and co-

polymerized polyacrylamides/polyacrylates [Jensen & Hansen 2001b]. SAP produced for the 

hygiene industry usually bases on copolymers of acrylic acid partially neutralized with sodium 

[Friedrich 2012], see Figure 2.17.  
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Figure 2.17: Basic components of SAP produced for the hygiene industry. 

2.9.2 Swelling 

SAPs can be seen as crosslinked networks of flexible polymer chains which start to swell upon 

contact with water or aqueous solutions forming a hydrogel. The crosslinks keep the polymer 

network from dissolving. In general, SAPs show isotropic swelling due to disordered crosslinking. 

As a result, the shape of the SAP particle after swelling remains the same as before. The degree 

of crosslinks and the salinity of the fluid highly influence the swelling capacity, which is defined 

as relation between absorbed fluid and dry polymer. With increasing fraction of crosslinked poly-

mer chains the swelling capacity and thus the absorption capacity is decreasing. Di- and trivalent 

ions in the swelling medium, e.g. Ca 2+ and Al 3+, reduce the absorption capacity of polyacrylates 

dramatically since they act as additional crosslinkers. Externally applied forces, e.g. shear and 

compressive forces, can significantly reduce the absorption capacity of SAP as well. Generally, 

the mechanical properties of the gel become poorer with increasing the water content and the 

degree of saturation, respectively. Figure 2.18 provides an illustration of the free water absorption 

of a single spherical SAP particle (left) and a schematic representation of the SAP network (right). 

Different mechanisms control the motion of water into the SAP particle. The driving force is 

an osmotic pressure which is proportional to the ions in the swelling medium. As the concentra-

tion of ions outside the polymer is increased, the osmotic pressure inside the gel is decreased. 

Ionisable groups that are trapped within the polymer chain attract water molecules in order to 

reduce the pressure by diluting the charges. Further, water solvation of hydrophilic polymer 

chains hosting dissociated, ionic functional groups contributes to increase the swelling. On the 

other hand, retractive forces due to elastic free energy counteract swelling of the SAP. Until the 

competitive balance of all forces is even, swelling is in equilibrium [Friedrich 2012]. 
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Figure 2.18: Picture of a spherical SAP particle coloured with blue ink in dry and water satura- 

                      ted state (left) and schematic representation of a crosslinked SAP network (right). 
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2.9.3 Production 

The annual world production of SAP amounts to ca. 1 Mio t. About 95% of the SAP produc-

tion accounts for the application in baby diapers. The most commonly available SAP configura-

tions are hard, dry, granular powders with a particle size range of approximately 100 to 1000 µm. 

They are either produced by gel-polymerization or inverse suspension polymerization. In case of 

gel-polymerization, also known as solution polymerization, the production of SAP starts with an 

aqueous monomer solution, prepared from acrylic acid, water and a crosslinking monomer. The 

monomer mix is cooled down to 0 to 10°C and transferred to a reaction vessel. The reactor is 

either an endless belt reactor [Chmelir & Pauen 1988] or a kneader [Irie et al. 1996]. By adding 

free-radicals, i.e. sodium persulfate, the monomer mix begins to polymerize forming a gel. In case 

of the endless belt reactor, the rubber-like gel is cut at the end of the belt by an extruder. Using a 

kneader, polymerization and cutting are done in one step. The broken gel is then dried and pre-

pared by grinding and screening to obtain the desired particle size distribution. The dry particles 

made by this production method have an irregular shape and show sharp edges [Friedrich 2012]. 

Inverse suspension polymerization is employed when spherical shaped particles are demand-

ed. In this process droplets of the monomer mix are suspended in an organic solution. This can 

either be hexane or cyclohexane, blended with suspension aids stabilizing the droplets. At 

temperatures between 50 and 70°C the polymerization starts and is turned off when the particles 

are grown to the desired size. Finally, the water is separated by azeotropic distillation and the 

particles are dried. The production of SAP by inverse suspension polymerization is limited to 

small volumes since the costs are higher compared to gel-polymerization [Friedrich 2012]. 

Superabsorbent fibres (SAF) represent another configuration of superabsorbent polymer 

material. SAF, as used in this dissertation, can be produced by dry-spinning from an essentially 

linear co- or terpolymer of acrylic acid, methyl acrylate and hydroxyl containing monomers e.g. 

hydroxylethyl acrylate. The latter component is used to form crosslinks during a heat treatment 

step. Methyl acrylate is implemented as an internal plasticizer. The dispersion is spun into fila-

ments through a spinneret at temperatures of 90 to 100°C. Afterwards, the water is evaporated 

by drying in an air bath at ca. 150°C and the filaments are wound to yield a fibre of about 30 µm 

in diameter. The fibre length is adjustable by cutting. The bulk density of fibres is typically lower 

than that of granules and their capability to retain fluid under an externally applied pressure is less. 

Due to the low production rate of SAF, the present cost exceeds by several times the costs of 

granular superabsorbents [Buchholtz & Graham 1998].  

Figure 2.19 presents images of granul, spherical and fibre shaped dry SAP particles recorded 

by environmental scanning electron microscope (ESEM). 
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Figure 2.19: gel-polymerized particles (left), suspension polymerized particles (center) and dry- 

                      spun fibres (right) recorded by ESEM. 
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2.9.4 Applications 

The market for SAP is split between the hygiene industry and the technical applications. The first 

market, the hygiene industry, is still the main market for SAP today [Friedrich 2012]. Besides the 

application in diapers, SAPs are used in several cosmetic formulations and adult care products i.e. 

to control the consistency or to contribute to a soft, dry feel. The rest of the market consists of 

all applications apart from hygiene products e.g. (cf. also [Buchholtz & Graham 1998]): 

 Agricultural and horticultural applications such as soil additives helping to retain moisture 

and to control the release of water in the soil as conditions become drier; or even to 

improve the air content of the soil due to expansion and contraction during the cycles of 

moisture absorption and evaporation. 

 Controlled release of substances that are initially trapped within the polymer, such as 

pesticides, fertilizers or pharmaceuticals. 

 Electronics and cablings protected from water damage due to water-blocking tape con-

taining SAP or polyester tape coated with SAP-modified resin. Any water that penetrates 

the covering of the cable encounters the protective layer and swells the SAP to seal the 

crack or perforation in the covering material. 

 Food packaging systems making use of SAP as liquid absorber. Even chilled SAP gels are 

used as a dry-cooling medium since the water is retained when thawing begins. 

 Aqueous waste management with the aim to reduce the potential of environmental con-

tamination using SAP in order to make waste easier to handle by gelling it into a rubbery 

material or a solid phase. 

In the field of construction applications the focus is put on water-absorbing construction 

materials using the volume increase of the gel to form a barrier to further water flow. Various 

sealing composites made by blending SAP into a rubber material were developed for sealing 

around joints of miscellaneous building materials. Further, SAPs are used as component in water-

blocking back-filler materials e.g. for tunnel constructions, or serve as soil stabilizer for wet soils. 

The promising and still young application technology of SAP used as concrete admixture 

forms a basis to the present thesis. The principles behind this technology that are essential for the 

understanding of this work are extensively described in the next chapter. 
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3 Basic principles of  using SAP in concrete technology 

3.1 Introduction 

This chapter will provide an introduction of the basic principles behind the use of SAP as 

concrete admixture. In the last years, research conducted for the application of SAP in concrete 

construction has become popular among experts all over the world. Most research is underway in 

order to follow the overall aim of gaining control over the water balance in concrete. However, 

there is a wide range of application methods for SAP in cementitious materials to be investigated 

in future. Currently, two promising applications for SAP in concrete construction stand out: 

1) Water entrainment for the purpose of internal curing. 

2) Redistribution of capillary water to artificial water-filled macropore inclusions of pre-

designed size, shape, spacing and volume. 

The first purpose aims on the mitigation of self-desiccation and self-desiccation shrinkage. 

Using SAP seems to be the most straightforward technology to apply IC of concrete today. The 

second purpose targets on the manipulation of the pore structure in order to improve the durab-

ility of concrete. At the latest when SAP pores are emptied due to hydration or drying, air-filled 

macropores remain that act similar to air pores generated by traditional AEA. From this point of 

view, the application of SAP can be seen as a new method for air entrainment in concrete.  

Both topics are addressed further on and their relevance for the thesis at hand is highlighted. 

In the last part of this chapter, new fields of application for SAP in concrete construction will be 

addressed. Besides several conceivable applications proclaimed by literature, two own approaches 

are presented: the use of superabsorbent fibres (SAF) in order to prevent explosive spalling of 

concrete exposed to fire and the application of SAP in lightweight concrete with porous matrix. 

3.2 Internal curing 

3.2.1 Theoretical background 

A first concept for internal curing of hardening cement-based materials by using fine SAP 

particles was presented by Jensen & Hansen [Jensen & Hansen 2001b]. They formulated a re-

interpretation of Powers’ model [Powers & Brownyard 1948] in order to explain the phenomenon 

of self-desiccation (see section 2.2.3) and the basics of water entrainment (see section 2.6).  

Figure 3.1 presents the volumetric phase distribution as a function of the degree of hydration 

at sealed condition of a plain cement paste with w/c of 0.36 in comparison to a water-entrained 

cement paste with w/c of 0.36+0.06. The add-on part of the designation refers to the amount of 

entrained water, e.g. (w/c)e of 0.06. The w/c ratio by neglecting water stored in SAP is called 

basic w/c ratio, i.e. (w/c)basic. While hydration of a plain paste system at low w/c ratio stops when 

all capillary water is consumed, hydration of the water-entrained paste system proceeds as IC 

water is considered “on top”. In case of w/c = 0.36+0.06 hydration up to αmax = 1 is possible. 

Several positive effects of water entrainment by SAP are expected or even demonstrated so far: 

 The degree of hydration is increased compared to plain cement paste with same (w/c)basic. 

 No air-filled micropores occur as the space is taken up by further hydration products; 

pre-designed, air-filled macropores remain instead. 
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 Self-desiccation, self-desiccation shrinkage and, consequently, cracking due to restraint 

autogenous shrinkage are prevented. 

The latter point is particularly important as autogenous deformations take place at early age 

where thermal deformations superpose. It is obvious that at this stage of hydration, even small 

stresses acting on the system lead to large deformations as the resistivity of the paste is quite low. 
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Figure 3.1: Volumetric phase distribution as function of degree of hydration: plain cement paste  

                   at w/c of 0.36 (left) and water-entrained cement paste at w/c of 0.36+0.06 (right). 

The amount of entrained water that is theoretically needed to avoid self-desiccation of a plain 

cement paste can be calculated in agreement with Powers, see appendix 3. It is assumed that the 

maximum degree of hydration is reached when all the space is taken up by the volumes of gel 

solid VGS, gel water VGW and unhydrated cement VUC: 

1GS GW UCV V V      for   max    (3.1) 

As a result, the amount of entrained water equals the chemical shrinkage of the cement paste 

at the maximum degree of hydration. The necessary condition to obtain αmax is: 

   / 0.18 /
e

w c w c     for    / 0.36w c    (3.2) 

For w/c > 0.36 the amount of entrained water neccessary to reach complete hydration is less: 

   / 0.42 /
e

w c w c     for    0.36 / 0.42w c   (3.3) 

Figure 3.2 provides an illustration of the minimum entrained w/c ratio (w/c)e needed to 

obtain αmax at sealed hydration as a function of the basic w/c ratio (w/c)basic. The derivation of the 

equations used for calculation is reported in appendix 3. It goes back to considerations of Jensen 

and Hansen [Jensen & Hansen 2001b] and was extended to paste systems including silica fume of 

10% by the weight of cement (see appendix 3). Replacement of cement by silica fume results in 

high chemical shrinkage of about 22 ml per 100 g silica fume reacted [Jensen & Hansen 2001b]. 

On this account, silica fume-modified cement pastes show much greater self-desiccation and 

autogenous shrinkage than plain Portland cement pastes [Jensen & Hansen 1996] leading to 

greater micro-cracking if restraint [Dela 2000]. As a consequence, more entrained water is needed 

to prevent complete self-desiccation of paste systems modified with silica fume. 
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Figure 3.2: Amount of entrained water theoretically needed to avoid self-desiccation of plain  

                    Portland cement paste as a function of basic w/c ratio. 

3.2.2 Literature review on IC due to SAP 

First experimental observations on water entrainment by SAP were published by Jensen and 

Hansen [Jensen & Hansen 2002]. They examined Portland cement pastes with respect to auto-

genous deformation and autogenous RH change and mortars with respect to cracking suscept-

ibility by using an instrumented ring [ASTM C1581-09]. The SAP content amounted to 0.3 to 

0.6% by mass of cement and the basic w/c ratio was 0.30. It was shown that it is possible to 

avoid self-desiccation, autogenous shrinkage and cracking during restraind hardening by means of 

SAP as water-entraining admixture. Furthermore, they suggested the optimum size of swollen 

SAP for internal curing to yield 100 µm. Their first measurement results were confirmed in other 

studies using the same type of SAP, e.g. [Igarashi & Watanabe 2006] and [Lura et al. 2006a] and 

were even extended to high strength concretes (HSC) [Braam et al. 2006]. In parallel to free auto-

genous shrinkage, Igarashi and Watanabe investigated the development of tensile stresses due to 

restraint shrinkage. The test device used was a computer-controlled uniaxial restraint shrinkage 

testing machine as recommended by Kovler [Kovler 1994]. At 0.7% SAP, which was the amount 

where complete elimination of autogenous shrinkage was found, they measured no tensile stres-

ses. For concrete without SAP, tensile stresses of 0.7 to 1.1 MPa were found at the age of 7 days. 

Addition of half the amount of SAP, i.e. 0.35%, led to tensile stresse of 0.3 MPa after 7 days.  

Recently, several investigations on IC of concrete and HSC using other SAP material were 

published, e.g. [Wang et al. 2009], [Dudziak & Mechtcherine 2008], [Mechtcherine et al. 2009]. 

The results are in good agreement with findings of Jensen and Hansen. Further investigations on 

restrained shrinkage were performed on SAP-modified UHPC [Dudziak & Mechtcherine 2009].  

In comparison to other IC materials, the method of water entrainment by SAP is asserted to 

be the more straight-forward technology. The undesirable addition of mechanically poor aggre-

gates is avoided and, instead, free design of pore shape and size distribution is enabled. With 

regard to mitigation of autogenous shrinkage, Geiker [Geiker et al. 2004] demonstrated on 

cement/silica fume mortars with w/b of 0.35 that addition of a small amount of Jensen’s SAP 

particles is as efficient as the replacement of a significant amount of sand by LWA. A detailed 

comparison of SAP and LWA with respect to IC, can be found in [Mönnig 2009]. Piérard et al. 

[Piérard et al. 2006] verified that SAP can prevent autogenous shrinkage more effectively than 

traditional SRA. They stated that only CaO-based expansive agents achieve similar good results.  
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In [Schroefl et al. 2012] it is reported that there are substantial differences in the effectiveness 

of IC in dependence on the type of SAP used. This issue will be discussed later on in conjunction 

with own measurement results presented in chapter 6. However, it should be admitted at this 

point that the performance of SAP obviously is influenced by the polymer chemistry and the 

interaction of SAP with the cementitious environment.  

Further current papers on IC due to SAP are composed e.g. in [Jensen et al. 2010]. 

3.2.3 Further consequences of water entrainment 

The majority of research underway is still focussed on mitigation of autogenous shrinkage and 

cracking due to restraint shrinkage of high performance paste, mortar or concrete compositions, 

i.e. with w/b ratios far below 0.40. However, water entrainment affects properties of fresh and 

hardened concrete in many ways. Some crucial findings of research conducted for the study of 

the side-effects of water entrainment by SAP are summarized in the following: 

1) Effect of SAP on workability and fresh concrete properties:  

Even though only few results are available in literature that concern the influence of SAP in 

fresh concrete, it is out of the question that SAP addition considerably changes the concrete’s 

rheology. It was observed that adding SAP is equivalent to removal of free water from the system 

resulting in reduced spread flow [Mönnig 2005]. If no extra water is added to compensate this 

tendency, yield stress and plastic viscosity are increasing as shown by rheometer measurements 

[Toledo Filho et al. 2012]. The thickening effect of SAP in fresh concrete as first observed in 

[Jensen & Hansen 2002] may be advantageous for special practical applications such as pumping. 

2) Effect of SAP on mechanical properties:  

In general, incorporation of large volumes of water sources may affect the mechanical 

properties of hardened concrete and its durability as well. On this account, it is recommended to 

only entrain the amount of water that is needed to prevent or acceptably limit self-desiccation 

and self-desiccation shrinkage, respectively. On the other hand, SAP promotes a higher degree of 

hydration as long as low enough w/c ratios are considered. In [Lura et al. 2006b] it is reported 

that IC by SAP has no significant influence on compressive strength of high performance 

mortars, whereas for cement paste the compressive strength was reduced by 20% at early age and 

by 10% at later age. This observation was explained by the limiting effect of interfacial transition 

zones and weaker aggregates present in mortar. In [Assmann 2008] the minimum impairment of 

strength of mortar prisms at cement content of 575 kg/m³ in the range 0.40 < w/c < 0.64 that 

were cured in water was proposed for swollen SAP of about 110 µm in radius. Smaller and larger 

polymers increased the impact on compressive strength. The suggested radius corresponds with 

the prediction of de Larrard and Belloc [De Larrard & Belloc 1997] who found a relation 

between paste thickness and compressive strength. An explicite study on mechanical properties 

of SAP-modified concrete was conducted by Hasholt, who investigated the effect of SAP on 

development of compressive strength [Hasholt et al. 2010a] and modulus of elasticity [Hasholt et 

al. 2010b]. According to their test data, mix design and age make decision whether SAP has a 

negative or positive effect on mechanical properties. At high w/c ratio (> 0.45) SAP addition had 

no significant influence on hydration, and therefore strength was reduced. The same was found 

for low w/c ratios at early age, and if the amount of SAP was too large. In these cases the 

strength-increasing effect due to increased degree of hydration could not counterbalance the 

strength-reducing effect of the volume of SAP voids. It was further shown that SAP addition can 

at the same time increase the compressive strength and lower the modulus of elasticity. 
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3) Effect of SAP on other types of shrinkage, i.e. plastic and drying shrinkage: 

Tests presented in [Dudziak & Mechtcherine 2010] indicated a decrease of capillary pressure 

build-up in cement pastes containing SAP. Plastic shrinkage measured under severe drying 

conditions was lower compared to the reference mix with same basic w/c ratio of 0.30, whereas 

the settlement deformation was higher. The latter phenomenon coincided with retarded setting.  

The effect of SAP addition on early age cracking susceptibility of concrete plates with dimens-

ions of 160 x 60 x 8 cm³ exposed to severe drying in a ventilated tunnel were investigated in terms 

of a diploma thesis [Sárosi 2007]. Besides the reduction of plastic shrinkage it was indicated that 

SAP reduce bleeding and contribute to a high surface quality. The number of cracks was not re-

duced by SAP addition, but it is probably true that average and maximum crack width were 

smaller in case of SAP-modified concrete. However, some findings were contradictory, which is 

why no final conclusion could be drawn. First results concerning the effect of SAP on drying 

shrinkage of cement paste were already published in [Jensen & Hansen 2002]. Previous to drying, 

the specimens were stored sealed for the first days of hydration. Drying shrinkage increased for 

the water-entrained pastes but did not affect the total deformation since autogenous deformation 

was drastically reduced. Measurements on concrete starting at 24 hours after casting showed that 

addition of SAP reduces total deformation at w/c of 0.42 comparable to the effect of LWA 

addition [Reinhardt & Mönnig 2006]. In [Mechtcherine et al. 2009] shrinkage measurements on 

fine-grain UHPC at 20°C and 65% RH, executed from one day after casting, are reported. When 

the total w/b ratio of basically 0.19 was increased due to addition of SAP and extra curing water, 

the measured deformation was higher compared to the reference mix. An increase in IC water, of 

course, led to an increase in total deformation. But in this study as well, the increase in drying 

shrinkage caused by IC water was less pronounced than the decrease in autogenous shrinkage, 

which occurred mainly within the first day of hydration.  

4) Much more effects of SAP, e.g. on the development of microstructure are present but 

marginal research exists so far.  

A comprehensive discussion of the above mentioned topics is given by the recently available 

state of the art report of the RILEM TC 225-SAP, “application of superabsorbent polymers in 

concrete construction” [Rilem 2012]. Chapter 9 of the report includes results made available by 

the dissertation at hand.  

3.2.4 Relevance of internal curing for the present dissertation 

The application of SAP in order to prevent autogenous shrinkage may improve the durability of 

concrete by reducing the risk of crack formation at early age. Therefore the prevention of auto-

genous shrinkage is a main topic of this thesis, see Figure 3.3 on the following page. Although the 

crack formation due to restraint autogenous deformation was not observed directly, the influence 

of SAP on sealed cement hydration and free, unrestricted shrinkage of paste, mortar and concrete 

were examined: Observations on the effect of SAP on the hydration of sealed Portland cement 

paste is reported in chapter 5. The effect of SAP on autogenous shrinkage of cement paste is 

studied in chapter 6. Further, a model for calculating autogenous shrinkage of cement paste on 

the basis of an approach developed by Lura [Lura 2003] is presented. Chapter 7 reports about an 

investigation on autogenous shrinkage of high strength mortar and concerns the effectiveness of 

IC in dependence on type and dosage of SAP. Chapter 8 deals with autogenous shrinkage of 

normal strength concrete and the impact on creep of concrete under constant tensile load. 

Mechanical properties of water-entrained concrete are discussed in chapter 8 and 9 as well. 
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Figure 3.3: Trace of the idea of internal curing by SAP followed in the dissertation. 

Although research on internal curing by SAP became increasingly popular in the last years, some 

questions of outstanding importance have remained unanswered yet, e.g.:  

 Does IC water (SAP) influence the cement hydration differently compared to free water?  

According to Powers’ theory, plain cement paste and water-entrained cement paste with same 

total amount of water have the same maximum degree of hydration at sealed condition. 

 What is the key to adjust high effectiveness of internal curing? 

The type of SAP has a great influence on the effectiveness of IC independent on the total 

volume of water entrained. The reasons behind this observation are not clarified so far. 

 Is the curing effect on strength of SAP-modified concrete significant enough?  

Up to now there is not enough data where different curing conditions are applied and 

compared in the same study. 

The thesis at hand tries to contribute to a better understanding of the functioning of SAP 

with regard to manipulation of the water balance in the cement hardening process. The investi-

gations are conducted for answering the above-listed questions and for helping to understand 

several other problems and issues related. Brief descriptions of the tasks being dealt within the 

single chapters are presented in the respective introductions.  

3.3 Redistribution of capillary water 

3.3.1 Theoretical background 

Addition of dry SAP to the fresh concrete in the mixing process leads to redistribution of free 

water, acutally anticipated to form capillary pores, in pre-designed macropore inclusions of much 

larger size, called SAP pores. The characteristics of the imposed SAP pore system, such as shape, 

size and number of pores, depend on the characteristics of the dry SAP material. Shape, size and 

swelling capacity of dry SAP particles are defined by polymer chemistry, production method and 

processing (see section 2.9.3). SAP pores are initially water-saturated in the fresh state and remain 

as partially air-filled pores due to drying in hardened concrete. The drying process may be driven 

by chemical shrinkage during sealed hydration or by evaporation in case of an open system.  

Figure 3.4 illustrates the idea of redistribution of capillary water by SAP on the basis of the 

volumetric phase distribution of a hardening cement paste at w/c of 0.50 during sealed hydration. 

The water initially absorbed by SAP equals to (w/c)e of 0.08. This water is not considered “on 

top” as in case of IC at low w/c ratio systems (see Figure 3.1), but rather considered as “lost” 

from the volume of free capillary water in systems with w/c > 0.40. As shown in the right 

diagram, it is expected that the water-entrained cement paste has a capillary pore system similar 

to a non-water-entrained cement paste with (w/c)basic of 0.42.  
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Figure 3.4: Substitution of capillary water illustrated on the basis of the volumetric phase dist- 

                    ribution of a hardening cement paste at total w/c of 0.50 under sealed hydration. 

Redistribution of free water, of course, results in loss of workability, that means e.g. super-

plasticizer has to be used for compensation. On the other hand, mechanical properties and 

hydration should be unaffected to the greatest extent. 

3.3.2 Relevance for durability of concrete 

As mentioned in section 2.6.5, most deterioration mechanisms causing damage of concrete and 

concrete structural elements, respectively, will only become operative if water, dissolved harmful 

substances or gases can enter the concrete interior. The transport processes are eased by capillary 

pores forming an interconnected pore structure. Due to this background, it is expected that re-

distribution of capillary water by SAP will greatly influence the transport processes in concrete 

and its durability in consequence. The main question is whether this effect is strong enough to 

exceed the contribution of SAP pores to the total pore volume, which is possibly relevant for 

transport of gas, moisture and liquid in a similar magnitude. Further it is conceivable that SAP 

directly intervene transport of water due to physical effects, e.g. water absorption. This consider-

ation comprises a possible influence of the degree of saturation of SAP pores. However, experi-

mental data on the influence of SAP on transport processes in concrete do not exist so far. 

Pore space provided by SAP pores when partially air-filled may act in a similar manner as 

natural air pores or pores entrained by traditional AEA. With respect to freeze-thaw resistance of 

concrete, SAP pores may offer several benefits compared to the method of using AEA. Since 

external influences like ambient temperature or compaction energy applied during placing have a 

huge impact on the efficiency of AEA, the success of this method is difficult to control. In 

contrast, artificial SAP pores are pre-designed within production related limits of the SAP 

material. This is expected to be the most important advantage for the method of air entrainment 

in concrete by SAP. First efforts indicating positive effects of SAP addition on the freeze-thaw 

resistance of concrete were made at the University of Stuttgart. Some preliminary test results 

were published in [Reinhardt et al. 2008]. The questions that did arise since then are as follows: 

 Are initially water-saturated SAP pores as effective as the same volume of pores gener-

ated by traditional AEA?  
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 How do SAP particle size and spacing influence the frost resistance?  

 What is the main factor influencing frost resistance: void spacing or total pore volume? 

3.3.3 Specific aspects of durability dealt within this thesis 

In this thesis, focus is put on the effect of SAP addition on durability aspects of concretes with 

w/c ratios in the range 0.36 to 0.50. For concretes at low w/c ratio, i.e. far below 0.40, IC effects 

are present which may improve durability by the common rule that higher density of concrete is 

regarded as positive for duarbility. Higher degrees of hydration and less air-filled micropores will 

be noted on the asset side as a result of IC water considered “on top” as specified in chapter 3.2. 

Viewed in this way, SAP pore volume is present instead of micropores contributing to increase of 

total pore volume, which is considered as negative for durability, except in case of freeze-thaw 

attack. Further, mitigation of autogenous shrinkage and prevention of early age micro- and 

macro-cracking when under restraint will strongly enhance durability. At high w/c ratio, as 

studied in terms of durability aspects here, IC effects are not operative. That means that results 

presented can safely be transferred to low w/c systems. The specific durability issues processed in 

this thesis are listed below: 

 The effect of SAP on transport processes, i.e. permeability of gas and water, capillary ab-

sorption, migration of chlorides and CO2 and weight loss due to evaporation (chapter 9) 

 The effect of SAP on the freeze-thaw deterioration processes (chapter 10) 

 The effect of SAP on the mechanical abrasion resistance (chapter 10).  

Outstanding importance is accounted for the investigations on transport properties as they 

form the basis for concrete deterioration mechanisms. Transport of chlorides and CO2 in 

concrete is measured indirectly due to chloride migration testing and measurements on 

carbonation depth. Direct measurements on damage of concrete caused by physical and 

mechanical attack are conducted for the determination of freeze-thaw resistance with de-icing 

salts and abrasion resistivity.  

The aim of this work is the provision of first test data in order to promote the potential of 

SAP as admixture to increase the durability of concrete. Findings presented later on in the text 

will refer to research recommended to do in future. 

3.4 Further applications of SAP in concrete construction 

3.4.1 Crack-healing  

The dependency of the water absorption capacity on alkalinity and pH value of the absorbed 

liquid allows the application of SAP for water-blocking cracks in concrete. Tsuji et al. [Tsuji et al. 

1998], [Tsuji et al. 1999] reported on the use of a special type of SAP that can, on the one hand, 

hardly absorb alkaline water, i.e. pore solution in fresh concrete. On the other hand, this SAP is 

able to absorb large quantities of neutral or acidic water, i.e. external water intruding the concrete 

through cracks. When cracks expose entrapped SAP particles to external water supply, swelling 

starts and leads to water-blocking. This healing effect was proved by permeability measurements.  

3.4.2 Surface curing 

Poor and insufficient surface curing can lead to reduced durability of the concrete surface caused 

by high evaporation rate accompanied with plastic shrinkage cracking. The idea of using SAP for 
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surface curing was implemented by different strategies, but none has been established yet. One 

application triggers water supply to the concrete surface by using a water-soaked gel-layer 

protected from desiccation by a latex rubber coating as proposed by the Onoda Cement 

Company Ltd., Japan, as cited in [Cusson et al. 2012]. Another application was suggested by 

Harrison [Harrison 1991]. He placed flexible SAP sheetings in conventional formwork which he 

called controlled-permeability formwork. The sheetings were impermeable to air and could ab-

sorb up to 200 times their weights of water. During placing the concrete, water from the surface 

zone was sucked up, resulting in decrease of the w/c ratio. In doing so, the surface zone showed 

improved concrete durability.  

3.4.3 Shotcreting 

Addition of SAP to concrete during mixing leads to a significant change in rheology. This change 

is caused by lowering of the free water content. In general, the addition of SAP has to be 

compensated by the use of superplasticizer or the addition of extra water to maintain workability. 

If not, then the reduction in w/c ratio by e.g. 0.06 will cause the yield stress of the fresh concrete 

with initial w/c ratio of 0.4 to triple and the plastic viscosity to increase by 25% [Banfill 2006], as 

cited in [Jensen 2008]. According to Jensen, this thickening effect may be useful for the applica-

tion in shotcrete. Shotcreting by the wet process requires a good flowability of the fresh material, 

i.e. a high slump during pumping. On the other hand, a low slump is required when placing the 

concrete in order to minimize rebound and to guarantee stability of the material’s thickness built 

up during shotcreting. This problem is usually counteracted by the addition of set-accelerating 

agents added in the nozzle, which obviously reduce the compressive strength of the hardened 

material [Jolin & Beaupré 2003]. The addition of dry SAP particles instead may avoid this 

problem and further may cause positive effects due to internal curing, mitigation of autogenous 

shrinkage or even improved freeze-thaw resistance. In [Jensen 2008] it is reported about first 

successful pre-tests on the use of SAP in shotcrete. Mechtcherine [Mechtcherine 2012] reports 

about a first test application of SAP-modified shotcrete used for the rehabilitation of a water 

reservoir of a pumped-storage power plant. 

3.4.4 Recycling of returned concrete 

One of the most important issues for concrete sustainability is recycling of concrete. Even 

returned concrete, which is unused ready-mixed concrete that comes back from the construction 

site to the concrete plant as excess material, should be recycled. Globally, the annual production 

of returned concrete is assumed to be about 125 tonnes [WBCSD 2009]. These figures raise 

awareness of the burden for ready-mix plants accompanied with high costs for disposal and 

consequently high impact on the environment. Ferrari and Brocchi developed a new recycling 

method for returned concrete using SAP [Ferrari & Brocchi 2012]. The proposed approach is 

based on four steps. First, an amount of 0.2 to 0.6 kg of SAP per one m³ of returned concrete is 

added into the drum of the truck. The stiffness of the concrete mix is increased due to 

absorption of the free water. After four minutes of mixing, returned concrete is converted into a 

granular material. In doing so, most of the grains consist of the original aggregate in the core, sur-

rounded by a thick composite layer made of hydrating cement paste, fines aggregate and polymer 

hydrogel. In the second step, about 4 to 8 kg of set accelerator are added to the granular material. 

It is an inorganic compound which forms ettringite as soon as it comes in contact with water. As 

a result the granular material is further dried and gains strength. In the third step, the granular 
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material is discharged and stored in bulk. Due to its strength, compaction and re-agglomeration 

are resisted. At last, curing is needed like any other cementitious material requires. The authors 

recommend the only precaution to move the granules once within the first 24 hours in order to 

break the weak bonds between the hydrating cement paste layers surrounding the individual 

grains. This last step guarantees the handling as normal aggregate without risk of agglomeration.  

Two eminent outcomes could be promoted:  

 The interior of the drum of the truck is quite clean as all of the cement and fines 

aggregates are stuck together by SAP. 

 The aggregates obtained from recycling of returned concrete can be reused fully for the 

production of new concrete with almost the same characteristics. 

3.4.5 Explosive spalling 

Spalling of concrete is defined as violent or non-violent breaking off of layers or pieces of a 

concrete member from its surface when exposed to high and rapidly rising temperatures. There 

are four categories: explosive, surface, aggregate and corner spalling [Khoury & Anderberg 2000].  

Explosive spalling of concrete exposed to fire is related to two phenomena: first, restraint 

thermal dilation leads to biaxial compressive stresses parallel to the heated surface. As a result, 

tensile stresses occur in the perpendicular direction. And second, the pressure build-up as a con-

sequence of vaporization of capillary water leads to tensile loads in the microstructure of the 

heated concrete. The latter phenomenon is considered to have the highest influence on spalling 

[Hertz 2003]. Thus, permeability of concrete, which affects the rate of vapour release, is expected 

to be the main parameter regulating spalling [Zeiml et al. 2008]. Due to addition of polypropylene 

(PP) fibres, the spalling behaviour of concrete can be significantly improved: Subjected to fire, 

the fibres show melting at temperatures of about 170°C and, finally, vaporization at about 360°C. 

In consequence, the permeability of concrete is increased due to provision of additional pore 

space and explosive spalling of concrete is defused. 

The addition of superabsorbent polymer fibres (SAF) is expected to gain positive effects on 

the spalling behaviour of concrete as well. Even though water absorption of SAF leads to 

densification of the matrix, the pore channels that remain after the initially water-saturated fibres 

have dried out may act similarly to pore space provided by PP fibres after melting. The crucial 

prerequisite for the well-functioning of both methods is an existent inter-connection of the pore 

channels, indicated by the percolation threshold. Indeed, the pore structure created by SAF 

allows the transport of harmful substances into the concrete structure and therefore may affect 

its durability. But, nevertheless, the SAF method is expected to show two advantages compared 

to PP fibres. First, the dispersion is easier to manage since SAF can be added pre-saturated with 

water. Second, the concrete’s strength is less reduced since SAF provides internal curing if low 

w/c ratio is applied. In combination with the potential of SAF as regulating agent in shotcrete, its 

application e.g. in protective concrete layers for tunnel constructions is theoretically possible.  

Preliminary tests including two reference concretes and two mixtures with SAP and SAF, 

respectively, were performed on cylindrical specimen with 150 mm in diameter and 300 mm in 

height [Assmann 2009]. Before the specimens were heat-treated in groups of four in the furnace 

according to the standard temperature curve [DIN EN 1991-1-2 2010], they were exposed to 

different storage conditions: oven-drying (60°C), standard climate (20°C / 65% RH) and indoor 

storage. This procedure had the purpose to maintain different moisture contents in the pore 

structure of the specimen. Unfortunately, the location of each specimen in the furnace during 
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testing had a significant influence on its performance and it was not possible to distinguish bet-

ween real explosive spalling and concrete damage due to thermal expansion. Further, the number 

of specimen tested had been too small and just one dosage of SAF was examined. Consequently, 

no final conclusion on the effect of SAF on the prevention of explosive spalling has been drawn. 

3.4.6 Strain hardening cement-based composites 

Multiple cracking of strain hardening cement-based composites (SHCC) results in ductile respon-

se with a strain capacity of up to 5% when subjected to uni-axiale tensile loading. Crack bridging 

is provided by short, well-distributed fibres. Entrapped SAP pores are expected to act as micro-

defects which ease multiple cracking, as demonstrated in [Bruedern & Mechtcherine 2010]. 

3.4.7 Lightweight concrete with porous matrix 

Sustainable construction means, among others, a proper heat insulation of the exterior walls of 

buildings. Germany has edited the new Energy Saving Directive (EnEV 2012) with severe legal 

requirements, which can only be fulfilled with a layered insulation system of a bearing wall and an 

additional lightweight organic or mineral material. Facing the challenge to develop a cementitious 

material which is strong enough and has, at the same time, sufficiently low heat conductivity, the 

application of SAP in order to aerate the matrix of concrete for further weight reduction was put 

into practice [Reinhardt & Assmann 2010a]. The design of the developed concrete mixtures with 

porous matrix started from a concrete mixture with a dense microstructure (RefM) using expand-

ed glass granulate as lightweight aggregate. The volume fraction of sand and cement paste was 

replaced in three steps (10, 20 and 30%) by either adding water saturated SAP (MSAP) or stable 

protein foam (MF). As a result, the oven-dry densities of the obtained lightweight concretes de-

creased down to 300 kg/m³. Besides that, thermal conductivity and strength properties are similar 

to the one of autoclave aerated concrete (AAC). Figure 3.5 shows an excerpt of the test results. 

More information on the mixture composition is available in appendix 3. 
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Figure 3.5: Thermal conductivity vs. oven-dry density (left) and thermal conductivity vs. 28 days  

                   compressive strength (right) [Reinhardt & Assmann 2010a]. 

The method of weight reduction due to addition of saturated SAP is feasible, but involves a num-

ber of limitations compared to traditional methods, i.e. using foam. The major problem is that 

the hardening of SAP-modified lightweight concrete requires conditions for an adequate desic-

cation of the entrained extra water, e.g. well-ventilated storage at 20°C and 65% RH.  
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3.5 Additional remarks 

Although superabsorbers possess a wide application potential, which has already been noticed by 

the scientific community and the construction chemistry as well, no SAP material is certificated 

as concrete additive up to now. Despite that, a first demonstration building made of SAP-modi-

fied UHPC - the FIFA World Cup Pavillon in Kaiserslautern - has been put into practice. The 

pavillon was designed as “filigree, thin-walled structure with slender columns and no convent-

ional reinforcement” [Mechtcherine et al. 2006]. It is expected that more case studies will follow 

soon.  

By now, most research underway is still dealing with the application of SAP for the purpose 

of internal curing at low w/c ratio. This fact could be misinterpreted to mean that other topics 

are of lesser importance. Yet, the opposite is the case: among experts, there is broad consensus 

about the necessity of advanced investigations on the effect of SAP on long term properties of 

concrete and its durability, respectively. Currently, a Round Robin Test (RRT) prepared by Rilem 

TC 225-SAP is addressing this issue: in a first part, the potential of SAP for mitigation of 

autogenous shrinkage is investigated [Mechtcherine et al. 2013], whereas in a second part, the 

focus will be put on the method of air entrainment by SAP for enhanced freeze-thaw resistance 

of concrete. 

At last it should be stated again that the performance of SAP will strongly depend on the type 

of SAP, i.e. polymer chemistry associated with the cementitious environment. On this account, in 

the thesis at hand special emphasis is put on the characteristics of the SAP material used. The 

next chapter will solely deal with properties of the used SAP. For the sake of comparability and 

reproducibility, all tests in this thesis were performed with Portland cement of type CEM I 42.5 R 

produced by Schwenk KG Allmendingen. Only one publication was available where another type 

of cement was used [Klemm & Sikora 2012]. 
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4 Characterization of  used SAP material 

4.1 Introduction 

The present chapter serves as the characterization of the SAP material used. It focuses on the 

determination of the main properties of SAP, which are the swelling capacity in cementitious 

environment (CEM I 42.5 R) and the size distribution of SAP particles in dry condition and after 

swelling. For the estimation of the water absorption capacity under mixing conditions, compara-

tive mortar spread tests were conducted. Further, volume and distribution of SAP pores in 

hardened pastes were determined by imaging analysis carried out on polished microsections. At 

last, a calculation approach is presented that provides an estimation of the SAP pore spacing on 

the basis of the hexagonal close packing. Water desorption by SAP is addressed in chapter 5. 

4.2 SAP material investigated 

4.2.1 Provision of SAP 

The superabsorbent polymer materials investigated in this thesis were made available by different 

producers, see Table 4.1. SAP A and SAP B were development products provided by the BASF 

Construction Chemicals GmbH, Trostberg. SAP C was produced by SNF Floerger, Andrézieux 

Cedex, and was shipped by the chairman of the RILEM TC 225-SAP to the participants of the 

RRT on autogenous shrinkage [Mechtcherine et al. 2013]. Chemically speaking SAP C is made of 

the main monomers acrylic acid and acrylamide. SAP D was developed by Prof. Jensen at the 

Technical University of Denmark (DTU). It is a suspension-polymerized covalently crosslinked 

acrylamide/ acrylic acid copolymer [Jensen & Hansen 2001b] which has already been used by 

different other researchers. SAF is a commercially available superabsorbent polymer fibre pro-

duced by the company Technical Absorbents, UK. It is made of cross-linked acrylate co-poly-

mers partially neutralised to the sodium salt and is mainly used in products of the personal care 

industry. SAP A, SAP B and SAP D are “salt-stable”, that means they were developed for special 

use in high alkaline environment such as cementitious suspension. 

Table 4.1: Superabsorbent polymer material investigated 

Designation Classification Producer 

SAP A gel-polymerized BASF Construction Chemicals GmbH 

SAP B suspension-polymerized BASF Construction Chemicals GmbH 

SAP C gel-polymerized SNF Floerger 

SAP D suspension-polymerized Technical University of Denmark 

SAF dry-spun polymer fibre Technical Absorbents 

4.2.2 Properties of dry SAP 

The dry granular particles of SAP A and SAP C were characterized by lasergranulometry (LG) 

[EDANA 2002a], as were the spherical particles of SAP B. By using a screen tower, the produc-

tion related Gauss distribution of SAP A particles was subdivided into the particle size ranges 

<63 µm, 63-125 µm and 125-250 µm. The size distributions obtained by LG are presented in 

Figure 4.1 on the next page. SAP D particles were characterized by air jet sieving, see appendix 4.  



Characterization of used SAP material 50 

0

5

10

15

20

25

10 100 1000

Particle size [µm]

D
if

fe
re

n
ti

a
l 
v
o

lu
m

e
 [

%
]

0

20

40

60

80

100

C
u

m
u

la
ti

v
e
 v

o
lu

m
e
 [

%
]

SAP A 63-125

SAP A 125-250

SAP B <500

SAP A 63-125

SAP A 125-250

SAP B <500

 

Figure 4.1: Size distribution of dry SAP found by lasergranulometry. 

Table 4.2 lists the corresponding d10, d50 and d90 values. The average length of the polymer 

fibres SAF was 5.8 mm according to the manufacturer’s specification. The average thickness was 

measured due to light optical microscope and was found to yield approximately 21 ±1 µm.  

Table 4.2: Main data obtained from LG (SAP A, B, C) and air jet sieving (SAP D) 

  SAP A SAP A SAP A SAP B SAP C SAP D 

Size range [µm] < 63 63-125 125-250 < 500 < 1500 < 250 

Shape - granular granular granular spherical granular spherical 

d10 [µm] 15 50 100 190 300* 90 

d50 [µm] 40 90 150 270 590* 130 

d90 [µm] 80 150 250 390 1100* 200 

*: value provided by TU Dresden 

4.2.3 Addition of SAP in concrete 

As mentioned in chapter 2.4.4, SAP can either be added pre-saturated with water or dryly pre-

mixed with cement or binder, respectively. The second method was used in this thesis in case of 

granule and spherical SAP particles to gain homogenous distribution and to avoid gel-blocking. 

The latter is a phenomenon especially of very small particles. Immediately after getting in contact 

with water, the particles stick together due to absorption on the surface. Once the particles are 

merged, they do not disaggregate anymore. Gel-blocking is an effect desired for the application 

of SAP as sealing material [Buchholtz & Graham 1998]. Experiments showed that 30 seconds of 

pre-mixing dry SAP with cement is enough to successfully prevent gel-blocking in concrete. 

4.2.4 Durability of SAP material 

Heat development due to hydration does not impair functioning of SAP, nor do sub-zero 

temperatures. Only when the temperature exceeds 200°C, hydrolysis will lead to decomposition 

of polyacrylates. Fracture of polymer chains may also be caused by longterm exposure to ultra-

violet radiation. SAP embedded in concrete is spared from that risk. But it is anticipated that even 

salt-stable types of SAP will be affected by the high alkalinity of the pore solution over time. This 

influence is not yet quantified in detail.  



Methods for determining the water absorption capacity 51 

4.3 Methods for determining the water absorption capacity 

4.3.1 Definition of term 

The water absorption capacity χ is defined as relation between the mass of swelling medium ab-

sorbed until weight equilibrium is reached and the initial dry polymer mass. The unit is [g water/g 

dry polymer] or shortened [g/g]. 

4.3.2 Standardized test procedures 

Standardized test methods for the characterization of SAP are provided by EDANA, the roof 

organisation for the European nonwovens industry. The recommended standard test for the 

quantitative study of the absorption behaviour is the so-called “teabag method” [EDANA 2002b]. 

To this end, SAP of known amount is filled in a paper bag and put in the test solution. The paper 

bag has to be pre-wetted in the test solution before beginning the test. After individually chosen 

periods of time, the paper bag is removed and hung up to exclude excess water and then weight. 

After the weight ingress has approached a limit value, the absorption capacity is determined.  

If the absorption against external pressure has to be determined, the so-called absorption 

against pressure (AAP) test [Kellenberg 1993] or the absorption under load (AUL) test [Azad et 

al. 2003] is commonly used. These test methods may potentially be suitable for simulating 

environmental conditions during mixing and placing, since swelling against an external pressure is 

measured. However, in this dissertation, only non-standardized test methods were used. 

4.3.3 Mortar spread tests 

A non-standardized test procedure that should provide a realistic estimation of the water absorpt-

ion capacity in concrete was developed by Mönnig [Mönnig 2005]. He called it slump-flow test 

method, referred to as mortar spread test in the following. The method considers the impact of 

external forces during mixing and the impact resulting from the net weight of the concrete 

constituents. The idea is to compare the spread of a mortar mixture containing a specific amount 

of SAP with the spread of mortars without SAP but variable water content. In doing so, the 

spread of each mixture is measured according to [DIN EN 459-2 2010] in intervals of 6 minutes, 

whereof the first two minutes of each interval are considered as additional mixing time. The 

absorption capacity is determined on the assumption that water absorbed by SAP does not 

contribute to spread formation. Therefore, the spread curve of the reference mortar is in demand 

that comes closest to the spread curve of the SAP-modified mortar. The difference in total water 

content is considered to be absorbed by SAP. The water absorption capacity χ [g/g] results from 

the following equation [Mönnig 2009]: 

added available

water water

added

SAP

m m

m



   (4.1) 

where mwater [g] is the mass of water and mSAP [g] is the mass of SAP in the mix. The mass of 

available water is the amount of free water that remains after water absorption by SAP and 

equals the water content of the reference mortar with closest spread curve. 
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4.3.4 Computer-based evaluation of microsections 

A new approach for determining the water absorption capacity of SAP in cement paste is provid-

ed by computer-based evaluation of microsections. To this end, microsections of hardened SAP-

modified cement paste prisms with a base area of 40 x 40 mm² and a thickness of 30 µm were 

manufactured according to [DIN EN 12407 2007] at the age of one week. The cement pastes had 

a basic w/c ratio of 0.36. The amount of added SAP should correspond to (w/c)e of 0.06. Three 

microsections of each prism were scanned by a slide scanner using a resolution of 4000 dpi. 

Subsequently, the digital images were evaluated by imaging software Leica LAS Image Analysis. 

In the process, the unit of pixels was calibrated to the real scale of the image (1 pixel = 6.35 µm). 

Due to differences in colour and shape, the actually present area segments of cement paste matrix, 

air voids and SAP pores were automatically separated by software. As the relative area segments 

can be regarded as volume fractions, the results were used for calculating the absorption capacity. 

Unfortunately, the method is not applicable in case of spherical particles, since the software is not 

able to distinguish between air voids and spherical SAP pores.  

A potential source of error is in the contrast adjustment that governs the automatic distinc-

tion between pore surface and solid. This boundary zone is blurred when the microsections are 

screened, i.e. when the slides are taken. To defuse the inaccuracy of the pore boundary determi-

nation, especially of small pores, the thickness of the microsections should be decreased in future. 

4.4 Formation of artificial macropore inclusions 

4.4.1 Ca2+ ion concentration 

As mentioned in section 2.2.1, Ca2+ ions may lead to undesired additional crosslinking of polymer 

chains resulting in reduced absorption capacity. In order to roughly investigate this tendency, ion 

chromatographic analysis was carried out on eluates of two SAP-modified cement pastes (SAP A, 

SAP D) and one reference paste. To this end, about 500 g of the fresh paste were filtered two 

hours after mixing by means of a water-jet pump to extract pore solution. At this age, the water 

absorption of SAP was expected to be finished. Table 4.3 reports on the ion concentration found. 

Table 4.3: Concentration of Ca2+ ions in pore solution 2 hours after mixing 

Cement paste Polymer Ca2+  

w/ctot [-] w/ce [-] Type SAP/c [%] [mmol/l] 

0.36 - - - 22 

0.36 0.06 SAP A 0.25 11.2 

0.36 0.06 SAP D 0.55 16.5 

The highest Ca2+ concentration was found for the reference paste without SAP. For both SAP-

modified pastes, the concentration of Ca2+ was lower. This leads to the assumption that the poly-

mer chains of both SAP types increased their degree of crosslinking due to binding of Ca2+ ions 

or exchange with Na+ ions, respectively. Although the SAP/c ratio is higher for SAP D, the Ca2+ 

concentration is not reduced as much as in case of SAP A. This leads to the assumption that 

SAP A tends to bind more Ca2+. In [Rajabipour et al. 2008], the maximum concentration of Ca2+ 

ions in pore solution emerged within the first 10 hours after mixing was 60 mmol/l. Fujii [Fujii et 

al. 1970] found the highest Ca2+ concentration in plain Portland cement paste one minute after 

mixing. During the pre-induction phase of hydration the Ca2+ concentration generally decreases 
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as calcium sulphate dissolves and forms ettringite. During the subsequent dormant stage the 

chemical composition of the pore solution was found to remain almost stable, even though 

further ettringite, calcium hydroxide and first calcium silicate hydrates (CSH) are formed.  

Schröfl et al. [Schroefl et al. 2012] reported that SAP with very high anionic functional group 

density takes up synthesized pore solution quickly and releases it back to a large extent during the 

first three hours after mixing. In contrast, SAP with lower anion density is able to store the liquid 

for a long time. Once absorbed, they measured no desorption of the liquid within the first three 

hours, independently of the crosslinking density. They traced back this finding to the less pro-

nounced interaction between the anionic functional groups with Ca2+ ions in the pore solution in 

case of polymers with lower anion concentration.  

4.4.2 Water absorption capacity and parameters involved 

Results of mortar spread tests for SAP B and SAP D are shown in Figure 4.2. The corresponding 

results of SAP A testing while varying the particle size (<63 µm, 63-125 µm and 125-250 µm) is 

reported in appendix 4. In some diagrams the spread curves of the plain mortars used for com-

parison are identical. The basic ingredients of the mortars were 1350 g of sand according to [DIN 

EN 196-1 2005] and 450 g of CEM I 42.5 R. The SAP-modified mortars contained either 1.5 g 

of SAP A plus 275 g of water or 1.5 g of SAP B plus 290 g of water or 3 g of SAP D plus 270 g 

of water. The plain mortars used for comparison had less water. They are designated by the 

amount of water reduced per g of SAP added in the corresponding SAP-modified mix. 
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Figure 4.2: Results of mortar spread tests for SAP B (left) and SAP D (right). 

The resulting water absorption capacities χ [g water/g SAP] were estimated from the mortar 

spread tests as Table 4.4 shows, see following page. The spread curves were generated from 9 

measurements conducted over a period of 48 minutes. It is assumed that within this test period, 

the polymer achieves weight equilibrium. By using the teabag method, Jensen [Jensen & Hansen 

2002] showed that water absorption of SAP D (corresponding to type A in his paper) reaches 

about 95% of the final weight after half an hour. Other types of SAP are known that finish water 

absorption even after a few minutes [Buchholtz & Graham 1998]. Figure 4.2 (right) indicates that 

SAP D might dispense a specific amount of initially absorbed pore fluid during testing. After 20 

minutes the water absorption levels off at circa 11 g/g. Similar observations on other SAPs were 

reported in [Schroefl et al. 2012]. It is a phenomenon certainly related to the molecular structure 

of the polymer and its interactivity with the continually changing pore fluid. 
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Table 4.4: Water absorption capacity estimated by mortar spread tests 

  SAP A <63 SAP A 63-125 SAP A 125-250 SAP B <500 SAP D <250 

Water absorption [g/g] 23 24 25 35 11 

At first sight, water absorption seems to be a material constant, but it is influenced by e.g. the 

particle size. In case of the investigated size fractions of SAP A, this influence is only a minor: the 

mortar spread tests produced values for χ of 23 g/g for the small size fraction of SAP A and up 

to 25 g/g for the large size fraction. The tendency of increasing water absorption capacity with 

increasing size of dry particles might be explained by the severity of ions to diffuse in larger 

depth of the polymer structure and the cross-link structure of the particles itself. Esteves who 

used Jensen’s polymers found a non-linear relationship between particle size and absorption 

capacity [Esteves 2010a]. In his study the size increase of individual SAP particles due to absorp-

tion of synthetic pore fluid was observed by an optical microscope. The composition was in 

detail [mmol/l]: Na+ = 200, K+ = 200, Ca2+ = 1, SO4
2- = 15 and OH- = 672. The swelling capacity 

was found to yield 10 g/g for the smallest dry particles of 50 µm in diameter and up to 16 g/g for 

dry particles of 500 µm in diameter. Further, Esteves verified the influence of dry particle size on 

the speed of absorption. The surface to volume ratio increases with decreasing the diameter of 

dry particles, resulting in higher speed of absorption. He described the absorption kinetics of the 

polymers on the basis of the first order of Fick’s second law of diffusion as follows:  

   max 1 ktQ t Q e    (4.2) 

where Q and Qmax are the swelling capacities at any time t and at equilibrium, respectively. 

For the empirical parameter k, expressing the swelling rate constant, the following depend-

ency on Ø, the diameter of SAP D particles, is proposed: 

3 1.5672.76 10k      (4.3) 

Again, it is worth noting that the experiments of Esteves were excecuted in absorption 

medium of stable chemical composition, therefore the model presented is idealized. 
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Figure 4.3: Expected size distribution of saturated SAP A particles and deduced distribution of  

                   particle number in 1 cm³ concrete. The diagram applies to χ of 24 g/g. The given  

                   total number of particles refers to the addition of 1 kg SAP A per 1 m³ concrete. 
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Figure 4.3 presents the expected particle size distribution of SAP A particles after absorption of 

pore fluid, i.e. in saturated condition. For the sake of simplicity, here and in the following, the 

absorption capacity of SAP A is chosen to be 24 g/g, independent of the particle size. The radius 

of SAP in saturated condition r s
SAP [cm] was calculated from the dry polymer radius r  d

SAP [cm] 

obtained from lasergranulometry according to equation (4.4), see also appendix 4. It is ω [-] the 

swelling factor and ρ s
SAP and ρ d

SAP [g/cm³] are the densities of SAP in dry and saturated condition, 

respectively.  

 3 1
d

s d dSAP
SAP SAP SAPs

SAP

r r r


 


         (4.4) 

The density of dry SAP A particles was assumed to be 1.4 g/cm³ as stated by the manu-

facturer. The density of saturated SAP particles can be calculated due to equation (4.5), where ρW 

is the density of water, i.e. 1.0 g/cm³. 
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The number of particles was derived from the pore volume of each size fraction of SAP A 

multiplied with the saturated density, i.e. 1.0135 g/cm³, multiplied with the total number of pores 

per mass unit of dry SAP A, i.e. the reciprocal of the dry density of SAP A, cf. appendix 4. 

The value for the water absorption capacity of SAP C was provided by TU Dresden. It was 

found to yield 10 g/g. The tests performed at TU Dresden based on the teabag method applied 

in extracted pore solution using the same type of cement but blended with 1/10 silica fume. 

  

Figure 4.4: Micrograph of polymer fibre SAF in dry condition (left) and after saturation with  

                    tap water (right). 

The water absorption capacity of SAF was determined by light optical microscope as illustrated 

by Figure 4.4. The diameter of the fibres was measured in dry condition and after absorption of 

extracted pore fluid. The estimated difference in diameter was transformed numerically into the 

water absorption capacity by simplified equation(4.6). χSAF was found to yield about 19 g/g. 
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  (4.6) 

where d d
SAF and d s

SAF are the diameter of SAF in dry and saturated condition, respectively.  

4.4.3 Characterization of macropores by imaging analysis 

Figure 4.5 on the next page presents details of three microsections produced at total w/c ratio of 

0.42 varying in size fraction of added SAP A. It is conspicuous that at constant pore volume the 

number of pores formed decreases with increasing the size fraction of dry SAP A particles.  
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Figure 4.5: Microsections (27 x 20 mm²) of hardened cement pastes containing 0.25% SAP A  

                    of different size fraction: <63 µm, 63-125 µm and 125-250 µm (from left to right). 

For each mix, microsections with a total surface of 4800 mm² were analyzed by imaging software. 

The settings of the software allowed categorizing between air voids, SAP pores and matrix. By 

neglecting chemical shrinkage during hydration, the latter is equal to the volume fraction of 

cement Vc plus free water Vw that is initially present in the mix:  

/ /
Matrix w c

c w

c w
V V V

c w 


  


  (4.7) 

where ρc = 3.124 kg/dm³ is the density of cement and ρw = 1.0 kg/dm³ is the density of water. 

For cement paste containing a certain amount of SAP fSAP, the mass fractions of cement c 

[kg/dm³] and water w [kg/dm³] can be calculated by the following equations: 
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 /w w c c    (4.9) 

where fSAP = 0.0025 is the amount of added dry SAP [% by weight of c], ρ
 d

SAP = 1.4 kg/dm³ is 

the density of dry SAP and VAir [-] is the volume fraction of air voids equal to the relative 

area segment of air voids determined by software. 

The actual volume fraction of SAP pores VSAP [-], equal to the relative area segment of SAP 

pores obtained by IA, leads to the actual water absorption capacity χactual [g/g]: 

1SAP
actual d

w SAP w SAP

V

f c


  
 

  
  (4.10) 

Table 4.5 reports on the volume fractions VMatrix, VAir and VSAP, equal to the relative area 

segments of cement paste matrix, air voids and SAP pores, obtained by computer-based evalua-

tion of the microsections. Further χactual is compared to the nominal value of water absorption 

capacity χnominal, derived from mortar spread tests. It can be seen that both values are close 

together, although the particle size effect on the absorption capacity is more pronounced in case 

of χactual. Nevertheless, the absorption capacity of SAP A will stick to the value of 24 g/g. 

Table 4.5: Results of computer-based evaluation of microsections 

Cement paste SAP dry χ nominal Measured values [V.-%] χ actual 

[µm] [g/g] VMatrix VAir VSAP [g/g] 

SAP A 0.36+0.06 < 63 23 90.26 1.59 8.15 23.9 

SAP A 0.36+0.06 63-125 24 90.30 0.55 9.15 26.6 

SAP A 0.36+0.06 125-250 25 88.71 1.50 9.79 28.8 
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The size distribution of SAP A pore surfaces obtained from IA was converted into the cumula-

tive distribution of SAP A pore volume, see Figure 4.6 (left). The d50 values of the curves are 

presented in Table 4.6. The right diagram shows the cumulative distribution of the number of 

counted SAP A pores. It is conspicuous that the median pore size dmed [µm] is almost independent 

of the particle size fraction. Further, the largest size fraction produced a large number of fine 

pores, i.e. smaller than 50 µm. Reasons might be found in the breakage of large particles during 

mixing or in the detachment of small particles sticking on the surface of larger particles that have 

not been removed during sieving. It is also possible that swollen particles break in fresh concrete 

since the mechanical properties get poorer with increasing the water content and size, 

respectively. According to [Buchholtz & Graham 1998] the volume of the swollen particles is 

inversely proportional to the shear modulus of the gel. Principally, breakage of SAP should come 

into effect for granular particles, i.e. SAP A and SAP C. 
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Figure 4.6: Cumulative distribution of SAP A pore size by volume (left) and by number (right),  

                    obtained from computer-based evaluation of cut pore surfaces. 

Assuming spherical shape, the true average SAP pore radius rPore [µm] can be predicted on the 

basis of a probability calculation using equation (4.11), where AØ
Pore [µm²] and r Ø

Pore [µm] are the 

average cut pore surface and radius, respectively, according to equation (4.12). The approach 

implies the probability that the measured radius is the radius of a spherical pore cut at its center.  
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where APore [µm²] is the sum of all counted SAP pore surfaces and n [-] is their total number. 

As a result, rPore is obtained from the following relation: 
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     (4.13) 

The true average pore diameter dPore [µm] is √2 times the average diameter d Ø
Pore [µm] from IA.  

Table 4.6 on the following page lists IA results in comparison to d50 valus obtained from LG. 
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Table 4.6: Pore data derived from IA in comparison to d50 values obtained from LG 

 Results from LG [µm] Calc. pore data [µm] Results from IA [µm] 

 d50 d50 d50 dmed d Ø
Pore dPore 

SAP A <63 40 130 170 46 75 110 

SAP A 63-125 90 290 255 60 120 170 

SAP A 125-250 150 480 410 37 140 195 

4.4.4 Light optical micrographs 

Figure 4.7 shows images of concrete cross-sections with different SAP, recorded by light optical 

microscope. The test samples used had been prepared for pore counting presented in chapter 10. 

The boundaries of the SAP pores are clearly visible. Although granular particles form irregular 

shaped pores, they might be assumed as spherical as well. Both SAP A and SAP D pores contain 

residual pieces of the polymer sticking on the pore walls. In case of SAF, the cut surface of the 

fibre is clear to see. In general, it is expected that re-wetting results once again in swelling. If the 

alkalinity of the re-absorbed medium is lower than the pore fluid, i.e. acidic water has access to 

the pores, swelling may cause internal pressure on the pore walls and block further water ingress. 

100 µm

 

100 µm

 

100 µm

 

Figure 4.7: Microsection of macropore inclusion in concrete formed by gel-polymerized SAP A  

                   (left), suspension-polymerized SAP D (center) and fibre-shaped type SAF (right). 

 

4.4.5 Model for the spacing of SAP pores 

For calculating the void spacing VS [µm] of SAP A pores, the average pore radius rPore according 

to equation (4.13) can be used as input. The present calculation approach bases on the idealized 

distribution of spherical pores equal in size. It is anticipated that the equally sized SAP pores are 

located in the center of imaginary spheres arranged in the hexagonal close packing (HCP) forma-

tion. Here, VS is defined as the distance between the centroid of three equally afar pores to the 

pore wall. It is given by equation (4.14). A schematic illustration of the HCP formation and the 

derivation of equations (4.14) and (4.15) is provided in appendix 4. 
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      (4.14) 

nEZ [-] is the number of unit cells per 1 µm³ of cement paste according to: 

  18/ 2 10d

EZ SAP SAPn f n     (4.15) 

where fSAP [kg/m³] is the amount of added SAP per m³ cement paste and n
 d

SAP [-] is the 

number of particles in 1 kg dry SAP. One unit cell of HCP formation contains two pores. 
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4.5 Summary 

Table 4.7 provides a summary of the main characteristics of the investigated dry polymer material 

and of the pores formed after water absorption in cement paste. The realistic estimate of the 

water absorption of SAP in cement-based materials is a difficult task. The continually changing 

chemical composition of the absorption fluid and further influences like external forces acting 

during mixing, transportation and placing can hardly be mapped by established experimental 

setup. In this study, non-standardized test methods have been used for characterization of water 

absorption. The following conclusions could be drawn: 

 Both comparative mortar spread tests and imaging analysis are appropriate methods for 

estimating the absorption capacity of granular and spherical SAP in cement based 

materials. The water absorption capacity of the investigated SAP types was found in the 

range 10 (SAP C) to 35 g/g (SAP B). 

 The particle size seems to slightly change the swelling capacity and the speed of absorpt-

ion. For reasons of simplification this effect is neglected in the following. 

 Pores formed by granular particles of SAP A are estimated as spheres. 

 An approach for calculating the void spacing of SAP pores was presented on the basis of 

the hexagonal close packing (HCP) of equally sized spheres using the true average 

diameter derived from IA as input. 

A more straightforward method to visualize the phenomena of water absorption and desorp-

tion processes in fresh cement paste after mixing might be testing with x-ray micro-tomography. 

This technique has already been applied for the study of internal structures of natural building 

stones, e.g. by [Cnudde & Jacobs 2003]. 

Table 4.7: Properties of dry SAP and pores formed in cement paste (CEM I 42.5 R) 

Properties of dry particles SAP A SAP A SAP A SAP B SAP C SAP D SAF 

Size range [µm] <63 63-125 125-250 <500 <1500 <250 - 

d50 by vol. [µm] 40 90 150 270 590* 130 - 

Density [kg/m³] 1.4 1.4 1.4 1.4 1.5 1.5 1.5 

Absorption capacity SAP A SAP A SAP A SAP B SAP C SAP D SAF 

Mortar spread tests [g/g] 23 24 25 35 - 11 - 

Imaging analysis [g/g] 23.9 26.6 28.8 - - - - 

Chosen value [g/g] 24 24 24 35 10* 11 19** 

Swelling factor [-] 3.26 3.26 3.26 3.68 2.52 2.60 - 

Pore characteristics from IA SAP A SAP A SAP A SAP B SAP C SAP D SAF 

d50 [µm] 170 255 410 - - - - 

dmed [µm] 46 60 37 - - - - 

Average pore diameter [µm] 75 120 140 - - - - 

True average pore diameter [µm] 110 170 195 - - - - 

*: value provided by TU Dresden; **: value estimated from microscope experiments 
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5 Observations on sealed hydration of  Portland cement 

5.1 Introduction 

This chapter deals with the effect of SAP on sealed hydration of Portland cement. Plain cement 

pastes and water-entrained cement pastes were compared with respect to degree of hydration, 

chemical shrinkage, formation of pore volume and water phase distribution. Thermo gravimetry 

(TG), mercury intrusion porosimetry (MIP) and nuclear magnetic resonance (NMR) are the key 

methods applied. The investigation tries to provide answers on two main questions:  

 Is there a difference in hydration of plain cement paste compared to water-entrained 

cement paste provided that the total amount of added water is the same? 

 How does the quantitative emptying of the water-filled macropore inclusions look like? 

As a first approximation it was assumed that water-saturated SAPs are emptied due to 

motion of water from SAP into pore space created by chemical shrinkage. Therefore chemical 

shrinkage rates were adopted from literature and compared to own measurements. In a second 

step, the retention of water in SAP at early age was determined indirectly by NMR spectrometry.  

Information on the degree of hydration and the saturation of pores was further used for 

modelling of the self-desiccation shrinkage of cement paste presented in chapter 7. 

5.2 Materials and methods 

5.2.1 Portland cement 

Table 5.1 reports on the phase distribution of the used Portland cement of type 42.5 R from 

Schwenk KG, Allmendingen. The values were obtained by chemical analysis (Bogue) and X-ray 

diffraction (XRD). Basically, the sum of minor constituents in Portland cement is limited to 5% 

by mass. Appendix 5 on page 189 reports on the XRD results in detail. 

Table 5.1: Phase distribution of used Portland cement 

Clinker phase C3S C2S C3A C4AF Rest 

Bogue [% by mass] 58 11.8 9.3 8.9 12.0 

XRD [% by mass] 65.1 7.7 8.4 7.9 10.9 

The cement had a density of 3124 kg/m³ and a specific surface by Blaine of 337 m²/kg. The 

maximum amount of chemically bound water (wn/c) max was calculated on the basis of the phase 

distribution determined by XRD. The used equation refers to [Hansen 1986]: 

         3 2 3 4max
/ 0.230 0.320 0.317 0.368nw c C S C S C A C AF         (5.1) 

It was found that one g of fully hydrated cement can bind approximately 0.23 g of water 

chemically. This result is in good agreement with values reported in [Taylor 1997]. Further, it was 

assumed that one g of fully hydrated cement binds approximately 0.19 g of water physically [Stark 

& Wicht 2000]. The loss on ignition of the plain cement between 105°C and 1050°C was found 

to yield 2.25%. All analysis results are to be understood as average values of two cement samples 

tested.  
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5.2.2 Preparation of cement paste 

Table 5.2 lists all cement pastes investigated within the present experimental series. Mixing was 

done by a 5 l epicyclic mixer. SAPs were added dryly pre-mixed with 1500 g of cement. The 

scheduled amount of tap water was added during 90 s of mixing with a speed of 170 rpm. 

Subsequently, agglomerates were scrapped from the wall of the bowl and mixing was continued 

for 120 s, whereof for the first 60 s the speed was increased to 360 rpm. 

Table 5.2: Specifications of tested Portland cement pastes 

Cement paste 
(w/c) basic 

[-] 
(w/c) e 

[-] 
SAP size dry 

[µm] 
SAP  

[m.-% by c] 
Air 

[Vol.-%] 
ρ CP 

[kg/dm³] 

Ref 0.50 0.50 - - - 0.6 1.84 

SAP A 0.42+0.08 0.42 0.08 63-125 0.33 0.7 1.83 

Ref 0.42 0.42 - - - 0.4 1.91 

SAP A 0.36+0.06 0.36 0.06 63-125 0.25 0.5 1.90 

Ref 0.36 0.36 - - - 0.3 1.99 

SAP A 0.30+0.06 0.30 0.06 63-125 0.25 1.2 1.97 

SAP D 0.30+0.06 0.30 0.06 < 250 0.55 0.8 2.02 

Ref 0.30 0.30 - - - 0.5 2.08 

After mixing, the fresh cement paste was filled in test glasses with a diameter of 12 mm clamped 

to the vibrating table turned on. The filled test glasses were plugged and stored in a water bath at 

20 ±0.2°C. After achieving the required age, the hardened cement paste was removed by 

breaking the glass. The sample was crushed in a mortar and was either tested immediately by 

thermo gravimetry or prepared by oven-drying at 105°C for mercury intrusion porosimetry. 

In case of NMR-spectrometry the fresh cement paste was injected into a special glass tube 

with an inner diameter of 10 mm. This was done by the use of a flexible hosepipe with 9 mm 

outer diameter mounted on a 50 ml plastic syringe stuffed with the fresh paste. 

5.2.3 Thermo gravimetry (TG) and differential scanning calorimetry (DSC) 

Thermo analytical techniques are methods used to study physical properties of materials during 

changes in temperature. The device used in this series was a Netzsch STA 409 PC. It consists of 

the following main parts: control unit, furnace, high-precision balance and sample holder with 

thermocouples including pans. The device allows combined measurements of two methods: dif-

ferential scanning calorimetry (DSC) and thermo gravimetry (TG). The DSC method determines 

the heat flow required to increase the temperature of the sample compared to an inert reference 

as a function of temperature. The required heat flow correlates with the calorific output of the 

furnace measured as electrical power. Changes in the morphology of the sample are detected by 

peaks in the recorded DSC signal. Exothermic processes, e.g. crystallization, are indicated by 

negative peaks as they require more heat flowing to the sample to increase its temperature at the 

same rate as the reference. By contrast, endothermic processes, e.g. melting, cause positive peaks. 

The TG method determines the weight loss of a sample applied to a controlled temperature 

program in relation to an inert reference. The tests performed were simultaneous DSC/TG-

measurements aimed on the determination of chemically bound water in hardened cement paste. 

Table 5.3 reports on the setting of the applied temperature program developed for this purpose. 

It was assumed that the chemically bound water is driven off at temperatures between 105 and 

1050°C. The recorded weight loss within this range was used to calculate the degree of hydration. 
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Table 5.3: Setting of temperature program 

Temperature 

sequence [°C] 

Heating rate 

[K/min] 

Duration 

[min] 

Total time 

[min] 

20 - 85 10 6 6 

85 - 105 1 20 26 

105 - 60 86 

105 - 1050 10 94 180 

1050 - 10 190 

For each cement paste, measurements were performed at ages of 6, 12, 24, 48, 72 hours and 4, 5, 

6, 7, 14, 28, 56, 91 days respectively. About 80 mg of the crushed test material was filled into a 

corundum pan placed in the sample holder. A second, blank pan was used as reference. During 

testing, nitrogen gas was supplied to the furnace in order to maintain an inert atmosphere. 

5.2.4 Method for the determination of chemical shrinkage 

Chemical shrinkage of the reference pastes with w/c ratios of 0.30 and 0.42 was measured 

according to procedure A described in [ASTM C1608-07]. The technique behind the standard-

ized method was developed by Geiker [Geiker 1983]. About 5 g of fresh cement paste were 

placed on the bottom of a glass vial with 25 mm in diameter and 75 mm in height. The cement 

paste was covered with a thin layer of water and the vial was filled with paraffin oil free from air 

bubbles. A rubber stopper with an inserted capillary tube was used to seal the vial. The level of 

paraffin oil in the graduated capillary tube was observed to the nearest 2.5 µl over a time period 

of 14 days. The chemical shrinkage rate was calculated by the measured change in volume in rela-

tion to the mass of initial cement in the sample. For each measurement two replicate specimens 

were prepared.  

5.2.5 Introduction to nuclear magnetic resonance (NMR) spectrometry 

Nuclear magnetic resonance (NMR) spectrometry is an essential analytical method used in the 

context of structural chemistry. It is based on the nuclear magnetism of atomic nuclei which 

possess nuclear spins with a spin quantum number not equal to zero, e.g. 1H or 13C atoms. NMR 

experiments can be described as a series of radiofrequency (rf) pulses used to manipulate the 

nuclear spins to provide qualitative and/or quantitative information on the composition of 

matter [Claridge 1999]. In case of cementitious materials NMR experiments can be used to study 

water balance during hydration as already demonstrated by Blinc [Blinc et al. 1978]. 

A nucleus carries charge and, when spinning, possesses a magnetic moment µ according to 

equation (5.2) where P is the angular momentum and τ is the magnetogyric ratio, which is a con-

stant for any given nuclide. Both µ and P are vector quantities having magnitude and direction. 

µ P    (5.2) 

When located in an external static magnetic field with magnetic flux density B0, the angular 

momentum of a spin-half nucleus, such as a proton, takes up two possible orientations, either 

parallel or antiparallel with respect to the static field, the former being of lower energy. As a result 

of the static magnetic field applied, the nucleus is caused to precess. In doing so, the spin about 

its own axis depends on the magnetocyric ratio τ and the precession of this axis about the direc-

tion of the field is defined by the angular velocity ν, known as Larmor frequency of the nucleus: 
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Figure 5.1 schematically illustrates the nucleus motion referred to Cartesian co-ordinate frame. 

NMR occurs when the nucleus changes its spin state due to electromagnetic radiation applied 

with a frequency that matches with its Larmor frequency. The precessing spin-half nucleus will 

have a component of its magnetic moment along the z-axis viz the longitudinal component and 

an orthogonal component in the x-y plane viz the transverse component. After excitation, the 

magnetization approaches equilibrium condition according to the so-called Boltzmann distribu-

tion, i.e. excess of nuclei orientated parallel to the applied field due to lower energy state is 

achieved. The time that passes until the longitudinal component of the magnetic moment (z-axis) 

has returned to equilibrium is characterized by the so-called relaxation time T1. In fact, T1 is not a 

direct measure of time, but rather is the first-order time constant that describes the recovery of 

magnetization following exponential behaviour. So the relaxation time constant of the transversal 

component (x-y plane) is designated T2.  

 

Figure 5.1: Nucleus spinning about its own axis caused to precess about the direction of a static  

                   magnetic field applied along the z-axis [Claridge 1999]. 

In pulsed NMR experiments a time-dependent magnetic field (B1 field) using radiofrequency (rf) 

pulses oscillating at the Larmor frequency is applied to induce transitions between energy levels 

causing NMR to occur. After excitation by rf pulse from the transmitter coil in the direction of 

the x-axis or the y-axis, respectively, the receiver coil detects all signals emitted from the nuclei. 

This detected NMR signal is a time-dependent oscillating voltage called free induction decay 

(FID) and fades as the nuclear spins relax back towards equilibrium. The data acquired is a time 

domain representation f(t) of the nuclear precession frequencies ω within the sample that needs to 

be transferred into the frequency domain f(ω) by Fourier transformation of the general form: 

    i tf f t e dt




    (5.4) 

Figure 5.2 (left) illustrates this procedure. The resonance peak is broader the faster the FID 

decays and the higher the inhomogeneity of the sample is. The transverse relaxation time T2 is 

one of the factors that determine the half-height line width ∆ν1/2 of the resonance according to 

equation (5.5), cf. Figure 5.2 (right). The width of the NMR resonance is inversely proportional 

to T2
* where T2 is due to natural transverse relaxation process (spin-exchange factor) and T2(∆B0) 

is due to static magnetic field inhomogeneity (inhomogeneity factor). 

*

1 2 21 T      with:   
0

*

2 2 2( )1 1 1 BT T T     (5.5) 

The inhomogeneity factor is more critical for the higher frequencies and often dominates the 

line-width of viscous liquids. For ideal liquids both T1 and T2
* are even the same. But for porous 
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solids T2
* is shorter than T1 in the vast majority of cases. Integration of the resonance leads to the 

magnetization intensity I. This signal intensity corresponds with the number of the respective 

spinning nuclei. Observation of I over sample age reveals possible quantitative change.  

At this point it should be noted that longitudinal relaxation causes loss of energy from the 

spins which is transferred into the sourroundings in form of heat and, thus, is an enthalpic 

process. In contrast, transverse relaxation is entropic since it is caused by swapping of energy 

between neighbouring spins changing their orientation. 

  

Figure 5.2: Fourier transformation of time domain FID into frequency domain (left) and defini- 

                    tion of the half-height linewidth of a resonance (right) [Claridge 1999]. 

To give quantitative statements on water balance in cementitious material, 1H atoms are excited 

and relaxation is observed, e.g. [Nestle et al. 2002]. Fortunately, the relaxation time depends on 

the binding state of water, i.e. free (capillary) and physically bound (gel) water are distinguishable 

from chemically bound water. The NMR signal can be made blind to the latter since its relaxation 

time is much shorter. The observation of the signal intensity and the values of T1 and T2 during 

cement hydration provides information on water consumption and change in pore structure.  

In literature some studies on detection of IC water are available. The prerequisite for quanti-

fying IC water is that an 1H-NMR signal from the water inside the internal reservoir is detectable 

and even more it differs in its relaxation time from the signal of free and physically bound water 

coexisting in the cement matrix. Following this idea, transition of water from various internal 

reservoirs into the hydrating cement matrix was studied by low-field NMR relaxometry: In 

[Friedemann et al. 2006] alginate gel used as IC agent was investigated, in [Friedemann et al. 

2008] water-saturated lightweight aggregates were examined and in [Friedemann et al. 2009] the 

application of carboxylates and sulfates of polysaccharides for IC was evaluated. In these studies 

the recorded magnetization decay curves were analyzed using inverse Laplace transformation 

yielding the transverse relaxation time distributions. The mean transverse relaxation times were 

obtained separately for both free and physically bound water and IC water. Shiftings of the T2 

values over time were interpreted as indication for densification of the pore-structure in analogy 

with [Halperin et al. 1994] and revealed water transition from the internal source to the matrix. 

Similarly, IC due to acrylic acid-based SAP was studied by low-field NMR relaxometry in [Nestle 

et al. 2009]. The results are addressed further on in the context of discussion of own NMR results. 

5.2.6 Description of own NMR meaurements 

In this thesis, high-resolution relaxometry measurements were performed at room temperature 

(about 25°C) using the device Bruker AVANCE DPX 300. The static magnetic flux density B0 

yielded 7.275 Tesla, which corresponds to a proton resonance frequency of 300 MHz. The longi-

tudinal relaxation time T1 was monitored using the inversion recovery pulse sequence illustrated 

in Figure 5.3. The sequence starts with a first π-pulse that is applied to invert the initial spin 

polulation by 180°. The magnetization vector therefore is aligned with the negative z-axis, shrinks 
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gradually back towards the x-y plane, passes this plane and turns into full recovery position along 

the positive z-axis. Unfortunately, magnetization along the z-axis is not directly observable. To 

account on this, a 90° pulse follows the initial inversion in order to place the vector back into the 

x-y plane after variable delay time. Repeating this measurement with increasing delay, starting 

from zero delay, one is allowed to observe relaxation of the spins. At delay of 5 times T1 longi-

tudinal magnetization recovery is 99.3% [Claridge 1999], i.e. the maximum signal will be detected 

again (this time positive). 

time t

π π/2 π

variable 

delay

d1 d1

echo

 

time t

π/2 π

d2 d2

echo

n

 

Figure 5.3: Pulse sequence used for detection of free water plus water absorbed by SAP (left)  

                    and CPMG-pulse sequence applied for isolating the signal of water in SAP (right). 

The second part of the pulse sequence is a so-called spin-echo sequence [Hahn 1950]. It was ap-

plied in order to exclude chemically bound water from the NMR signal due to delayed data ac-

quisition. In doing so, some of the magnetization vectors will locally move ahead of the mean 

vector after the 90° pulse is applied, i.e. during the first delay time d1, while some others will lack 

behind. Due to the following 180° pulse the vectors are rotated back towards the –y-axis in order 

to fully refocus after the second period of d1. This approach will remove the contribution of 

magnetic field inhomogenitiy T2(∆B0) from the transverse relaxation time T2
* and leads to the 

natural relaxation time constant T2, cf. equation (5.5). In pre-tests the optimal d1 delay was found 

to yield 50 µs. So the pulse width of the π-pulse was set to 34 µs and to 17 µs for the half-π pulse.  

In case of plain pastes 10 variable delays of up to 3 s were adjusted to determine the magneti-

zation recovery curve as shown exemplarily by Figure 5.4 (left). Each data point represents the 

average of 8 measurements. The right diagram reports on the 10 respective frequency domains 

obtained from Fourier transformation. To observe slower relaxing SAP water, 16 variable delays 

of up to 7 s were applied in case of SAP-modified paste. As a result, the time resolution of the 

NMR experiment was 12 min for reference paste and 16 min for SAP-modified paste. T1 was 

obtained from multi-exponential fitting of the signal intensities according to equation (5.6) for 

plain paste and equation (5.7) for water-entrained paste. The second addend in equation (5.7) is 

due to the signal of water in SAP and overlays the component from pore water. It is: 

   11

0 1 2 t TI t I e      (5.6) 

     
1 2

1 11 1 2 2

0 01 1
t T t T

I t I A e I A e
 

          (5.7) 

with -1 < I < 1, where I0
1 and I0

2 [-] correspond to equilibrium magnetization, A1 and A2 [-] 

are stretching factors and T1
1 and T1

2 [µs] is the relaxation time of longitudinal magnetization 

of free and physically bound water and water in SAP, respectively. 
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Figure 5.4: Longitudinal magnetization as a function of variable delay of plain cement paste (left)  

                    and corresponding frequency domains obtained from Fourier transformation (right). 

The stretching factors should equal 2 since recovery starts from inverted magnetization but can 

be made variable to account for experimental imperfections. These are inaccurate recording of 

equilibrium magnetization and imperfect initial inversion caused by inaccurate π-pulse application.  

Fitting was done by a so-called SIMPLEX optimization algorithm. With regard to T1 determi-

nation the algorithm was found to be stable. However, it was unstable with regard to determina-

tion of I. So the first idea that the relation between the signal intensities of the first and the 

second component of equation (5.7) leads to the ratio of free and physically bound water to 

water in SAP was discarded. But, an alternative experimental setup made it possible to separately 

study the intensity of the signal emitted from water in SAP and further to deduce the saturation 

of SAP as a function of age. To this end, the Carr-Purcell-Meiboom-Gill (CPMG) sequence in 

analogy with Figure 5.3 (right) was applied. The sequence consists of a 90° pulse followed by a 

train of n spin-echos with delay d2. Large d2 causes error from diffusion of spins into neigh-

bouring regions that are subjected to slightly different field magnetization during the sequence 

and therefore cannot be fully refocused. To minimize the effect of diffusion on T2 determination, 

d2 was kept rather short, i.e. 50 µs. It should be noted here that T2 of free and physically bound 

water was found to yield about 0.8 to 8 ms, which is in good agreement with values reported in 

literature [Nestle et al. 2007]. In contrast, T2 of water in SAP was found to yield about 100 ms.  

Further, it is assumed that 5 times T2 assures complete magnetization recovery. Thus, it can be 

estimated that a total delay of 20 ms, that is 200 repetitions of the single echo, is sufficient to 

completely mask the signal component of free and physically bound water.  

Unfortunately, also the transverse magnetization intensity I could not be used for quantitative 

statement on the relation between free and physically bound water and water in SAP. There is 

loss of phase coherence by natural transverse relaxation during delay that cannot be refocused by 

spin-echo. That means at onset of data acquisition, the intensity of the observed magnetization of 

free and physically bound water will have decayed according to the natural T2 time constant, in-

dependent on field inhomogeneity. Even at shortest delay possible (n = 1) the signal loss of trans-

verse relaxation from free and physically bound water is about 10% according to: 

  2

2

2 100

2 1000

0

2
0.90

d

TI t d
e e

I

       
   

 
        with      2

0

t

T
I t I e

 
 
    (5.8) 
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5.3 Results and discussion 

5.3.1 Non-evaporable water content and degree of hydration 

Figure 5.5 shows an excerpt of the DSC-TG results of paste SAP A 0.42+0.08. The TG curves 

are presented in the left diagram and the corresponding DSC signals are shown in the right 

diagram. The first peak in the DSC signal belongs to the loss of free and physically bound water, 

i.e. the area enclosed correlates with the recorded weight loss. The peak is decreasing with 

increasing the age of the test sample. In return, the second peak is higher the older the sample is. 

It indicates the decomposition of calcium hydroxide formed during hydration which passes off in 

the range 420 to 490°C: 

  22
Ca OH CaO H O    (5.9) 

At temperatures between 550 to 950°C calcium carbonate is decomposed according to 

equation (5.10). The corresponding weight loss should be the same independent of the test 

sample’s age since no carbon dioxide from air is able to form carbonates during sealed hydration. 

But it is the decomposition of carbon dioxide initially present in the dry cement powder that 

contributes to weight loss.  

3 2CaCO CaO CO    (5.10) 

The hold time of 60 min at 105°C was implemented in the applied temperature program to 

ensure that free and physically bound water are dried out completely before temperature increase 

proceeds. The content of non-evaporable water was assumed to be equivalent to the recorded 

weight loss Δms of the test sample between 105 and 1050°C. By considering the loss on ignition 

of the plain cement Δmc, the mass fraction of cement c in the sample and the maximum amount 

of chemically bound water, i.e. 0.23 g/g, the degree of hydration α was calculated as follows: 

  / 0.23 /s cm m c c         (5.11) 

At the end of test, i.e. after 190 minutes, the residual mass is more or less equal to the relative 

mass fraction of cement in the sample, which is about 65% in case of paste SAP A 0.42+0.08. 

Further information on thermoanalytical data of reacted cement is reported in [Taylor 1997]. 
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Figure 5.5: DSC-TG test results of cement paste SAP A 0.42+0.08. Left: Weight loss of test  

                    samples vs. test period. Right: Corresponding DSC signals vs. test period. 
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Figure 5.6 reports on the degree of hydration calculated according to equation (5.11). For reasons 

of clearity, the results are split in two diagrams. The left diagram provides the degree of hydration 

of pastes with total w/c ≤ 0.36 and the right diagram shows results of pastes with total w/c ≥ 

0.36. Within the first two days hydration is almost the same for all pastes. Afterwards, hydration 

proceeds slower the lower the w/c ratio is. It is the lack of free water that slows down hydration 

as the speed of hydration is controlled by diffusion of free water molecules through the layer of 

hydration products covering the reacting cement grains. The curves of pastes Ref 0.42 and Ref 

0.50 drift apart after the first three days have passed. The discrepancy between reference pastes is  
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Figure 5.6: Degree of hydration up to 7 days. The diagrams apply to sealed hydration at 20°C. 

more pronounced at higher age. After 91 days the degree of hydration is about 86% for w/c of 

0.50, 80% for w/c of 0.42 and 71% for w/c of 0.36, cf. Figure 5.7. The diagrams show that for 

both reference pastes and water-entrained cement pastes hydration is more or less the same pro-

vided that the total amount of added water is the same. That means, concerning cement hydrat-

ion, it is not relevant whether the water comes from SAP or was ordinarily added. This finding is 

in good agreement with Powers’ theory [Jensen & Hansen 2001b]. However, a closer look reveals  
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Figure 5.7: Degree of hydration up to 91 days. The diagram applies to sealed hydration at 20°C. 
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that water entrainment may slightly promote hydration in the first 4 weeks. Afterwards the degree 

of hydration of reference pastes seems to be slightly increased compared to corresponding SAP-

modified pastes. This leads to the assumption that water supply by SAP A works well at early age, 

but looses efficiency as the degree of saturation becomes less.  

5.3.2 Chemical shrinkage 

Figure 5.8 shows the chemical shrinkage of pastes Ref 0.30 and Ref 0.42 measured by the glass 

vial method. It should be pointed out that the presented values apply to water storage of an open 

system and provide only a rough estimate of the development of chemical shrinkage at sealed 

condition. The value of 0.035 ml per g cement measured after 10 days for Ref 0.30 is in good 

agreement with results reported in literature, e.g. [Esteves 2009]. The difference to paste Ref 0.42 

might be explained by insufficient water uptake due to the denser microstructure of paste Ref 

0.30, i.e. reduced ability of water to penetrate the sample at higher age. If the degree of hydration 

of sample Ref 0.42 at 14 days is considered to be 80% instead of 68% measured at sealed storage, 

the chemical shrinkage at complete hydration will amount to ca. 6.1 ml per 100 g cement. This 

value corresponds with a global volume reduction of 8.7%.  
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Figure 5.8: Chemical shrinkage of Ref 0.30 and Ref 0.42 measured acc. to [ASTM C1608-07]. 

In Table 5.4 the chemical shrinkage is reported separately for each clinker phase at the state of 

complete reaction as given by Fontana [Fontana 2007]. In terms of the clinker phase composition 

obtained from chemical analysis and X-ray diffraction presented in Table 5.1 on p. 60, chemical 

shrinkage amounts to 5.9 and 5.8 ml/100 g cement reacted, respectively. However, the calcula-

tion does not take into account chemical shrinkage of the remaining mass-share of 12.0% and/or 

10.9%, see Table 5.1. But it is known that the reaction of minor constituents causes chemical 

shrinkage as well as e.g. the formation of ettringite. On this account, in the following the chemi-

cal shrinkage of the used cement is referred to Powers’ value, i.e. 6.4 ml/100 g cement reacted. 

Table 5.4: Chemical shrinkage of clinker [Fontana 2007] 

Clinker phase C3S C2S C3A C4AF 

[ml / 100g] 4.8 3.6 17.5 11.5 
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5.3.3 Expected saturation of SAP pores 

As a first approximation it was expected that SAPs are emptied due to chemical shrinkage by the 

“demand-supply” mechanism: pore space created from hydration is instantaneously filled with IC 

water since water consumption in the paste is always from big pores to small pores according to 

the thermodynamic principles. For this purpose, the measured amount of chemically bound 

water was used to calculate the volumes of gel water, capillary water, water in SAP and chemical 

shrinkage on the basis of Powers’ theory, see appendix 3. In doing so, the sealed cement paste is 

regarded as an open system with low w/c ratio where the maximum degree of hydration αmax [-] is 

given by equation (5.12), where p [-] is the initial porosity, i.e. the volume share of mixing water: 

 
max

1.12 1

p

p
 

 
  (5.12) 

In consequence, αmax is 0.852 for SAP 0.30+0.06 and 1.0 for SAP 0.36+0.06, respectively. 

According to the concept of Jensen & Hansen [Jensen & Hansen 2001b], the amount of entrain-

ed water necessary to obtain αmax equals the volume of chemical shrinkage VCS [-] at αmax: 

   5

max 6.4 10 1CS cV p            (5.13) 

where ρc [kg/dm³] is the density of cement, i.e. 3.124. 

The volume of chemical shrinkage VCS(αmax) corresponds to w/c of 0.054 in case of SAP 

0.30+0.06 and to w/c of 0.064 in case of SAP 0.36+0.06, respectively. To simplify matters, the 

amount of entrained water was assessed to be the same for both pastes, viz (w/c)e = 0.06. That 

means that, on the one hand, all the IC water of paste SAP 0.30+0.06 is consumed before 

hydration stops. On the other hand, paste SAP 0.36+0.06 spares IC water even when the cement 

has reacted completely as illustrated by Figure 5.9. Since it can be assumed that αmax will not be 

reached in practice, the volume of entrained water seems to be overdimensioned in both pastes. 

There is to say nothing of paste SAP 0.42+0.08 which, of course, has higher volume of SAP 

pores than pore space created from hydration. 
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Figure 5.9: Expected saturation of SAP pores as a function of degree of hydration. 

Figure 5.10 reports on the volumetric distribution of water phases, chemical shrinkage and water 

in SAP up to an age of 7 days. The expected saturation of SAP pores is also shown in the 

diagrams. After 7 days of sealed hydration the saturation of SAP pores ranges between 47% for 

paste SAP A 0.42+0.08 and 33% for paste SAP A 0.36+0.06. The volume of air voids in the 

fresh cement paste is neglected in the calculation. 
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Figure 5.10: Volumetric distribution of water phases in water-entrained cement pastes up to an  

                      age of 7 days of sealed hardening at 20 °C and expected saturation of SAP A pores. 

Compared to simulation results of Wyrzykowski [Wyrzykowski et al. 2011] who modelled water 

migration in CEM I mortar at w/c of 0.30+0.04, the saturation degree of SAP A 0.30+0.06 at age 

of 7 days is rather high. But, as mentioned already, the entrained water content of (w/c)e of 0.06 

is far too high provided that practical hydration degrees are considered.  

5.3.4 NMR experiments 

A logarithmic representation of the T1 relaxation time of free and physically bound water as a 

function of age is reported in Figure 5.11 (left). The T1 values found in the range 30 to 50 ms at 

very early age and < 10 ms at the age of 24 hours correspond well with values cited in literature, 

e.g. [Nestle et al. 2007], even though T1 is about a factor of 3 to 10 shorter at low proton NMR 

frequencies of < 1 MHz. A decrease in w/c ratio leads to a decrease in T1 indicating smaller pore 

size or, more precisely, smaller water layer thickness surrounding the cement grains. SAP-modi-

fied pastes were fitted by two-exponential regression. However, the T1 relaxation time constant 

determined for free and physically bound water is quite similar to all SAP-modified pastes.  
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Figure 5.11: Logarithmic representation of longitudinal relaxation time constant of free and  

                      physically bound water (left) and water in SAP (right). 
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The T1 values of the signal emitted from water in SAP, see Figure 5.11 (right), are one order of 

magnitude higher and decrease slower with age compared to T1 of free and physically bound 

water. T1 of water in SAP D is double that of water in SAP A. It is a result of larger particle size 

of SAP D. The T1 relaxation time curves exhibit bending after initial period of constant values. 

So do the magnetization curves of the brutto signal normalized to the intensity of the first 

measurement at the age of 30 min presented in Figure 5.12 (left). The crucial point where the 

tangents of the flat part and the steep part of the logarithmic curve intersect marks the end of the 

dormant stage, and, thus, the onset of accelerated hydration. When decreasing the w/c ratio the 

intersection point occurs earlier. It was found to range between 3.5 hours for paste Ref 0.30 and 

6 hours for paste Ref 0.42. Indeed, the occurrence of the intersection point is in good accordance 

with the setting times of the pastes reported later in chapter 6.  
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Figure 5.12: Normalized brutto signal intensity of longitudinal relaxation (left) and ratio of signal  

                     intensity of free and physically bound water to IC water (right) as a function of age. 

Appendix 5 provides information on the T1 and the normalized magnetization intensity curve of 

paste Ref 0.36 obtained due to application of inversion recovery pulse sequence with and without 

spin-echo sequence. It can be seen that both T1 and signal intensity are smaller if excitation was 

executed without spin-echo. As a result, intial values of T1 were found to yield up to 30% less. 

The difference is caused by attenuation of the signal from magnetic field inhomogeneity removed 

by refocusing locally displacements of the magnetization vector due to spin-echo. 

As mentioned already, the used SIMPLEX optimization algorithm was not stable enough to 

determine the longitudinal magnetization intensity. Further, signal of faster relaxing free and phy-

sically bound water is partly lost during delay to onset of data acquisition. It is in analogy with the 

error of transverse magnetization intensity proposed by equation (5.8) on page 66. This weakness 

in experimental setup causes error in the quantitative prediction of the ratio of signal fraction 

from free and physically bound water to signal fraction from water in SAP. The ratio should 

equal 5 in case of w/c of 0.30+0.06 and 6 in case of w/c of 0.36+0.06. Actual values scatter 

much as can be seen from Figure 5.12 (right). Further, the drop in normalized signal intensity is 

falsified. For example in case of Ref 0.36 it drops below 40% in the first three days. This would 

correspond to hydration degree of > 100%, which is of course an impossible value. For this 

reason the second part of the NMR study was addressed to filter the magnetization signals from 

the FID in order to separate the signal emitted from water in SAP. The results of this approach 

are presented in the following.  
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5.3.5 Water release of SAP 

Figure 5.13 reports on the transverse magnetization intensity of paste Ref 0.36 in dependence on 

the total delay produced by the CPMG sequence that consisted of n spin-echos with single delay 

d2 of 50 µs. The intensity is normalized to the value of first measurement found at total delay of 

0.1 ms, corresponding to n=1. Even at delay of 0.3 ms, more than 50% of the signal intensity is 

lost. The total inter-echo time of 5 ms is sufficient to mask almost all the signal produced by free 

and physically bound water. Consequently, data acquisition of the filtered SAP signal started with 

total delay of 5 ms to the 90° excitation pulse.  
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Figure 5.13: Transverse magnetization intensity (Ref 0.36) in dependence on n, number of spin-    

                     echos applied through CPMG sequence, normalized to initial signal intensity at n=1. 

Figure 5.14 reports on the filtered transverse magnetization intensity of water in SAP for pastes 

SAP A 0.30+0.06 and SAP D 0.30+0.06. The intensity values are normalized to the first signal 

intensity obtained 30 min after water addition. Of course, the absolute mass of water absorbed is 

not provided by the experiment, but the curves represent the saturation degree of SAP. Since T2 

of water in SAP was about 100 ms, the transverse magnetization loss during the delay of 5 ms to 

onset of data acqusition is expected to be rather small as can be seen from appendix 5. 
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Figure 5.14: Transverse magnetization intensity of isolated signal emitted from water in SAP A  

                      and SAP D as a function of age in hours as log scale (left) and days (right). 
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Obviously, water release of SAP A and SAP D is different. After 7 days the signal intensity of 

water in SAP D is reduced down to 50%. However, the expected saturation degree is about 37%, 

as evident from Figure 5.10. There are two possible explanations: either SAP D absorbed more 

water than expected, i.e. > 11 g/g, or the chemical shrinkage is less than expected, i.e. < 6.4 ml 

per 100 g cement reacted. In any case, SAP D entrained too much water. In contrast, saturation 

degree of SAP A is much less compared with expected values. After 7 days signal intensity was 

only 10%. At the age of 17 days the signal was 3%. Later on no signal was detectable anymore. 

Assuming the volume of chemical shrinkage according to Figure 5.10 and drainage of SAP 

pores according to the demand-supply mechanism, SAP A absorbed less water than the amount 

of 24 g/g estimated in chapter 4. In case of SAP A 0.30+0.06, water absorption rather cor-

responds to (w/c)e of 0.043, which is equal to an absorption capacity of SAP A of 17 g/g. The 

difference may result from a possible dependency of water absorption on the w/c ratio. But it is 

a fact that mortar spread tests, which were performed at w/c of 0.50, overestimated the water 

absorption of SAP A in paste produced at low w/c ratio. Indeed, the value of 24 g/g was con-

firmed by imaging analysis performed on microsections produced from pastes with w/c of 0.42, 

but the analysis might be prone to error from contrast adjustment, see section 4.3.4. 

In [Nestle et al. 2009] water release of SAP into hydrating cement matrix made of Portland 

cement (CEM I 52.5 R) at w/c of 0.30+0.04 was faster compared with results presented in this 

dissertation. The transfer of water from SAP into matrix was finished at least after 2 days. Curve 

fitting of the measured magnetization decay was achieved by a sequential regression due to 

superposition of a Gaussian and four exponential components. They postulated that there are 

two different water populations in SAP related to wall relaxation and diffusive exchange of water 

inside SAP and the matrix. 

Another method for quantifying water release of SAP is neutron tomography. In [Trtik et al. 

2010] this method was applied on Portland cement (CEM I 42.5 R) paste made at w/c of 0.25. 

The emptying process of two single SAP particles, each of about 2 mm in swollen state, was 

monitored during the first days of hydration. After 20.5 hours the SAP particle was nearly empty. 

5.3.6 Weaknesses of the NMR experiment 

The main experimental imperfections that impair the significance of the test results are listed in 

the following: 

1) Due to high frequency width of excitation the monitored signal of water component 

shows broad amplitude. It is a weak point specific to the experimental setup used here. 

High resolution NMR (B0 was 300 MHz) is usually applied for structural analysis of 

matter. For the study of water components in cement paste, low-field NMR with high rf-

performance is preferable since the signal of water is sharper. 

2) As mentioned already, inaccurate pulse application leads to imperfect initial inversion of 

magnetization. This source of error is closely related with error from inaccurate record-

ing of equilibrium magnetization. 

3) Diffusion of spins into neighbouring regions that are affected by slightly different field 

magnetizations during the measurement which cannot be refocused by spin-echo. 

4) Magnetic field variations inside the sample are intensified due to paramagnetic or even 

ferromagnetic particles present in OPC [McDonald et al. 2005]. This is why usually white 

Portland cement produced from low-iron raw materials is used in most NMR experiments. 
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5.4 Conclusion and outlook 

In this chapter sealed hydration of OPC was investigated on plain and water-entrained pastes 

produced at w/c of 0.30 to 0.50 using thermogravimetric analysis, chemical shrinkage test and 

NMR relaxometry measurement. Thermogravimetry was applied to determine the non-evapor-

able water content for estimation of the development of hydration degree. The following con-

clusions can be drawn: 

1) The hydration degree was found to develop universally the same for the first 24 hours, 

whatever the w/c ratio was. Afterwards, hydration slowed down with decreasing the w/c.  

2) SAP seems to promote hydration, if at all, at early age. At higher age the plain control mix 

with same total water content even possessed slightly higher degree of hydration. 

In simple terms, hydration is nearly the same for both plain and water-entrained cement paste 

provided that the total amount of water is the same. That means water supplied by SAP A does 

not influence hydration differently from ordinarily added water. 

The high-resolution relaxometry measurements were aimed on the observation of water 

release from SAP into the hydrating cement matrix. To this end, a CPMG pulse sequence was 

applied that filtered the signal emitted from SAP. In doing so, the time lag between excitation of 

spins and onset of data acquisition was 5 ms. The results produced another important finding: 

3) Drainage of SAP A was faster compared with SAP D. At the age of 7 days saturation of 

SAP A was 10% whereas saturation degree of SAP D was about 50%. It was explained by 

less amount of water entrained in paste SAP A 0.30+0.06, i.e. (w/c)e probably was 0.04 

due to water absorption of SAP A of 17 g/g instead of 24 g/g. 

However, in the following chapters the absorption capacity of SAP A still refers to the value 

of 24 g/g predicted by mortar spread tests in chapter 4. The assumption that water absorption 

capacity of SAP A depends on w/c ratio requires validation. To this end, absorption and release 

of water should be examined in pastes of various w/c ratios through imaging technique like 

neutron tomography.  
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6 Autogenous phenomena studied on cement paste 

6.1 Introduction 

Experimental series were performed in order to demonstrate the effects of SAP addition on 

autogenous phenomena in hardening Portland cement paste. Measurements of autogenous 

deformation, internal relative humidity, elastic material properties and pore solution analysis are 

presented and discussed within this chapter. The examinations attempt to attain two goals: 

1) The demonstration of the potential of SAP as admixture for internal curing. 

2) The provision of data for modelling of the self-desiccation shrinkage of Portland cement 

paste as a function of the internal relative humidity. 

The calculation of the self-desiccation shrinkage follows an approach presented by Lura 

[Lura 2003]. It was refined by the continuous determination of the dynamic elastic material 

properties. The study on IC of high performance mortar, following in chapter 7, banks on the 

findings and conclusions presented at the end of this chapter. 

6.2 Materials and methods 

6.2.1 Tested cement pastes 

Table 6.1 lists all cement pastes investigated within the present experimental series. Three 

reference pastes with w/c ratios of 0.30, 0.36 and 0.42 and six SAP-modified pastes with w/c 

ratios of 0.30+0.06 and 0.36+0.06 were investigated. The volume of entrained water corresponds 

to the amount theoretically needed to prevent complete self-desiccation. Three types of SAP 

were used: SAP A, SAP B and SAP D. The cement used was of type CEM I 42.5 R. Batches of 

5 liter were mixed by means of a 10 liter epicyclic Hobart mixer. The total mixing time was 5 min. 

Table 6.1: Specifications of tested Portland cement pastes 

Cement paste 
w/c basic  

[-] 
w/c e  

[-] 
SAP size dry  

[µm] 
SAP  

[m.-% by c] 
Air pores 

[% by vol.] 
ρ CP  

[kg/dm³] 

Ref 0.42 0.42 - - - 0.4 1.91 

SAP A 0.36+0.06 0.36 0.06 63-125 0.25 0.5 1.91 

SAP B 0.36+0.06 0.36 0.06 <500 0.17 0.7 1.90 

SAP D 0.36+0.06 0.36 0.06 <250 0.55 1.5 1.88 

Ref 0.36 0.36 - - - 0.3 1.99 

SAP A 0.30+0.06 0.30 0.06 63-125 0.25 1.2 1.97 

SAP B 0.30+0.06 0.30 0.06 <500 0.17 1.0 2.00 

SAP D 0.30+0.06 0.30 0.06 <250 0.55 0.8 2.02 

Ref 0.30 0.30 - - - 0.5 2.08 

6.2.2 Measurement of autogenous deformation 

Free autogenous deformation of cement paste was measured according to [ASTM C1698-09] 

using corrugated tubes made of polyethylene as a mould. The watertight moulds with circa 

420 mm in length and an outer diameter of 29 ±0.5 mm were closed by two circular end plugs 

after they had been filled with fresh cement paste. During filling the moulds were supported by a 
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rigid plastic tube which was clamped to the vibrating table turned on. To avoid bleeding and 

expansion due to reabsorption of bleed water at early age, as suspected by Mohr & Hood [Mohr 

& Hood 2010] for paste systems with w/c above 0.30, all filled moulds were rotated in a 

rotational device by 10 rpm for at least three hours. At the latest one hour before setting was 

expected, rotation was stopped in order to prevent impacts on microstructure build up and the 

risk of postponed setting. Afterwards the moulds were placed horizontally in self-built dilato-

meters as shown in Figure 6.1. One end plug was fixed with glue in the centre point by point to 

the tip of a screw embedded in the steel plate. At the free end the longitudinal deformations were 

measured by linear variable differential transformers (LVDT) of type SRINDH50 [Rinder 2002] 

with a repeatability of <0.15 µm. The specimens of each cement paste were prepared in duplicate 

and were measured simultaneously. A third specimen was prepared in order to monitor the 

temperature development due to heat of hydration in the paste by means of a temperature sensor 

placed in the centre of the mould.  

 

Figure 6.1: Connection detail (free end) of corrugated tube mould embedded horizontally in  

                    dilatometer for autogenous deformation measurement. 

6.2.3 Measurement of relative humidity 

The change in internal relative humidity of the cement pastes during sealed hydration was 

determined by the Rotronic HygroLab3 station shown in Figure 6.2. The station was equipped 

with an AW-DIO sensor for water activity and temperature measurements. About 12 g of 

hardened cement paste fragments were filled into a plastic tray placed in the hermetic measuring 

cell of the station. Initially, the fresh cement pastes had been cast into another plastic tray right 

after mixing and remained sealed until they were removed and crushed for testing. The measure-

ments took place in a thermostatically controlled laboratory at 20 ±0.2°C. Assuming thermal 

equilibrium between sensor and sample, the measured relative humidity (RH) is regarded as 

internal relative humidity. In the first hours after water addition, the RH measurements are 

affected by the development of heat of hydration in the paste. Condensation may occur if the 

sample has a higher temperature than the sensor itself. On this account, the RH measurements 

every 10 minutes were started 24 to 36 hours after mixing. The sensor was calibrated and, if 

necessary, adjusted before each measurement. Three saturated salt solutions with known constant 

RH in the range 80 to 95% RH were used. In doing so, the global uncertainty of the sensor is 

expected to yield less than ±1% RH.  
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Figure 6.2: Rotronic station equipped with AW-DIO sensor for RH measurement. 

6.2.4 Determination of elastic material properties 

The elastic material parameters were determined by using the testing device FreshCon. FreshCon 

was developed for the continuous monitoring of the hardening of cementitious materials in the 

1990s at the University of Stuttgart [Reinhardt et al. 2000] and was later patented [Reinhardt et al. 

2001]. The method behind FreshCon is ultrasound (US) transmission testing [Große 2005]: short 

ultrasonic pulses are sent into the test material and recorded on the opposite. With known 

distance between transmitter and receiver and by determining the travel time of the signal, the 

velocities of the pulses can be calculated. The present version of the device is shown in Figure 6.3 

on page 79. It allows combined measurements with pressure (P) and shear (S) waves [Krüger et al. 

2011]. Due to the innovative application of shear wave sensors it is possible to determine the 

dynamic elastic material parameters. To this end, two containers made of perspex, one for 

measuring pressure waves and one for measuring shear waves, were filled with about 500 cm³ of 

fresh cement paste. The containers resemble the setup recommended by RILEM [Rilem 2011]. 

Each container was equipped with two P-sensors or with two S-sensors, respectively. The sensors 

were assembled flexible by means of pre-tensioned spins fixing them opposite to each other in 

circular perforations on the container walls. Coupling was arranged by thin polyimid foil (0.25 

µm). The sensor distance was 50 mm. The continuous monitoring was aimed on the first 7 days 

of hardening. Under the asumption that cement paste is homogenous and isotropic, the dynamic 

elastic material parameters can be calculated on the basis of the P-wave velocity vp [m/s], the S-

wave velocity vs [m/s] and the density of the fresh cement paste ρCP [kg/dm³] according to:  
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with μdyn = Poisson’s ratio [-], Edyn = dynamic modulus of elasticity (Young’s modulus) [GPa] 

and Gdyn = dynamic shear modulus [GPa]. 
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Figure 6.3: Picture of the FreshCon system. 

In general, one sensor acts as US-transmitter connected to the amplifier generating the short 

ultrasonic pulses, while the other sensor picks the onsets of the transmitted signals. The genera-

tion of the US wave is done by a piezoelectric crystal. By applying a short voltage pulse, the 

crystal contracts and a sound wave is generated. The difference in the crystals for P-wave and S-

wave generation is in the direction of polarization and the geometry of the crystals: P-waves show 

propagation in the direction of polarization, the material therefore is compressed. S-waves show 

oscillation perpendicular to the direction of wave propagation. As a result, shear stresses are 

induced into the material. The frequency of the used signals is in the lower ultrasonic range, since 

the sound absorption of the test material increases with higher frequencies [Herb 2003]. In case 

of P-waves, transmitter and receiver worked with a center frequency of 500 kHz. In case of S-

waves, broadband sensors with a centre frequency of 250 kHz were used. Incident and trans-

mitted pulses are analogous signals, digitalized by means of an A/D converter and subsequently 

recorded by hard disk. The entire system is triggered automatically. The recording intervals were 

set to 5 min at the very beginning of the test and to 10 min afterwards. The recorded signals were 

evaluated with respect to the speed of the primary wave transmitted by the test material. To this 

end, the onset times of the transmitted signals were determined by software SmartPick [Krüger & 

Lehmann 2010].  

Besides the travel time, which was of most interest here, frequency, amplitude and wave 

shape are the parameters detectable. Unfortunately the shear wave transducer also induces a 

pressure wave into the hardening paste. This pressure wave precedes and superimposes the shear 

wave onset and prevents the direct S-wave onset determination. On this account the time signal 

has to be first transformed into a time-frequency domain by means of a continuous wavelet 

transformation. In doing so, a scalable mother wavelet is moved along the time axis and its 

correlation with the signal is calculated. The distance on the time axis between the first and the 

second extreme value of the obtained wavelet graph finally leads to the onset time of the S-wave 

[Krüger et al. 2011].  

The picker for the determination of the P-wave onset is based on the Akaike Information 

Criterion (AIC) [Akaike 1974], adapted for ultrasonic signals [Kurz et al. 2005]. A detailed 

description of the S-wave and the P-wave picker and the evaluation processes involved is 

presented in [Krüger & Lehmann 2010]. 
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6.2.5 Mechanical properties 

In addition to the non-destructive determination of elastic material parameters, compressive and 

flexural strength were determined on prisms (40 x 40 x 160 mm³) at the age of up to 91 days. The 

static modulus of elasticity at ages of 3 and 28 days was determined on cylindrical specimens of 

100 mm in diameter and 200 mm in height according to [DIN 1048-5 1991]. All specimens were 

sealed by adhesive vapour barrier foil until testing. 

6.2.6 Pore solution analysis 

Pore solutions of cement pastes Ref 0.30, Ref 0.36 and SAP 0.30+0.06 were investigated with 

respect to concentrations of Na+, K+ and Ca++ ions and surface tension. Ion chromatographic 

analysis was carried out on eluates obtained 2 hours, 3, 7 and 28 days after mixing. About 500 g 

of fresh paste were filtered by means of a water-jet-pump to extract pore solution at early age. At 

later age, pore solution was extracted from three cylindrical specimens of about 250 ml in volume 

by using a special die loaded in a universal testing machine with up to 3000 KN. The extracted 

pore solutions of at least 10 ml each were flushed by argon and sealed in a special cup.  

The surface tension of the pore solution was determined experimentally by means of contact 

angle measurements using the device Dataphysics STA 20. The surface tension of a liquid γL 

[mN/m] is the sum of the polar component γL
p and the nonpolar component γL

n: 

p n

L L L      (6.4) 

Droplets of 3 µl in volume were placed automatically on two planar substrates. Substrate S1 

was coated with gold and substrate S2 was coated with chrome. The side profiles of the droplets 

were photographed by CCD-camera and the contact angles β1 and β2 [°] were evaluated 

computer-based. Besides the surface tension of the liquid, the free surface energy of the substrate 

γS [mN/m], split in polar component γS
p and nonpolar component γS

n, defines the contact angle. 

For the determination of the surface tension of the pore solution, the following equation system 

has to be solved for γL
p and γL

n:  
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with γS1 = γS1
p + γS1

n = free surface energy of substrate S1 coated with gold [mN/m] and γS2 = 

γS2
p + γS2

n = free surface energy of substrate S2 coated with chrome [mN/m]. 

Since the free energy of the substrates was unknown, the contact angle of two reference 

liquids was measured previously and equation (6.5) was solved for γS1 and γS2. The liquids used as 

reference were demineralized water (polar) and diodomethane (nonpolar). The surface tension 

was adopted from [Randler 2001] as reported in Table 6.2.  

Table 6.2: Surface tension of reference liquids [Randler 2001] 

Reference liquid γL [mN/m] γL
p [mN/m] γL

n [mN/m] 

Demineralized water (H20) 72.8 51.0 21.8 

Diodomethane (CH2I2) 50.8 2.3 48.5 
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6.3 Results and discussion 

6.3.1 Determination of time zero 

The time zero t0 is defined as the time at which the cement paste develops sufficient structure to 

enable tensile stress transfer [Weiss 2003]. It is expected that autogenous deformations measured 

before time zero do not influence stress development and early age cracking, which is why they 

are considered no further, i.e. the deformation curves have to be zeroed at this time. There is no 

question that active restraint systems appear to provide the most direct measure of the real time 

zero by determining the onset of the tensile stress development as done e.g. in [Pirskawetz et al. 

2011]. Since the necessary test equipment was not available, some alternative options for the 

experimental estimation of time zero were investigated: 

 time of setting (Vicat), i.e. tset
ini and tset

fin, 

 time of maximum deformation rate, i.e. tas
0, 

 time when the turning point in the P-wave velocity curve occurs, i.e. tvp
0, 

 time when the dynamic shear modulus exceeds 0.1 GPa, i.e. tGdyn
0. 

The most common method is the determination of the setting times. However, in this study 

the reference pastes were zeroed at time of maximum deformation rate according to [Fontana 

2007]. This method is expected to meet the real time zero the closest, not least because it is 

derived from one and the same specimen. The maximum deformation rate is equal to the turning 

point of the deformation curve as shown exemplarily for paste Ref 0.30 in Figure 6.4 (lower 

diagram). The deformation rate increases at the beginning due to fast development of hydration 

which is accompanied by high chemical shrinkage. Afterwards the plastic cement paste starts to 

form a solid skeleton and gains in stiffness. As a result the deformation resistance is increasing, 

which is reflected in a decrease of the deformation rate. As from that point in time the rigidity of 

the paste is expected to be sufficient to enable the transfer of tensile stresses. The gain in stiffness 

is also visible in the P-wave velocity curve (upper diagram). The turning point of the curve was 

found to be in good agreement with the turning point in the deformation curve. It should be 

noted that the P-wave velocity curves at hand all exhibited turning points, but its occurrence is 

not mandatory. In addition, the setting times of the reference pastes found by the Vicat test cor-

related quite well with time zero. At last, an empirical correlation between the initial set and the 

time when the dynamic shear modulus exceeds the value of 0.1 GPa was found. It is due to the 

fact that shear stresses are transmitted in solid matter only. The value of 0.1 GPa indicates that 

the cement paste has already set and constitutes a rigid body. 

Table 6.3: Setting in hours 

Experiment FreshCon Vicat set needle Dilatometer 

Time criteria Gdyn
 > 0.1 GPa Initial set Final set Max. def. rate 

Ref 0.42 6.4 7.0 8.2 7.7 

SAP A 0.36+0.06 6.5 5.8 7.4 - 

SAP B 0.36+0.06 - 6.8 7.7 - 

SAP D 0.36+0.06 5.6 5.5 7.1 - 

Ref 0.36 5.3 5.3 5.8 6.0 

SAP A 0.30+0.06 5.7 5.2 6.2 - 

SAP B 0.30+0.06 - 5.7 6.3 - 

SAP D 0.30+0.06 - 4.6 5.1 - 

Ref 0.30 4.2 4.3 4.9 5.0 
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Figure 6.4: Options for the estimation of time zero demonstrated for paste Ref 0.30. 

The deformations of SAP-modified pastes were zeroed at time of first expansion, which was 

in the first 6 to 9 hours after water addition. Since expansion takes place at the same time with 

chemical shrinkage, swelling can occur after setting only, i.e. when the reaction products are 

formed within a solid skeleton.  

6.3.2 Autogenous deformation 

In Figure 6.5 to Figure 6.7 the autogenous deformations of the cement pastes are shown as a 

function of age. Each curve is the average of two replicates. For reasons of better comparability 

the curves of the reference pastes recure in all diagrams. The deformations of the reference 

pastes were zeroed at time of maximum deformation rate. The SAP-modified pastes were zeroed 

at first occurrence of expansion. The initial shrinkage deformation until time zero (not shown in 

the diagrams), which occurred for both, plain and water-entrained cement pastes, is due to 

chemical shrinkage, i.e. before setting chemical shrinkage and autogenous deformation may be 

identical. After setting, chemical shrinkage results mainly in internal voids, i.e. chemical shrinkage 

may be 50 times larger than autogenous deformation on a volume basis [Jensen & Hansen 2001a].  
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Figure 6.5: Autogenous deformation vs. age of reference and SAP A-modified pastes. 
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Figure 6.6: Autogenous deformation vs. age of reference and SAP B-modified pastes. 
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Figure 6.7: Autogenous deformation vs. age of reference and SAP D-modified pastes. 
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All three reference pastes show high autogenous shrinkage. Of course, shrinkage is increasing 

with decreasing the w/c ratio: At the age of 28 days shrinkage amounts to 820 µstrain for Ref 

0.42, 1020 µstrain for Ref 0.36 and 1380 µstrain for Ref 0.30. However, approximately 15 to 16 

hours after mixing, the shrinkage rates of reference pastes are temporarily decreased. For a short 

period of 6 to 10 hours the deformation even turns into expansion. It might be a result of 

thermal dilation caused by heat of hydration that counteracts autogenous shrinkage. But for paste 

Ref 0.30 with highest heat development, the maximum difference compared to the ambient 

temperature in the laboratory was found to yield approximately 4 K, as shown in Figure 6.8. The 

ingress of 4 K can not be solely responsible for the hump in the graphs, especially because the 

maximum of expansion occured delayed to the peak in temperature. It is reabsorption of bleed 

water that is expected to contribute to expansion of reference pastes (section 2.3.5). Bleeding was 

observed primary on specimens that were prepared for the Vicat test. But also the corrugated 

mould specimens might have been subject to bleeding, since rotation was stopped at the latest 

1 hour before setting. With higher w/c ratio, bleeding was stronger. Further, modified formation 

of portlandite and/or ettringite might have counteracted autogenous shrinkage as well [Sant et al. 

2011]. However, the SAP-modified pastes did not show bleeding.  
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Figure 6.8: Ambient temperature measured in the laboratory and heat increase of paste Ref 0.30  

                    in corrugated tube and FreshCon container. 

Water entrainment had a substantial impact on the autogenous deformation after setting. SAP 

addition induced initial expansion of about 300 to 650 µstrain as a result of provision of internal 

curing water. This effect is comparable to expansion of neat cement paste cured in water. So the 

total volume of cement paste increases with increasing degree of hydration when external water 

may enter the paste [Brouwers 2004]. It is interesting that the initial expansion is even increasing 

by at least 120 µstrain within the following 4 weeks in case of SAP D whereas it turns into 

shrinkage after a short period of constant deformation in case of SAP A and SAP B, respectively. 

Once the SAP-modified paste starts to shrink, the deformation curve tends to run parallel to the 

curve of the reference paste with same total water content. Obviously, SAP D prevented 

autogenous shrinkage the most effective. Already Jensen [Jensen & Hansen 2002] found stable 

expansion for at least 4.5 months. In contrast, SAP A and SAP B are not able to prevent self-

desiccation shrinkage permanently. In doing so, SAP A performs even worse than SAP B. 

Possible reasons for insufficient longterm curing are: 

1) The amount of entrained curing water is less than expected. 

2) The curing zone of IC water is too small. 

3) The IC water is retained in the polymer too long. 
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The last two reasons seem somewhat incongruous since the SAP A modified paste with the worst 

outcome possesses the smallest spacing of SAP inclusions. Last but not least, the fact that water 

retention by SAP may withstand self-desiccation of the surrounding matrix is improbable. Indeed, 

the most plausible cause for insufficient longterm curing is an insufficient amount of IC water. 

Already in [Jensen & Hansen 2002] it is reported that reduced amounts of entrained water are not 

effective for longterm prevention of autogenous shrinkage. Even though initial expansion is also 

induced by small amounts of SAP, shrinkage follows the earlier the smaller the volume of 

entrained water is. The NMR measurements on paste SAP A 0.30+0.06 indicated that SAP A 

obviously entrains less water than expected, see chapter 5. This seems to hold true for chemically 

related type SAP B, too. The comparison to results with NMR shows that the onset of shrinkage 

is linked to the point in time when the water in SAP is depleted. This gives rise to self-desiccation 

resulting in self-desiccation shrinkage. As stated in chapter 5.3.4, SAP A propably absorbed 17 

g/g corresponding to (w/c)e of 0.045 (SAP A 0.30+0.06) instead of the accepted (w/c)e of 0.06. 

Further it was presumed that increasing (w/c)basic leads to an increase of the absorption capacity 

of SAP A. So the expected water absorption capacity of 24 g/g was estimated by mortar spread 

tests at w/c of 0.50. This would explain why the paste SAP A 0.36+0.06 shows later onset of 

shrinkage compared with SAP A 0.30+0.06, although the IC water was expected to be exhausted 

earlier, see chapter 5.3.3.  

6.3.3 Literature review on efficiency of IC 

Schröfl [Schroefl et al. 2012] found that different types of SAP with same amount of initially 

entrained water do not necessarily mitigate autogenous shrinkage with the same success. They 

explained this phenomenon with different abilities of SAP to retain water. Their strain measure-

ments performed on mortars were accompanied by tea bag tests which were used to observe the 

absorption and desorption behaviour of various SAP in synthesized pore solution. Schröfl claims 

that less effectiveness of IC is linked to a pronounced liquid release of the respective SAP after 

initial absorption in the tea bag test, i.e. before setting. This liquid release was not observed for 

SAP that completely prevented autogenous shrinkage. Still, the question remains what happens to 

water that is released back into the fresh paste? The underlying assumption should be that in the 

proximity of the macropore inclusion, the w/c ratio of the bordering paste is partially increased. 

However, the measurements reported by Schröfl were aimed on the first 7 days of sealed 

hardening, i.e. the period when most of the SAP-modified pastes investigated here were reliably 

spared from autogenous shrinkage as well. Information on the long-term behaviour is not avail-

able. If SAP A did suffer from water release prior to setting, NMR measurements would have 

revealed it. Hence, early release of curing water can be excluded for the pastes under examination.  

6.3.4 Change of internal relative humidity 

The development of internal relative humidity with age of cement paste is shown in Figure 6.9. 

The curves represent the RH measured after an equilibrium between sensor and sample was 

reached. To avoid condensation of the sensor, measurements were started 24 hours after casting, 

i.e. when the impact of heat release from hydration is negligible, see Figure 6.8. For reference 

pastes Ref 0.36 and Ref 0.30 the RH decreased with hydration time. Each curve is the average of 

two tests. After 28 days Ref 0.36 and Ref 0.30, assymptotically approach the values of 88% RH 

and 84% RH, respectively. In [Paillère et al. 1989] it is shown that self-desiccation slows down as 

age increases but does not fall below 75% RH. At the latest at this minimum RH, hydration stops  
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Figure 6.9: Internal relative humidity of cement paste as a function of age. 

independently of w/c ratio or silica fume addition. A similar trend was already found by Powers 

[Powers 1947]. On the other hand, the maximum values found for cement paste are below RH of 

100%. The initial drop in RH can be attributed to dissolved salts in the pore solution, mainly 

alkali ions that reduce the initial RH down to about 98% as reported e.g. in [Bentz et al. 2001]. 

The relative humidity RHS due to dissolved salts can be estimated by Raoults law that states RHS 

to be equal to the molar mass fraction of water in the pore fuid Xl  [Jensen 1993]: 

S lRH X   (6.6) 

The curve of SAP D 0.30+0.06 represents the result of one single test. The measured RH 

levelled off at 99% after 24 hours and decreased to 98.5% within the following 4 weeks. This 

decrease in RH is expected to be caused by sensor drift or by change in the composition of the 

pore fluid with hydration. The second test constantly showed 100% RH during the whole test 

period and thus was dismissed. Probably insufficient thermostatic control during calibration 

caused the failure. It is known that near saturation at 20°C a temperature difference of 1 K may 

cause an error of about 6% RH [Jensen & Hansen 1999] as cited in [Lura 2003].  

Pastes modified with SAP A and SAP B, respectively, were not measured. It is expected that 

they would have shown a decrease in RH as soon as the initial expansion starts to turn into 

shrinkage, i.e. when the IC water is depleted or the degree of saturation has reached a critical limit.  

6.3.5 Autogenous deformation vs. internal RH 

In Figure 6.10 the autogenous deformations of both reference pastes are plotted as a function of 

the internal RH. The corresponding linear regression lines are reported in the Figure 6.11. The 

curves start from 24 hours after mixing in case of Ref 0.30 and from 36 hours after mixing in 

case of Ref 0.36. At this time, autogenous shrinkage was already found to yield 550 µstrain and 

285 µstrain, respectively. Potentially, it is a result of capillary pressure acting on the very early age 

paste system which has still large deformation capability. In [Chang-wen et al. 2007] a tensiometer 

setup was embedded into fresh cement paste which allows to directly measure the capillary pres-

sure development. They found that water consumed only in large pores of several microns causes  
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Figure 6.10: Autogenous deformation of paste Ref 0.30 (left) and Ref 0.36 (right) as a function  

                     of internal relative humidity. 

about 100 kPa capillary depression. Obviously, this pressure is sufficient to induce rapid self-

desiccation shrinkage if the paste still has low deformation resistance while the deformation is 

negligible if the paste has already solidified. Due to formation of larger capillaries with increasing 

w/c ratio, the water consumption at early age may result in a much slower rise of menisci pres-

sure compared to low w/c ratio systems. This could be an explanation for the higher initial 

shrinkage of Ref 0.30 by contrast with Ref 0.36. Moreover, it is supposed that reabsorption of 

bleed water may arrest the capillary pressure build-up. Another reason for the high autogenous 

deformation immediately after time zero might be the collapse of the first self-supportive 

skeleton formations. Principally, reaction products of C3S and C2S constituting long fibres build 

first weak bridges between the hydrating cement particles. Only when the interconnection is 

strong enough, micropores can stably exist and collapse is avoided. Further, creep could also con-

tribute to high initial autogenous shrinkage. Lura [Lura 2003] supposed that creep at early age is 

very fast and is measured as quasi-instantaneous deformation. 

Actually, the steepness of the shrinkage-RH curves was expected to decrease within the first 

days of hydration as a consequence of gain in stiffness, which is evident from the increase in 

elastic material properties, see section 6.3.5. However, creep superposes self-desiccation 

shrinkage mainly at low RH resulting in a slight increase in deformation per RH% at later age. 
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Figure 6.11: Linear regression of shrinkage-RH curves up to 7 days and between 7 and 20 days. 
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6.3.6 US-wave velocity 

Figure 6.12 reports on the P-wave velocity in hydrating cement paste as a function of age. Figure 

6.13 shows the S-wave velocity correspondingly. At the very beginning of the tests, the sensitivity 

of the receiver is not sufficient to resolute the recorded signals, which is why the curves start not 

until the onsets of the waves could be differentiated from noise. According to Biot’s theory [Biot 

1956a], [Biot 1956b] two pressure waves propagate in a fluid saturated porous solid: the slow P-

wave and the so-called fast P-wave. Both cement pastes with w/cbasic of 0.30 show the fast P-

wave at early stage of detection. It is a phenomenon of mainly high viscous mixes with low air 

content [Sayers & Dahlin 1993]. The fast P-wave mainly propagates through the fluid phase, 

which is why its velocity is close to the velocity in water (1500 m/s). Usually, as in the case here, 

the fast P-wave disappears in the process of hydration. The slow P-wave is detectable in the 

higher frequency range only. It is referred to as P-wave in the following. Due to attenuation, it 

propagates much slower in fresh cement paste compared to its velocity in water. At approxi-

mately 1600 to 1700 m/s the P-wave velocity curve shows a turning point. In section 6.3.1. this 

turning point was already discussed as a rough indication for setting, i.e. the point in time when 

the plastic cement paste starts to form an interconnected rigid structure.  
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Figure 6.12: P-wave velocity as a function of age up to 24 hours (left) and 7 days (right). 
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Figure 6.13: S-wave velocity as a function of age up to 24 hours (left) and 7 days (right). 
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Because of lower velocity and higher attenuation the first S-waves were picked later than the first 

P-waves. As can be seen clearly, both wave velocities develop slower with increasing the water 

content, or vice versa: The lower the w/c ratio, the higher the density and consequently the faster 

the wave propagation. Further, it seems to be irrelevant whether the water was added ordinarily 

or was absorbed by SAP: Both, water-enrained and plain cement pastes, show the same trends in 

the wave velocity curves provided that the total water content is the same. The same relationship 

was found for the development of the degree of hydration in chapter 5. Nevertheless, this result 

is surprising, since it is known that interfacial transition zones impair the transmission of P-waves, 

i.e. a small increase in the air content leads to a strong decrease in the P-wave velocity. On the 

other hand, the existence of air voids has only little influence on the shear wave propagation 

[Zhu et al. 2011]. With this in mind, it was expected that the initially water-saturated macropore 

inclusions affect the P-wave velocity as soon as their degree of saturation decreases as a result of 

hydration. However, the higher density of the pore structure (due to less capillary porosity) seems 

to compensate this effect. As from 24 hours after mixing, the SAP-modified pastes even show 

higher P-wave velocities compared to reference pastes with same total w/c. 

In general, the influence of the air content makes it difficult to directly correlate the P-wave 

velocity to mechanical properties of the hardening cement paste. The analysis of the S-wave 

propagation is more promising for the correlation with mechanical properties since the trans-

mission of S-waves is directly linked to the shear viscosity of the paste. Already in [D’Angelo et al. 

1995] it was found that shear waves are more sensitive to solid structure development than P-

waves. In [Bentz et al. 1994] it was found by simulation that the shear wave energy is correlated 

with the volume fraction of connected solids in the paste. In the following the combination of 

P-wave and S-wave velocity leads to the dynamic elastic material parameters which provide new 

possibilities for the evaluation of the state of hardening.  

6.3.7 Dynamic elastic material parameter 

The calculated dynamic elastic material parameters are presented as a function of age in Figure 

6.14 to Figure 6.16. The dynamic Poisson’s ratio μdyn reported in Figure 6.14 starts at the initial 

value of 0.50 and drops down to values in the range of 0.33 (SAP A 0.30+0.06) to 0.30 (Ref 0.30) 

within the first days of hydration. As long as the Poisson’s ratio is below the value of 0.50, 

uniaxial loading will result in volume reduction. In return, at the initial value of 0.50 the volume is 

kept constant and indicates that the cement paste is still fluid. It is conspicuous that pastes with 

lower w/c ratio not only show the lowest values for μdyn, but also the sharpest drop. Besides the 

w/c ratio, the Poisson’s ratio is affected by various other parameters, e.g. age, moisture content, 

ambient temperature, cement content or the load applied during testing, as already Ghosh 

showed for ordinary concrete [Ghosh 1965]. Pereyra [Pereyra 2007] found that with increasing 

the stress-strength ratio above 50%, the Poisson’s ratio increases disproportionately as a result of 

micro-cracking. When the load under uniaxial testing approaches the short-term strength, the 

static Poisson’s ratio will reach again 0.50. Below 50% of the stress-strength ratio the Poisson’s 

ratio is independent on the stress to a great extent, e.g. the Poisson’s ratio of self-compacting 

concrete yields between 0.20 and 0.25 [Pereyra 2007]. Only at very low stress-strength ratios the 

statically measured Poisson’s ratio is increased. This fact causes the phenomenon of higher 

dynamic Poisson’s ratio compared with statically determined values, i.e. no load is applied when 

the US waves travel through the specimen. However, according to [DIN 1045-1 2008] the Pois-

son’s ratio of concrete is assumed to be constant at 0.20.  
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Figure 6.14: Dynamic Poisson’s ratio as a function of age up to 24 hours (left) and 7 days (right). 
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Figure 6.15: Dynamic elastic modulus as a function of age up to 24 hours (left) and 7 days (right). 
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Figure 6.16: Dynamic shear modulus as a function of age up to 24 hours (left) and 7 days (right). 
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Figure 6.15 reports on the dynamic modulus of elasticity. Compared to the wave velocities the 

curves of the pastes have more distance to each other, especially at higher age. Except paste Ref 

0.42, which shows slightly lower values at the beginning, the SAP-modified pastes show very 

similar curve shapes. Here again, it can be seen that the paste with lowest w/c ratio adopts the 

highest values. The same is true for the dynamic shear modulus, which is converted from the 

dynamic modulus of elasticity. Values for the dynamic bulk modulus are reported in appendix 6.  
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Figure 6.17: Dynamic shear modulus as a function of age.  

In [Robeyst 2009] methods for the determination of setting by using US-through transmission 

testing on the basis of P-waves are discussed. According to [Robeyst 2009] and [Reinhardt & 

Grosse 2004] the velocity of 1500 m/s is seen as a rough guide for the estimation of the final 

setting time. However, the monitoring of the dynamic elastic material properties provides new 

instruments for the estimation of the setting times. As mentioned above, the time when the 

dynamic shear modulus passes the value of 0.1 GPa, cf. Figure 6.17, was found to correlate well 

with the initial set found by the Vicat method, see Table 6.3 on page 81. The velocity of the shear 

wave at this time was found to yield in the range 225 to 235 m/s. 
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Figure 6.18: Static Young’s modulus at the age of 3 days (left) and 28 days (right). Bars mark ab- 

                     solute values; short lines give the values relative to the dynamic Young’s modulus.  
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Figure 6.18 reports on the dynamic modulus of elasticity measured at 3 days and at the age of 

28 days compared to statically determined values. The latter are 10% (Ref 0.36) to 25% (SAP A 

0.36+0.06) lower compared to the dynamic values. Further, the static modulus of elasticity of 

SAP-modified pastes is not the same compared to reference pastes with same total water content, 

but is up to 10% less. This reduction was not found for the dynamic modulus of elasticity. It 

appears as if the influence of SAP on the microstructure as well as the degree of saturation 

affects the static elastic material parameter but not so the dynamic material parameter. On this ac-

count, the preference will be to analyse attenuation and energy content of the transmitted waves 

in future.  

6.3.8 Compressive and flexural strength 

The results of the compressive strength tests are reported in Figure 6.19. Each diagram compares 

one SAP A-modified paste with values of the two corresponding reference pastes. It is striking 

that the water-entrained pastes show entirely the lowest strength values. Compared to reference 

pastes with same basic w/c ratio, the strength-increasing effect due to increased degree of 

hydration could apparently not counterbalance the strength reducing effect of SAP A voids, see 

Figure 6.21. The difference to the reference paste with same total water content might be partly 

explained by the reduced effective w/c ratio resulting from bleeding of reference pastes. In 

general, bleeding occurred stronger the higher the w/c ratio was. For Ref 0.30 only little bleeding 

and for pastes with SAP addition no bleeding was observed. This effect might have also caused 

the somewhat small discrepancy in strength values among the reference pastes. Another reason 

contributing to less strength of water-entrained pastes at early age could be the higher degree of 

saturation of the pore system. It is an effect comparable to the influence of water-storage on the 

compressive strength, i.e. water regarded as incompressible weakens the strength in case of com-

plete water-saturation of the pore system. The lead in strength of the reference paste with low 

w/c ratio melts away at higher age due to proceeding hydration of the pastes with higher w/c 

ratio and SAP addition, respectively. At last, self-desiccation may play a role since micro-cracking, 

whether internal or external, weakens strength. 
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Figure 6.19: Compressive strength measured on cement paste prisms cured in foil at 20°C.  

                      Absolute values are given as columns; relative strength values are shown as curves. 
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Especially flexural strength suffers from micro-cracking. The diagrams in Figure 6.20 report on 

the flexural strength measured on paste prisms that had been wrapped in adhesive vapour barrier 

foil until testing. It is very likely that surface cracks occurred at the age of 7 to 28 days. All 

cement pastes have in common a decrease in absolute strength values at this age. As anticipated, 

the water-entrained pastes were affected the least. An increase in flexural strength of up to 30% 

compared to the value of Ref 0.36 was noticed for SAP A 0.36+0.06 at the age of 91 days.  
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Figure 6.20: Flexural strength measured on cement paste prisms cured in foil at 20°C. Absolute  

                     values are given as columns; relative values are shown as curves. 

 

In the left diagram of Figure 6.21 the compressive strength is shown as a function of the degree 

of hydration. It illustrates that for a given degree of hydration, see chapter 5, the SAP-modified 

paste possesses the lowest strength. The right diagram shows the correlation between dynamic 

modulus of elasticity and compressive strength. For a given dynamic modulus of elasticity the 

SAP-modified pastes possess less compressive strength compared to reference pastes with same 

w/c ratio. The diagram illustrates the finding that the dynamic elastic material parameters are less 

sensitive to partially water-filled macropore inclusions than the statically determined parameters. 
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Figure 6.21: Compressive strength vs. degree of hydration (left) and dynamic Young’s modulus  

                      vs. compressive strength at the age of 1, 2, 3 and 7 days (right). 
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6.3.9 Pore water analysis 

The surface tension of pore water was found to yield 0.074 ±0.002 N/m. There was no distinct 

influence of age or paste composition on the surface tension. Similar results were found by 

Schaeffel [Schaeffel 2009] who extracted pore solution between the age of 1 and 91 days. He 

determined the surface tension by following the Wilhelmy plate method. The average value found 

was 0.072 ±0.001 N/m for Portland cement pastes at w/c ratios in the range 0.25 to 0.42. Lura 

[Lura 2003] measured the surface tension of synthesized pore solution with a DuNouy tensio-

meter and found a value of 0.078 N/m. The results of ion chromatographic analysis are reported 

in appendix 6. Only small differences in the ion concentrations were found. 

6.3.10 Cracking due to restraint 

Crack formation due to restraint autogenous shrinkage was not observed in the scope of this 

thesis. Cracking occurs when the tensile stresses caused by restraint shrinkage reach the tensile 

strength of the material. A theoretical approach for the calculation of the stresses σind that would 

develop in the hardening cement paste if autogenous shrinkage was restraint, is provided by 

equation (6.7) on the basis of Hooke’s law:  

ind dyn CP      (6.7) 

where εCP is the measured free autogenous shrinkage of cement paste and Edyn is the dynamic 

modulus of elasticity determined by FreshCon. 

Figure 6.22 presents the theoretical stress development calculated for paste Ref 0.30 in 

comparison to the measured bending tensile strength. Naturally, this approach is a strong 

simplification since the time-dependent behaviour, i.e. relaxation is not considered. In practice, 

relaxation of the paste would reduce the actual stress. But, it is very likely that the reference paste 

would show cracking in the first 3 days of sealed hardening, cf. [Jensen & Hansen 2002]. In 

contrast, restraint expansion of the water-entrained cement pastes would induce compressive 

stresses. Only a little number of papers exists so far that deal with the measure of induced tensile 

stresses, see chapter 3.2.2. Future research has to clarify the minimum amount of entrained water 

necessary to reliably prevent sealed concrete from early age cracking at restraint condition. 
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Figure 6.22: Cracking potential of paste Ref 0.30 due to restraint autogenous shrinkage - a theo- 

                      retical approach. 
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6.4 Modelling of self-desiccation shrinkage 

6.4.1 Introduction 

The measured RH change reported in 6.3.4 occurred after setting of the reference pastes and is 

attributed to self-desiccation. On the basis of the RH change due to both formation of water-air 

menisci and dissolution of salts in the pore fluid, a calculation procedure adopted from Lura 

[Lura 2003] is presented that was used to model the self-desiccation shrinkage of Ref 0.30 and 

Ref 0.36 in the first 7 days of hardening. The model bases on an equation introduced by Bentz 

[Bentz et al. 1998]. The advantage of this approach is that no knowledge about the pore size 

distribution is required. The only input parameters are the measured RH, the determined elastic 

material parameters and the saturation degree of the pores. 

6.4.2 Autogenous RH change 

The change in internal relative humidity RHK [-] due to water-air menisci formation in a circular 

cylindrical pore is given by Kelvin’s equation with Kelvin radius r [m] as follows: 

2 cos
exp W

K

V
RH

r RT

   
  

 
  (6.8) 

where y [N/m] is the surface tension of the pore fluid, VW [m³/mol] the molar volume of 

water, 18.02 x 10-6 [m³/mol], R [J/mol K] the ideal gas constant, i.e. 8.314 J/mol K, T [K] the 

absolute temperature, i.e. 293 K and θ [-] the contact angle between water and solids, with θ
 
≈

 

0 and cosθ ≈
 
1, respectively, by assuming perfect wetting. 

The measured relative humidity RH [%] reflects the RH drop from water-air menisci 

formation RHK [-] and dissolution of salts RHS [-] and is therefore written as: 

2
exp W

S K l

V
RH RH RH X

r RT

  
     

 
  (6.9) 

6.4.3 Kelvin radius and tensile stress in the pore fluid 

The radius of the largest capillary pore filled with water can be calculated directly from the RH 

measurements by equation (6.10). In doing so, y was assigned to 0.074 N/m and the RH drop 

due to dissolved salts was assumed to remain constant during hydration. In particular, RHS refers 

to the highest RH measured. Figure 6.23 (left) shows the calculated Kelvin radius for Ref 0.36. 
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  (6.10) 

The tensile stress in the pore fluid σcap [MPa] can be calculated with the Laplace law applicable 

for circular cylindrical pores by assuming perfect wetting: 

2
cap

r


     (6.11) 
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Figure 6.23: Radius of largest capillary pore filled with water calculated with (bold line) and with- 

                     out (thin line) correction for the influence of dissolved salts, i.e. constantly 1.5%  

                     RH (left) and stress in the pore fluid as a function of RHK (right). 

The Laplace law states that two paste systems of same pore volume but different pore size 

distribution have different capillary stresses acting on the pore walls. But insertion of Kelvin’s law 

into equation (6.11) leads to equation (6.12) where the capillary pressure depends on RHK only, 

i.e. neither knowledge of the pore system nor the surface tension of the pore water is required. 

 ln K

cap

W

RH RT

V



   (6.12) 

The tensile stress in the pore fluid calculated for paste Ref 0.36 is shown in Figure 6.23 (right). 

The dashed line reports on the tensile stress multiplied with the saturation degree of the pores. 

6.4.4 Saturation of capillary pores 

The degree of saturation S [m³ water / m³ pore] can be calculated by using Powers’ model for the 

volumetric phase distribution of hardening Portland cement paste [Powers & Brownyard 1948], 

see chapter 2.2.3 and appendix 2. S can be expressed as a function of the degree of hydration α [-], 

which was determined in chapter 5 by thermogravimetric analysis: 

 

 

   

     
CW CW GW
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V V V
S

V V V V

  

   


 

 
  (6.13) 

where VCW [-] is the volume of capillary water, VGW [-] the volume of gel water, VCS [-] the 

volume of chemical shrinkage and VP [-] is the pore volume. 

Figure 6.24 reports on the decline in saturation of pores calculated for the reference pastes. 

The curves provided by the left diagram are extended by dashed lines up to the maximum degree 

of hydration, i.e. αmax
 = 0.71 for w/c of 0.30 and αmax

 = 1 for w/c ≥ 0.42. For w/c ≤ 0.42 the 

saturation of pores is about 75% at αmax, independent of w/c. In case of w/c ≥ 0.42 the degree of 

saturation at αmax increases with increasing the w/c ratio. The right diagram shows the saturation 

of pores in dependency of the age of cement paste and applies to sealed hardening at 20 °C. 



Modelling of self-desiccation shrinkage 97 

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

Degree of hydration [-]

D
e
g

re
e
 o

f 
s
a
tu

ra
ti

o
n

 [
m

³ 
w

a
te

r 
/ 
m

³ 
p

o
re

] Ref 0.50

Ref 0.42

Ref 0.36

Ref 0.30

 

0.7

0.8

0.9

1

0 7 14 21 28

Age [days]

D
e
g

re
e
 o

f 
s
a
tu

ra
ti

o
n

 [
m

³ 
w

a
te

r 
/ 
m

³ 
p

o
re

] Ref 0.50

Ref 0.42

Ref 0.36

Ref 0.30

 

Figure 6.24: Calculated pore saturation of plain cement paste as a function of hydration degree  

                     (left) and age of cement paste (right). 

The degree of saturation of water-entrained cement paste is expected to permanently reach full 

water-saturation. Only when the SAP pores are empty or the saturation of SAP pores is very low, 

drainage of the smaller capillary pores will start. For pastes SAP D 0.30+0.06 and SAP D 

0.36+0.06, full water-saturation of the capillary pores is expected until the maximum degree of 

hydration is reached. 

6.4.5 Elastic material properties 

The dynamic bulk modulus Kdyn [MPa] of cement paste can be derived from the dynamic modulus 

of elasticity Edyn [MPa] and the dynamic Poisson’s ratio µdyn [-] according to: 

 3 1 2

dyn

dyn

dyn

E
K




 
  (6.14) 

The development of the dynamic bulk modulus is reported in appendix 6. 

6.4.6 Deformation of cement paste 

Finally, the deformation of the cement paste εCP is calculated according to the following equation 

which was adopted from [Bentz et al. 1998]: 

1 1

3

cap

CP

solid

S

K K




  
   

 
  (6.15) 

where K [MPa] is the bulk modulus of cement paste and Ksolid [MPa] is the bulk modulus of 

the solid material, i.e. 50 GPa [Nielsen 1991]. 

In a first approach, the cement paste strain was calculated by using Kdyn as bulk modulus. The 

calculation results are shown in Figure 6.25 (left). To account for the fact that the FreshCon 

results overvalue the static elastic modulus of elasticity by 15%, see section 6.3.7, the bulk 

modulus of the paste was reduced in a second step (right diagram), where μ = 0.20 was assumed: 
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  (6.16) 
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Figure 6.25: Comparison of measured and calculated self-desiccation shrinkage without (left)  

                       and with (right) modification of the dynamic elastic material properties. At the age  

                       of 24 hours, calculated and measured values were put at the same level (right). 

6.4.7 Discussion 

The initial shrinkage of cement paste occurring before the start of the RH drop, i.e. between 

setting and the age of 24 hours, is not captured by the model. Further, the model will lead to 

significant smaller shrinkage compared with strain measurements if the dynamic bulk modulus is 

used. Reduction of the bulk modulus according to equation (6.16) results in a better forecast of 

self-desiccation shrinkage. But the calculated values are still small, which may have three reasons: 

 First, the used capillary tension model supposes elastic material behaviour, i.e. creep is 

not taken into account. Obviously, the elastic deformation is only a part of the total 

deformation. Lura suspected that the effect of creep becomes more evident at the lower 

RH range [Lura 2003]. To compensate this effect, the Young’s modulus at early age might 

be reduced. Hua et al. used a capillary tension model to predict autogenous deformations 

as well [Hua et al. 1995]. They found greater consistency between measured and calcu-

lated values if creep of cement paste was considered by an extra term in their calculation 

function. This means that the restraint stresses are overestimated if they are derived from 

the free autogenous deformation only. However, the weak point of Hua’s model is in the 

mercury intrusion porosimetry method that was used to experimentally determine the 

capillary tension in the pore water.  

 Second, the conversion of ettringite - which was assumed to contribute to early age swell-

ling - into monosulphate, may have caused additional shrinkage.  

 Third, the RH drop may result in a decrease of the disjoining pressure causing further 

contraction of the paste system. 

6.5 Conclusion and outlook 

6.5.1 Conclusions 

1) The dynamic shear modulus of 0.1 GPa correlated well with initial setting (Vicat). For plain 

paste the time of maximum deformation rate was assumed to meet time zero the closest.   



Conclusion and outlook 99 

2) Autogenous shrinkage of reference pastes was increasing with decreasing the w/c ratio. 

So was the drop in internal RH. A large part of the autogenous deformation occurred 

around setting and was not related to the RH drop. It is supposed that capillary pressure 

induced autogenous shrinkage at very early age, i.e. when the paste had large deformation 

capability. In contrast, water-entrained cement pastes showed expansion right after setting. 

3) SAP D was able to permanently maintain stable expansion of the paste. So was the 

internal relative humidity kept constant at about 98% RH. Deformation of SAP A and 

SAP B-modified pastes turned into shrinkage after 3 weeks at the latest. It was assumed 

that with decreasing the w/c ratio, SAP A and SAP B entrained less water than expected, 

i.e. (w/c)e < 0.06. Once the internal water sources were consumed, self-desiccation and 

self-desiccation shrinkage started. In doing so, the autogenous deformation curve was 

parallel to the one of the reference paste with same total w/c ratio. 

4) The dynamic modulus of elasticity was higher for pastes with low w/c ratio, i.e. 0.30, and 

developed faster than pastes with high w/c ratio, i.e. 0.42. Further, the development was 

almost the same for both, reference pastes and SAP-modified pastes, provided that the 

total water content was the same. Not so was the static modulus of elasticity which was 

reduced by up to 10% due to SAP addition. Further, the 3 days static modulus of elastic-

ity was reduced by 10 to 25% compared with corresponding dynamic values.  

5) Compared to reference pastes with same (w/c)basic the strength-increasing effect due to 

proceeded hydration could not counterbalance the strength-reducing effect of SAP voids 

even at later age. Actually, when compared with reference pastes of same water content, 

the compressive strength was still reduced, which might be traced back to bleeding of the 

reference samples. However, the flexural strength of SAP-modified paste exceeded the 

values of reference paste at later ages possibly due to prevention of micro-cracking. 

6) The surface tension of the pore solution yielded 0.074 ±0.002 N/m independent of age 

and w/c ratio. Only small differences in the concentration of ions were found.  

7) Modelling of self-desiccation shrinkage of reference pastes by the capillary tension ap-

proach did not capture the high initial autogenous deformation. The model led to signifi-

cantly smaller shrinkage compared with strain measurements. It was expected that the 

discrepancy was mainly caused by creep, which was not considered in the calculation. 

6.5.2 Outlook 

To avoid dispute about the real time zero in future, it is recommended to directly measure the 

onset of the tensile stress development in active restraint systems. Moreover, the recording of the 

induced tensile stress would allow to state on the development of the cracking potential. Hence, 

for practical issues the SAP dosage should be generally reduced to small fractions in order to only 

mitigate autogenous shrinkage at very early age, i.e. when the cracking potential is high due to 

little tensile strength. In doing so, the insertion of dispensable macropores would be omitted. 

Concerning measurements with FreshCon, the future evaluation method should consider the 

analysis of attenuation and energy content of the transmitted waves instead of wave velocity only. 

In addition, the mechanisms causing expansion are still to be investigated in more detail.  

And, last but not least, the prediction of the self-desiccation shrinkage model should be 

improved by taking into account the effect of creep and the initial autogenous shrinkage, i.e. the 

deformation that occurs before the RH depression due to menisci formation. The latter could be 

considered by measuring the capillary tension with a tensiometer embedded in the fresh paste.  
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7 Internal curing of  high performance mortar 

7.1 Introduction 

This chapter deals with the application of SAP for the purpose of internal curing of high 

performance mortar (HPM). The investigation comprises measurements on free autogenous 

shrinkage using corrugated tubes as a mould, strength tests performed on prisms and the 

computer based evaluation of microsections. To this end, five mortars were produced, varying in 

total water content (w/c ratios of 0.30 to 0.37), SAP type (SAP C or SAP D) and dosage of SAP. 

The investigation tries to provide answers on the following questions: 

 What is the effect of SAP type and dosage on internal curing and mechanical properties? 

 Do the results comply with findings of the paste measurements presented in chapter 6? 

To give reasons for ineffective curing of SAP C that occurred despite sufficiently high 

amounts of entrained water, the spatial distribution of SAP pores was calculated on the basis of 

imaging analysis results and the travel distance of water in the hardening cement paste was 

estimated. 

7.2 Materials and methods 

7.2.1 High performance mortar 

Five high performance mortar mixtures containing 1/10 silica fume by weight of cement were 

produced. The composition of the reference mix with w/c of 0.30 is provided by Table 7.1. It is 

similar to the one used in the context of the round robin test (RRT) on autogenous shrinkage 

managed by the RILEM TC 225 - SAP [Mechtcherine et al. 2013]. A second reference mix with 

w/c of 0.34 and three mixes with (w/c)basic of 0.30 plus water entrainment due to SAP C or SAP 

D, respectively, corresponding to (w/c)e of 0.04 and 0.07, were produced for comparison. The 

value of (w/c)e of 0.07 corresponds to the amount of entrained water theoretically needed to 

prevent complete self-desiccation of the HPM mix, see appendix 3. The basic composition provi-

ded by Table 7.1 was kept constant in all mixes. That means the increase in w/c ratio of the 

second reference mix and the water entrainment of mixes containing SAP was done by adding 

extra water and SAP “on top”. Due to this kind of pragmatic approach, the total volumes are 

somewhat increased. However, the fractions of dry SAP were 2.8 kg/m³ for SAP C 0.30+0.04, 

4.9 kg/m³ for SAP C 0.30+0.07 and 4.45 kg/m³ were added in case of SAP D 0.30+0.07. 

Table 7.1: Design of reference HPM with w/c = 0.30 

Component kg/m³ dm³/m³ 

Cement CEM I 42.5 R 700 224.4 

Silica fume 70 30.0 

Water 210 210.0 

Quartz sand 2-4 mm 427.1 161.2 

Quartz sand 0-2 mm 911.4 343.8 

Superplasticizer PCE 11.5 10.5 

Air content - 20 



Results 101 

The silica fume was a dry powder available on the market as Sika Elkem grade 971-U. Mixing was 

done by means of an epicyclic 10 l Hobart mixer. All dry ingredients were pre-mixed for 30 s. 

Then the superplasticizer was added pre-solved with the water during the following 90 s of mix-

ing. The total mixing time was 5 min, whereof for 2 min the speed was increased from 170 rpm 

to 198 rpm. The superplasticizer used was Glenium 51 from BASF. The added amount was 

reduced for mixes with total w/c of 0.34 and 0.37 to 9.6 kg/m³ and 6.3 kg/m³, respectively. The 

spread of fresh mortar was found to yield 21 to 23 cm and the air content was 1.1 to 2.3%. 

7.2.2 Strength tests 

Compressive and flexural strength were tested on prisms (40 x 40 x 160 mm³) that were sealed by 

adhesive aluminium vapour barrier foil directly after demoulding at the age of 1 day. The strength 

tests were performed 4, 7, 14, 28 and 91 days after casting. 

7.2.3 Strain measurements 

Free autogenous deformation was measured by using corrugated tubes as a mould according to 

[ASTM C1698-09]. A detailed description of the testing method and the sample preparation is 

given in chapter 6.2.  

7.2.4 Imaging analysis 

Microsections of sealed cement paste prisms containing SAP A and SAP D were prepared accor-

ding to [DIN EN 12407 2007] at the age of 7 days. The mix design of the pastes was analogous 

to the composition of the HPM mixtures with w/c = 0.30+0.07, but contained neither aggregates 

nor superplasticizer. For each mix a total surface of 4800 mm² was evaluated by computer-based 

imaging analysis with respect to volume and size distribution of SAP pores (see chapter 4.4.3). 

7.3 Results 

7.3.1 Mechanical properties 

Results of compressive strength and flexural strength tests are listed in Table 7.2. The reference 

HPM with w/c of 0.30 reaches the strength class C80/95. Further, an increase of strength bet-

ween 28 and 91 days is reported that is potentially dominated by the reaction of silica fume. Due 

to addition of extra water and SAP, the strength is generally decreased. The strength reduction is 

at the same extent for both addition of extra water with and without SAP, provided that the total 

amount of added water is the same. The type of SAP does not seem to have an influence on 

strength development. 

Table 7.2: Compressive and flexural strength of HPMs tested on prisms (40 x 40 x 160 mm³) 

HPM mixture Compressive strength of prisms [MPa] Bending tensile strength of prisms [MPa] 

4 d 7 d 14 d 28 d 91 d 4 d 7 d 14 d 28 d 91 d 

Ref 0.30 71.1 82.6 98.9 107.8 117.2 10.3 11.0 12.3 12.8 13.0 

SAP C 0.30+0.04 - 77.1 87.4 100.4 109.8 - 9.7 10.8 11.0 13.1 

Ref 0.34 - 77.3 92.3 101.3 109.7 - 10.7 11.3 11.8 12.7 

SAP C 0.30+0.07 50.9 - 69.3 87.6 96.8 8.6 - 9.3 10.8 12.4 

SAP D 0.30+0.07 51.3 62.9 68.7 88.3 97.4 8.5 9.6 10.2 10.7 12.6 
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7.3.2 Free autogenous shrinkage 

In Figure 7.1 the autogenous deformations of the HPMs are reported as a function of age. Each 

curve represents the average of two tests. For both reference mixes the deformations were 

zeroed at the time of maximum deformation rate as shown in appendix 7. Deformations of the 

SAP-modified HPMs were zeroed at the time of first expansion, which occured earlier than set-

ting of reference mixes. Probably due to higher content of PCE, setting of Ref 0.30 was com-

parable to Ref 0.34 although the total water content was lower. 
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Figure 7.1: Autogenous deformations of HPMs in the first 28 days. 

Both reference HPMs show high autogenous shrinkage. With decreasing the w/c ratio, the 

shrinkage is increasing. After 4 weeks the shrinkage amounts to 720 and 570 µstrain, respectively. 

It is about half of the shrinkage value found for plain Portland cement paste with same w/c ratio. 

This is not surprising since about half the volume of HPM is accounted for aggregates. The 

expansion measured for SAP D 0.30+0.07 is about 200 µstrain. This expansion remained 

constant at least for the first 4 weeks, i.e. autogenous shrinkage was completely prevented. 

Mixture SAP C 0.30+0.07 showed comparable expansion of about 250 µstrain. But already one 

day after casting expansion was followed by shrinkage. The shrinkage amounted to 200 µstrain 

within the next 4 weeks. As a result the actual deformation zeroed at the time of first expansion 

was found to yield about +50 µstrain after 28 days. For SAP C 0.30+0.04 only little expansion of 

10 µstrain was measured around setting. This expansion turned into shrinkage one day after 

casting as well. Till the end of measurement the shrinkage increased by more than 300 µstrain. 

This value is comparable to the shrinkage of Ref 0.34 and amounts to 1.5 times the shrinkage of 

SAP C 0.30+0.07 in the same period of time.  

7.4 Discussion 

7.4.1 Mechanical properties 

Figure 7.2 reports on the strength values of Ref 0.34 and SAP C 0.30+0.04 relative to the values 

of Ref 0.30. The increase in w/c ratio of 0.04 led to decrease in compressive strength of approxi-
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mately 6% for both, plain and water-entrained HPM, independent of age. This finding is in con-

flict with results in [Lura et al. 2006b] where no influence of SAP on compressive strength of 

mortar was noticed. The flexural strength is also decreased due to addition of extra water and 

water entrainment, respectively. The reduction amounts up to 15% for SAP C 0.30+0.04. At the 

age of 91 days an increase in strength compared to Ref 0.30 was measured for both, Ref 0.34 and 

SAP C 0.30+0.04. As found for cement paste in section 6.3.5, the strength increasing effect of 

proceeding hydration does not counterbalance the strength reducing effect of SAP voids. 
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Figure 7.2: Compressive (left) and flexural strength (right) of mix Ref 0.34 and SAP C 0.30+0.04  

                    relative to the value of Ref 0.30. 

7.4.2 Effectiveness of internal curing 

Figure 7.3 reports on the absolute autogenous shrinkage values measured at the age of 1, 2, 3, 7, 

14 and 28 days and the reduction of shrinkage related to Ref 0.30. In the first day of hydration, 

autogenous shrinkage of SAP C 0.30+0.04 is completely prevented, i.e. the reduction rate is 

almost 100%, see left diagram. Afterwards, the reduction rate becomes less with increasing age. 

Direct comparison of absolute shrinkage between the age of 1 day and 28 days manifests the 

same increase of shrinkage for both Ref 0.34 and SAP C 0.30+0.04. However, it is expected that 

the initial reduction in autogenous shrinkage would be easily sufficient to prevent early age crack-

ing if restraint conditions were considered.  
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Figure 7.3: Reduction of autogenous shrinkage of HPMs at the age of 1, 2, 3, 7, 14 and 28 days  

                    related to Ref 0.30 (curve) and absolute shrinkage value related to setting (column). 
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Compared to SAP C 0.30+0.07, the smaller dosage of SAP C reduced autogenous shrinkage less 

effectively. It is a phenomenon related to inadequate amount of entrained curing water, i.e. insuf-

ficient availability of curing water. As a result, self-desiccation is not prevented but mitigated 

compared to Ref 0.30 and retarded compared to Ref 0.34. This hypothesis was already 

substantiated by measurements on RH change of cement paste with SAP D, referred to SAP A in 

Jensens paper [Jensen & Hansen 2002]. On the other hand, the expected amount of IC water of 

(w/c)e = 0.07 agrees with the theoretical amount necessary for complete prevention of self-

desiccation of the mortar. For SAP D 0.30+0.07 this holds true since the initial expansion was 

maintained during the whole test. In contrast, initial expansion of mortar SAP C 0.30+0.07 was 

directly followed by shrinkage. That means that even at early age of hydration, some points in the 

matrix were not protected from self-desiccation. Possible reasons might be: 

 A considerable amount of IC water is not released but rather retained in SAP C. 

 The speed of water supply is too slow, i.e. it does not meet the demand of hydration. 

 The spacing of SAP C cavities is larger than the influence zone of the curing water. 

Consequently, two aspects that affect the dimension of cured paste volume have to be con-

sidered in general, viz the spatial distribution of macropore inclusions and the mobility of IC 

water in the hardening cement paste. Inefficient curing as a result of less water absorption of SAP 

at low w/c ratio, as revealed in case of SAP A and SAP B in chapter 6, can be excluded here, as 

evident from results of imaging analysis (IA).  

  

Figure 7.4: Microsections (27 x 20 mm²) of hardened cement paste SAP C 0.30+0.07 (left) and  

                    SAP D 0.30+0.07 (right). 

 

IA, as described in section 4.4.3, was executed on microsections of hardened cement pastes, 

corresponding to the w/c of the mortars, viz 0.30+0.07. The target of IA was the collection of 

information on volume, spacing and size distribution of SAP C and SAP D pores, respectively. 

Details of the microsections are presented in Figure 7.4. The colouring of some pores is the 

result of epoxy resin applied to the surface during sample preparation. The comparison of both 

pictures clearly visualizes differences in size and spacing of SAP C and SAP D pores. Table 7.3 

reports on the analysis results, e.g. the volumes of matrix, VMatrix, air, VAir, and SAP pores, VSAP. 

The found surface fraction of SAP C pores agrees well with the expected pore volume, i.e. the 

actual water absorption capacity χ actual, calculated according to equation (4.10) on page 56, coin-

cides with the expected value χ nominal of 10 g/g.  

Table 7.3: Result of imaging analysis on hardened cement paste 

Parameter Unit SAP C 0.30+0.07 SAP D 0.30+0.07 

VMatrix / VAir / VSAP [%] 88.05 / 1.15 / 10.80 86.43 / - / - 

χ nominal / χ actual [g/g] 10 / 10.14 11 / - 
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As mentioned in chapter 4.3.4, IA does not allow distinction between air pores and spherical 

SAP D pores. On this account, the pore size distribution of both pastes presented in Figure 7.5 

includes air voids. But the falsification from air voids is expeted to be only minor. The diagram 

shows that in case of SAP D 0.30+0.07 50% of the pore volume is provided by pores of less than 

600 µm in diameter. The corresponding value of SAP C 0.30+0.07 is more than double that.  
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Figure 7.5: Size distribution of total pores found by IA of cement paste micro-sections. 

The key figure in explaining insufficient curing of SAP C 0.30+0.07 is expected to be in the 

distance curing water can travel in the hydrating matrix. Mönnig [Mönnig 2009] assessed the 

theoretical influence zone of a single SAP particle in hydrating cement paste at w/c < 0.42 with:  

3 100 1 1s

SAP
CS

r r
V

        
  

  (7.1) 

where Δr [µm] is the radius of the influence shell, r s
SAP [µm] is the radius of the saturated 

particle and VCS [%] is the volume of chemical shrinkage in analogy with appendix 3. 

The calculation assumes that all of the water stored in SAP can travel into the hydrating 

cement paste, i.e. the volume created from chemical shrinkage gets completely occupied by IC 

water. Figure 7.6 reports on the calculated values in dependence on the volume of chemical 

shrinkage (CS) and the radius of an individual spherical macropore inclusion.  
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Figure 7.6: Theoretical thickness of influence shell as a function of CS and SAP pore radius. 
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For an infinitesimally small CS volume the cured volume tends towards infinity, which is an im-

possible result, whereas for high porosities the curing zone inclines towards approximately 20 µm. 

Of course, this approach is a strong simplification since, for example, the permeability of the 

matrix decreases with hydration time and strongly affects the travel distance. The question to 

consider is what is a reasonable estimate of the distance IC water can travel from the internal 

reservoir into the hydrating cement paste in order to protect the matrix from self-desiccation.  

7.4.3 Estimate of water travel distance and protected paste fraction 

On the basis of a first analysis presented by Weber and Reinhardt [Weber & Reinhardt 1999], the 

water flow distance can be calculated by assuming input parameters for the permeability and pore 

size distribution of the paste, the chemical shrinkage of the binder and the surface tension, 

density and viscosity of the pore solution [Bentz et al. 2007]. Table 7.4 provides simulation results 

performed on low w/b cement paste in concrete, as cited in [Bentz & Weiss 2011]. The 

underlying mixture composition exhibits a cement content of 700 kg/m³ and assumes chemical 

shrinkage of 0.07 ml per 100 g cement reacted. Both values are suitable for the HPM mixes at 

hand. The early and middle age estimates are in good agreement with X-ray absorption profiles 

obtained from mortar measurements at w/c of 0.40 [Bentz 2002]. Further, penetration depths of 

several millimeters during the first days of sealed curing, i.e. middle age, were also reported in 

[Zhutovsky et al. 2004]. But, due to both silica fume addition and lower (w/c)basic in case of HPM 

at hand, Table 7.4 is expected to overestimate the actual water travel distance in the HPM matrix. 

Table 7.4: Distance of water travel from surfaces of internal reservoirs [Bentz et al. 2007] 

Hydration Age Estimated travel distance of water 

Early (i.e. < 1 day) 20 mm 

Middle (i.e. 1 day to 3 days) 5 mm 

Late (i.e. 3 days to 7 days) 1 mm 

Worst case (i.e. > 28 days) 0.25 mm 

In an earlier work of Bentz and Garboczi [Bentz & Garboczi 1991b] the limit for the water travel 

distance after depercolation of the capillary porosity (worst case) was estimated as 100 to 200 µm. 

On the basis of microhardness testing on hydrating cement paste samples at w/c of 0.25+0.045, 

Igarashi [Igarashi et al. 2010] suggested the self-desiccation protection shell at most 200 µm from 

the SAP surface. According to second-order functions of spatial statistics, the nearest neighbour 

point was found in the distance of 2 mm from the SAP surface and the mean distance from an 

arbitrary point in the matrix to the nearest surface of SAP was 400 µm. Consequently, it was not 

possible to cover the whole cement paste matrix with protected regions even for higher amounts 

of entrained water. This holds true for both, SAP C 0.30+0.07 and SAP D 0.30+00.7, too, but 

does not necessarily imply that curing is inefficient, as will be shown in the following.  

The remaining question concerns the fraction of cement paste that is located in the influence 

zone of the SAP inclusions. In a first step the cement pastes were simulated with the hard-core-

soft-shell (HCSS) model [Bentz et al. 1999] in order to state on the fraction of paste that is 

located within a certain distance of the SAP voids. The idea behind the model is very similar to 

the concept of “protected paste volume” developed for characterizing air void systems in 

concrete [Bentz & Snyder 1999]. Figure 7.7 illustrates the simulation results of modified pastes 

SAP C 0.30+0.07 and SAP D 0.30+0.07 and Table 7.5 reports on the related data set. In all 

HCSS simulations the size distribution of SAP C and SAP D pores was adopted from Figure 7.5.  
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Figure 7.7: Two-dimensional plot (30 x 30 mm²) of the HCSS model for paste SAP C 0.30+0.07  

                   (left) and SAP D 0.30+0.07 (middle) and curing range of cement paste (right). 

As can be seen clearly, the paste fraction in the far away distance of the SAP pore surface is 

higher in case of paste SAP C 0.30+0.07, i.e. about 55% of the paste is located in a distance of 

> 500 µm from the nearest pore surface. In contrast, nearly all the paste, i.e. 98%, is located 

within a distance of < 500 µm from the next pore surface in case of SAP D 0.30+0.07. It is a 

result of smaller pore sizes of SAP D compared with SAP C, see Figure 7.5 on page 105.  

Table 7.5: Protected paste volume as a function of distance from SAP surface 

Distance from Protected paste fraction [-] 

SAP surface [mm] SAP C 0.30+0.07 SAP D 0.30+0.07 

0.050 0.026 0.074 

0.100 0.058 0.179 

0.200 0.134 0.456 

0.500 0.456 0.981 

1.000 0.910 1.000 

2.000 1.000 1.000 

The HCSS approach allows the consideration of normal weight aggregates (NWA), which is a 

benefit compared with other models, e.g. the work of Lu and Torquato [Lu & Torquato 1992]. 

So the HPM mixes SAP C 0.30+0.07 and SAP D 0.30+0.07 were simulated in a second step. The 

results are reported in Figure 7.8 as well as Table 7.6 and confirm to a large extent the findings of 

the above paste simulations, even though the mean distances are somewhat increased. 
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Figure 7.8: Two-dimensional plot (30 x 30 mm²) of the HCSS model for mortar SAP C 0.30+0.07  

                    (left) and SAP D 0.30+0.07 (middle) and curing range of cement paste matrix (right). 
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Table 7.6: Protected matrix volume as a function of distance from SAP surface 

Distance from Protected matrix fraction [-] 

SAP surface [mm] SAP C 0.30+0.07 SAP D 0.30+0.07 

0.050 0.029 0.073 

0.100 0.061 0.164 

0.200 0.124 0.362 

0.500 0.343 0.871 

1.000 0.750 1.000 

2.000 0.998 1.000 

Using Table 7.4 as a rough guide, the time can be estimated when the first points in the matrix 

are not covered by the curing zone anymore. This time is assumed to mark the onset of self-

desiccation and consequently self-desiccation shrinkage. In case of SAP C 0.30+0.07 the nearest 

neighbour point can be found within the distance of about 2 mm around the surface of the 

SAP C inclusions. Therefore the corresponding onset of self-desiccation is expected within the 

3rd or 4th day of hydration. However, SAP C 0.30+0.07 exhibited autogenous shrinkage from the 

first day of hydration. An explanation for this discrepancy could be a faster decrease in 

permeability of the matrix due to reaction of silica fume. Further, due to smaller pore size 

distribution of SAP D inclusions and consequently larger fractions of protected matrix at smaller 

distances from the SAP surface, the respective onset of self-desiccation is postponed. The earliest 

time when specific points in the matrix of SAP D 0.30+0.07 are not protected anymore is at least 

the 7th day of hydration. Actually, SAP D 0.30+0.07 prevented self-desiccation for at least 28 days 

and probably even longer, cf. [Jensen & Hansen 2002].  

A general weak point of the estimate is that the surface to volume ratio of the SAP inclusion 

is not taken into account. The travel distance of water is assessed by the distance of the nearest 

neighbour point from the surface of SAP only, i.e. independent of the volume of the water reser-

voir. But with smaller SAP size the IC water is exhausted faster and the protection zone especial-

ly at early stage of hydration might be smaller than the proposed travel distance of several mm, 

see Figure 7.6. Further, as mentioned above, with the maximum travel distance of 200 µm 

assumed at the late stage of hydration, none of the SAP types used in practice will be able to 

provide long-term protection of the whole matrix. Thus, efficient curing as observed e.g. for SAP 

D 0.30+0.07 is expected to be a matter of high mobility of water in the paste at early hydration.  

Wyrzykowski [Wyrzykowski et al. 2012] modelled the water-migration process during internal 

curing with SAP. He used a recently developed mechanistic-type numerical model of Gawin 

[Gawin et al. 2006]. His analysis showed that water is distributed not only from the macropore 

inclusion to the cement paste in its vicinity, but is also redistributed from regions of higher water 

saturation to those neighbouring regions of lower saturation, even after the permeability has 

become very low. Blocking of capillary pores with hydration products was accompanied with a 

drop in permeability down to approximately 1 x 10-19 m². As a result, the water will be distributed 

nonuniformly as water transport is inhibited or at least is very slow. If IC water is still present in 

SAP at this time, further drop in permeability will lead to poor accessibility. This observation is in 

good agreement with results obtained by neutron tomography [Trtik et al. 2010]. The permea-

bility threshold in [Wyrzykowski et al. 2012] was deduced in anology with [Cui & Cahyadi 2001] 

as 0.18. From experimental observations on Portland cement paste at w/c of 0.30 reported in 

[Lura et al. 2006c], it was suggested that the depercolation of the capillary porosity occurs at a 

hydration degree of about 50%, i.e. at the age of about 2 days in case of the HPM mixes. 
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It can be noted that insufficient curing of SAP C 0.30+0.07 may be the result of poor acces-

sibility of water present in large SAP C pores at the time when the permeability of the matrix is 

very low, as of approximately 2 days of sealed curing. Since the largest distance IC water must 

travel to protect all points in the matrix is about 2 mm (HCSS model), the speed of water redistri-

bution from regions of higher degree of saturation into regions of lower degree of saturation, as 

propsed by Wyrzykowski, is expected to not meet the demand of hydration. In consequence, the 

internal RH is expected to drop causing autogenous shrinkage although IC water is still present in 

SAP C. This last assumption should be clarified by combining NMR with RH measurements.  

7.5 Conclusion and outlook 

7.5.1 Conclusion 

Five high performance mortar mixes viz two without and three with internal curing due to SAP 

were investigated with respect to strength and free autogenous deformation. The results comply 

to a great extent with findings of investigations on plain and water-entrained cement pastes: 

 It was established that SAP D can be used for successful long-term prevention of auto-

genous shrinkage in HPM as well.  

 Absolute shrinkage of reference mortar amounted to circa 50% of the respective paste 

value, which is in good correlation with the volume of aggregates.  

 The strength tests confirmed that compressive and flexural strength is reduced at the 

same rate for both, addition of extra water and water entrainment. 

 Additionally, it could be shown that a smaller or even to put it this way, insufficient 

amount of entrained water significantly reduces the effectiveness of internal curing on a 

time basis, i.e. autogenous shrinkage was rather mitigated than prevented. 

A new phenomenon was observed on mortar SAP C 0.30+0.07. Although the amount of 

entrained water was theoretically sufficient for complete prevention of autogenous shrinkage, the 

strain measurements revealed shrinkage directly after first expansion, i.e. after 1 day of sealed 

curing. To account for this observation, the spatial distribution of SAP C pores in the hardening 

mortar was calculated by the HCSS model and the distance water can travel in the hydrating 

matrix was estimated. The essential considerations are as follows: 

 The unprotected paste fraction is increasing with hydration due to reduced permeability 

of the matrix and with decreasing the surface to volume ratio of SAP. 

 It is expected that SAP C pores are still partially saturated when self-desiccation starts in 

the unprotected matrix zone as a consequence of poor accessibility and too slow redis-

tribution of curing water from saturated regions into regions with less saturation degree.  

 As a rough guide, long-term protection of self-desiccation shrinkage is assumed when the 

nearest neighbour point is in the distance of at most 1 mm from the SAP surface. 

7.5.2 Outlook 

Combined RH and NMR measurements could bring evidence on the assumption that the onset 

of self-desiccation of SAP C 0.30+0.07 is at the same time when the polymer still retains substan-

tial parts of the curing water. In general, further measurements on the permeability threshold and 

studies on the spatial distribution of SAP are needed to give recommendations for reliable long-

term prevention of self-desiccation or to predict the onset of autogenous shrinkage.  
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8 Shrinkage and tensile creep of  concrete 

8.1 Introduction 

In this chapter the effects of SAP on shrinkage of concrete and tensile creep of concrete under 

constant load are investigated. Three normal strength concrete (NSC) mixtures with w/c ratios of 

0.42, 0.36 and 0.36+0.06 (SAP A) were produced. All strain measurements were performed on 

dog-bone shaped specimens and started one day after casting. The specimens were either sealed 

by adhesive aluminium vapour barrier foil or were exposed to moderate drying. The tensile load 

was applied from 28 days after casting and amounted to 60% of the 28 days tensile strength. 

Simultaneously measured unloaded specimens served as reference to determine the share of 

shrinkage in total deformation. The strain measurements ended after 6 months. 

8.2 Materials and methods 

8.2.1 Concrete compositions 

Three concretes of strength class C50/60 to C55/67 were designed as reported in Table 8.1. In 

contrast to HPM mixtures presented in chapter 7, the content of cement is constant for all NSC 

mixtures. The lower total water content of Ref 0.36 was compensated by the higher content of 

aggregates. As a result, the volume of the cement paste matrix was reduced compared to mixtures 

SAP A 0.36+0.06 and Ref 0.42. The grading curve of aggregates followed an approximated Fuller 

curve [Fuller & Thompson 1907] with gradation exponent of 0.50 and maximum aggregate size 

of 8 mm. The size range of dry SAP A was 63-125 µm. To maintain workability, superplastizicer 

Glenium ACE 30 from BASF was used. The concretes were mixed in batches of at least 70 l by 

means of a 150 l pan-type mixer. Cement powder, oven-dried aggregates and dry SAP were pre-

mixed for 30 s before the first half of the mixing water was added. After 120 s of mixing the 

second half of the water was added together with the superplasticizer. The total mixing time was 

5 min. Actual values for the air content measured on the fresh concretes according to [DIN EN 

12350-7 2009] ranged between 1.8 and 2.3%. The concrete spread was found to yield consistency 

class F3 (420 to 480 mm). 

Table 8.1: Scheduled compositions of NSC 

Component Unit 
Ref 
0.42 

SAP A 
0.36+0.06 

Ref 
0.36 

Strength class - C50/60 C50/60 C55/67 

CEM I 42.5 R kg/m³ 450 450 450 

Aggregate 0/8 kg/m³ 1697 1695 1768 

Water total l/m³ 189 189 162 

Water in SAP l/m³ - 27 - 

(w/c)basic - 0.42 0.36 0.36 

(w/c)e - - 0.06 - 

SAP A dry (63-125) kg/m³ - 1.13 - 

PCE kg/m³ 0.5 0.8 1.0 

Air content l/m³ 20 20 20 
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8.2.2 Strain measurements 

The aim of the testing program was to investigate the effect of SAP on shrinkage and creep of 

concrete under constant tensile loading. To this end, strain measurements were performed on 

specimens that were either loaded from 28 days after casting at 60% of the stress-strength ratio 

σt/fct or remained unloaded. In the latter case, shrinkage was measured. Superimposing both con-

current measurements led to the approximated creep strain as a function of time, see section 2.8.  

    

Figure 8.1: Dog-bone shaped specimens: drawing in mm, unsealed test sample, test sample in  

                    PE-envelope, test sample sealed by aluminium vapour barrier foil (from left to right). 

The strain measurements took place in a thermostatically controlled room at 20 ±2°C and 

65 ±2% RH. They were performed on dog-bone shaped specimens that were especially designed 

for tensile testing of concrete by Rinder [Rinder 2002]. Shape and dimensions are shown in 

Figure 8.1 (left). For each concrete mix 17 dog-bone shaped specimens were produced: 2 for 

observing weight loss due to drying, 8 for the determination of the 28 days tensile strength and 7 

for measuring strains. The latter were each equipped with two LVDTs attached to extension rods 

along the two lateral sides of the specimen with constant cross section. Both the LVDTs and the 

extension rods were mounted via aluminium supports that were stuck on the specimen by means 

of two-component glue X60. The measuring distance was 300 mm. Further sample preparation 

was made in dependence on the test mode the specimens were intended for as provided by Table 

8.2. Figure 8.1 shows examples of the three different curing regimes: 

 unsealed 

 packed in PE-envelope 

 sealed by vapour barrier foil. 

Table 8.2: Testing program conducted for the investigation of shrinkage and tensile creep of NSC 

Sample 

No. 

Measurements from 1 day to 28 days Measurements between 28 days and 6 months 

Curing regime Strain meas. Loaded Regime during test Strain meas. 

1 (I) Unsealed εas + εds No Unsealed εas + εds 

2 (I) 
PE-envelope 

εas + εds No 

Yes 
PE-envelope 

εas + εds 

3 (I) εas + εds εas + εds + εel + εbc + εdc 

4 (II) 

Vapour barrier foil 

εas No 

Yes 
Vapour barrier foil 

εas 

5 (II) εas εas + εel + εbc 

6 (II) εas No 

Yes 
Unsealed 

εas + εds 

7 (II) εas εas + εds + εel + εbc + εdc 
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Sealing by adhesive aluminium vapour barrier foil was expected to provide an appropriate 

environment for measuring autogenous deformation. In contrast, wrapping in PE-foil was not a 

real sealing condition. The objective was rather to slowly approach the ambient air humidity 

inside the PE-envelope and thus provide decelerated drying. Unsealed means the specimens were 

exposed to drying at room climate either from the first day or from 28 days after casting. In the 

latter case, the sealing was removed in time. 

Due to insufficient number of LVDTs the testing program was split in a sequence of two 

series. The first series (I) contained measurements on all no.1 to no.3 specimens. After the first 

series had been finished the second series started. In the second series (II) all no.4 to no.7 

specimens were tested. All measurements within a series were performed simultaneously in order 

to maintain comparability among the concrete mixes. In all cases the strain measurements started 

24 hours after casting and ended 6 months later.  

Unloaded specimens were stored upright on two steel rods with a centre distance of 550 mm. 

In case of loaded specimens, steel anchors known from the pre-cast industry had been encased 

centrally at the top and bottom in order to apply the tensile load into the specimen. Socket bolts 

were inserted in the anchors connected to the loading frame via hinges. The loading frame 

consisted of a steel lever with a load ratio of 20:1 using steel plates as loading weights. The steel 

plates were initially stacked on a rotary stool which was wind down in order to approach mono-

tonical loading of the specimen. The creep stress was reached once the steel plates were free of 

contact. This took about 120 s. A drawing of the loading frame is provided in appendix 8.  

The total deformation εtot of a loaded specimen exposed to drying is the sum of several 

contributions including crack formation and crack propagation. At constant temperature εtot is: 

           0 0 0, , , , ,tot d as ds d el bc dc dt t t t t t t t t t t           (8.1) 

with εas = autogenous shrinkage, εds = drying shrinkage, εel = instantaneous strain at loading, 

εbc = basic creep, εdc = drying creep, t = age of concrete, td = age at begin of drying and t0 = age 

at loading. 

The differences in εds and εdc between specimens in PE-envelope and unsealed specimens base 

on the fact that the latter specimens are exposed to severe drying conditions. No.8 and no.9 

specimens used for measuring weight loss due to drying were stored by analogy with specimen 

no.1 and no.6, respectively. Weight loss of the specimens in PE-envelope could not be observed.  

8.2.3 Mechanical properties 

The loading rate applied for creep measurements was 60% of the measured average 28 days 

tensile load capacity. On this account, the 28 days tensile strength was determined both on four 

samples packed in PE-envelope as part of the first series, and on four samples sealed by adhesive 

aluminium vapour barrier foil as part of the second series. As the strain measurements had been 

finished, the bone-shaped specimens were stored unloaded for 6 and 18 months, respectively, 

before their residual tensile strengths were determined. 

The compressive strengths after 28 days, 1 year (series II) and 2 years (series I) were deter-

mined on cubes with 150 mm edge length that were all stored in PE-envelope until testing. 

Further, cylinders with diameter of 150 mm and height of 300 mm were also stored in PE-

envelope and were used for the determination of the Young’s modulus at the age of 28 days 

according to[DIN 1048-5 1991]. The Young’s modulus in tension was derived from the stress-

strain curve at loading and thus is the secant modulus of elasticity. 
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8.3 Results and discussion 

8.3.1 Mechanical properties 

Table 8.3 provides the data on mechanical properties of series I specimens which were all wrap-

ped in PE-envelope until testing. Table 8.4 reports on the data of series II specimens which were 

sealed by adhesive aluminium vapour barrier foil, unless stated otherwise. The residual tensile 

strengths measured after one year and two years, respectively, provide the data of one single 

specimen only. It is either the value of the unloaded autogenous shrinkage specimen or the value 

of the loaded creep specimen which was, after unloading at the age of 6 months, stored load-free 

until testing. During loading of the creep specimen, the elastic modulus in tension was deter-

mined as secant modulus. The cylinder strength provides test results obtained within the scope of 

the Young’s modulus measurements in compression.  

Table 8.3:  Mechanical properties of series I specimens (PE-envelope) in MPa 

NSC mixture Tensile strength Cube strength Elastic modulus Cyl. str. 

28 d 2 a 1) 2 a2) 28 d 2 a 28 d 28 d3) 28 d 

Ref 0.42 4.38 4.90 5.66 62.8 85.8 38800 41700 58.8 

SAP A 0.36+0.06 4.42 5.88 5.86 63.4 91.1 38400 41400 62.2 

Ref 0.36 4.99 6.07 6.60 75.3 98.8 44500 46700 71.0 
1): autogenous shrinkage specimen no.2 (I) or no.4 (II), respectively. 
2): creep specimen no.3 (I) or no.5 (II) stored load-free after unloading at the age of 6 months. 
3): secant modulus of elasticity in tension measured on specimen no.3 at loading. 

Table 8.4: Mechanical properties of series II specimens (vapour barrier foil) in MPa 

NSC mixture Tensile strength Cube strength 

28 d 1 a1) 1 a2) 28 d4) 1 a4) 1 a5) 

Ref 0.42 4.50 6.1 5.8 66.6 80.6 78.8 

SAP A 0.36+0.06 4.74 6.3 6.7 65.7 87.0 77.8 

Ref 0.36 5.48 7.1 7.4 74.0 98.7 94.2 
4): stored in PE-envelope 
5): stored unsealed at 20°C and 65% RH. 

Mixture Ref 0.36 consistently shows the highest strength values. In general, values measured in 

series II are somewhat higher compared with values of series I. In case of tensile strength, it may 

be the result of different storing conditions, i.e. PE-envelope (moderate drying) vs. aluminium 

vapour barrier foil (real sealing condition). The latter storage is expected to mitigate micro-crack-

ing of concrete skin more powerful. However, the cubes were stored in PE-envelope until testing 

in case of both test series. It seems as if the second series produced higher quality of concrete 

probably due to different batches of cement used. At the age of 28 days, tensile strength, com-

pressive strength and Young’s modulus of the SAP-modified concrete is similar to Ref 0.42. At 

later age of one or two years, the strength of SAP A 0.36+0.06 is on the higher increase 

compared to Ref 0.42. The cube strength of Ref 0.36 does not differ much between 1 year (series 

II) and two years (series I), which may be explained by the fact that hydration has dramatically 

slowed down. The Young’s modulus in tension was generally higher compared to the compres-

sion case since no cyclic loading was applied. The compressive strength measured on cylinder is 

decreased by up to 7% compared with the cube strength. So the cubes exposed to room climate 

for one year possessed up to 10% less strength compared with cubes stored in PE-envelope. 



Shrinkage and tensile creep of concrete 114 

The 28 days tensile strength value is the average value of 4 specimens tested. The standard 

deviation was rather high, i.e. up to 0.6 N/mm². The loading factor of 60% is related to the mean 

strength value and is not a ratio of the individual specimen strength. Details on load application 

are reported in appendix 8. The residual tensile strength measured after 1 and 2 years, respective-

ly, represents the data of one single specimen and is therefore less meaningful. However, with 

exception of mixture Ref 0.42, the unloaded companion specimens exhibited less tensile strength 

than the formerly loaded creep specimens. Such observation was also reported in [Cornelissen & 

Reinhardt 1986] and in [Reinhardt & Rinder 2006]. Reinhardt and Rinder concluded that hyd-

ration of high-strength concrete is accelerated when under tensile load in accordance with 

[Blaschke 1993]. Due to loading, pores are widened and water transport is facilitated. Also in this 

regard, they found that loaded specimens dry faster than unloaded specimens. This tendency was 

also found in case of Ref 0.36, as evident from Table 8.5. But again, the test result is of little 

significance since the data is obtained from single specimens only.  

Table 8.5: RH inside PE-envelope of creep and companion specimen 

Concrete Mix RH after 1 day RH after 28 days RH after 100 days RH after 150 days 

 - - loaded unloaded loaded unloaded loaded unloaded 

Ref 0.42 100% 100% 96.3% 95.6% 91.1% 90.4% 85.6% 85.2% 

SAP A 0.36+0.06 100% 100% 96.5% 96.1% 93.0% 93.3% 86.7% 87.5% 

Ref 0.36 100% 100% 93.7% 93.0% 87.5% 89.7% 82.3% 85.1% 

The humidity around loaded and unloaded specimens at (w/c)tot of 0.42 developed more or less 

the same. Of course the RH decreases faster, the lower the w/c ratio is. Nevertheless, condensa-

tion occurred within the first days of sealing independent on w/c ratio. The humidity around the 

series I cubes at the age of 2 years was 80.4% RH in case of Ref 0.42, 82.9% RH in case of SAP 

A 0.36+0.06 and 78.7% RH in case of Ref 0.36. This means that no equilibrium between ambient 

air humidity inside and outside the foil was reached even after 2 years. From measurements on 

internal RH of cement paste (see chapter 6.3.4) it can be assumed that the decrease of internal 

RH of concrete due to self-desiccation is steeper.  

Another aspect contributing to higher residual tensile strength of formerly loaded specimens 

is that the elastic delayed creep strain as from unloading has been subsided at the age of testing. 

8.3.2 Deformations due to shrinkage, loading and tensile creep 

Figure 8.2 to Figure 8.4 provide the total deformations measured from 1 day after casting. The 

no.2 and no.4 specimens represent the unloaded specimens used to measure free concrete shrink-

age. In the first 28 days after casting, i.e. before loading, no.3 and no.5 specimens serve for the 

determination of shrinkage as well. All concretes have in common the higher shrinkage of series I 

specimens as a result of moderate drying in PE-envelope, compared with sealed series II speci-

mens. In case of NSC Ref 0.36 the difference, viz the extra drying shrinkage strain, is very small 

due to low w/c ratio and small weight loss potential. Shrinkage of no.3 and no.5 specimens is 

almost the same with the companion specimens no.2 and no.4, respectively. Exception is made 

for shrinkage strains of NSC SAP A 0.36+0.06 which scatter much. On the one hand, specimen 

no.2 shows initial expansion of 10 µstrain and later on, at 28 days, shrinkage of 30 µstrain. On the 

other hand, the 28 days shrinkage of specimen no.3, which belongs to series I, too, is about 

65 µstrain. As revealed in chapter 6, SAP A is not able to prevent complete autogenous shrinkage 

due to less water absorption than expected, i.e. (w/c)e < 0.06, but rather retards shrinkage. 
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Figure 8.2: Total deformation of specimens no.2 to no.5 of NSC Ref 0.42. 
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Figure 8.3: Total deformation of specimens no.2 to no.5 of NSC SAP A 0.36+0.06. 
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Figure 8.4: Total deformation of specimens no.2 to no.5 of NSC Ref 0.36. 
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As known from autogenous shrinkage measurements on sealed cement paste, see section 6.3.2, 

concrete Ref 0.36 is expected to show high autogenous shrinkage within the first 24 hours. After 

this early age period the strain-time curve flattens. Unfortunately, it was not possible to measure 

concrete strain at the first day. This fact might explain the small difference in autogenous shrink-

age between Ref 0.42 and Ref 0.36. In section 8.3.6 an approach is presented that approximates 

the real concrete shrinkage as from setting. Most total deformation curves of loaded specimens 

are plotted as negative, i.e. opposite to the direction of loading. It indicates that the total shrink-

age deformation is higher than the sum of elastic strain at loading and creep. Shortly after loading, 

tensile creep is much higher than shrinkage, but at least 4 months later the total deformation 

curve turns into the direction of shrinkage.  

The elastic strain at loading of no.3 specimen is plotted in Figure 8.5. The diagrams show the 

strains of both LVDTs. From the average strain, the Young’s modulus in tension reported in 

Table 8.3 on p.113 was calculated. Further details on load application are reported in appendix 8. 
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Figure 8.5: Instantaneous strain at loading of no.3 (I) specimen. 

The total minus shrinkage strain of all no.3 and no.5 specimens as a function of age is presented 

in Figure 8.6. The plotted strain curves include the instantaneous elastic strain at loading εel, and 

the creep strain εc. The relation between these two strain components is referred to as creep coef-

ficient and is shown as a function of age in appendix 8. The creep strain consists of irreversible 

plastic set, time-dependent delayed elastic strain and viscous strain component, see chapter 2.5.1. 

The results at hand do not allow separation of the individual creep components by quantity. But, 

since no.3 specimens (series I) were exposed to moderate drying whereas the no.5 specimens 

(series II) were measured in sealed condition, the intention was to subdivide creep strain into 

basic creep εcb and drying creep εdc. Here, it is rather to speak of sealed creep instead of basic creep 

since sealed creep means basic creep plus extra creep resulting from self-desiccation. The no.3 

specimens were expected to indicate higher total creep due to extra drying creep strain. But, the 

direct comparison with no.5 specimens exhibits hardly any differences as evident from Figure 8.7. 

Consequently, it can be noted that moderate drying in PE-envelope did not lead to drying creep. 

To explain this finding, the origin of drying creep needs to be discussed in connection with the 

present test conditions. Concerning micro-cracking of concrete skin as cause of drying creep, it 

can be assumed from the RH measurements in PE-foil that drying of no.3 specimen is very slow 

and might have been exceeded by the drop of internal RH. Self-desiccation generates no eigen-

stresses as known from external drying since progress is always uniform over the cross-section. It 
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Figure 8.6: Total minus autogenous shrinkage strain as a function of age zeroed before loading.  

                    Left: no.3 minus no.2 specimen (series I). Right: no.5 minus no.4 specimen (series II). 

means that micro-cracking plays only a minor role in this case since the cracking susceptibility 

seems to be almost unaffected by the two storage conditions and self-desiccation should amount 

the same for both no.3 and no.5 specimens. Additional experiments on the electrolytic resistance 

of concrete measured continuously by multi-ring-sensor electrodes in analogy with [Schießl & 

Raupach 1992] confirmed this assumption. The measurements revealed that the time-dependent 

change in internal resistivity is almost the same for both storage conditions, see appendix 8. The 

second possible cause of drying creep, viz stress induced shrinkage, may also be driven by self-

desiccation instead of external drying. In consequence, no drying creep was measured, but rather 

sealed creep which, obviously, amounted the same for both no.3 and no.5 specimens. 

It is quite possible that the moderate drying regime was too conservative and the load ratio of 

60% was too low to emphasize the effect of drying creep in tension. It is well known that drying 

creep increases with increasing weight loss and load ratio. In [Kordina 1999] tensile creep tests of 

NSCs with w/c of 0.55 were performed under drying and sealed condition as of 28 days, but the 

difference in creep strain was only small. High concrete strength may also impede drying creep. 

For the compression case it was found that increasing the strength class reduces the drying creep 

strain almost to zero [De Larrard & Acker 1992]. The corresponding limit strength was proposed 

with 100 MPa [Schrage & Springenschmid 1996] and probably is lower in case of tension loading. 
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Figure 8.7: Shrinkage and total minus shrinkage strain as a function of age zeroed after loading.  
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8.3.3 Effect of SAP on tensile creep 

The remaining question is why the creep strain of concrete SAP A 0.36+0.06 is almost the same 

with concrete Ref 0.36 and, at the same time, shrinkage is similar to concrete Ref 0.42.  

Figure 8.7 presents the shrinkage strain measured on no.2 (I) and no.4 (II) specimens zeroed 

at the end of loading and the respective total strain of no.3 (I) and no.5 (II) specimens minus 

shrinkage strain as a function of age. Autogenous strain εas measured on no.3 specimen is of 

course lower compared with the first 28 days, but still existent for all concrete mixes even at 

higher age. It is an indication for ongoing hydration. As found in chapter 6, the pastes of Ref 0.42 

and SAP A 0.36+0.06 show the same hydration development and therefore it is obvious that 

autogenous shrinkage is also similar, apart from different behaviour at early age. As from 28 days, 

autogenous shrinkage of Ref 0.36 is the smallest. The shrinkage strain εs measured on no.2 (I) 

specimen is generally higher than εas of no.4 (II) specimen since it includes moderate drying 

shrinkage. It can be concluded that shrinkage is more sensitive to moderate drying than creep, 

since extra strain from drying creep was not measured as highlighted by the total minus shrinkage 

strain curves in Figure 8.7. 

As indicated by Figure 8.6, the creep strain of SAP-modified concrete is comparable to the 

reference concrete with same (w/c)basic. This finding is of course to be understood as rough guide 

since it is the result of individual specimens. For example the residual tensile strength of concrete 

SAP A 0.36+0.06 was on the higher increase with respect to the 28 days mean tensile strength 

compared to concrete Ref 0.42. So it is possible that the individual tensile strength of the loaded 

creep specimen was higher than expected and the load ratio was less than 60%. However, vali-

dation is required, especially in regard of modified test conditions, i.e. variation of age at loading, 

stress-strength ratio and air humidity. Up to now, water content of concrete and possible water 

loss from concrete were expected to be the main factors influencing creep. This generalized view 

is in conflict with the results found for SAP-modified concrete which obviously shrinks the same 

with reference concrete of same total w/c ratio, but its creep strain is comparable to the 

reference concrete with less total water content. For this reason it is suggested that the micro-

pore structure is the key factor influencing creep of concrete under constant tensile load. On the 

basis of accepted creep mechanisms introduced in chapter 2.5.3, the creep-reducing effect of SAP 

addition may be explained as follows:  

 The seepage theory [Powers 1968] states creep to be a time-dependent removal of a swol-

len state of gel solid due to diffusion of gel water from regions of hindered absorption 

into absorptive pore space when under load. The distance of gel particles is specified by 

the basic w/c ratio and hence the disjoining pressure may decrease in a similar manner 

for both SAP A 0.36+0.06 and Ref 0.36, resulting in similar creep deformation. 

 The vicous flow hypothesis [Ruetz 1968] postulates shearing or sliding of CSH particles 

under load to be the main source of creep. In doing so, the lubricating effect of absorbed 

water should depend on the water layer thickness and therefore is also defined by the 

basic w/c ratio. 

8.3.4 Literature review on creep of internally cured concrete 

Only few studies concerning creep of internally cured concrete exist. Among creep in tension of 

high performance concretes, Rinder [Rinder 2002] investigated one hybrid concrete mixture of 

strength class C70/85 in anology with [Weber & Reinhardt 1997] by replacing the gravel at sieve 

size 4 to 8 mm with expanded clay. The boundary conditions were similar to the one used here, 
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e.g. the curing regime corresponded with “PE-envelope” and loading was done at concrete age of 

28 days. However, the stress-strength ratio applied was rather high, i.e. > 80%. Creep in tension 

was found to be higher compared to concrete produced with normal weight aggregates, but was 

probably caused by lower modulus of elasticity of concrete because of weak LWA. 

Another investigation on tensile creep of internally-cured high-performance concrete was 

performed by Cusson and Hoogeveen [Cusson & Hoogeveen 2005]. They examined HPC mixes 

produced at w/c of 0.34 and provided internal curing by replacement of up to 20% sand by vol-

ume with pre-soaked structural lightweight aggregate made of porous expanded shale. However, 

the measurements were aimed on the first 7 days of sealed hydration only. Within this time the 

tensile creep coefficient was moderately increased for the internally cured mixes while no influ-

ence on strength or modulus of elasticity could be observed. The results are in conflict with 

observations presented here, which may come from different boundary conditions taken as basis.  

In [Lopez et al. 2010] creep in compression was examined on high performance concretes at 

w/c of 0.23 with internal curing due to either pre-wetted or dryly added LWA plus extra water to 

account for water absorption in the latter case. The creep behaviour of both mixes was set in 

contrast to the reference concrete without IC. Both internally cured concretes exhibited a 

reduction in strength compared with the control mixture. The mixture with pre-wetted LWA 

showed about 10% less creep than the reference concrete while the mixture with dry LWA and 

extra water showed the greatest creep.  

8.3.5 Shrinkage and tensile creep of concrete under severe drying conditions 

The left diagram of Figure 8.8 reports on the total deformation of no.1 (I) and no.6 (II) speci-

mens. The no.1 specimens were exposed to severe drying at 20°C and 65% RH immediately after 

demoulding. In case of no.6 specimens, the concrete was sealed for the first 28 days and then was 

unpacked in order to equilibrate to the sourroundings. In the right diagram the autogenous 

deformation measured on companion specimen no.2 (I) and no.4 (II), respectively, was subtract-

ed to eliminate the share of autogenous shrinkage in total strain. In doing so it becomes clear that 

the discrepancy in total strain of concrete Ref 0.42 and SAP A 0.36+0.06 exposed to early drying 

is a result of reduced autogenous shrinkage strain due to IC by SAP. In case of delayed drying the 
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Figure 8.8: Total shrinkage of no. 1 (I) specimen exposed to early drying and no.6 (II) specimen  

                    exposed to delayed drying (left) and the respective strain curves where autogenous  

                    strain measured on companion specimen no.2 (I) and no.4 (II) was eliminated (right).  
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SAP-modified concrete shrinks less compared with Ref 0.42 although weight loss is higher as 

reported by Figure 8.9. Maybe the difference in microstructure formation caused this effect. So 

SAP A 0.36+0.06 possessed the finer pore structure, i.e. comparable to Ref 0.36, and also at the 

same time, possessed the higher saturation degree and the higher internal RH due to water 

reservoirs. In consequence, more water is drained via the large capillaries which is prior to loss of 

physically bound water and causes less shrinkage. If early drying is considered, drainage will start 

at complete saturation in both cases and the effect will vanish. The right diagram of Figure 8.9 

shows that the deformation vs. weight loss curves of Ref 0.42 and SAP A 0.36+0.06 match well. 

Of course, concrete Ref 0.36 exhibits the smallest drying shrinkage and weight loss. But the total 

deformation would exceed the other strain curves if early age autogenous shrinkage was included. 
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Figure 8.9: Change in weight due to drying at 65% RH as a function of age (left) and total de- 

                    formation of no.1 (I) specimen as a function of weight loss (right). 

In [Jensen & Hansen 2002] it is reported that the total shrinkage strain of cement paste at basic 

w/c of 0.30 exposed to 50% RH after sealed curing of 4.5 months was increasing with increasing 

the entrained water content. The strain measurements were conducted as of setting and revealed 

that the effect of water entrainment on autogenous deformation completely overrides the effect 

of residual shrinkage. However, comparative tests on weight loss and total shrinkage were not 

performed on plain pastes with same total water content. 
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Figure 8.10: Deformation at sealed condition followed by drying under tensile load of no.7 (II)  

                     specimen until failure. 
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Figure 8.10 presents the total deformation of no.7 specimens until failure. The autogenous de-

formations up to an age of 28 days comply with results of measurements on sealed no.4 to no.6 

specimens. After the load was applied, the vapour barrier foil was removed. As a conesquence, 

tensile creep is superimposed by drying shrinkage. Micro-cracks appear on concrete skin, are 

extended under load and degrade the cross-section until failure. First, concrete Ref 0.36 failed 

23 hours after loading, followed by Ref 0.42 with a delay of 14 hours. At last failure of SAP A 

0.36+0.06 was observed 8 days after loading. It is conspicuous that the drop in total strain is 

flatter for SAP A 0.36+0.06. It is assumed that less micro-cracking occurred during sealed storage 

and/or after loading as a result of IC. Consequently, the ingress in total shrinkage strain under 

load developed slower. If a smaller load rate due to higher strength of the individual specimen 

caused longer time to failure, total shrinkage would even be increased compared with control 

mixes since shrinkage is in the opposite direction of tensile load. 

8.3.6 Modelling of autogenous shrinkage of NSC 

A large part of autogenous shrinkage occurs immediately after setting and could not be observed 

here, since the strain measurements on NSC specimens started 24 hours after casting. To predict 

the real autogenous shrinkage strains as of setting, an estimate on the basis of the cement paste 

measurements (chapter 6) is presented. Following Hobbs’ model [Hobbs 1971], also referred to 

as C&CA model [Hobbs 1974], the linear shrinkage of concrete εC can be calculated according to:  
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 (8.2) 

where εCP [m/m] is the shrinkage of cement paste, θA [m³/m³] the volume fraction of 

aggregates, εA [m/m] the shrinkage of aggregates and GCP and GA [GPa] are the shear moduli 

of the cement paste and the aggregates, respectively. 

In this model concrete is treated as a two-phase material that consists of aggregates on the 

one hand and cement paste matrix on the other hand. The following inputs were used: 

 εCP [m/m], equal to the autogenous deformation of the cement paste as a function of age 

obtained from dilatometer measurements presented in chapter 6. 

 εA = 0, that means the shrinkage of aggregates was neglected. 

 θA = 0.67 for Ref 0.36 and θA = 0.64 for Ref 0.42 and SAP A 0.36+0.06 mix, respectively. 

 GA was expected to be 25 GPa corresponding to average values for the elastic modulus of 

quartz aggregates EA = 60 GPa, assuming the Poisson’s ratio as μA = 0.2. 

 GCP [GPa], equal to the shear modulus of the cement paste as a function of age as 

reported in appendix 8. The data was derived by linear regression of corresponding values 

for the elastic modulus ECP, determined statically at the age of 1, 3 and 28 days, cf. Figure 

6.18 on page 91. The Poisson’s ratio of the cement paste was assumed as μCP = 0.2. 

The calculated autogenous shrinkage strains are presented in Figure 8.11 in comparison to 

the strains measured on sealed no.4 (II) specimens. At the age of 24 hours the measured strain 

curves are put on the same level with the calculated strain. The model overestimates autogenous 

shrink-age and with increasing age the prediction is even getting worse. Probably the creep 

capability of the matrix reduced the stresses from internal restraints of aggregates and reduced 

the actual concrete shrinkage. The use of superplasticizer in the concrete mixes may have also 

falsified the prediction of Hobb’s model. According to measurements of Fontana [Fontana 2007]  

the use of PCE leads to reduction of autogenous deformation.  
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Figure 8.11: Measured autogenous shrinkage of NSCs compared to shrinkage calculated with  

                     Hobb’s model on the basis of cement paste measurements presented in chapter 6. 

                     Measured values are put on the same level with calculated values at the age of 1 day. 

Anyway, in case of concretes Ref 0.36 and SAP A 0.36+0.06 the calculated shrinkage matches 

with the measurments for at least the first 5 and 15 days, respectively. In particular the period of 

early expansion of SAP A 0.36+0.06 is in good agreement with paste measurements.  

Another model for the prediction of concrete shrinkage is for example Pickett’s model 

[Pickett 1956]. Compared with Hobb’s model it has some disadvantages, i.e. it requires data on 

the modulus of elasticity of the concrete as input. On this account Pickett’s model has not been 

pursued here. An empirical model for the prediction of concrete shrinkage was presented in 

chapter 2.3.7. This model underestimates concrete shrinkage as can be seen from appendix 8.  

8.4 Conclusion 

Shrinkage and tensile creep of one concrete modified with SAP A produced at w/c of 0.36+0.06 

and two control mixes with w/c of 0.36 and 0.42 were investigated. To this end strain measure-

ments were conducted on dog-bone shaped specimens that were either loaded at 28 days after 

casting at 60% of the mean tensile strength or were stored unloaded. Further, three storage con-

ditions were applied, viz drying at 20°C and 65% RH, curing in PE-envelope in order to provide 

moderate drying and sealing by adhesive aluminium vapour barrier foil. The comparison of creep 

strain between the different curing regimes was intended to highlight possible drying creep. From 

superimposing strains measured on loaded and unloaded specimens, information on the effect of 

SAP addition on sealed and drying shrinkage, sealed creep and drying creep was anticipated. 

Unfortunately, concrete SAP A 0.36+0.06 was not prevented from self-desiccation permanently, 

which agrees with findings of paste measurements presented in chapter 6.  

However, from measurements on concrete some new conclusions can be drawn: 

1) Water entrainment by SAP reduces tensile creep compared to reference concrete with 

same total water content: The total minus shrinkage strain showed the same curve as the 
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reference concrete with same basic w/c ratio. This finding is in accordance with viscous 

flow hypothesis and seepage theory, which are interpreted to mean that creep is deter-

mined by the basic w/c ratio. It primarily defines the distance of gel particles and the 

layer thickness of absorbed water both influencing the creep mechanisms.  

2) Shrinkage is more sensitive to drying than creep in tension: Exposed to moderate drying 

conditions, concrete showed higher shrinkage but the same total minus shrinkage strain 

compared with specimens stored sealed. That means no drying creep strain was measured. 

It is expected that the drying regime was too conservative and the load ratio was too low 

to emphasize the possible effect of drying creep.  

3) Apart from delayed shrinkage at early age, autogenous shrinkage as of 28 days is almost 

the same for both water-entrained concrete and control concrete with same total water 

content. Exposed to delayed drying, the concrete strain was higher for the control mix 

although weight loss was lower. This finding may be explained by the finer pore structure 

of SAP-modified concrete at later age in combination with higher saturation degree. 

4) Changing the curing regime from sealed to drying at 65% RH directly after loading the 

creep specimens showed fast failure. However, the SAP-modified concrete specimen 

failed at last. It was found that the total strain developed slower. Probably micro-cracking 

of concrete skin was less due to internal curing. 

5) Modelling of autogenous shrinkage of concrete by Hobb’s model on the basis of measur-

ed cement paste strain overestimates the measured concrete deformation particularly at 

higher age. Effects from superplasticizer used for concrete production may have caused 

reduction of shrinkage as well as creep capability of the matrix. 

6) Results on mechanical properties of concrete confirmed findings of mortar and paste 

measurements: The compressive strength of the SAP-modified mix is similar to the 

control mix with same total water content at 28 days but is on the higher increase at later 

age. Concerning tensile strength the tendency was found that formerly loaded specimens 

possess higher strength compared to continuously unloaded companion specimens. 

The observed reduction of tensile creep strain due to addition of SAP is advantageous in case 

of partially pre-stressed concrete structures where creep results in desirable reduction of deflect-

ion. In contrast, high creep capability has positive effects on eigenstresses and longterm stresses 

induced from restraints. For example, restraint autogenous deformation is considered to be one 

of the most prominent causes for cracking of high-strength concrete at early age. Here, creep 

reduces detrimental stresses. However, water entrainment results in mitigation of autogenous 

shrinkage, which is assumed to be much more effective than high creep capability.  

8.5 Outlook 

More investigations are needed for confirmation of the presented results. Besides creep under 

constant tension loading at different stress-strength ratios, the effect of SAP addition on creep in 

compression should be investigated. Further, the general question could be explored whether 

creep is higher in tension or in compression. Investigations available in literature produced 

inconsistent results, e.g. in [Kordina et al. 2000] tensile creep was found to be much less compar-

ed with creep in compression whereas in [Brooks & Neville 1977] it was found the opposite.  

Severe drying is recommended to highlight possible effects of SAP on drying creep. So far no 

drying creep was measured since the applied curing regime (PE-envelope) was too conservative 
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compared to sealed storage (vapour barrier foil). Investigations on drying creep should include 

fracture mechanical examinations to clarify the share of micro-cracking induced creep in drying 

creep strain and the possible effect of SAP on micro-cracking. 

Further, the influence of age of loading has not been considered yet. For example creep 

behaviour at early age is very important since thermal stress and high stress from restraint auto-

genous deformation superimpose creep. It is known that the capability for tensile basic creep is 

reduced with age, especially in the first days of hydration [Østergaard et al. 2001]. 

The use of SAP that is able to permanently prevent complete autogenous shrinkage may be 

used for investigation of real basic creep of high-strength concrete instead of sealed creep. This 

approach may contribute to solve the question about the mechanisms causing basic and drying 

creep of concrete that are still under discussion. It is expected that self-drying shrinkage of 

concrete under stress, which was recently proposed to be the main cause of basic creep strain by 

Rossi [Rossi et al. 2012], may be prevented by appropriate water entrainment and may bring 

evidence on several outstanding assumptions on the occurrence of creep. 

At last, the possible effect of SAP on delayed elastic creep strain should be investigated. 

Unfortunately, the strain measurements had been stopped at unloading and were not continued 

till the total minus shrinkage strain approached an end value. 
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9 Permeability and transport coefficients 

9.1 Introduction 

This chapter presents and discusses experimental data on the effect of SAP addition on trans-

port of gas and water in concrete. The idea was to redistribute water by SAP causing loss of capil-

lary porosity in favour of pre-designed macropore inclusions, see section 3.3.1. In detail, tests on 

oxygen and water permeability, water penetration depth, capillary absorption, chloride migration, 

carbonation and weight loss due to drying were performed. The series was supplemented by the 

characterization of the pore structure using mercury intrusion porosimetry (MIP), strain measure-

ments on specimen exposed to drying and the determination of the 28 days compressive strength 

in dependence on curing condition.  

Eight concrete mixtures were tested: three reference concretes with w/c ratios of 0.36, 0.42 

and 0.50 and five concretes modified with SAP A having w/c ratios of 0.36+0.06, 0.36+0.14 and 

0.42+0.08. The latter w/c ratio was used for production of three concretes which differed in the 

particle size of SAP A. The size range was denoted as follows: small (< 63 µm), medium (63-

125 µm) and large (125-250 µm). Among other things, the investigation was conducted to pro-

duce findings on the effect of SAP particle size on transport coefficients and the comparison of 

internal curing by SAP to prolonged external curing. 

9.2 Materials and methods 

9.2.1 Tested concrete compositions 

The mix design of all concretes investigated is reported in Table 9.1. The cement content was 

constant for all mixes. In return, the volume of matrix was compensated by volume of aggregate 

(Rhine gravel and sand) to account for changes in w/c ratio. The grading curve followed an ap-

proximated Fuller curve with gradation exponent of 0.50 [Fuller & Thompson 1907]. To account 

for loss of workability caused by water-absorption of SAP, superplastizicer Glenium ACE 30 

from BASF was used. The mixing regime was adopted from chapter 8, see section 8.2.1. 

Table 9.1: Composition of tested concretes 

Component Unit 
Ref 
0.50 

Ref 
0.42 

Ref 
0.36 

SAP A 
0.42 

+0.08 

SAP A 
0.42 

+0.08 

SAP A 
0.42 

+0.08 

SAP A 
0.36 

+0.06 

SAP A 
0.36 

+0.14 

CEM I 42.5 R kg/m³ 450 450 450 450 450 450 450 450 

Aggregate 0/8 kg/m³ 1603 1697 1768 1600 1600 1600 1695 1598 

Water total l/m³ 225 189 162 225 225 225 189 225 

Water in SAP l/m³ - - - 36 36 36 27 63 

(w/c)tot - 0.50 0.42 0.36 0.50 0.50 0.50 0.42 0.50 

(w/c)e - - - - 0.08 0.08 0.08 0.06 0.14 

SAP dry kg/m³ - - - 1.5 1.5 1.5 1.13 2.63 

SAP size dry µm - - - <63 63-125 125-250 63-125 63-125 

     small medium large medium medium 

PCE kg/m³ 0.7 1.8 5.6 1.80 2.0 2.0 3.6 4.0 
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9.2.2 Specimen preparation 

Most experiments presented so far were performed on samples that had been cured in sealed 

condition. In practice, hydration has to face changing environmental conditions. Hence, in the 

present test series samples were exposed to different climates and curing periods, see Figure 9.1.  
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Figure 9.1: Curing regime for various test samples examined. 

Cylindrical specimens were used for permeability and capillary absorption measurements. They 

were stored one day and/or four days at 100% RH before they were exposed to 23°C and 50% 

RH. At the age of six days the cylinders were cut and sealed with epoxy resin on their perimeter. 

One day later the samples were polished and put in the oven at 60°C to prepare for oxygen per-

meability and capillary suction testing, respectively, or they were saturated in water bath to pre-

pare for water permeability testing. At the age of 28 days, weight loss of the oxygen permeability 

samples had been less than 0.1% during the previous 24 hours. After testing the samples were 

crushed by a jaw crusher and were used for mercury intrusion porosimetry. Likewise, the drying 

shrinkage specimens were crushed at the age of 15 months. The crushed pieces were oven-dried 

for one month and mercury intrusion porosimetry tests were performed subsequently.  

Cubes of 150 mm edge length, produced for testing the 28 days compressive strength, were 

stored in four ways: at 20°C and 100% RH in the first week followed by drying at 20°C and 65% 

RH (standard curing), drying at 20°C and 65% RH, sealed by PE-foil or saturated in water bath. 

9.2.3 Oxygen and water permeability 

Basics on the determination of gas permeability of porous construction materials were first 

examined by Žagar [Žagar 1955]. Here, a device originally designed by Graef and Grube [Graef 

& Grube 1986a] was used, also known as CUMBUREAU method [Rilem 1999]. It consists of a 

test cell and a control unit including a precision regulator to adjust the oxygen pressure applied 

on the test cell and a bubble counter that is assembled behind, as illustrated by Figure 9.2 (left). 

The bubble counter is a gauged glass tube of constant cross-section where the rate at which a 

soap bubble rises due to oxygen flow through the sample can be measured by using a stopwatch. 

The cylindrical test sample of 100 mm in diameter and 50 mm in height was fixed in the test cell 

by a backup ring in analogy with Figure 9.3. Sealing on the perimeter was done by a seal pressure 

sleeve made of polyurethane combined with a rubber tube pressurized at 11 bar. The oxygen flow 

rate Qg [m³/s] was determined for three inlet pressures pi (absolute) of 3.0, 3.5 and 4.0 bar.  
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Figure 9.2: Functional diagram of oxygen permeability (left) and water permeability (right) test. 

In order to reach constant flow, measurements were not started until 5 min up to 30 min after 

the sample had been put under the adjusted inlet pressure. According to Hagen-Poiseuille’s law 

valid for laminar flow, cf. equation (2.14) on page 25, the specific oxygen permeability coefficient 

Kg [m²] can be estimated as follows:  
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  (9.1) 

where the viscosity of oxygen is assumed as 2.02 x 10-10 Ns/m², the outlet pressure po equals 

the atmospheric pressure p of ca. 1 bar, L [m] is the sample height and A [m²] the test surface. 
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Figure 9.3: Schematic illustration of the test cell for the determination of the water permeability  

                    coefficient of concrete [Jooss & Reinhardt 2002]. 

The test cell used for measuring water permeability is illustrated in Figure 9.3. It was filled with 

water free from air bubbles. The sample had a height of 30 mm and a diameter of 150 mm. The 

water pressure applied was 7 bar. In doing so, nitrogen was used as a buffer, see Figure 9.2 (right). 

Reading the water level in the measuring capillary was started with delay of 24 hours. During this 

delay time (pre-test phase) the applied water pressure was intended to increase the degree of 

saturation prior to testing. Indeed, during the pre-test phase air bubbles rose up in the capillary as 

a result of air squeezed out from large pores. At the end of the pre-test phase the reading was 

zeroed. The water permeability coefficient kw [m/s] was determined 1 hour and 24 hours after 

time zero. According to d’Arcy’s law for incompressible liquids, cf. equation (2.16) on p. 25, it is: 

w
w

Q L
k

A h





  (9.2) 

where Qw [m³/s] is the flow rate of water derived from reading the measuring capillary and ∆h 

[m] is the applied water pressure in meter water column. 
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9.2.4 Water intrusion depth 

The determination of water intrusion depth is an alternative to water permeability measurements. 

The test was performed in compliance with [DIN EN 12390-8 2009]. Until testing the samples 

with dimensions of 200 x 200 x 120 mm³ were stored non-stop in water. The water pressure of 5 

bar was applied for 3 days and the circular test surface had a diameter of 100 mm. The test 

surface was roughened with a wire scratch brush at time of demoulding. At the end of testing the 

samples were cut in halves and the apparent water intrusion depth xw [mm] was measured. 

9.2.5 Capillary absorption 

Capillary absorption was measured on cylindrical test samples with 150 mm in diameter that were 

immersed in water after they had been dried for 21 days at 60°C. Due to epoxy sealing on the 

perimeter and large sample height of about 120 mm, only the zone close to the free test surface 

has been expected to reach constant mass at begin of testing. To avoid falsification from internal 

moisture gradient, weight ingress due to water absorption was observed for the first 4 hours only. 

9.2.6 Rapid chloride migration test 

Chloride migration was characterized by the rapid chloride migration (RCM) test developed by 

Tang [Tang 1996]. A picture of the setup is presented in appendix 9. The cylindrical samples of 

100 mm in diameter and 50 mm in height were cleaned in an ultrasonic bath, fixed in a rubber 

hose and placed on a metal plate (cathode) in an aqueous test solution composed of 0.2 mol 

KOH and 0.51 mol NaCl (3.0% sodium chloride). The hose section above the sample was filled 

with test solution free of chlorides and the anode metal plate was placed inside. The principal of 

the test is to accelerate migration of chloride ions into the test sample by a voltage gradient of 

30 V. Transportation of ions due to diffusion is of subordinate importance since the test duration 

is only a few hours. It depends on the initial current [Tang 1996] and was set to 96 hours here. At 

the end of testing, the samples were removed, split in two halves and sprayed with silver nitrate. 

Colour transformation into pink or violet indicates the presence of chlorides. The chloride migra-

tion coefficient DRCM [m²/s] was determined according to: 
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 (9.3) 

Here, R [J/Kmol] is the gas constant, i.e. 8.315, T [K] the temperature, h [m] the sample 

height, z [-] the charge of ions, i.e. z = 1 for chloride, F [J/Vmol] the Faraday constant, U [V] 

the potential difference, i.e. 30, xd [m] the average intrusion depth of chlorides, t [s] the test 

duration and cd [mol/l] the critical chloride concentration causing colour change, i.e. 0.07, and 

c0 [mol/l] the chloride concentration in the test solution, i.e. corresponding to 3% by mass. 

9.2.7 Mercury intrusion porosimetry 

Mercury is a non-wetting fluid to most porous solids that intrudes only due to an externally 

applied pressure. Mercury intrusion porosimetry (MIP) is making use of this effect: degassed 

samples are subjected to mercury intrusion by means of a continuously or gradually raising 

operating pressure. The amount of mercury intruded is measured in dependence on the pressure 

applied. By assuming circular cylindrical pores, the relation of both measured values leads to a 

hypothetical pore size distribution according to the Washburn equation: 
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2 cos /p M Mr p       (9.4) 

with rp = pore radius, yM = surface tension of mercury, θM = contact angle between mercury 

and the pore wall and Δp = differential pressure across the mercury meniscus.  

In this study the values for yM and θM were set to 0.480 N/m and 141.3°, respectively. If non-

cylindrical pore geometries are considered, equation (9.4) can be modified by form factors [Cook 

& Hover 1993]. In general, MIP measurements base on the following assumptions: 

 Surface tension yM and contact angle θM remain constant while testing. 

 The system is in equilibrium at any time. 

 The externally applied pressure does not lead to deformation of the solids. 

Further, the significance of MIP is restricted to some substantial limitations:  

1) The measurable pore size range typically yields 3 nm to 75 µm, e.g. in the present study. 

Pores of larger size underlie the effect of mercury intrusion by means of gravity. The 

lower limit of measurable pore size depends on the maximum pressure applied.  

2) MIP cannot provide the true pore size distribution as the intruded mercury must pass the 

narrowest necks of the pore network. Large pores that are connected to the outside only 

through preceded cylindrical pores of smaller size cannot fill until the pressure is reached 

needed to fill the small pores. As a result, the volume of the large pore is accounted for 

the small pore radius. This problem is known as “ink-bottle” effect [Willis et al. 1998]. 

3) MIP will provide smaller than actual total porosity values since some pores are too small 

or too isolated to be intruded by mercury. On the other hand, total porosities measured 

by MIP may exceed values indicated by other techniques when the mercury pressure cau-

ses collapse of pore walls of isolated pores [Feldman 1984], [Feldman & Cheng-Yi 1985]. 

According to [Diamond 2000] MIP does not even approximately provide realistic informa-

tion on the pore size distribution of cement-based materials. With this in mind, the evaluation of 

MIP measurements is focussed on three parameters regarded as comparative indexes of the pore 

structure: the intrudable total pore volume pintr, the mode radius rmod and the threshold radius rt. 

The mode radius rmod is the most frequently appearing radius or the radius related to the maxi-

mum of the relative pore size distribution curve. The threshold radius rt according to [Winslow & 

Diamond 1970] is related to the pressure of first intrusion of large amounts of mercury when ex-

ceeded and highly depends on the w/c ratio [Cook & Hover 1999]. It can be determined graphi-

cally, since it is the intersection point of the tangents of the flat part and the first steep part of the 

cumulative pore size distribution curve. Härdtl [Härdtl 1995] defined rt as the radius related to the 

point where the relative pore size distribution exceeds the value of 0.1 m³/(g µm) for the first 

time. rt can be regarded as the maximum size of pore channels that create a continuous path. 

In the present series, MIP was performed on pieces of concrete of less than 5 mm in dia-

meter. About 4 to 5 g of the test material were filled in the measuring chamber of an automated 

porosimeter (Porotec PASCAL 140/240) with a maximum operating pressure of 2400 bar. The 

pressure increase was no more than 0.45 MPa/s. The volume measurements were corrected by a 

blank run for differential mercury compression. Further the impact of ambient temperature on 

compression of mercury was considered. Evaluation was done by software PASCAL 1.04.  

9.2.8 Drying shrinkage and weight loss 

Weight loss and shrinkage strain of concrete prisms exposed to 20°C and 65% RH with dimens-

ions of 100 x 100 x 5400 mm³ were observed. Strains were measured periodically by hand using 

an analogous displacement gauge. The glued reference marks had a center distance of 200 mm. 
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9.3 Results and discussion 

9.3.1 Fresh concrete properties 

Table 9.2 reports on the fresh concrete properties. The spread was found to range between 38 

cm (Ref 0.42) and 53 cm (SAP A 0.36+0.14). Of course, with increasing spread of fresh concrete, 

the air content is reduced. The latter was found to range between 0.7% and 3.4% at the time 

when the spread was measured, i.e. 10 minutes after first water addition. However, 20 minutes 

later the air content was no more than 2.5% as revealed by additional measurements (not shown 

in the table).  

Table 9.2: Results of fresh concrete measurements 

Property Unit 
Ref 
0.50 

Ref 
0.42 

Ref 
0.36 

SAP A 
0.42 

+0.08 

SAP A 
0.42 

+0.08 

SAP A 
0.42 

+0.08 

SAP A 
0.36 

+0.06 

SAP A 
0.36 

+0.14 

SAP size - - - - small medium large medium medium 

Spread cm 44 38 50 36 40 39 52 53 

Temperature °C 26.9 26.8 22.4 25.2 24.5 25.6 23.5 22.9 

Bulk density kg/m³ 2.28 2.29 - 2.27 2.27 2.28 - 2.29 

Air content % 2.0 3.4 0.7 3.0 2.4 2.5 0.8 1.3 

External bleeding was not observed, but the occurrence of internal bleeding can not be excluded 

with certainty. As a result of internal bleeding, see also section 2.3.6, water-filled pores below the 

aggregates are formed which can increase the permeability as already reported in [Ruettgers et al. 

1935]. In Brodersen [Brodersen 1982] the same effect was found to facilitate ingress of chlorides. 

However, this aspect was not considered any further. 

9.3.2 Compressive strength 

The results of the compressive strength tests are presented Table 9.3. The standard deviation was 

found to range between 0.5 N/mm² (SAP A 0.36+0.14) and 2.7 N/mm² (Ref 0.50). In general, 

curing in water bath led to the highest strength and storage in lab climate of 20°C and 65% RH 

led to the lowest strength. The advantageous effect of water curing was higher the lower the w/c 

ratio was. Compared to strength of control concrete with same total water content, SAP-modi-

fied concrete possessed slightly increased values. Compared to control concrete with same basic 

(w/c) ratio, strength was reduced. For concrete SAP A 0.42+0.08 this reduction was the highest 

in case of water storage, i.e. 28%, and the lowest in case of storage in lab climate, i.e. 15%. For 

the lower w/c ratio, i.e. SAP A 0.36+0.06, internal curing seems to compensate the strength-

reducing effect to some extent. The reduction in strength was found to range between 15% in 

case of water storage and 12% in case of standard curing. 

Table 9.3: 28 days compressive strength for various curing methods 

Curing 
method 

Ref 
0.50 

Ref 
0.42 

Ref 
0.36 

SAP A (s) 
0.42+0.08 

SAP A (m) 
0.42+0.08 

SAP A (l) 
0.42+0.08 

SAP A (m) 
0.36+0.06 

SAP A (m) 
0.36+0.14 

standard 46.6 67.2 84.1 50.7 53.1 51.2 73.9 53.6 

in foil 48.1 62.8 75.3 - 50.5 - 66.7 - 

in water 49.1 69.3 86.5 - 49.7 - 74.3 - 

20°C 65% 44.7 57.7 74.4 - 48.6 - 64.9 - 
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9.3.3 Oxygen permeability 

Oxygen was chosen as test gas since it is inert to hydration but is important with respect to cor-

rosion of reinforcement. The specific gas permeability coefficient Kg is reported in Figure 9.4. 

Each bar is the average of two test samples. The standard deviation was 6 to 13%, see Table 9.4. 

The determination of Kg bases on the assumption of laminar flow, which means the oxygen flow 

Qg is proportional to (pi²-1). In fact, the prerequisite was fulfilled well as evident from appendix 9. 
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Figure 9.4: Specific oxygen permeability coefficient. 

For all concretes it was found that an extension of curing at 100% RH from one day to four days 

reduces the oxygen permeability. Especially hydration of the surface close cross-section benefits 

from longer curing time and, hence, the pore structure is expected to possess higher density. Kg of 

samples cured for four days ranges between 60% to 70% of the corresponding value of one day 

cured samples. Compared to reference concrete with same total water content, addition of SAP 

reduces permeability as well. Obviously, redistribution of capillary pores in favour of macropore 

inclusions decreases oxygen permeability. This effect becomes clearer when increasing the 

particle size of SAP. In case of the large size fraction, permeability is even reduced to values of 

reference concrete with same (w/c)basic. Large SAP seems to generate higher density of the matrix 

compared with small SAP. In this context it should be noted that the volume of a spherical pore 

depends on the third power of the diameter whereas the surface of a sphere grows only with the 

second power. Therefore, the larger the SAP pores with constant total porosity, the lesser 

accessible they are to oxygen and other fluids intruding the concrete via interconnected capillaries.  

Generally, the permeability coefficients found in the range 10-16 to 10-17 m² agree with values 

from literature, e.g. [Graef & Grube 1986b], [Jacobs 1994]. However, it is known that moisture in 

the sample would cause drop of Kg of one or two orders of magnitude. For better comparability 

of results, it is recommended to keep pre-conditioning of the samples according to [Rilem 1999]. 

9.3.4 Water permeability and water intrusion depth 

Figure 9.5 reports on the specific water permeability coefficient kw determined after 1 hour and 

after 24 hours. The latter is one order of magnitude smaller. Obviously, water permeability is 

decreasing over time. Some reasons might be swelling of the concrete and reactivity of water with 
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Figure 9.5: Specific water permeability coefficient after 1 hour (left) and after 24 hours (right). 

unhydrated cement particles. The bars represent the average value of two samples tested. The 

results presented in the right diagram reflect the tendency from oxygen permeability testing: 

increasing the particle size leads to reduction of permeability. The large size fraction of SAP A 

reduces the water permeability down to the level of the reference concrete with same (w/c)basic. 

During testing it was observed that small air bubbles emerged in the measuring capillary 

which have falsified the test results. On the one hand, air bubbles may have been arisen from dis-

solved pressure gas. On the other hand, the pre-test phase of 24 hours may have been too short 

for complete water-saturation of the samples with height of 30 mm. The last assumption gets 

confirmed by the water intrusion depth xw presented in Figure 9.6. The maximum depth after the 

water pressure of 5 bar had been applied for 72 hours was found to yield only 17 mm (Ref 0.50). 

Nevertheless, both, results from water permeability and water intrusion test, show good agree-

ment, i.e. water permeation is reduced effectively by SAP addition, especially when large particles 

are used. In future, pre-conditioning of test samples should make use of a method developed in 

[Graef & Grube 1986a]. For saturation of samples prior to testing water pressure is applied on 

the test cell and at the same time the water outlet valve is connected to a vacuum pump.  
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Figure 9.6: Water intrusion depth measured after 72 hours under water pressure of 5 bar. 
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9.3.5 Capillary suction 

Figure 9.7 reports on the water absorption of samples with one day of curing at 100% RH (left) 

as well as four days of curing (right). Water absorption followed a square root of time law. The 

results were obtained from individual samples. The water absorption coefficient W [kg/m²h1/2] 

can be seen as gradient of the linear fitting regression curve and is presented in Table 9.4 on p.137. 
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Figure 9.7: Water absorption as a function of the square root of time measured on cylinders with  

                    one day curing time (left) and four days curing time (right). 

Here again, SAP addition causes reduction of water transport, even though the particle size is of 

lesser importance. Both medium and large size fractions reduce water absorption almost the same. 

In principle, capillary absorption is inversely proportional to the pore diameter. But in case of 

large SAP pores, which are scaled much above capillaries, this principle is reaching its limit. 

9.3.6 Carbonation 

Carbonation depth tcarb was measured on the drying shrinkage specimen after storage of 4.5 years 

at 20°C / 65% RH. The results are presented in Figure 9.8 and reflect the progress of CO2 in-

gress due to diffusion. As expected, progress of carbonation was the highest for Ref 0.50. Due to 

SAP addition carbonation is reduced but is still higher compared to control mix of same (w/c)basic. 
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Figure 9.8: Carbonation depth measured after 4.5 years of storage at 20°C and 65% RH.  
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9.3.7 Chloride migration 

The chloride migration coefficients obtained from RCM testing are reported in Figure 9.9 and 

Table 9.4, respectively. Measured values for the reference concretes are within the values given by 

literature [Gehlen 2000]. Migration of chlorides was slower when decreasing the w/c ratio. 

However, it is not possible to deduce a final result in case of SAP-modified concretes. As found 

in a previous study, see [Reinhardt et al. 2008], SAP addition caused either increase or decrease of 

DRCM. It seems unlikely that SAP can affect chloride migration due to chemical binding of ions, 

but this issue should be examined closer. 
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Figure 9.9: Chloride migration coefficient. 

9.3.8 Mercury intrusion porosimetry 

MIP and oxygen permeability tests were performed on the identical material, see Figure 9.1 on 

page 126. Further, drying shrinkage specimens were used for MIP after they had been crushed 

and dried in the oven as of the age of 15 months. In doing so, special attention was put on the 

location where the material was taken from. Distinction was made between crushed pieces taken 

from the zone close to the perimeter (outer zone), and core material (inner zone).  
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Figure 9.10: Total porosity of concrete measured by MIP. 
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Figure 9.10 reports on the intrudable mercury volume pintr, i.e. the total porosity, and Figure 9.11 

reports on the mode radius rmod. The total porosity depends on the water content and decreases 

over time due to hydration. But, MIP undoubtedly provides smaller than actual porosity values as 

the volume of very small and isolated pores is not included.  

With few exceptions, total pore volume of samples cured for one day at 100% RH is higher 

compared to samples cured four days. A similar trend can be seen at the 15-month-old samples 

where the material taken from the outer zone shows higher porosity compared to core material. 

Densification of the matrix is higher for w/c of 0.42 and 0.50. For w/c of 0.36 the decrease in 

porosity over time is less pronounced since hydration slowed down earlier.  

The total porosity can be split in air pores, SAP pores and capillary pores. The latter remains 

when subtracting air pores measured in fresh concrete and expected SAP pore volume from total 

porosity. Of course, this is a strong simplification since it is assumed that oven-drying at 60°C 

does not affect physically bound water present on the surface of the gel solid. Further, MIP does 

not capture the real volume of air voids due to high open porosity and small sample size. None-

theless, the relevant data on fractional pore volume is presented in appendix 9. One can find that 

the capillary pore volume is nearly the same for all concretes provided that (w/c)basic is the same.  
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Figure 9.11: Mode radius of pore size distribution determined by MIP. 

The mode radius rmod indicates success of redistribution of capillary pores by macropore inclu-

sions as well. In general, rmod decreases when decreaing the w/c ratio. It is a result of less water 

layers surrounding the cement grains in fresh state causing the diameter of capillary pores formed 

during hydration to drop. Here, SAP-modified concretes show the same values for rmod as 

reference concretes with same (w/c)basic. However, for some concretes, e.g. Ref 0.50 and Ref 0.42, 

the mode radius is higher for 15-month-old samples compared to 7-day-old samples. This could 

be the result of isolation of small pores due to blockage of pore channels with hydration products 

or is rather owed to fast drying of the outer zone causing early stop of hydration. 

9.3.9 Combination of MIP and pore counting 

For concretes Ref 0.50, Ref 0.42 and SAP A 0.42+0.08 (m) pore counting according to [DIN EN 

480-11 2005] was performed in analogy with section 10.2.4. Figure 9.12 shows the results that 

were combined with the pore size distribution obtained from MIP. The corresponding relative 
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pore size distribution is presented in appendix 9. It was assumed that the size distribution of 

capillary pores of SAP A 0.42+0.08 (m) equals to Ref 0.42, that means both curves are identical 

up to the pore size of 100 µm. It should be noted here, that MIP and pore counting are generally 

based on different definitions of pore size distributions, which are not compatible with each 

other [Münch & Holzer 2008]. Hence, the diagram has to be regarded with skepticism, but, it 

provides a good impression of the proportions of capillary pores in contrast to SAP pores. 
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Figure 9.12: Pore size distribution obtained by combining results of MIP and pore counting. 

9.3.10 Drying shrinkage and weight loss 

The results of the strain measurements are presented in Figure 9.13. Figure 9.14 reports on the 

shrinkage strain as a function of weight loss.  
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Figure 9.13: Drying shrinkage of specimen exposed to 20°C and 65% RH. 
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The strains were zeroed at the age of 24 hours. So was the weight loss of the specimen. It can be 

noticed that drying shrinkage is retarded due to addition of SAP although weight loss is higher. 

The results comply to a great extent with findings presented in chapter 8, see section 8.3.5. Of 

course, both weight loss and drying shrinkage are higher when the w/c ratio is increased. If 

medium and large size fractions of SAP A are considered, drying shrinkage is not only retarded 

but is even reduced by up to 15% after one year compared to reference concrete with same w/c. 

Concrete SAP A 0.36+0.14 exhibits nearly three times higher weight loss compared to Ref 0.36, 

but, still retarded shrinkage in the first half year and almost same shrinkage later on. 
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Figure 9.14: Drying shrinkage as a function of weight loss. 

9.3.11 Summary 

The main test results obtained in this experimental series are summarized in Table 9.4. 

Table 9.4: Main test results 

Property 

(curing) 
Unit 

Ref 

0.50 

Ref 

0.42 

Ref 

0.36 

SAP A s 

0.42 

+0.08 

SAP A m 

0.42 

+0.08 

SAP A l 

0.42 

+0.08 

SAP A m 

0.36 

+0.06 

SAP A m 

0.36 

+0.14 

Kg (1d) [10-17m²] 11.4 5.25 1.96 7.44 6.56 5.17 2.58 3.38 

Kg (4d) [10-17m²] 7.42 3.21 1.24 4.93 4.02 3.38 1.17 2.40 

kw
24h (1d) [10-12m/s] 0.85 0.23 - 0.64 0.52 0.19 - - 

xw [mm] 18 13 8 14 11 11 8 9 

W (1d) [kg/m²h1/2] 1.42 0.97 0.61 1.23 1.04 1.18 0.92 0.74 

W (4d) [kg/m²h1/2] 1.35 0.87 0.58 1.17 1.04 1.14 0.91 0.71 

tcarb  [mm] 9 5 6 6 5 3 4 4 

DRCM  [10-11m²/s] 1.70 1.26 1.53 1.38 1.80 0.90 2.00 1.18 

pintr (1d) [% by vol.] 16.1 12.3 10.6 16.3 16.7 15.8 12.4 16.9 

pintr (4d) [% by vol.] 15.3 12.6 10.2 15.8 15.1 16.2 13.0 15.8 

rmod (1d) [nm] 75 61 51 62 61 62 51 51 

rmod (4d) [nm] 75 62 51 62 62 62 51 51 
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9.4 Conclusion 

In this chapter the idea of redistribution of capillary water by pre-designed macropore inclusions 

due to SAP addition was followed. Three reference concretes with w/c ratios of 0.36, 0.42 and 

0.50 and five SAP-modified concretes, varying in content and size of SAP A, i.e. small (< 63µm), 

medium (63-125 µm) and large (125-250 µm), were investigated. The series was conducted with 

respect to compressive strength, permeation of gas and water, capillary absorption, carbonation, 

chloride migration, drying shrinkage and pore structure formation. It can be concluded that: 

 Redistribution of capillary pores worked well. Concretes with same total water content 

showed the same total pore volume - but the mode pore radius, which characterizes the 

capillary porosity, was the same for concretes with same (w/c)basic. 

 Gas and water permeability, capillary absorption and carbonation were reduced due to 

SAP addition. At constant SAP pore volume the permeability coefficients were reduced 

in dependence on the SAP particle size down to the level of the reference concrete with 

same (w/c)basic. In doing so, the large size fraction of SAP A performed the best. It was 

proposed that with increasing SAP size the surface to volume ratio of the pores decreases 

resulting in poor accessibility. 

 Drying shrinkage was not only retarded due to SAP addition but was also reduced. At the 

end of testing (after one year) reduction was up to 15%, although weight loss of water-

entrained concrete was much higher, i.e. weight loss of SAP A 0.36+0.14 was up to three 

times higher compared to Ref 0.36. Water in SAP seems to have higher mobility, 

evaporates easier and causes less shrinkage strain. 

 28 days compressive strength was reduced due to SAP addition. Reduction was less when 

the test cubes were allowed to dry prior to testing. Curing in water caused the highest 

reduction in strength. Compared to reference concrete with same total water content, 

water-entrained concrete possessed slightly increased compressive strength. This effect 

was more pronounced in case of concrete produced at low w/c.  

9.5 Outlook 

The presented test results provide first data on the effect of SAP addition on transport properties 

of concrete. More research is needed in order to reliably state on the effects proposed by this 

investigation. For example the water permeability tests had to get by with only few test samples, 

testing of chloride migration did not lead to a final conclusion and possible effects of SAP 

addition on diffusion are completely unknown. Further, oxygen permeability and capillary suction 

tests were performed on oven-dried samples. In future, pre-conditioning of the test samples 

should correspond with [Rilem 1999] to allow for better comparison with data given by literature. 

Further, it is recommended to use drilled samples instead of cast cylinders to avoid boundary 

effects. Sample preparation for MIP should abstain from high temperature treatment. A more 

careful preparation method was already developed by [Copeland & Hayes 1953]. They used a 

desiccator evacuated by vacuum pump in order to dry out the evaporable water. This method is 

proposed to cause less micro-structural damage of the sample and allows MIP to incorporate 

volume of gel pores. At last, it should be noted that only one SAP type was investigated so far 

and the experiments were performed on concretes of strength class between C30/37 and C55/67 

where concrete does not benefit from internal curing. 
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10 Enhanced freeze-thaw resistance 

10.1 Introduction 

This chapter deals with the new technology of air entrainment in concrete by the application of 

SAP. Ten concrete mixtures were investigated and compared to each other with respect to 

freeze-thaw resistance, pore system and mechanical properties. The concretes either contained 

ordinary AEA or SAP or neither of the two. The freeze-thaw resistance tests with de-icing salts 

were performed according to the Rilem recommendation for CDF-testing [Rilem 1996]. Besides 

the quantification of scaling, the change in ultrasonic velocity in analogy with [Rilem 2004] and 

the change in weight of the specimen were observed. The characterization of the pore system 

was managed by pore counting. The series was completed by compressive strength tests and the 

determination of the abrasion resistance using the wear test according to [DIN 52108 2010]. 

The investigation attempts to attain answers on the following main questions:  

 Is the effect of initially water-filled SAP pores on scaling and internal damage of concrete 

comparable to the same volume of air voids generated by ordinary air-entraining agent? 

 Do particle size or void spacing have an influence on the performance of concrete, pro-

vided that the total pore volume is the same? 

 Does the particle shape have an influence on the performance of concrete? 

 What are the advantages of air entrainment by SAP in comparison to the use of AEA? 

10.2 Materials and methods 

10.2.1 Tested concrete compositions 

Guidelines for the mix design depend on the exposure class as laid down in [DIN 1045-2 2008]. 

The CDF-test applied in this series simulates conditions that correspond to class XF4. To this 

end, the concrete compositions have to meet the requirements reported in Table 10.1. The ex-

ception to these guidelines is earth-moist concrete with w/c ratio ≤ 0.40. 

Table 10.1: Limits for the design of concrete to meet class XF4 

Requirement XF4 Unit Constraint 

Min. fc C30/37 LP N/mm² - 

Max. w/c 0.50 - - 

Min c 320 kg/m³ - 

Max. fines content 450 kg/m³ Max. aggregate size: ≥ 16 mm; ≤ 32 mm 

Air content ≥ 4.5 Vol.-% Max. aggregate size: 16 mm 

Ten concretes were designed and tested: 

 two reference concretes without additives, except superplasticizer to maintain workability, 

 two concretes with air-entraining agent LP 74 (BASF), 

 four concretes with SAP A of varying particle size, 

 one concrete with SAP D, 

 one concrete with SAF. 

The mixing regime was analogous to chapter 8, see section 8.2.1. 
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Table 10.2: Tested concrete compositions 

 Unit 
Ref 
0.50 

Ref 
0.40 

AEA 
0.50 

AEA 
0.40 

SAPA 
45-63 

SAPA 
63-90 

SAPA 
100-
125 

SAPA 
125-
200 

SAPD 
100-
125 

SAF 

Cement kg/m³ 403.2 397.9 392.8 388.8 399.3 399.3 398.5 397.6 398.5 403.4 

Aggregate kg/m³ 1726 1821 1604 1690 1720 1720 1720 1712 1674 1723 

Water total l/m³ 201.6 159.2 196.4 155.5 199.6 199.6 199.3 199.3 199.3 201.7 

SAP water l/m³ - - - - 31.9 31.9 31.9 31.8 31.9 32.3 

w/c basic - 0.50 0.40 0.50 0.40 0.50 0.50 0.50 0.50 0.50 0.50 

w/c e - - - - - 0.08 0.08 0.08 0.08 0.08 0.08 

SAP dry kg/m³ - - - - 1.33 1.33 1.33 1.33 2.90 1.70 

SAP size 
dry 

µm - - - - 45-63 63-90 
100-
125 

125-
200 

100-
125 

- 

AEA kg/m³ - - 2.0 1.9 - - - - - - 

PCE kg/m³ 0.6 2.6 - 1.6 2.3 2.3 2.4 2.3 2.0 6.0 

Air pores % 1.2 2.0 6.7 7.6 1.7 1.7 1.9 2.1 3.4 1.2 

Data in Table 10.2 was obtained by recalculating the nominal mass fractions of concrete com-

ponents on the basis of the specimen’s weight. The reference concretes had w/c ratios of 0.40 

and 0.50. Due to expected air content of 2%, they were intended to fail the requirements of class 

XF4. The design of the two concretes containing AEA was conform to the reference concretes, 

except for the air contents which were attempt to yield 5% due to addition of LP 74. All SAP-

modified concretes had a total w/c ratio of 0.42+0.08. The entrained water of (w/c)e = 0.08 

corresponded to 3.2% by volume. The grading curve of Rhine gravel aggregates followed an 

approximated Fuller curve with gradation exponent of 0.50 and maximum grain size of 16 mm.  

The superplasticizer used was Glenium ACE 30 (PCE) from BASF. The target value for the 

fresh concrete spread was the range 420 to 480 mm. Due to the liquefying effect of LP 74, the 

amount of PCE was reduced in the AEA mixtures. In contrast, the amount of PCE had to be 

highly increased in mix SAF. The concrete batches had a volume of 55 litres and were designed 

for casting a total of 12 cubes of 150 mm edge length: 6 for the compressive strength tests, one 

for the determination of the abrasion resistance and 5 for pore counting and CDF-testing, 

respectively. The latter were cast into moulds with a 5 mm teflon plate arranged at one side.  

10.2.2 Specimen preparation 

Subsequent to demoulding, 24 hours after casting, the cubes were stored at 20°C and 100% RH 

up to an age of 7 days. Afterwards, the 6 cubes for testing compressive strength were put in the 

climate chamber at 20°C and 65% RH until the age of 28 and 91 days, respectively. The other 6 

cubes were sawed into two halves by wet sawing. Subsequently, the five cube halves intended for 

CDF-testing (surface at the teflon plate is the test surface) were stored for 21 days at 20°C and 

65% RH. Within the last week the lateral sides of the CDF specimens were sealed by two layers 

of epoxy resin and were stored for another period of 7 days at 20°C and 65% RH with the test 

surface dipped in a water bath containing 3% by mass NaCl. At the beginning of CDF-testing, 

the specimens had an age of 35 days. The counterparts of the CDF specimens were polished on 

their sawn surface in order to prepare them for pore counting. From the remaining two cube 

halves, two samples with dimensions of 70 x 70 x 45 mm³ were sawn for testing the wear using 

the grinding method according to Böhme [DIN 52108 2010]. Before testing, they were dried in 

the oven at 105°C for 7 days. 
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10.2.3 Measuring scaling and internal damage 

Concrete damage due to freeze-thaw attack with de-icing salts can be classified in two categories: 

1) Surface scaling 

2) Internal damage. 

Both surface scaling and internal damage occur simultaneously. The first is an apparent 

defect that can be quantified by CDF-testing [Rilem 1996]. The second can dramatically reduce 

the lifetime of the concrete as well. Internal damage can be detected by an increase in the 

ultrasonic transit time as the presence of internal cracks reduces the velocity of the US-wave 

travelling through the specimen. To quantify both events of damage, the present experimental 

series included the CDF performance test extended by the measurement of the ultrasonic transit 

time according to the CIF-test method [Rilem 2004].  

Scaling and US-wave velocity were determined at the same samples, i.e. after 4, 6, 14, 20, 28 

and 56/64 freeze-thaw cycles. One freeze-thaw cycle lasted 12 hours, see appendix 10. Within the 

first four hours the temperature dropped from 20°C to -20°C. Then the temperature in the 

freezing chest stayed constant for three hours and increased to 20°C afterwards. In the following 

one hour the temperature was kept constant again and the cycle ends. Within this last hour the 

determination of the scaled material and the US-wave velocity was carried out (see appendix 10). 

Figure 10.1 illustrates the experimental setup for one single CDF/CIF-specimen, as it is 

placed in the freezing chest during testing. The configuration allows a close simulation of real 

conditions, in particular the uniaxial transportation of moisture and heat perpendicular to the test 

surface. The temperature control is managed by the temperature controlled bath. The surface of 

the stainless steel container prevents infrared (IR) radiation, the narrow gap between container 

and sample minimizes convection and the epoxy resin on the lateral sides of the sample acts as 

steam break. As a result, the uniaxial transport of heat is operated by thermal conduction. If the 

tests were performed e.g. in a conventional climatic chamber, about 50% of the heat transfer 

would be managed by convection and 50% by radiation. Consequently, the micro-ice-lens pump 

causing damage would act less effective. In this regard the CDF/CIF-test method reproduces the 

most severe conditions among the established test methods. 

Concrete plate Specimen

Surface water

Transport of heat

Transport of moisture

Temperature controlled bath

Minimized convection

No IR radiation

Real conditions Test conditions

 

Figure 10.1: Uniaxial transportation of heat and moisture during CDF/CIF-testing (right) com- 

                     pared to real conditions a flat concrete member is exposed to (left). 

10.2.4 Pore counting and void spacing 

The parameters of the air void system in the hardened concrete were determined microscopically. 

Polished cross-sections with dimensions of 150 x 100 mm² were examined at 100 x magnification 

according to [DIN EN 480-11 2005]. The samples were obtained by wet-sawing from the 

counterparts of the cube halves used for CDF/CIF-testing. The measuring line investigated had a 
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total length Ttot of at least 1200 mm. It was split in pore chords TPores and solid line segments TSolid. 

The total pore content VPores [% by vol.] is derived from the quotient of TPores to Ttot:  

/ 100Pores Pores totV T T    (10.1) 

In case of concretes modified with SAP A forming irregular shaped pores, it was possible to 

split TPores further in air pore chords TAir and SAP pore chords TSAP. However, in the following 

calculations SAP pores are assumed to be of spherical shape as well.  

The void spacing (VS) is an important characteristic of the air void system with respect to 

freeze-thaw resistance, see section 2.8.7. VS is a specific length with the unit mm. Under the 

assumption of equally sized pores that are placed centrically in a system of cement paste cubes, 

VS is the distance between the edge of the cube to the pore wall of the void imbedded. In this 

approach the pore volume is divided in n [-] spherical pores with average pore radius rPore [mm] 

and specific pore surface S [mm-1]:  
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Volume VCube [mm], edge length aCube [mm] and space diagonal dCube [mm] of the n cement 

paste cubes are given by the following equations, where VMatrix [%] is the volume of cement paste: 
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VS [mm] is the half of the space diagonal dCube reduced by the radius rPore: 
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This approach is used in [DIN EN 480-11 2005] as well: 
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10.2.5 Mechanical abrasion 

The abrasion resistance of the concrete was determined by the wear test using the grinding wheel 

according to Böhme [DIN 52108 2010], also called grinding wheel method. Two samples of each 

concrete were tested. During testing, the samples with polished test surfaces of 50 cm² each, were 

fixed on the grinding wheel using a contact pressure of 294 N, see also appendix 10. On the 

grinding wheel in front of the sample, 20 g of abrasive powder were evenly distributed. After 

each period, with one period lasting 68 revolutions, the sample was turned clockwise by 90° and 

the abrasive powder was replaced with new material. Testing was finished after 16 periods, i.e. 

388 revolutions. Wear was determined by the thickness loss Δt [mm³/mm²] of the sample 

measured at 9 specific points of the test surface before and after testing.  
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10.3 Results 

10.3.1 Fresh concrete properties 

The fresh concrete measurement results are reported in Table 10.3. The concretes were produced 

with a spread of 41 to 47 cm. Mixture SAF required 1.5% by mass of cement to maintain work-

ability, see Table 10.2. Although it is well known that fibres reduce workability, this high amount 

could be an indication that the swelling capacity of the superabsorbent fibres was higher than 

expected. Another finding is that SAP D obviously entrained air bubbles in the fresh concrete. 

Table 10.3: Fresh concrete properties measured just before the moulds were filled 

Attribute Unit 
Ref 
0.50 

Ref 
0.40 

AEA 
0.50 

AEA 
0.40 

SAPA 
45-63 

SAPA 
63-90 

SAPA 
100-
125 

SAPA 
125-
200 

SAPD 
100-
125 

SAF 

Spread cm 43 41 47 44 41 42 42 41 46 42 

Temperature °C 20.5 21.0 19.2 20.3 20.9 21.4 20.6 22.6 20.1 19.4 

Bulk density kg/l 2.30 2.38 2.19 2.24 2.32 2.32 2.32 2.32 2.23 2.33 

Air content % 2.0 1.1 6.0 5.5 1.3 1.2 1.2 0.8 4.5 0.8 

10.3.2 Pore counting 

The air contents calculated on the basis of the mix proportion and the weights of the specimens 

measured after demoulding (Table 10.2) show slight differences compared with values measured 

in the fresh concrete (Table 10.3). Figure 10.2 provides a comparison of both results extended by 

the air pore content obtained from the pore counting method. In case of concretes with SAP D 

and SAF, pore counting could not be applied in order to determine the air content as it was not 

possible to reliably separate air pores from pores formed by the superabsorber. In general, the 

results of all three methods are in acceptable agreement. The total pore content referred to in the 

following is the one adopted from pore counting, unless stated otherwise. For concretes SAF and 

SAP D, the air content referred to in the following was recalculated on the basis of the weight of 

the specimens measured after demoulding. 
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Figure 10.2: Content of air pores obtained from fresh concrete measurements, pore counting  

                      and recalculation based on the weighing of specimens after demoulding. 
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Figure 10.3: Relative size distribution of SAP A pore chords (left) and cumulative size distri- 

                      bution of all pore chords counted (right). 

In Figure 10.3 (left) the size distribution of SAP A pore chords found by pore counting while 

neglecting air voids is presented. With increasing the particle size of SAP A, the distribution of 

the relative number of SAP pore chords is shifted towards larger sizes. This tendency is also 

found when SAP pores and air pores are regarded together. The right diagram shows the cumula-

tive pore chord size distribution of all counted pores. The median pore chord sizes are as follows: 

135 µm (SAP A 45-63), 180 µm (SAP A 63-90), 215 µm (SAP A 100-125) and 270 µm (SAP A 

125-200). Both diagrams verify that changes in the size distribution of dry SAP particles are dir-

ectly reflected in the developing pore structure. Further, the diagrams give an indication that large 

SAP particles may break during mixing and therefore increase the number of small pores formed. 

Figure 10.4 (left) presents the SAP A pore content as a function of the pore chord size. The 

calculation was done by assuming the pore chord size to be the diameter of a spherical pore. The 

pore content of SAP A pores counted is about 3.4% which corresponds to an absorption capa-

city of 25 g/g. It is in good agreement with the expected volume of 3.2%. Only concrete SAP A 

100-125 shows a higher value of 4.4%. The evaluated surface area was probably not representa-

tive. Figure 10.4 (right) reports on the total pore volume split in SAP and air pores.  
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Figure 10.4: Content of SAP A pores as a function of pore chord size (left) and total pore  

                      content split in air pores and SAP pores (right). 
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Figure 10.5: Total pore content as a function of the pore chord size assumed to be the pore dia- 

                      meter (left) and pore size distribution according to [DIN EN 480-11 2005] (right). 

Figure 10.5 presents the total pore content as a function of the pore chord size (left) and the pore 

diameter calculated according to [DIN EN 480-11 2005] (right). Both AEA concretes show high 

pore volumes generated by small pores. The volume of pores < 300 µm is called A300. The 

standard requires A300 > 1.5% for frost-resistant concretes. The right diagram shows that all mix-

tures fulfil this demand except the reference concretes and concrete SAP A 125-200. The curves 

in the left diagram were obtained by assuming the pore chord size to be the diameter of a 

spherical pore. Indeed, this is a simplification because the pore chords measured are smaller than 

the actual pore diameters. This effect is statistically given consideration in the standard. 

10.3.3 Void spacing 

The average pore radius rPore [mm] can be predicted on the basis of a probability calculation 

according to equation (10.8), see also Figure 10.6: 
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where t [mm] is the average pore chord length measured, TPores [mm] is the sum of all pore 

chords and n [-] is the number of counted pores. As a result, rPore is obtained by the relation: 
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r α r

t

Measuring line

Pore                                            Cross-section

α

r

r

t‘

 

Figure 10.6: Schematic view on a pore cut by the measuring line and its cross-section. 
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Table 10.4: Characterization of the void system 

Characteristic of 

pore system 

Ref 

0.50 

Ref 

0.40 

AEA 

0.50 

AEA 

0.40 

SAP A 

45-63 

SAP A 

63-90 

SAP A 

100-125 

SAP A 

125-200 

SAP D 

100-125 

Total pore vol. [%] 2.4 1.7 6.4 6.1 4.7 5.5 5.8 5.3 6.5 

SAP pore vol. [%] - - - - 3.26 3.26 4.37 3.43 (3.1) 

Median chord [µm] 175 230 100 100 135 180 215 270 190 

Average chord [µm] 260 410 140 160 200 255 290 365 200 

Average radius [µm] 205 320 110 125 155 200 225 285 160 

A300 [% by vol.] 0.7 0.3 4.1 2.7 2.4 2.3 1.9 1.0 3.1 

VS factor [mm] 0.475 0.860 0.165 0.200 0.265 0.320 0.345 0.460 0.220 

The average pore radius rPore is used as input for the VS calculation according to equation (10.9). 

The results are reported in Table 10.4. In all cases the average pore chord size exceeds the 

median pore chord size by up to 60%. On this account, one can expect that VS is overestimated. 

Further, the results confirm that increasing the particle size of dry SAP leads to increased values 

for VS. The smallest values were found for concretes with AEA, which fulfil the demand for 

frost-resistant concretes of VS ≤ 0.200 mm, followed by concrete SAP D with comparable total 

pore content and A300. The values for A300 are adopted from Figure 10.5 (right). Concrete SAF 

could not be characterized by pore counting. Anyway, the length of the pore channels created by 

SAF is smaller than the length of the dry fibres (5.8 mm) as they break during mixing. 

10.3.4 Compressive strength 

The results of the compressive strength tests are plotted in Figure 10.7. Concrete Ref 0.40 shows 

the highest compressive strength fc due to lowest w/c ratio and the smallest air pore content. 

Compared to mixtures with AEA, which have the lowest compressive strength, mixtures with 

SAP show significantly improved performance. Even concrete SAP D with similar total pore 

content as AEA 0.40 shows higher values for fc. The dotted lines in the right diagram indicate the 

influence of air entrainment by AEA on the compressive strength after 28 days at constant w/c 

ratios of 0.50 and 0.40. With increasing the air pore content by 1%, fc is decreased by 3.5 MPa. 

Similar values can be found in literature [Neville 1995]. Concrete SAF is not plotted in the 

diagrams. Its 28 days compressive strength was found to yield 58.1 MPa. 
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Figure 10.7: Development of compressive strength (left) and 28 days compressive strength as a  

                      function of total pore volume (right). 
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10.3.5 Weight change of specimen 

The relative weight change was observed for specimen from the time of demoulding till the end 

of CDF-testing. The results are reported in Figure 10.8. The weight change zeroed at the beginn-

ing of the water bath storage is plotted in the right diagram. Within the first week the specimens 

increased their weight due to wet storage at 20°C and 100% RH followed by a period of weight 

decrease due to storage at 20°C and 65% RH. Regarding the total test period, the reference 

concretes show the highest weight ingress. At the end of CDF-testing it amounts to 0.6% by 

mass. Concretes with SAP and AEA show less weight ingress. After 28 cycles of CDF-testing, 

corresponding to an age of 49 days, specimens of concretes SAP A and AEA reach again their 

initial weight level. The specimen weight of concretes SAP D and SAF does not even exceed the 

initial level at the end of CDF-testing, i.e. after 64 freeze-thaw cycles. 

The weight loss of SAP A mixtures during drying is comparable to the one of Ref 0.50 with 

same amount of total added water. On the other hand, the weight ingress due to capillary suction 

is comparable to the one of Ref 0.40 with less capillary porosity. The results indicate that SAP 

pores are partly air-filled during CDF-testing. Further it is expected that water uptake is limited 

closer to the surface area as compared to the other concretes. 
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Figure 10.8: Relative weight change of specimen till the end of CDF testing, zeroed at the time of  

                     demoulding (left) and zeroed at the beginning of the water bath storage (right). 

10.3.6 Change in ultrasonic velocity 

The ultrasonic transit time was measured for each specimen just before scaling was determined. 

The results are reported in Figure 10.9 (left). In general, the US wave velocity can indicate two 

important changes of the material property:  

1) An increase of the water content, which is indicated by a smaller transit time since the 

velocity is about 4 times larger in water than in air. 

2) Internal damage, where a significantly increased transit time is measured, which indicates 

the formation of internal surfaces due to cracking. 

With increasing the particle size of SAP A the initial ultrasonic transit time is decreasing. The 

reason for this finding is that larger particle sizes generate a higher specific pore surface. In 

addition, the highest initial transit time was measured for concrete AEA 0.50 which has the 

highest porosity. During CDF-testing the US transit time of AEA and reference concretes was 

increasing. The latter showed the higher increase. It is an indication for the occurrence of internal 
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damage. In contrast, the US transit time of SAP-modified concretes remained constant for the 

whole test period, although weight ingress due to water uptake proceeded similarly. It might be a 

first indication that SAPs limit water uptake and internal damage to surface close areas. 

The change in US wave velocity can be expressed as the relative dynamic modulus of 

elasticity, see Figure 10.9 (right). The CIF test criterion demands a minimum of 80% after 56 

freeze-thaw cycles. Unfortunately, both the reference and the AEA concretes could be observed 

for 28 cycles only. Nevertheless, it is most likely that the reference concretes would have failed. 
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Figure 10.9: Ultrasonic transit time as a function of freeze-thaw cycles (left) and related change in  

                     relative dynamic modulus of elasticity (right). 

10.3.7 Scaling of concrete 

Figure 10.10 presents the measured scaling as a function of the number of freeze-thaw cycles. 

Except for Ref 0.40 the values reported present the average of five samples tested. Due to 

detached sealing of some lateral sides observed on four samples of Ref 0.40, the values refer to 

the sample with intact sealing. It was found that the detached sealing increased the scaling by 

about 9% by mass, see appendix 10. On this account the values for Ref 0.50, where defective 

sealing and consequently higher scaling was observed for all five samples, were reduced by 10%. 
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Figure 10.10: Scaling of concrete up to 28 and 64 cycles, respectively (*: values reduced by 10%). 
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Except for concretes Ref 0.50, Ref 0.40, SAF and SAP A 45-63 the scaling was below the limit of 

1500 g/cm² recommended by Rilem [Rilem 1996]. Mixture SAP A 45-63 missed the limit narrow-

ly whereas both reference concretes showed scaling of more than twice the limit value. Mixes 

with AEA showed the highest resistance against scaling, followed closely by mix SAP D. The 

latter did not even exceed the limit after 56 cycles. The same was found for SAP A 63-90 and 

SAP A 100-125. Concrete SAP A 125-200 showed higher scaling, but less than SAP A 45-63. It 

seems that scaling of SAP A mixtures is not directly linked to VS. Figure 10.11 presents the test 

surface of a SAP D sample after 56 cycles in comparison to one of Ref 0.40 after 28 cycles. 

Ref 0.40 after 28 cycles SAP D after 56 cycles

 

Figure 10.11: Test surface of Ref 0.40 sample after 28 cycles in comparison to SAP D sample  

                       after 56 cycles. 

10.3.8 Abrasion resistance 

The results of the wear test are provided by Figure 10.12. The abrasion resistance depends first 

and foremost on the compressive strength. With increasing compressive strength the abrasion is 

decreasing. Consequently, concretes with AEA show high abrasion and reference concretes show 

low abrasion. Concretes with SAP also share the decreasing abrasion with increased compressive 

strength. In addition, small particle sizes seem to enhance the abrasion resistance compared to 

large particles. Among all concretes investigated SAP A 100-125 has the best outcome.  
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Figure 10.12: Abrasion measured after 388 rev. as a function of the 28 days compressive strength. 
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10.4 Discussion 

10.4.1 Characterization of the pore system 

Although SAP D is a deeply investigated SAP, e.g. [Jensen & Hansen 2002], no comment on its 

ability to entrain small air-bubbles in the fresh concrete could be found in literature. The side 

effect might be caused by residual tensides (see chapter 2.8.8). Tensides are used to stabilize the 

droplets of the monomer mix in the organic solution during inverse suspension polymerization, 

see chapter 2.9.3. The investigation of microsections of hardened cement paste samples indicated 

that small pores, supposed as air bubbles, were arranged around larger pores, supposed as the 

SAP D pores, see chapter 7.4. However, the total pore volume of concrete SAP D was increased 

unintentionally. As a consequence, the freeze-thaw resistance seemed to be further improved.  

To maintain workability of concrete SAF, up to three times the amount of PCE of concrete 

with SAP had to be added. The high amount of PCE is an indication that SAF absorbed more 

pore solution than expected. Unfortunately, this could not be verified experimentally as the 

method of pore counting is not applicable in case of pore channels. Further investigations on the 

swelling capacity of SAF in pore solution are necessary, i.e. by the application of the tea-bag test 

method using pore solution extracted at several points in time during the dormant stage of 

hydration as absorbing fluid. The maximum length of the pore channels created is the length of 

the dry fibres, which is 5.8 mm. As the fibres break during mixing, the average length of the pore 

channels is a matter of guesswork. It is, however, undisputable that aggregate size, mixing time 

and intensity will affect the degree of fragmentation. 

    

Figure 10.13: Microsections (20 x 27 mm²) of cement paste containing 0.33% SAP A by mass of c  

                       of different size range: 45-63, 63-90, 100-125 and 200-250 µm (from left to right). 

The characteristics of pores formed by SAP A were investigated in another study, cf. Table 10.5. 

It was divided in two parts: The first part was imaging analysis (IA) of microsections by the 

method described in chapter 4.3.4. Figure 10.13 presents four microsections of hardened cement 

paste samples containing 0.33% SAP A by mass of cement. It is apparent that for a given pore 

content the VS is reduced and the number of pores is increased with smaller particle size. The 

volume of SAP pores found is in good agreement with the water absorption capacity of 24 g/g, 

estimated by comparative mortar spread tests presented in chapter 4.4.2. The second part of the 

study was the characterization of the dry particles due to laser granulometry (LG) as described in 

section 4.2.2. From the results obtained by LG, i.e. the average particle diameter, the void spacing 

of SAP A pores in concrete was calculated and compared to measured values presented in Table 

10.4 on page 146. The calculation approach used was derived from the hexagonal close packing 

(HCP) of spheres as described in chapter 4.4.5, see equation (4.14) on page 58.  
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Table 10.5: Properties of dry SAP A material and calculated properties of SAP A pore system 

Analysis of micrographs Unit SAP A 45-63 SAP A 63-90 SAP A 100-125 SAP A 125-200 

VSAP in cement paste % 8.23 8.01 8.28 8.37 

Calc. absorption capacity g/g 23.8 23.2 23.9 24.2 

Properties of dry particles Unit SAP A 45-63 SAP A 63-90 SAP A 100-125 SAP A 125-200 

Size range sieved µm 45-63 63-90 100-125 125-200 

Average particle size (LG) µm 55 75 100 145 

Expected average pore size µm 180 245 330 575 

Calculated VS in concrete mm 0.110 0.150 0.205 0.295 

Figure 10.14 shows the void spacing of concretes with SAP A as a function of the average pore 

size. The dashed line represents the calculation results obtained by assuming HCP of the pores. 

The solid line is a linear fitting regression of VS determined by pore counting of SAP A pores 

according to [DIN EN 480-11 2005]. The diagram shows that void spacing and average pore dia-

meter are overestimated by the standard that assumes the allocation of pores in a system of cubes. 
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Figure 10.14: Void spacing of SAP A pores as a function of the average pore diameter at dif- 

                        ferent arrangements of pores: hexagonal (calculated) vs. cubic (measured). 

10.4.2 Scaling and internal damage 

The freeze-thaw resistance of concrete can either be classified by measuring the scaled material or 

indirectly by the determination of the actual void spacing in comparison to a critical value, i.e. VS 

≤ 0.200 mm. VS is generally assumed to be the decisive parameter classifying the frost resistance 

of concrete. The test results obtained in the present study are in doubt about this procedure in 

case of SAP-modified concretes. Figure 10.15 reports on the scaling as a function of VS and A300. 

Both diagrams show that concrete SAP A 45-63 does not fit the regression well. According to 

Figure 10.16 the scaling shows rather good correlation with the total pore volume. In fact, all 

concretes with SAP A were intended to possess the same amount of pore volume, but due to 

different air pore content, the total pore volume varied. Figure 10.17 presents the scaling in 

dependence of the 28 days compressive strength. The low compressive strength values of course 

belong to concretes with artificial pores and the high strength belongs to Ref 0.40.  

The effect of SAP on the frost deterioration mechanisms in concrete can not be satisfactorily 

clarified by the study at hand. Obviously the small particles act less effectively. The reason for this 
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Figure 10.15: Scaling of concrete after 28 cycles as a function of VS (left) and A300 (right). 
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Figure 10.16: Scaling after 28 cycles as a function of VS (left) and total pore volume (right). 
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Figure 10.17: Scaling of concrete after 28 cycles as a function of 28 days compressive strength. 
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finding might be that a critical degree of saturation is reached earlier compared to larger-sized 

pores. Observations on the weight loss during the drying period previous to CDF-testing showed 

that among concretes with SAP A the weight loss was higher with increasing the particle size. 

The same behaviour was already found in chapter 9. As a consequence, concrete SAP A 45-63 

might have had less air-filled SAP pore volume at the beginning of the CDF-test. In combination 

with lower air pore content, freeze-thaw damage might have occurred earlier and faster.  

The fact that SAP-modified concretes apparently show no internal damage but surface scaling 

indicates that the damage is restricted to a surface close area. As it can be assumed that low temp-

eratures do not lead to degradation of the polymers, they might reduce the penetration depth of 

water during testing. As a result, the saturation of pores close to the surface is increased while 

pores further inside show less saturation and consequently, internal damage is mitigated. Further 

it is known that water in SAP underlies a certain freezing point depression (see chapter 2.8.3). 

10.4.3 Abrasion 

Smaller SAP particle size means larger perimeter of pore cross-sections. The abrasive powder 

might act less effectively as it is accumulated along the high length of pore walls, leading to high 

abrasion resistance. In general, the absence of micro-cracks due to IC effects could mitigate 

abrasion of SAP-modified mixes similar to shrinkage-compensating concrete [ACI 223R 1983]. 

10.4.4 Literature review 

In [Laustsen et al. 2008] the suspension polymerized type SAP D was investigated with respect to 

the effect on the freeze-thaw damage as well. The concretes had a basic w/c ratio of 0.42. Due to 

addition of extra water, the absorption by SAP D was accounted and the pore volume entrained 

by SAP D varied from 1.5 to 10%. The pore size was adjusted by sieving the dry particles in two 

size ranges where the average pore size was assumed to yield either 150 µm or 300 µm. Due to 

calculation, the void spacing was expected to be 0.15 to 0.40 mm. The freeze-thaw experiments 

were conducted according to [DS CEN/TS 12390-9 2006]. The results show that for a given 

SAP pore content the size of the pores and further their void spacing does not influence scaling 

much. With increasing the added amount of SAP, the scaled material was reduced of course. 

Further it could be shown that even concrete samples stored sealed before testing show reduced 

scaling. Under sealed conditions, the initially water-filled SAP pores could only be drained from 

water by chemical shrinkage, which was assumed to yield 1.9% by volume at maximum. 

However, the paper does not report on the side effect that SAP D entraps air bubbles in the 

fresh concrete, as found in the experiments at hand. It can be speculated that this effect did 

appear as well and might have increased frost resistance besides the contribution of SAP D pores.  

In [Bruedern & Mechtcherine 2010] SAP was added to prevent surface damage of strain-

hardening cement-based composites (SHCC). The water to binder ratio of SHCC was 0.30, the 

fly ash to binder ratio was 0.55 and the amount of added fibres was 29 kg/m³ concete. One 

reference mixture and three mixtures with 2 kg SAP per cubic meter concrete were examined in 

CDF-tests, whereof for one concrete, the addition of SAP was accompanied by extra water of 

2.5% by volume. It was found that SAP can considerably improve the freeze-thaw resistance, i.e. 

only the very outer matrix layer was lost. The mass loss of the mixture with extra water was only 

slightly increased.  

Besides the experimental series at hand and the pre-tests published in [Reinhardt et al. 2008], 

no further investigations exist so far that compare the efficiency of SAP to ordinary AEA. 
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10.4.5 Summary of test results and ranking of concretes investigated 

Table 10.6 lists all important test results obtained in the experimental series at hand. The weight 

change [% by mass] refers to the weight of the CDF samples measured after 28 freeze-thaw 

cycles in relation to the initial weight at demoulding. Values in brackets are estimates which could 

not be determined due to lack of adequate laboratory equipment. 

Table 10.6: Summary of test results (*: value reduced by 10%) 

Property of concrete 
Ref 
0.50 

Ref 
0.40 

AEA 
0.50 

AEA 
0.40 

SAPA 
45-63 

SAPA 
63-90 

SAPA 
100-
125 

SAPA 
125-
200 

SAPD  
100-
125 

SAF 

Total pore vol. [%] 2.4 1.7 6.4 6.1 4.7 5.5 5.8 5.3 6.5 (-) 

SAP pore vol. [%] - - - - 3.3 3.3 4.4 3.4 (3.1) (3.2) 

Weight change [%] 0.52 0.49 -0.03 0.17 0.13 0.06 -0.11 -0.18 -0.56 -0.45 

Median chord [µm] 175 230 100 100 135 180 215 270 190 - 

Av. pore size [µm] 410 640 220 250 310 400 450 570 320 - 

Void spacing [mm] 0.475 0.860 0.165 0.200 0.265 0.320 0.345 0.460 0.220 - 

fc (28 days) [MPa] 55.9 71.3 41.7 51.7 57.0 57.1 63.4 61.8 60.2 58.1 

Scaling 28th c. [g/m²] 4010* 2910 145 190 1550 485 640 1180 380 2150 

Abrasion [m³/m²] 1.56 1.41 1.82 1.67 1.55 1.72 1.42 1.65 1.62 1.74 

In Figure 10.18 the tested concretes are compared with respect to scaling after 28 cycles, total 

pore content and 28 days compressive strength. The three axes are standardized as follows: The 

best value among the concretes reached within each category is set to zero; the worst value is set 

to one. In case of scaling and pore content the best means the lowest value whereas in case of 

strength the highest value is the best. By the assumption that all properties are regarded as 

equivalent, the smallest surface A, described by the triangle in the diagram means the best 

performance. Of course, for concrete Ref 0.40 no triangle is formed as it is top rated in two 

categories, i.e. strength and pore volume. In the ranking among concretes with air entrainment, 

SAP A 100-125 ranks above SAP D. AEA mixes bring up the rear. If abrasion is included as 4th 

property, the relative comparison of the concretes will lead to the same ranking, see appendix 10.  
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Figure 10.18: Relative performance of concretes. The worst score possible is A=0.87. 
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10.5 SAP vs. traditional AEA 

Traditionally, air entrainment in concrete is achieved by the use of chemical AEA. However, this 

method has several disadvantages that require a high expense of initial testing and testing during 

construction work in order to compensate inadequate handling reliability. For example: 

 The volume of air entrapped cannot be predicted based on a given dosage of AEA since 

the interactions of the reactive ingredients are not understood so far. 

 The size distribution of the air voids created cannot be controlled satisfactorily; small air 

voids tend to coalesce forming larger air voids. 

 The environmental conditions like temperature and compaction energy influence the air 

void system; the air void system is not stable in fresh concrete. 

 Due to the large difference in density between air and fresh concrete, separation of 

individual pores and even redistribution of the air void system may occur in dependence 

on the rheological behaviour of the fresh concrete.  

In contrast, several benefits exist that establish air entrainment by SAP as straightforward 

technology. Compared to traditional AEA, the following advantages are expected or even 

demonstrated so far, cf. also [Laustsen et al. 2008]: 

 The amount of pore volume can be controlled by the dosage of SAP. 

 The separation tendency is reduced due to smaller difference in the density; the pore 

system is stable in fresh concrete and insensitive to mixing, transportation and placing 

even under severe environmental conditions, e.g. shotcreting or high temperatures. 

 Shape and size distribution of SAP pores are pre-designed within production related 

limits of the dry SAP particles. 

 The compressive strength of the concretes can be increased due to internal curing effects, 

given that low w/c ratios are applied. 

At present, no in-situ test method for fresh concrete is available that can precisely bring 

evidence on the volume of entrapped SAP pores as they are initially water-saturated in the fresh 

mix. With respect to practice, any risk of incorrect dosage of SAP has to be excluded. This sug-

gests the addition of SAP in concrete premixed with cement as well as binder. 

10.6 Conclusion 

The experimental series on concrete conducted for the investigation of the influence of SAP 

pores on the freeze-thaw damage pointed out several interesting findings. The most prominent 

finding is that SAP can substantially improve the frost resistance of concrete. Both the gel-

polymerized type SAP A and the suspension polymerized type SAP D can be efficiently used for 

air entrainment in concrete. With few exceptions regarding the size fraction of used SAP particles, 

the method of air entrainment by SAP can be seen as more straightforward technology compared 

to traditional AEA. The conclusions in detail are listed in the following: 

 SAF obviously reduces the workability of fresh concrete dramatically. The absorption 

capacity of 18 g/g was found to be estimated too low. Further, the addition of SAF did 

not lead to a significant improvement of the frost-resistance, although the weight ingress 

due to capillary suction was effectively reduced. 

 Pore counting allows distinguishing between air voids and pores formed by gel-polymer-

ized SAP. The SAP pore content agreed with the expected water absorption capacity. 
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 Changes in the size distribution of dry SAP particles are directly reflected in the 

developing pore structure. With decreasing the particle size the pore sizes decrease, too. 

However, some larger SAP A particles obviously broke into smaller pieces during mixing. 

 The calculated void spacing of SAP A pores based on the hexagonal arrangement of 

equal sized pores is smaller than the measured void spacing adopted from pore counting. 

The results of compressive strength and abrasion resistance tests led to the following findings: 

 The addition of AEA results in a decrease of the compressive strength of 3.5 MPa per 

1% air pore volume entrapped. 

 Concretes with SAP A and SAP D showed higher compressive strength than concretes 

with AEA. If lower w/c ratios were applied, the relative difference in strength would be 

further increased due to internal curing effects caused by SAP. 

 The abrasion resistance primarily depends on the compressive strength. Smaller SAP 

particle size leads to higher abrasion resistance. 

The CDF-tests produced the following conclusions: 

 The weight loss of concretes with SAP A during the dyring period was comparable to Ref 

0.50 with same total amount of water. Further, with increasing the particle size of SAP A 

the weight loss was higher. However, the weight ingress due to capillary suction was 

comparable to Ref 0.40 with less capillary porosity. 

 It is expected that SAP pores are mainly air-filled during testing; besides drying, SAP 

pores are emptied due to hydration, see chapter 5. 

 Except concretes Ref 0.50 , Ref 0.40, SAF and SAP A 45-63, all other concretes kept the 

limit of scaled material of 1500 g/m² measured after 28 cycles as recommended by Rilem. 

 Among concretes with artificial pores due to SAP, concrete SAP D had the best outcome. 

One reason is that SAP D obviously entrained small air bubbles in the fresh concrete that 

increased the total pore volume.  

 The initial US wave velocity was decreasing with increasing the particle size of SAP A.  

 During testing, SAP-modified concretes did not show changes in the US wave velocity, 

although weight ingress was observed. This is an indication that freeze-thaw damage 

might be limited to areas close to the surface and internal damage is prevented due to SAP. 

 For a given pore volume, smaller particle fractions of SAP lead to a higher freeze-thaw 

resistance. But caution is recommended in case of median SAP pore chord size < 150 µm. 

It could be shown that below this value, concretes show dramatically increased scaling. 

10.7 Outlook 

More research on the effect of SAP on the freeze-thaw damage mechanisms is needed. Strain 

measurements during freeze-thaw testing could bring evidence on a possible influence of SAP on 

frost shrinkage and frost suction. 

Water movement in SAP-modified concretes caused by capillary suction could be observed 

by the application of neutron radiography. This method has already been applied to study the 

penetration depth of moisture in cracked and uncracked concrete [Wittmann et al. 2011]. Such 

experiments may allow to draw conclusions on the effect of SAP on the water penetration depth. 

It is expected that SAP limit the water penetration to areas close to the surface and therefore 

mitigate internal damage. Anyway, further CIF-tests should be carried out to provide more 

reliable data that confirm the test results obtained in the study at hand. 
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11 Final conclusion and future research 

11.1 Final conclusion 

This dissertation shows the multi-functional use of salt-insensitive superabsorbent polymers as 

concrete additive. Two important application methods stand out: The use of SAP for the 

purpose of internal curing of low w/c ratio systems and the addition of SAP in order to 

redistribute capillary water by artificial macropore inclusions. In both cases, the focus is put on 

the change of physical properties of hardened concrete. Each SAP-modified mix is compared 

with two SAP-free control mixes, i.e. one mix with same total water content and one mix where 

the total water content is reduced by the amount of water initially absorbed by SAP. The main 

finding on internal curing is as follows: 

 SAP can be used for successful long-term prevention of self-desiccation and self-

desiccation shrinkage, respectively, if two pre-requisites are fulfilled: First, the amount of 

entrained water equals the amount of chemical shrinkage at maximum degree of 

hydration and, second, the spatial distribution of SAP inclusions makes sure that the 

nearest pore surface is located in the distance of less than approximately 1 mm from any 

point of the hydrating matrix. 

This finding bases on observations on autogenous phenomena of Portland cement paste and 

investigations on high performance mortar blended with 1/10 silica fume, produced at w/c ratios 

in the range 0.30 to 0.37. If the amount of entrained water is less or its kinetic availability is 

expected to not meet the demand of hydration, the effectiveness of IC by SAP is dramatically 

reduced. However, for practical applications the SAP dosage should be generally reduced to small 

fractions that are just enough to prevent cracking from restraint autogenous shrinkage at early age, 

i.e. when the matrix is especially weak and thermal stresses superimpose the shrinkage strain.  

The measurements on cement paste led to some further interesting conclusions: 

 Water supplied by SAP does not influence hydration much different from ordinarily 

added water. In the first days of sealed hardening, the degree of hydration is slightly 

higher for SAP-modified pastes, whereas at higher ages the degree of hydration of 

reference pastes shows the somewhat larger values. 

 Drainage of SAP pores can be studied by high-resolution relaxometry measurements. The 

signal emitted from water in SAP can be filtered by applying a CPMG pulse sequence 

with a delay of 5 ms to the onset of data acquisition. Consumption of IC water is made 

visible by the loss of transverse magnetization intensity as a function of age.  

 The dynamic elastic material properties studied by continuous monitoring of the harden-

ing, using pressure and shear waves, develop the same for both reference and SAP-

modified pastes, provided that the total amount of added water is the same. 

 Compared to reference paste with same basic w/c ratio, the strength-increasing effect due 

to proceeded hydration cannot counterbalance the strength-reducing effect of SAP voids 

even at higher age. Only the flexural strength of SAP-modified paste exceeds the value of 

reference paste at higher age, possibly due to prevention of micro-cracking. 

Manipulation of the pore structure due to redistribution of capillary water is intended to have 

positive effects on the durability of concrete. Experimental series were performed on normal 
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strength concretes where IC does not become operative and, hence, the results can safely be 

transferred to low w/c ratio systems. The following effects could be demonstrated: 

 Oxygen and water permeability, capillary suction and carbonation can be reduced due to 

addition of SAP. This reduction is even more pronounced when the particle size of SAP 

is increased. 

 SAP pores can be used for air-entrainment in concrete in order to enhance its freeze-

thaw resistance. When dried out, SAP pores act similarly as pores generated by traditional 

air-entraining agents, but are stable against environmental impacts. Concerning scaling 

determined by the CDF-test method, the total pore volume is the decisive parameter. The 

void spacing has a minor role, but caution is advised when the median SAP pore chord 

size is less than 150 µm and saturation of pores is disproportionately high. 

 Water in SAP seems to have higher mobility, evaporates easier and causes less (drying) 

shrinkage strain compared with capillary pore water. 

 The 28 days compressive strength is reduced due to SAP addition. Reduction is less when 

the cubes are allowed to dry prior to testing. Curing in water causes the highest strength 

reduction. Compared to reference concretes with same total water content, SAP-modified 

concretes show slightly higher strength values. This effect is more pronounced in case of 

concretes produced at low w/c ratio. 

Further, the effect of SAP addition on tensile creep of concrete produced at w/c ratio of 0.36 

and 0.42 was studied. It was found that: 

 Creep in tension is reduced by SAP addition and seems to be determined by the basic 

w/c ratio, which defines the distance of gel particles and the layer thickness of absorbed 

water, both influencing the creep mechanisms according to viscous flow hypothesis and 

seepage theory.  

 Shrinkage is more sensitive to drying than creep in tension. Exposed to moderate drying 

in PE-envelope, concrete shows higher shrinkage strain but almost the same tensile creep 

strain compared with sealed specimens. 

At last, it should be noted that the chemical and physical properties of the SAP material is 

expected to have a strong influence on its performance in concrete, mortar or cement paste. 

Consequently, the results presented in this dissertation are not unrestrictedly transferable to other 

SAP material, especially to commercially available, non-salt-insensitive types of SAP.  

11.2 Future research 

In contrast to the dry mortar market, where SAP is recently available as rheology modifier, the 

application of SAP as concrete additive has not been subjected to approval yet. However, it is 

most likely that SAP will be launched on the market someday, dryly pre-mixed with cement to 

prevent dosing errors and gel-blocking effects. What is certain is that the SAP technology is still 

in the early stage of development. In future, SAP could be coated in order to impose retarded 

water absorption for improved mixing, transport and placing of concrete. Further, it is 

conceivable that SAP is used for inward transfer of liquid additives and even for gaining control 

on their release.  

A still persistent problem is the determination of the true water absorption capacity of SAP 

in cementitious environment. To this end, it is recommended to study water absorption of SAP 

by imaging techniques like neutron tomography.  
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Concerning the experimental series presented in this dissertation, some substantial improve-

ments for ongoing research are proposed by the following considerations: 

 Measurements on autogenous shrinkage should include the determination of the onset of 

the tensile stress development in active restraint systems to define the real time zero.  

 The initial autogenous deformation that occurs before the RH depression caused by 

menisci formation, should be investigated by tensiometer embedded in the fresh paste. 

 Freeze-thaw tests on concrete should be accompanied by strain measurements in order to 

state on a possible effet of SAP on frost-shrinkage and frost-suction. 

Further, some open questions have remained that need to be discussed in future: 

 Does SAP limit freeze-thaw damage to the surface close concrete zone? 

 Does SAP reduce creep of concrete in compression? 

 What is the mechanism behind autogenous expansion? 

 Can self-desiccation start although IC water is still present in the SAP inclusions? 
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Appendix 

Appendix to chapter 2 

Powers’ volumetric model for plain and silica fume modified Portland cement paste 

The equations presented in the following base on [Jensen & Hansen 2001b] and refer to a 

citation in [Lura 2003]. The phase composition of a hardening Portland cement paste is: 

 Chemical shrinkage:   0.20 1CSV p        

 Capillary water:   1.32 1CWV p p         

 Gel water:   0.60 1GWV p        

 Gel solid:   1.52 1GSV p        

 Unhydrated cement:    1 1UCV p        

where it is:  1i

i

V      and    
   W C

w c
p

w c  



   

w and c refer to masses of water and cement, respectively, and it is ρC the density of cement, 

i.e. 3150 kg/m³, and ρW the density of water, i.e. 1000 kg/m³. 

The constants in Powers’ model are derived from the following assumptions: 

 The maximum amount of chemically bound water is 0.23 g per 1 g fully hydrated cement 

 The maximum amount of physically bound water is 0.19 g per 1 g fully hydrated cement 

 The chemical shrinkage amounts to 6.4 ml per 100 g fully hydrated cement. 

The phase composition of Portland cement paste blended with silica fume is given in the 

following. It is assumed that silica fume reacts proportionally to cement. 

 Chemical shrinkage:      0.20 0.69 1CSV k s c p           

 Capillary water:      1.32 1.57 1CWV p k s c p            

 Gel water:      0.60 1.57 1GWV k s c p           

 Gel solid:      1.52 0.74 1GSV k s c p           

 Unhydrated cement:    1 1UCV k p        

 Silica fume:        1.43 1 1SV k s c p         

where it is:   1i

i

V       

and    
      ( / )W C W S

w c
p

w c s c   


  
     and    

 

1

1 /C

S

k

s c






 

 

 

s refer to masses of silica fume and it is ρS the density of silica fume, i.e. 2200 kg/m³.  

The constants in the model base on the assumptions presented below: 

 The maximum amount of chemically bound water is 0 g per 1 g fully reacted silica fume 

 The maximum amount of physically bound water is 0.5 g per 1 g fully reacted silica fume 

 The chemical shrinkage amounts to 22 ml per 100 g fully reacted silica fume. 
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Classification of pores 

Figure A 2.1 reports on the classification of pores in concrete as suggested by various authors. 

 

Figure A 2.1: Classification of pores in concrete [van Breugel 1991]. 

Exposure classes for concrete 

Table A.2.1 and Table A2.2 provide non-exhaustive lists of examples for concrete structural 

elements categorized in exposure classes according to [DIN 1045-2 2008]. 

Table A.2.1: Exposure classes for corrosion of reinforcement 

Class Description Informative example 

No risk of corrosion or attack 

X0 Concrete without reinforcement not exposed 

to freeze-thaw, abrasion or chemical attack 

Unreinforced concrete surfaces inside 

structures 

Concrete with reinforcement or embedded 

metal in very dry conditions 

Reinforced concretes inside buildings with very 

low air humidity 

Corrosion induced by carbonation 

XC1 Dry or permenently wet Concrete inside buildings with low humidity 

and concrete permanently immerged in water 

XC2 Wet, rarely dry Concrete subjected to long-term water contact 

XC3 Moderate humidity Concrete inside buildings with moderate or 

high air humidity and concrete exposed to rain 

XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not 

within class XC2 
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Corrosion induced by chlorides other than from sea water 

XD1 Moderate humidity Concrete surfaces exposed to airborne 

chlorides 

XD2 Wet, rarely dry Swimming pools and concrete exposed to 

industrial waters containing chlorides 

XD3 Cyclic wet and dry Bridge elements exposed to spray containing 

chlorides, pavements and car park slabs 

Corrosion induced by chlorides from sea water 

XS1 Exposed to airborne salt but not in direct 

contact with sea water 

Structures near to the coast 

XS2 Permanently submerged Elements of marine structures 

XS3 Tidal, splash and spray zones Elements of marine structures 

Table A.2.2: Exposure classes for concrete attack 

Class Description Informative example 

Freeze-thaw attack 

XF1 Moderate water saturation, without de-icing 

agents 

Vertical concrete surfaces exposed to rain and 

freezing 

XF2 Moderate water saturation, with de-icing agents Vertical concrete surfaces of road structures ex-

posed to freezing and airborne de-icing agents 

XF3 High water saturation, without de-icing agents Horizontal concrete surfaces exposed to rain 

and freezing 

XF4 High water saturation, with de-icing agent or 

sea water 

Road and bridge decks exposed to de-icing 

agents, direct spray containing de-icing agents 

and freezing; Splash zones of marine structures 

exposed to freezing 

Chemical attack 

XA1 Slightly aggressive chemical environment Sewage plant tanks and liquide manure tanks 

XA2 Moderately aggressive chemical environment Concrete surface exposed to sea water and 

structures in aggressive soils 

XA3 Highly aggressive chemical environment Concrete for wastewater systems with 

aggressive industrial waters, feed platforms and 

cooling towers of exhaust systems 

Mechanical abrasion 

XM1 Moderate wear Stiffening industrial floors impacted by 

pneumatic wheels 

XM2 Severe wear Stiffening industrial floors impacted by solid 

rubber tyres 

XM3 Very severe wear Stiffening industrial floors impacted by steel 

rollers or track vehicles; bed-loaded hydraulic 

engineering structures 

Moisture classes / alkali silica reaction 

W0 Dry Concrete surfaces in structures and surfaces 

not exposed to direct weathering 

WF Wet Concrete surfaces exposed to high air humidity 

and direct weathering 

WA Wet and external alkali supply Concrete structures exposed to sea water; 

elements exposed to agricultural alkali salts 

WS Wet, external alkali supply and dynamic loading Concrete roads exposed to de-icing salts 
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Appendix to chapter 3 

Necessary amount of entrained water to prevent complete self-desiccation of plain 
cement paste 

The amount of entrained water VEW needed to prevent complete self-desiccation equals the 

chemical shrinkage VCS of cement paste at maximum degree of hydration αmax in saturated 

conditions. Further, it is assumed that hydration at low w/c ratio stops when all capillary water is 

consumed and the space is taken up by gel water VGW, gel solid VGS, and unhydrated cement VUC. 

According to Powers’ model (see appendix 2) it is [Jensen & Hansen 2001b]: 

1GS GW UCV V V       for   max     

max max max0.60 (1 ) 1.52 (1 ) (1 ) (1 ) 1p p p               

In an open system with low w/c ratio the maximum degree of hydration is: 

 
max

1.12 1

p

p
 

 
 

The amount of initially entrained water VEW,0 equals the chemical shrinkage VCS at maximum 

degree of hydration given by the above equation. Further, the initial porosity p equals to the 

volume of initial capillary water VCW,0: 

,0 max ,00.20 (1 ) 0.18 0.18EW CWV p p V         

The initial capillary water can be expressed on a w/c ratio basis (kg water / kg cement): 

,0

,0

( / )
CW W

UC C

V
w c

V









 

For the amount of entrained water corresponding to (w/c)e follows: 

,0

,0

( / )
EW W

e

UC C

V
w c

V









 

As a result, the quantity of entrained water necessary to obtain αmax is: 

( / ) 0.18 ( / )ew c w c      for    ( / ) 0.36w c   

For w/c in the range 0.36 to 0.42, where complete hydration in an open system is possible, 

the necessary amount of entrained water is less: 

( / ) 0.42 ( / )ew c w c      for    0.36 ( / ) 0.42w c   

Necessary amount of entrained water to prevent complete self-desiccation of 
cement paste containing silica fume 

According to appendix 2, Powers’ model states that αmax of cement paste blended with silica fume 

is:  

1GS GW UC SV V V V        for   max    
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max max

max max

(0.60 1.57 ( / )) (1 ) (1.52 0.74 ( / )) (1 )

(1 ) (1 ) (1.43 ( / )) (1 ) (1 ) 1

k s c p k s c p

k p k s c p

 

 

            

            
 

max

1 (1 1.43 ( / )) (1 )

(1.12 0.9 ( / )) (1 ) (1.12 0.88 ( / )) (1 )

k s c p p

k s c p k s c p


     
 

         
  

The initial amount of entrained water VEW,0 that equals the volume of chemical shrinkage at 

maximum degree of hydration can be written as [Lura 2003]: 

,0 max(0.20 0.69 ( / )) (1 )EWV k s c p         

,0

(0.2 0.69 ( / ))
(0.20 0.69 ( / )) (1 )

(1.12 0.88 ( / )) (1 ) (1.12 0.88 ( / ))
EW

p s c p
V k s c p

k s c p s c

  
       

        

Expressed on a w/c ratio basis, one obtains: 

 
0.2 0.69 ( / )

/ ( / )
1.12 0.88 ( / )e

s c
w c w c

s c

 
 

 
 

provided that it is: 

( / ) (0.36 0.28 ( / ))w c s c    

Above this w/c ratio complete hydration is achievable with less entrained water viz: 

( / ) (0.42 0.73 ( / )) ( / )ew c s c w c     

provided that it is:  

(0.36 .028 ( / )) ( / ) (0.42 0.73 ( / ))s c w c s c       

Figure A.3.1 shows the amount of entrained water needed to prevent complete self-desic-

cation of a Portland cement paste blended with 1/10 silica fume as a function of the w/c ratio.  
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Figure A.3.1: Entrained w/c ratio necessary to prevent complete self-desiccation as a function  

                        of w/c ratio for s/c of 1/10. 
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Composition of lightweight concretes with porous matrix 

Table A.3.1 reports on the mix composition of lightweight concrete with porous matrix 

[Reinhardt & Assmann 2010a]. The SAP used in this series was a type that is commercially 

available on the market (BASF Luquasorb). 

Table A.3.1: Composition of lightweight concretes with porous matrix 

Component Unit Ref M MF10 MSAP10 MF20 MSAP20 MF30 MSAP30 

CEM I 52.5 R kg/m³ 340 265 265 190 190 120 120 

Water kg/m³ 150 120 120 90 90 60 60 

w/c basic - 0.44 0.45 0.45 0.47 0.47 0.50 0.50 

Sand ≤ 2 mm kg/m³ 360 240 240 120 120 - - 

Liaver 2-4 mm kg/m³ 180 180 180 180 180 180 180 

PCE kg/m³ 1.5 1.0 1.0 0.5 0.5 - - 

Protein foam l/m³ - 100 - 200 - 300 - 

SAP dry kg/m³ - - 8 - 12 - 13 

Extra water l/m³ - - 96 - 192 - 286 

Matrix porosity l/m³ 5 105 104 200 204 300 299 

Appendix to chapter 4 

Results of air-jet sieving 

SAP D particles were characterized by air-jet-sieving. Figure A.4.1 provides the test results. 
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Figure A.4.1: Particle size distribution of SAP D particles obtained from air-jet-sieving. 

Results of mortar spread tests 

Results of mortar spread tests of SAP A of different size fractions. 
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Figure A.4.2: Results of mortar spread tests for SAP A. 

Derivation of saturated SAP particle diameter 

The saturated polymer radius rs
SAP is derived in the following, using the water absorption capacity 

χ of a dry SAP particle with radius rd
SAP. 

The mass ms of a saturated particle is: 

 1s dm m     

where md is the mass of the dry particle. 

One can write as well: 

(1 )s s d dV V        

where ρ and V are density and volume of dry (d) and saturated (s) particles, respectively. 

Further, the volume of a sphere is given by: 

34 3V r    

As a result one obtains: 

     
3 3

4 3 4 3 1s d

s SAP d SAPr r              

Solving for rs
SAP leads to: 

 3 1
d

s d SAP
SAP SAP s

SAP

r r





     

Derivation of actual water absorption capacity obtained from IA 

The volume of a cement paste sample VCP consists of the following components: 

1CP SAP Air

w c

w c
V V V
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where it is VSAP the volume of SAP pores (equal to surface fraction of SAP pores) and VAir is 

the volume of air voids (equal to surface fraction of air voids) and ρw and ρc are the densities of 

water and cement, respectively. 

Hence, the cement content c and the water content w are given by: 

 

1

1/ / / /

Air

d

c w SAP SAP

V
c

w c f  




 
 

 /w w c c   

where fSAP is the amount of added SAP, i.e. here (paste SAP A 0.36+0.06) it is fSAP = 0.0025 c. 

The volume of SAP pores can be written as: 

 1 d

SAP

SAP s

SAP

m
V





 
     with    

 1

1

s

SAP

d

SAP w






 



 

 
 

 

where ρs
SAP is the saturated density of SAP and md

SAP is the mass fraction of dry SAP. 

Solved for χ, the actual water absorption capacity χactual can be written as: 

1SAP
actual d

w SAP w SAP

V

f c


  
 

  
 

Spacing of SAP pores and number of dry particles per 1 kg of dry SAP 

Figure A4.3 presents a schematical illustration of the hexagonal close packing formation (HCP) in 

two-dimensional space. 
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Figure A.4.3: Schematical illustration of HCP formation of pores in two-dimensional space. 

The void spacing factor VS can be calculated according to the following equations, where the 

lengths a [µm] and R [µm] are variable according to the illustration presented by Figure A.4.3: 

PoreVS R r      with    

1

31

2EZ

a
n

 
    

    and    

1
2 2

2 2

4 3

a
R a

 
   
 

  

Further, it is: 
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  18/ 2 10d

EZ SAP SAPn f n      

where nEZ [-] is the number of unit cells per 1 µm³ of cement paste. It is: 

  151/ 10d d

SAP SAP SAPn V      

where n d
SAP [-] is the number of dry SAP particles per 1 kg of dry SAP, ρ d

SAP [kg/dm³] is the 

density of dry SAP particles and VSAP [µm³] is the volume of one single SAP particle with: 

 
3

4/ 3SAP PoreV r       

It is rPore [µm] the true average pore radius, cf. equation (4.13) on page 57, and ω [-] the swell-

ing factor, cf. equation (4.4) on page 55: 

2
2

Pore

Pore
Pore

A
r r







      

 1
d

SAP

s

SAP


 


       with     

1
1 /s

SAP d

SAP W


 

 

 
   

 
 

where AØ
Pore [µm²] and rØ

Pore [µm] are the average cut pore surface and radius adopted from IA. 

Insertion of the respective equations for a and R leads to: 

 
1/3

1/ 3 2 EZ PoreVS n r


     

Appendix to chapter 5 

Analysis of dry cement 

Table A.5.1 reports on the XRD results of the used Portland cement of type CEM I 42.5 R, 

produced by Schwenk KG in Allmendingen. 

Table A.5.1: XRD results 

Phase [% by mass] 

C3S Alite 65.1 

ß-C2S Belite 7.7 

C3A total 8.4 

C4AF Ferrite 7.9 

CaSO4 Anhydrite 2.0 

Dihydrate 1.3 

Arcanite 1.0 

Syngenite 1.0 

CaO Free Lime 0.0 

MgO Periglase 1.0 

CaCO3 Calcite 2.6 

CaMg(CO3)2 Dolomite 0.5 

MgCO3 Magnesite 0.0 

SiO2 Quartz 0.3 

Ca(OH)2 Portlandite 0.0 
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Results of NMR measurements 

Figure A.5.1 presents the longitudinal relaxation time constant (left) and the brutto signal 

intensity of longitudinal magnetization (right) of paste Ref 0.36 as a function of age. Distinction 

is made for NMR experiments conducted with and without spin-echo sequence. 

0

5

10

15

20

25

30

35

40

0.1 1 10 100

Age [hours]

T
1

1
 [

m
s
]

Ref 0.36 without

spin-echo

Ref 0.36

 

0

20

40

60

80

100

0.1 1 10 100

Age [hours]

B
ru

tt
o

 s
ig

n
a
l 
in

te
n

s
it

y
 [

%
]

Ref 0.36 without

spin-echo

Ref 0.36

 

Figure A.5.1: Longitudinal relaxation time (left) and brutto signal intensity (right) measured for  

                        paste Ref 0.36 with and without application of spin-echo. 

Figure A.5.2 presents the filtered signal of transverse magnetization of paste SAP D 0.30+0.06. 

The curves are normalized to the first measurement, i.e. the first value at onset of data acquisition. 

The data acquisition started after various delay. However, the curve propagation is insensitive to 

the delay. Only at delay of 80 ms, the faster drop of the filtered signal becomes apparent. It can 

be assumed that the loss of the filtered transverse magnetization during the delay of 5 ms is 

rather small.  
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Figure A.5.2: Normalized filtered signal of transverse magnetization determined after various  

                        total delay. 
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Appendix to chapter 6 

Ion concentration adopted from ion chromatographic analysis 

Figure A.6.1 reports on the ion concentration found in the cement paste’s pore solution by ion 

chromatographic analysis. 
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Figure A.6.1: Ion concentration in extracted cement paste pore solution. 

Dynamic bulk modulus determined by FreshCon 

Figure A.6.2 shows the dynamic bulk modulus as a function of age. 
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Figure A.6.2: Dynamic bulk modulus as a function of age. 

Appendix to chapter 7 

Determination of time zero of HPM 

Figure A.7.1 illustrates the determination of time zero of reference HPM Ref 0.30 (left) and Ref 

0.34 (right). The autogenous deformations were zeroed at time of maximum deformation rate. 
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Figure A 7.1: Determination of time zero of HPM Ref 0.30 (left) and Ref 0.34 (right). 

Appendix to chapter 8 

Information on creep measurements 

Figure A.8.1 presents the loading frame used for creep measurements which was developed by 

Rinder [Rinder 2002]. 

 

Figure A.8.1: Loading frame for creep measurements [Rinder 2002]. 
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Details on load application of no.3 specimen 

Table A.8.1 reports on details of the load application of the no.3 (series I) specimens. The load 

was applied within 120 seconds, i.e. the load rate was about 0.175 KN/s. The recording interval 

of the LVDTs was one second. 

Table A.8.1: Details on load application of No. 3 specimens 

NSC mixture Sample 

No. 

Load 

[kN] 

Tensile 

stress [MPa] 

Instant strain at 

loading [µstrain] 

E in tension 

[MPa] 

E in compres-

sion [MPa] 

Ref 0.42 3 (I) 21.1 2.63 63 41700 38800 

SAP A 0.36+0.06 3 (I) 35.4 2.65 64 41400 38400 

Ref 0.36 3 (I) 39.9 2.99 64 46700 44500 

Creep coefficient as a function of age 

Figure A.8.2 presents the creep coefficients measured on no.3 (series I) and no.5 (series II) speci-

mens. In case of sealed no.5 specimens, the creep coefficients approach an end value in the range 

0.9 (SAP A 0.36+0.06) and 1.4 (Ref 0.42). 
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Figure A.8.2: Creep coefficients of no.3 (series I) specimens (left) and no.5 (series II) specimens  

                       (right). 

Internal resistivity measured by multi-ring-sensor electrode (MRSE) 

The measurements were performed with MRSE according to [Schießl & Raupach 1992]. The 

MRSE had a length of 48 mm and consisted of 6 rings. The sensors were cast in cylindrical 

specimens of 150 mm in diameter.  The results are shown in Figure A.8.3. The curves are the 

average of the 6 signals of a sensor, corresponding to 6 rings. Thick line means that the sepeci-

men was stored in analogy with specimen no.2 (series I), i.e. wrapped in PE-envelope. Thin line 

means that the specimen was stored in analogy with specimen no.4 (series II), i.e. sealed by 

adhesive aluminium vapour barrier foil. Both curves show hardly any difference. From this find-

ing it was concluded that the storage condition had no significant influence on the process of 

self-desiccation of the concrete interior. Of course, with decreasing total w/c ratio, the resistivity 

is increasing faster, indicating earlier self-desiccation of the concrete with smaller total water con-

tent. 
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Figure A.8.3: Internal resistivity of concrete measured with MRSE as a function of age in  

                        dependence on storage conditions: thick line means wrapped in PE-envelope  

                        and thin line means sealed by vapour barrier foil. Left: Ref 0.36. Right: Ref 0.42. 

Static shear modulus for modelling autogenous shrinkage of concrete 

Table A.8.2 reports on the estimate of the static shear modulus in dependence of age t of cement 

paste, used for calculating the concrete strain according to Hobb’s model. 

Table A.8.2: Static shear modulus of cement paste 

Cement paste Shear modulus GCP [MPa] GCP (t) [MPa] 

1 day 3 days 28 days 1 < t ≤ 3 3 < t ≤ 28 

Ref 0.36 4420 6340 7050 960 t + 3460 28.3 t + 6250 

Ref 0.42 3500 5300 5950 900 t + 2600 26.7 t + 5200 

SAP A 0.36+0.06 3300 5100 5750 900 t + 2400 26.7 t + 5000 

Modelling of autogenous shrinkage of concrete according to CEB FIB 

An empirical model for calculating autogenous shrinkage of concrete is provided by [CEB 2003].  
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Figure A.8.4: Measured autogenous strain in comparison to strain calculated according to an  

                        empirical model presented in [CEB 2003]. 
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However, this model underestimates the real concrete shrinkage, as exemplarily shown by Figure 

A.8.4 for concrete Ref 0.36. The calculated strain was put at the same level with the measured 

strain at the age of 24 hours.  

Appendix to chapter 9 

Rapid chloride migration test 

Figure A.9.1 provides a photo of the test setup used for chlorid migration testing according to 

the RCM test developed by Tang [Tang 1996]. 

 

Figure A.9.1: Photo of the test setup used for rapid chloride migration testing [Fischer 2008]. 

Oxygen flow value in dependence on inlet pressure 

Figure A.9.2 presents the oxygen flow rate Qg as a function of (pi²-1). Flow rates were measured at 

three inlet pressures pi, i.e. 3.0, 3.5 and 4.0 bar. Each point is the average of two tested specimen. 

Since the linear regression (dotted line) fits quite well, the assumption of laminar flow, i.e. Qg is 

proportional to (pi²-1), is acceptable. The specific permeability coefficient Kg can be regarded as 

gradient of the linear regression curve. 
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Figure A.9.2: Oxygen flow of samples cured 1 day (left) and 4 days (right) in water in dependence  

                        on inlet pressure (pi²-1). 
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Fractional pore volume 

Figure A.9.3 presents the total pore volume divided into the fractions of air pores, SAP pores and 

capillary pores. 
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Figure A.9.3: Fracitoned pore volume of concrete. 

Relative pore size distribution 

Figure A.9.4 shows the relative pore size distribution in correspondence with the cumulative pore 

size dirstibution presented in Figure 9.12 on page 136. The results were obtained from combining 

MIP results with results of pore counting according to [DIN EN 480-11 2005]. 
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Figure A.9.4: Relative pore size distribution. 

 

 



 197 

Appendix to chapter 10 

Details on combined CDF-/CIF-test method 

Figure A.10.1 presents the temperature curve of a CDF-test cycle (left) and the handling of 

specimen during combined CIF-/CDF-testing in a schematic manner (right).  

 

 

Figure A.10.1: Temperature as a function of time during two freeze-thaw cycles of CDF-testing  

                        [DIN EN 12390-9 2009] (left) and illustration of specimen handling during  

                         combined CDF-/CIF-testing [Rilem 2004] (right). 

Grinding wheel method (Böhme) 

Figure A.10.2 presents a schematic drawing of the wear test device using the grinding wheel in 

accordance to Böhme [DIN 52108 2010]. Length values are given in mm. 

1: counterbalance

2: retaining jig

3: sample

4: sliding track

5: balance weight

6: grinding wheel

Cross-section of the device used for wear testing

 

Figure A.10.2: Schematic drawing of the wear test device [DIN 52108 2010]. 

Note on CDF-testing results 

Figure A.10.3 shows that samples of concrete Ref 0.40 with detached sealing (sample 2 to 5) pos-

sessed about 10% higher scaling compared to sample with intact sealing (sample 1). 
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Figure A.10.3: Individual scaling of Ref 0.40 (left) and pictures of sample 4 with detached epoxy  

                         sealing (top right) and sample 1 with undamaged epoxy sealing (bottom right) after  

                         28 freeze-thaw cylces. 

Relative performance of concretes 

Figure A.10.4 shows the relative performance of concretes with respect to strength, scaling, pore 

volume and abrasion. The best value among the concretes reached within each category is set to 

zero; the worst is set to one. Under the assumption that all properties are regarded as equivalent, 

the smallest surface described by the square indicates the best performance. 
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Figure A.10.4: Performance of concretes. 
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