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Summary 

Concrete is the most used building material worldwide. With the increasing growth of 

industries and urbanization globally, the demand for concrete is further increasing 

significantly. Ordinary Portland Cement (PC) is the binder used to produce typical concrete. 

Unfortunately, for every ton of manufactured cement about 0.61-ton CO2 is emitted into the 

earth’s atmosphere. As a result, several solutions have been implemented to reduce the 

usage of this material in the production of concrete. This includes its partial or full 

replacement with supplementary cementitious materials (SCMs) or alternative binders. 

Some of these combinations could be problematic to be used in cold climates due to a lower 

developed hydration heat, slower setting, or worse frost durability. 

In winter the immediate exposure of fresh concrete to freezing temperatures results in pore ice 

formation and can delay or completely stop the hydration process. This is commonly prevented 

by using an additional heating system installed in concrete or the formwork. 

Unfortunately, it usually adds complexity, increases the price, and depending on the used 

power source it could increase the CO2 footprint. Another potentially simpler and more 

sustainable solution is to modify the concrete itself by adjusting the mix design, by using 

certain chemical admixtures and special cementitious binders.  

The primary objective of this research was to investigate the effects of partially replaced 

Portland cement with GGBFS and/or CSA cement on the properties of fresh concrete exposed 

to constant freezing and sub-freezing temperatures (-15°C) in a fresh state and at a young age. 

A special emphasis was on the application of chemical and mineral admixtures that could 

eliminate the need to use heat treatments. The secondary aim was to evaluate a possible 

application of UHPC to protect new and existing concrete structures from frost damage.  

The experimental program focused on the optimization, testing, and analysis of mixes 

containing various combinations of chemical admixtures, CSA cement, GGBFS and Portland 

cement. Tests included exposure to freezing and subfreezing temperatures. The aim was to 

lower the freezing point of water and promote faster hydration and strength gain. The research 

employs techniques such as differential scanning calorimetry (DSC) to study the phase 

transition of pore water into ice and its effects on the binder matrix. Other tests include 

ultrasonic pulse velocity measurements (UPV), bond tests (pull-off), scanning electron 

microscopy (SEM) for microstructure analysis, frost durability evaluation with the Borås test, 

semi-adiabatic calorimetry to study hydration processes, and compressive strength 

measurements. 

Various mixes containing sodium nitrate-based antifreeze admixtures (AF), or CSA cement 

were analyzed. Results revealed that incorporating 25 wt.% AF partially inhibited pore ice 

formation and prolonged hydration, while 6 wt.% AF and 20 wt.% CSA increased the risk of 

frost damage. Furthermore, the addition of 20 wt.% CSA led to rapid setting and increased 

porosity, which affected strength and microstructure. Post-curing at 20°C could enhance 

hydration and prevent permanent damage due to ice formation. 

The study also proposed rehabilitating deteriorated normal strength concrete structures (NSCs) 

using an Ultra High-Performance Concrete (UHPC). High-pressure water jet scaling simulated 

deterioration, while freeze-thaw testing evaluated surface scaling. The UHPC overlay improved 

mechanical properties, durability, and bond quality. Overall, the research demonstrated how 
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using UHPC as a repair material can enhance sustainability by extending the lifespan of 

concrete structures. 

Keywords: Portland cement (PC); Calcium sulfoaluminate cement (CSA); Ground granulated 

blast-furnace slag (GGBFS); Low curing temperature; Hydration; SEM-EDS; Antifreeze 

admixture (AF); UHPC; Freeze-thaw (F-T); Normal strength concrete (NSC); Interfacial 

transition zone (ITZ); Differential scanning calorimetry (DSC); Ultrasonic pulse velocity 

(UPV); Bond test (pull-off). 
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1.  Introduction 

Concrete is the most widely used construction material and stands second in usage after water. 

With the increasing growth of industries and urbanization globally, the demand for concrete is 

increasing significantly. Concrete is held together by a cementitious binder, usually Portland 

Cement (PC). To produce PC, a mixture of raw materials including limestone, and clay are 

heated together in a kiln at a temperature of 1450°C resulting in high CO2 emission. For every 

ton of PC production, about 0.61-ton CO2 is emitted. This accounts for around 8% of the world’s 

carbon footprint, [1]. To reduce the negative impact, PC is commonly replaced partially with 

pozzolanic materials. These include industrial by-products such as slag, fly ash, and silica fume 

identified as supplementary cementitious materials (SCM). Incorporating mine tailings from 

mining industries and recycled concrete fines obtained from construction and demolition waste 

shows promising potential for enhancing concrete properties. These materials exhibit 

pozzolanic activity following mechanical activation and can be used as a partial substitute for 

cement. Additionally, recycled aggregates extracted from construction demolitions, either fines 

or coarse, can be used as partial or complete replacements for conventional natural aggregate, 

further contributing to greener concrete production and reducing production costs. These 

concretes have a significantly lower greenhouse gas emission and could be a constructive way 

of using industrial wastes rather than causing serious impacts on society and the environment, 

such as landfill or illegal dumping, emission of harmful gases, and water pollution.  

PC-based concrete performs well when produced at external temperatures between 10°C to 

20°C, [2]. As temperature is directly influencing the hydration rate and its strength-developing 

properties. In contrast, despite the ambient curing conditions SCM-based composite concrete 

shows a delay in hydration rate and strength development at an early age due to its slow 

reactivity but gains equivalent strength as PC at later ages. However, in cold climates when the 

temperature falls to 5°C and below, PC-based concrete shows a significantly retarded hydration 

rate and subsequently delays the setting time, strength development, and the construction 

period, [3–6]. And similarly, much more adverse effects are observed with SCM-based 

concrete. On exposure of fresh concrete to freeze temperatures, about 92% of water inside the 

pores freezes and expands by around 9% in volume, causing internal cracks and subsequently 

a high potential for frost damage, and developing false strength from the frozen pores, [7–9]. 

Furthermore, such exposures will not only reduce the compressive strength by 20-40% but also 

the frost durability is reduced by 40-60% i.e., on repeated freeze-thaw cycles, [2,10,11]. 

Additionally, research from ACI stated, that only minor frost damage shall be observed if 

concrete gains a critical compressive strength of 3.5 MPa at an early age, [6,12]. But these effect 

gets more aggravated on the usage of low-carbon footprint binder/concrete in similar climatic 

conditions.  

Over the years many alternatives were researched and have been adapted to promote 

construction activities in winter. Such as heating the aggregates and water; using enclosures and 

protective insulations; pre-heating the concrete laying area; adding more cement than required; 

and usage of cold-weather chemical admixtures, [13]. Except for the use of chemical 

admixtures, the other alternatives not only increase the cost of concrete but also increase the 

carbon footprint from the heating processes. Chemical additives are technically simple and cost-

effective to protect the fresh concrete from freezing, while also accelerating the strength 

development. Their fundamental role is to lower the freezing point of water, minimize the ice 

expansive pressure, and speed up the cement hydration, [2,14,15]. The available possible 

options are only certified for PC-based concrete, as there is a lack of understanding of the 

behavior of chemical admixtures on low-carbon footprint concretes at low temperatures. The 

scope of this study is to bridge this knowledge gap. As well as how to speed up the hydration 
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rate is of concern for the composite type of binder containing high amounts of SCMs when 

cured at sub-zero temperatures.  

Another cost-effective alternative is utilizing a mineral accelerator (CSA-based) as an additive 

or partial replacement for binder instead of chemical admixtures was approached to promote 

the strength gain at sub-zero temperatures. The explicit quality of its faster hydration rate and 

ettringite formation at early stage resulting from the rapid liquid absorption capability of CSA 

pronounced the anti-freeze-permeable property and resulted in a potential approach for winter 

casting, [16–19]. Further, with an optimized partial replacement of CSA with PC along with 

pre-curing accelerated the strength by 300% relative to PC based concrete in cold weather 

conditions, [19].     

Furthermore, with the urge of a circular economy, the existing concrete structures shows 

durability-related issues. Most durability-related problems are observed from the freeze-thaw 

effect i.e., cracks and surface scaling. The direct approach to preserve structures and extend 

their service life is to cover them with an external protective covering made of a more durable 

substance, rather demolish, and rebuild. The promising material for such purpose is ultra-high-

performance concrete (UHPC), [20]. The essential qualities are its high compressive strength 

(>150 MPa), tensile strength (>8 MPa), increased flowability, and highly dense microstructure, 

[21–28]. However, the main disadvantage of UHPC is the usage of a large amount of binder 

(1100-1300 kg/m3), which greatly increases the CO2 footprint, [29,30]. Conversely, due to the 

extremely low moisture content resulting in an extremely low w/b ratio, most of the binder is 

left unhydrated and can be replaced with relatively inexpensive locally accessible limestone 

powder as filler, [31–33]. Furthermore, since UHPC is applied as an overlay layer over the old 

concrete element, it is substantially less expensive and may be used in a wider range of 

applications. The interfacial transitional zone between the UHPC overlay and the substrate 

concrete is very critical and was another focus point of the study. 
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1.1 Aim, scope, and limitations 

The aim of this research was to better understand how partial replacement of Portland cement 

with GGBFS and/or CSA cement affects the properties of concretes exposed to freezing and 

subfreezing temperatures in a fresh state and at a young age. The secondary aim was to evaluate 

a possible application of UHPC to protect new and existing concrete structures from frost 

damage.  

The research included a literature review of methods used to produce concrete structures at zero 

and subzero temperatures. A special emphasis was on the application of chemical and mineral 

admixtures that could eliminate the need to use heat treatments. The output of this analysis 

enabled to narrow the scope of the research.  

The experimental program focused on the optimization, testing, and analysis of mixes 

containing various combinations of chemical admixtures, CSA cement, GGBFS and Portland 

cement. Tests included exposure to freezing and subfreezing temperatures up to -15°C. The aim 

was to lower the freezing point of water and promote faster hydration and strength gain. Fresh 

and hardened properties were determined for all produced concretes. The phase transition of 

pore water into ice, the ice-forming temperature, and their effects on the binder matrix were 

studied using differential scanning calorimetry (DSC). Other tests included ultrasonic pulse 

velocity measurements (UPV), bond test (pull-off), scanning electron microscope (SEM) for 

analysis of the microstructure and phase composition, frost durability evaluation with Borås 

test, semi-adiabatic calorimetry to study hydration processes, compressive strength 

measurements.  

All the investigations and experiments were conducted within the university laboratory. The 

concrete’s sub-freezing curing temperature was simulated by using an industrial refrigerator 

(Schleibinger Slabtester, Germany).   

The performed research had the following limitations: 

• Only one type of Portland cement was used, i.e., Rapid Hardening Cement (SH 

cement – CEM I) from Cementa AB (Sweden). 

• Only one type of GGBFS delivered by Swecem (Sweden) was used. 

• All concretes were produced at ambient temperature and immediately after casting all 

specimens were exposed to various curing temperatures.  

• The maximum aggregate size was limited to 8 mm.  

• Only selected chemical admixtures were used and their choice was based on 

preliminary test results (not included in this thesis). 

• Only sodium nitrate-based chemical antifreeze admixture was used, its selection was 

based on the performed literature study. 
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1.2  Research questions 

The following research questions were formulated: 

RQ (1): What is the best approach to produce concretes with low Portland cement content that 

is exposed shortly after casting to freezing and subfreezing temperatures? (Paper I) 

RQ (2): How does a high amount of GGBFS affect hydration heat development and strength of 

normal concrete when cured at close and sub-zero temperatures? (SBUF report, Paper VIII) 

RQ (3): How does the sodium nitrate-based antifreeze admixture influence the strength 

development and pore water phase transitions of binder systems based on the combination of 

PC and GGBFS when cured at subzero temperatures? (Paper II) 

RQ (4): How effective are calcium sulfoaluminate (CSA) cements as alternatives to 

accelerators and antifreeze admixtures when used in combination with PC-GGBFS binders for 

concretes exposed to sub-zero curing temperature? What are their effects on the strength 

development strength and formed microstructure? (Paper III, IV) 

RQ (5): Can a thin layer of UHPC applied on an existing deteriorated concrete element enhance 

its properties and frost durability? (Paper V, VI) 

1.3 Thesis structure 

The Ph.D. thesis is composed of five chapters, including:   

Chapter 1: Contains a brief introduction to the research topic, followed by the research aim, its 

limitations, and formulate research questions. 

Chapter 2: This chapter contains a literature review focusing on the composite binder-based 

concrete exposed to extreme cold temperatures with the usage of chemical admixtures and or 

mineral accelerators. Furthermore, it describes the potential application of UHPC in repair and 

restoration works.  

Chapter 3: This chapter describes in detail the used materials, mix design, and test methodology. 

Chapter 4: The main test results are analyzed and discussed in this chapter. 

Chapter 5: Summarizes the findings of the research and presents conclusions drawn from the 

outcomes of this study. 
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2. Literature review 

Ordinary Portland cement concrete's performance is significantly influenced by the properties 

of the cementitious binder and the exposure conditions. Temperature is a key factor influencing 

how concrete develops strength, as it affects the rate and degree of cement hydration. At lower 

temperatures as of lower magnitude, the hydration rate of the cement is significantly retarded 

with prolonged setting time, and the strength development is reduced by 20-40% [2,10,11]. 

When the temperature drops below -4°C during freezing, moisture migrates within the binder 

matrix and about 92% of it is converted into ice [7]. Concrete cured at 20°C hydrated to ~91.9% 

after 28 days, while those exposed to -5°C to ~16.7% after 1 day and ~63.2% after 90 days. 

Irrespective of the exposure to -5°C, the dissolved Ca2+, K+, Na+, OH-, and SO4
2- ions can 

sustain a slow hydration process, [34]. Consequently, the pore ice formation could be inhibited 

by a lower freezing point of water but only to a certain limiting temperature, [34–37]. Longer 

exposure to sub-zero temperatures, causes the mixing and pore water to freeze within the binder 

matrix. The extensive formation of ice can result in the development of some strength which 

can be mistaken for the actual concrete strength originating from hydrated cement. 

Consequently, this can lead to faster removal of formwork as it appears to have reached enough 

strength. However, when exposed to high temperatures, the structure fails to take the external 

load and loses its integrity caused from the pore ice melting and the so-called strength finally 

gradually disappears, resulting in a catastrophic outcome. Figure 1 shows the schematic 

representation of the involved mechanism. 

In the case of hardened concrete, freezing pore water increases its volume by ~ 9% which can 

damage the binder matrix, [7]. The ice formation depends on the pore size, [38–40]. Water 

present in larger pores tends to freeze earlier, while the smaller pore size increases the vapor 

pressure within and consequently decreases the freezing temperature, [19,41,42]. Another 

important parameter influencing the ice formation is the cooling rate, i.e., a slower cooling rate 

provides more time for the ice front to penetrate deeper into the binder matrix, [9]. A faster 

cooling tends to result in the freezing of only the outer concrete layers while hydration can 

continue in the core. If the saturation degree of the pore system exceeds 92%, cracking of the 

binder matrix might occur, as a result of significant stresses and strains caused by the formed 

pore ice [2–4,8,9,34,43–45]. The frost damage can appear as surface scaling and internal 

cracking of the binder matrix, [2,10,11].  

 

Figure 1: Schematic mechanism of fresh concrete exposed to sub-zero curing temperature, [46] 

Engineering guidelines and standards require the application of extra precautionary actions if 

the air temperature is below 5°C or below 10°C for at least 12 hours during the day in the 

recorded three consecutive days [3–6]. These include heating of the mixing water or aggregates, 

covering concrete with isolative blankets, and windbreaks, or adding heating systems to the 
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formworks, [13]. An application of heating systems increases in most cases the ultimate CO2 

footprint and costs, Figure 2. Another alternative is using rapid hardening Portland cement and 

various types of chemical admixtures or to employ mineral accelerator that has the ability to 

increase the hydration heat and/or lower the freezing point of water, [2,14,15].  

Replacing Portland Cement (PC) partially or fully with supplementary cementitious materials 

(SCMs) or alternative binders aims to reduce the carbon dioxide footprint of concrete. 

Unfortunately, exposure of these concretes to freezing and subfreezing temperatures can in 

some cases cause short- and long-term problems. Currently, PC-based concretes can be 

produced at temperatures as low as -10°C, [7,47]. However, some binder systems containing 

high amounts of SCMs showed significantly lower hydration rates and slower strength 

development, when subjected to subfreezing temperatures immediately after casting. 

Additionally, chemical admixtures optimized for PC can perform significantly differently or 

worse when used in composite binders. Alterations could include fresh and hardened properties, 

as well as durability. The knowledge in this area is still rather limited.  

   

Figure 2: Examples of primitive protection methods of concrete during cold weather, [48] 

It is commonly agreed that concrete should reach at least 3.5-5 MPa of compressive strength 

before it can be exposed to freezing and avoid permanent frost damage, [6,12]. A minimum 

compressive strength of 24 MPa is required before concrete can be exposed to multiple freeze-

thaw cycles [6]. Furthermore, certain measures shall be applied before and after placing 

concrete during winter, [49]. For example, wooden formwork is recommended due to its lower 

thermal conductivity and better thermal insulation compared to metal formwork. The formwork 

must be cleaned of snow and ice. Frozen subgrade and steel reinforcement should be preheated, 

[6,12].  

2.1 Chemical admixtures for concretes cast at zero and subzero temperatures 

Chemical admixtures are frequently used in concrete to be cast at subzero temperatures. They 

can lower the freezing point of mixing water, shorten the setting time, and accelerate the 

strength development. Two types of antifreeze admixtures were commonly used in the early 

1950s, chloride and non-chloride-based, [2,3,50,51]. Calcium chloride (CaCl2) not only 

accelerates the strength development but also improves the rheology of concrete. Studies have 

shown that additions between 2 wt.% and 4 wt.% of CaCl2 are optimum for concreting at 

temperatures as low as -7°C, [52–55]. Unfortunately, chloride-based admixtures increase steel 

corrosion and promote water uptake [56]. The frost durability can worsen,  [52]. Additionally, 

the expansive oxychloride compounds can decrease the compressive strength by 30%–50%, 

[57].  
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The effects of antifreeze and air-entraining admixtures are shown in Figure 3 (a, b) and Figure 

3 (c, d), The antifreeze admixtures decrease the water's freezing point. The air-entraining 

admixture reduced the surface scaling by introducing an evenly spaced system of air voids in 

the binder matrix, [58,59]. On the negative side, for every 1% increase in the air content of 

concrete, the 28-day compressive strength can decrease by up to 5%, [60][58][61]. These losses 

can be comparatively prevented when combined with antifreeze admixtures, [62]. 

 

Figure 3: Low temperature cured/casted concrete (a) Without antifreeze admixture; (b) With antifreeze 

admixture; (c) Without air-entraining agent; (d) With an air-entraining agent, [63]. 

Table 1, lists the most used chemical admixtures for winter concreting. Calcium chloride, 

sodium chloride, calcium nitrate, and sodium nitrite are examples of inorganic salts. The novel 

non-chloride-based calcium nitrate admixture demonstrated similar acceleration effects, even 

at -10°C, without any detected steel corrosion [12]. This admixture, while soluble in water, acts 

solely as a set accelerator through an early Portlandite formation [64,65]. However, at lower 

temperature of -20°C, concrete showed deteriorated performance due to micro-cracking, but 

upon subsequent curing at room temperature improved strength,  [3,12,66,67]. Further, in a 

study PC concrete with 6 wt.% of calcium nitrate and 0.5 wt.% of superplasticizer achieved 

compressive strengths of 33.21 MPa, 10.76 MPa, 5.35 MPa, and 4.13 MPa when cured at -5°C, 

-10°C, -15°C, and -20°C for 28 days, respectively. Subsequent 28 days of water curing at room 

temperature substantially increased these strengths to 57.51 MPa, 52.93 MPa, 51.35 MPa, and 

47.02 MPa, respectively [12].  

Furthermore, a curing procedure that included also pre- and post-curing, limited the admixture 

dosage to 1 wt.% of calcium nitrate or 1 wt.% of polyhydroxy amine antifreeze admixtures and 

enabled to achieve comparable results. PC concrete was cured at temperatures between 0°C and 

-20°C for 2 days, followed by 26 days of storage at room temperature, [68]. Mixes containing 

calcium nitrate reached compressive strength between 23.24 MPa and 14.8 MPa. Mixes with 

polyhydroxy amine admixture between 25.53 MPa and 15.98 MPa. Similarly, concrete 

incorporating a calcium nitrite admixture and cured at -4°C for 3 days, followed by 25 days of 

further curing at 10°C, showed improvements in several parameters. For example, the setting 

time was shortened by six hours, The compressive strength increased by 170% increase at 3 

days and a 117% increase. The 28-day compressive strength was comparable to concrete 

without admixtures but subjected to the same curing regime [51]. 

Using a research setup like that of Karagöl et al. (2013) but incorporating additional room 

temperature curing, Demirboga et al. (2014) investigated the effectiveness of 6 wt.% of urea 

admixture. The maximum compressive strength was 16.38 MPa and 6.95 MPa after 28 days of 

curing at -5°C and -10°C, respectively. Subsequent 28 days of curing at room temperature 

increased the strength values to 30.28 MPa and 22.12 MPa, respectively [13]. Specimens cured 

at -10°C developed dense microstructures with higher amounts of formed calcium silicate 



11 

 

hydrate (C-S-H) and calcium hydroxide. In contrast, control specimens showed more 

unhydrated cement particles and delayed hydration processes. Furthermore, concrete mixes 

containing 6 wt.% of calcium nitrate, or 6 wt.% of urea were studied by Polat (2016). Both 

mixes were exposed to freeze-thaw testing immediately after casting in the temperature range 

of +/-10°C. Concrete with the calcium nitrate admixture achieved a 28-day compressive 

strength of 28.05 MPa, while the urea-based concrete was only 18.32 MPa [10]. In another 

study, the combined effects of urea and calcium nitrate admixtures were examined. Both 

admixtures were used in equal amounts (4.5 wt%) in concrete samples cured at various 

temperatures (-5°C, -10°C, -15°C, and -20°C). The best results were observed at -5°C and -

10°C, with compressive strengths of 41.91 MPa and 24.28 MPa, respectively, after 28 days. 

However, curing at -15°C and -20°C resulted in lower strengths of 8.86 MPa and 3.99 MPa, 

respectively, [7]. The strength development can be attributed to urea's acceleration of the 

hydration process, calcium nitrate's promotion of rapid crystallization, and the eutectic points 

of both admixtures. Urea and calcium nitrate ranged between (-6.3°C to -7.4°C) and (-7.6°C to 

-11.5°C), which, if surpassed, could lead to reduced strength due to ice formation and 

microcracking, [7,12]. 

Combinations of 6 wt.% of sodium nitrite with 2 wt.% of calcium nitrite and 6 wt.% of sodium 

nitrites with 0.06 wt.% of potassium carbonate were assessed by Korhonen and Cortez (1991). 

After 28 days and exposure to -10°C, the test concretes reached 35 MPa [16]. The research 

indicated that pre-curing of specimens for six hours at room temperature enhanced their 

strength. However, prolonged curing at room temperature accelerated the transformation of 

ettringite into monosulphate and caused microcracking [57][39]. Potassium carbonate can be 

used as accelerators and antyfreezing admixtures, producing more fiber-like products at an early 

age due to the faster hydration process, resulting in the development of high internal stresses 

and micro-cracks, thereby lowering the effectiveness of the admixture, [69]. 

Table 1: Summarized cold weather chemical admixture for winter concreting, [63]. 

Admixture Years References 

Calcium Chloride 
1951, 1952, 1958, 1970, 1976, 1990, 

1995, 1998, 2007, 2008, 2013 
[2,3,70,12,52–55,57,66,67] 

Sodium Chloride 1976, 1990, 1998 [2,3,70] 

Calcium Nitrate 
1991, 1999, 2003, 2013, 2015, 2016, 

2018 
[7,10,12,58,61,71–73] 

Calcium Nitrite 
1989, 1991, 1995, 1996, 1998, 2007, 

2013 
[3,12,15,51,66,67,74,75] 

Magnesium chloride 2008 [57] 

Sodium Nitrate 1997 [76] 

Sodium Nitrite 1991, 1996, 2012 [15,74] 

Sodium Sulfate 1985, 1990, 1997, [2,76,77] 

Potassium carbonate 1983, 1991, 2019 [15,69,78] 

Urea 2014, 2015, 2016 [7,10,13] 

Calcium thiocyanate 1995, 2007 [67,79] 

Polyhydroxy amine 2011 [68] 

Sodium thiocyanate 1988, 1998, 1999, 2003 [3,5,71,80] 

Polyglycolester based 1991, 1999 [71,72] 

Hydroxyethylamine 2011, 2014 [68,81] 

Polyethylhydrosiloxane 2007 [59] 
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Air entraining agents (AE) have a crucial role in enhancing the frost resistance of concrete. 

Many researchers proposed to blend the air-entraining agent with antifreeze or accelerating 

admixtures to limit the adverse effect. Franke et al. (2015) proposed a concrete mix with an 

admixture combination comprising 4 wt.% of calcium nitrate and 0.16 wt.% of air entraining 

agent (SIKA LPS A-94). The AE increased porosity, while calcium nitrate supported the 

formation of fine air voids and enhanced frost durability. This approach accelerated the strength 

development and low surface scaling of 82 g/m2 after 56 freeze-thaw cycles exposed to 3% 

NaCl solution. In contrast, concrete without these admixtures showed a surface scaling of 11851 

g/m2, [58,61,73]. 

Partially replacing PC with SCMs is a common practice to reduce the CO2 footprint of 

concretes. However, fresh, and hardened state properties can deteriorate more extensively in 

comparison with PC concretes when cured at subfreezing temperatures. Jiang et al. (2013) 

investigated composite concrete mixes comprising 6 wt.% fly ash, 4 wt.% of "LNC-53" non-

chloride antifreeze admixture, a naphthalene-based water reducer, and 5.3 wt.% air entraining 

agent. The length of the applied pre-curing at room temperature, followed by 28 days of curing 

at -10°C, resulted in strengths ranging from 12.6 MPa to 38.6 MPa. Specimens pre-cured for 

48-72 hours formed a dense binder matrix, and showed a minimal weight loss and a 15% RDME 

loss after 300 freeze-thaw cycles, [82]. Dong et al. (2013) increased the fly ash content to 10 

and 20 wt.% of PC and observed a decreased strength regardless of the applied curing. Despite 

the lower 28-day compressive strength values, the 90-day strength reached 48 MPa and 40 MPa. 

These values were comparable with the 28-day compressive strength results obtained for the 

reference concretes cured at room temperature, [82–84]. An increase of the fly ash amount to 

30 wt.% of PC, but without the addition of any cold weather admixtures (CWA), produced the 

compressive strength of 68.1 MPa strength after 90 days of standard curing. However, after 100 

F-T cycles, the strength dropped by 84%, [85].  

The incorporation of silica fume altered frost damage mechanisms, promoting denser 

microstructure formation and less water penetration during freezing, even without air 

entrainment, [56,86–91]. Jang et al. (2015) investigated high-performance concrete (HPC) with 

5% silica fume that was cured at 5, -5, and -15°C. Strength values gradually declined with lower 

temperatures, reaching 25.41 MPa, 23.76 MPa, and 14.02 MPa after 28 days, [91]. Concrete 

with up to 7 wt.% silica fume and a w/b of 0.3 showed the surface scaling of 500 g/m2 and 90% 

RDME after 56 freeze-thaw cycles. However, increasing the w/c ratio has widened the ITZ and 

increased the porosity, leading to a greater uptake of the freezing media during freeze-thaw 

cycles, [92–94]. On the contrary, strength reached approximately 70 MPa after 90 days, with a 

108% increase in the residual compressive strength for composite concrete up to 30 wt.% of fly 

ash replacement, 10 wt.% silica fume, and a w/b ratio of 0.28. Further increase in the amount 

of fly ash decreased the strength development and worsened the frost durability despite the 

added silica fume, [95]. Furthermore, introducing an air-entraining agent to mixes resulted in 

the RDME and durability factor of over 80%, with minimal to moderate surface scaling after 

300 F-T cycles. Increased fly ash content, however, led to an unstable air-void system due to 

the adsorption of the air-entraining agent, [90,96,97]. 

Ground granulated blast furnace slag (GGBFS), a byproduct from steel industries, has a 

negative impact on concrete properties at low temperatures. Concrete containing 50 wt.% of 

GGBFS showed an RDME of up to 80% after 180 F-T cycles without entrained air [98,99]. 

Increasing replacement levels led to extensive internal damage, with an RDME dropping below 

20% after 180 cycles due to ice formation in capillary pores. This ice-stress mechanism can be 
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mitigated by reducing pore volume or inducing entrained air, [100–102]. Conversely, concrete 

with 5 wt.% of silica fume and 50 wt.% of GGBFS showed RDME of 95%. Yet, maintaining 

GGBFS at 50% and increasing the silica fume content to 15 wt.% reduced the F-T resistance 

(RDME – 65%) after 180 cycles, [100]. Sobolev and Batrakov (2007) studied the frost 

durability concretes containing 15 wt.% of silica fume and with either 15 wt.% ponded ash or 

45 wt.% finely ground blast furnace slag. All mixes, with 1.8 wt.% of SNF type superplasticizer 

and 0.0625 wt.% of PEHSO air-entraining admixture, resisted F-T action over 700 cycles with 

minor deformation below 0.05% [59]. Increasing pond ash content to over 15 wt.% showed 

deterioration even before reaching 200 F-T cycles due to its slow reaction, leaving partially 

unhydrated ash particles [103]. 

The efficiency of the cold weather chemical admixtures is summarized in Table 2, Table 3, 

Table 4 and Table 5. Only the nitrate-based and urea mixed with calcium nitrate-based AF 

admixture appeared to be equally efficient for concretes based on PC and PC with SCMs.  

Table 2: Efficiency of antifreeze admixtures for PC and composite concrete based on the available data, 

[63]. 

Antifreeze 

Admixture 
PC Composite Comments References 

Calcium Chloride × – Expansive oxychloride 
Susceptible to reinforcement 

corrosion 

[2,3,52–55,70] 

Sodium Chloride × – 

Calcium Nitrate ×××× – 
Accelerates hydration reaction. 

Efficient up to −10 °C 

Needs additional standard 

curing 

[10,12,15,51,74] 

Calcium Nitrite ×××× – 

Polyhydroxy amine ××× – 
Post-curing boosts strength and 

microstructure 
[68] 

Polyglycolester-
based 

××× – 
Depends on the dosage of 

admixture 
[71,72] 

Urea ××××× – 
Efficient with calcium nitrate 

Breaks hydrogen bond and 

enhances workability. 
Accelerates and nucleates at the 

same time 

[7] 

Calcium thiocyanate ×× – Accelerator [67,79] 

Sodium thiocyanate × 
× (OPC + FA) 

×× (OPC + Slag) 
Risk of alkali–aggregate 

reaction 
[3,5,71,80] 

Sodium Nitrate ×××× 
××××  

(OPC + FA + SF) 

Prolonged pre-curing will 

develop cracks 
[75] 

Potassium carbonate ××× – 
Detrimental effect at standard 

temperature 
[69] 

Sodium Sulfate ×× – Need pre-curing [78] 

Hydroxyethylamine ×× – 
Does not withstand corrosive 

environment 
[68,81] 

MC Rapid 25/15 – 
××××  

(OPC + Feldspar) 

Dissolute silica compound and 

maintain liquid phases 
[44,104] 

Note: (×) not acceptable performance; (××) barely acceptable; (×××) reasonable; (××××) acceptable; (×××××) 

very good performance; (–) no data available.  
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Table 3: Efficiency of commercial AE for PC and composite concrete, [63]. 

Air-Entraining (AE) 

Admixture 
PC Composite Comments References 

Diamidoamine salt ××× - 

Closed spaced air-void. 

Promote strength 
development at later age 

[105] 

Saponin based - 
××××  

(OPC + FA) 

Stable in acidic and 

alkaline environment 
[106–109] 

Resin based - × (OPC + SF) High porosity [110,111] 

Polyethylhydrosiloxane 

(PEHSO) 
- 

××××  
(OPC + SF + Slag) 

×××× 

 (OPC + FA + SF) 

High reactive with 

hydroxyl group 
[59,112] 

Note: (×) not acceptable performance; (××) barely acceptable; (×××) reasonable; (××××) acceptable; 
(×××××) very good performance; (–) no data available. 

 

Table 4: Summarized PC and admixtures exposed to lower curing temperature, [63]. 

Convention PC concrete 

Admixtures 
Curing 

Temp (°C) 
F-T cycles Notes Reference 

Calcium chloride + 

sodium chloride 
-10 - 

Dosage 2% - 4% 
efficient, no 

adverse effects 

[2,3,52–55,70] 

3wt% calcium 
thiocyanate 

-5 - 

74% strength 

increase compared 
to normal cured 

concrete 

[67,79] 

1wt% polyhydroxy 

amine antifreeze 

0 

-5 
-10 

-15 

-20 

- 

2 days cured at 
respective 

temperature, 

followed by normal 

water curing for 26 

days 

[68,81] 

10wt% sodium 

thiocyanate 
-7 - 

Over 10% risk of 
alkali aggregate 

reaction 

[3,5,71,80] 

6wt% sodium nitrite + 
2 wt% calcium nitrite. 

-10 

- 

Strength gain 35 
MPa 

[15,74] 
6wt% sodium nitrite + 

0.06 wt% potassium 
carbonate 

- 

3 wt% potassium 
carbonate antifreeze 

10 to -5 - 

30% strength 

increase -Exposed 
to winter, varying 

temperature 

[69] 
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8.1% calcium nitrite -4 and 10 - 

117% strength 
increase – Initial 

3days cured at -4°C 

and followed by 
10°C until test 

[51] 

Calcium nitrite + 
polyglycolester 

-5 - 

5 liters per 100 kg 

of cement is the 

optimum dosage 

[71,72] 

6 wt% urea 
-5 

-10 
- 

Workable, 

additional normal 

curing increased 

strength 

[13] 

6 wt% calcium nitrate + 

0.5 wt% plasticizer 

-5 

-10 

-15 
-20 

- [12] [10] 

4.5 wt% urea + 4.5 wt% 

calcium nitrate 

-5 

-10 
- 

Over -10°C, 

strength decreased 
[7] 

4 wt% calcium nitrate + 
0.16 wt% air entraining 

agent (SIKA LPS A-94) 

20 56 

Less surface 

scaling relative to 
conventional 

concrete without 

admixtures 

[58,61,73] 
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Table 5: Summarized SCM mixes, and chemical admixtures exposed to lower curing temperature, [63]. 

Mix Admixtures 
Curing 

Temp (°C) 
F-T cycles Notes Reference 

12.5% Fly ash 

+ 5.4% silica 

fume 

0.4 wt% sodium nitrite 

antifreeze (AF) 
-5 and +20 - 

7 days cured at -5°C, followed 

by +20°C for 21 days 
[75] 

20% fly ash - -5 - 

Lower modulus of elasticity 

compared to 20°C cured 

samples 

[91] 

23% fly ash Sodium thiocyanate (AF) -4 - 
Concrete measured 27°C while 

casting 
[3] 

50% slag -  180 Excessive internal damage 

[100] 
50% slag +5% 

silica fume 
-  180 RDME 95% 

20% to 30% 

silica fume 

lignousulfonic acid water 

reducing agent + sulfonated 

naphthalene formaldehyde 

+ AE 

 300 
Deterioration of concrete due to 

high air void spacing factor 
[110] 

0% to 65% slag 

+ 25% silica 

fume 

-  100 Extremely dense binder matrix [99] 

7% silica fume -  56 
High performance concrete, 

less surface scaling 500 g/m2 
[92] 

15% silica fume -  28 Surface scaling 80 g/m2 [87] 

10% silica fume -  300 7% strength decrease [113] 

15% silica fume 

or fly ash 

1.5% Sikament (SP) + 

0.15% Sika AER (AE) 
 28 

Dense microstructure, less 

surface scaling 
[87,88,114] 

15% silica fume 

+ 40% fly ash  
1.25% PCE (SP) 20 210 Extensive internal damage [115] 

5% silica fume 5% AE 20 300 Dense and durable 

[85,97] 5% silica fume 

+ 15% to 35% 

fly ash 

5% AE 20 300 Fly ash is affecting durability 

Silica fume (0% 

- 20%) + fly ash 

(0% -40%)  

- 20 120 
Internal damage, need of AE 

agent 
[116] 

15% cement 

kiln dust (CKD) 
- 20 300 

Internal frost damage for excess 

CKD 
[117] 

10% slag + 

10% metakaolin 
- 20 300 Optimization of pore structure [118] 

15% silica fume 

+ 45% slag 

1.8% sulfonated 

naphthalene formaldehyde 

(SP) + 0.0625% 

polyethylhydrosiloxane 

(AE) 

20 56 
Admixtures improved frost 

durability 
[59] 

20% fly ash 
0.5% naphthalene-based 

(SP) +4.2% SJ-3 (AE) 
20 400 Less internal damage [107,108] 
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2.2 CSA cements for concretes cast at zero and subzero temperatures 

CSA cements are known for their rapid setting, low shrinkage, excellent anti-freeze properties, 

and superior sealing characteristics, [16–19]. Some of their hydration products can adsorb liquid 

phase, thereby preventing the formation of larger ice crystals, [19]. CSA cement production 

requires approximately 60% less limestone compared to Portland Cement (PC), which results 

in lower clinkering between 1250°C and 1350°C, with the potential to be further reduced to 

1100°C, [119,120]. CSA cement has a lower density in comparison with PC clinker therefore it 

requires less energy for grinding, and emits less CO2 during production, [18,121–123]. The 

composition of CSA cement typically includes 30-70 wt.% of ye'elimite (C4A3Ŝ), 10-25 wt.% 

of calcium sulfate (anhydrite) (CŜ), up to 25 wt.% of belite (C2S) and some brownmillerite 

(C4AF), [19,124,125]. Upon reaction with water, the main hydration phases formed are calcium 

monosulfate aluminate (AFm) (C4ASH12) and gibbsite (AH3) from ye'elimite. The presence of 

anhydrite led to the production of ettringite (AFt) (C6AŜ3H32) and gibbsite, [126,127]. High 

early strength and rapid drying, accelerated setting, are linked with non-expansive large 

ettringite crystals, [16]. On the contrary, expansive, self-stressing, and shrinkage-resistant 

properties are observed in the presence of lime. In that case, ettringite (AFt) (C6AŜ3H32) is 

formed upon hydration of ye'elimite. Additionally, optimized anhydrite dosage often leads to a 

higher later-age strength due to a slower dissolution, [128,129].  

A partial replacement of PC by CSA cement has shown promising results, leading to accelerated 

setting and faster strength development, [130,131]. The formed larger amount of ettringite fills 

the pore system, absorbing excess water that can limit the formation of large ice crystals, and 

enhancing the density of the binder matrix, [19,132]. Additionally, in PC-CSA systems, the 

presence of gibbsite promotes the synthesis of strätlingite and portlandite through interaction 

with alite (C3S), [133,134]. Belite-rich CSA as the sole binder along with gibbsite (AH3) 

primarily promotes the formation of strätlingite, resulting in slower strength development, 

[135]. Concretes based on PC-CSA binders cured -5°C showed 300% higher early compressive 

strength due to the ettringite formation, [19]. On the contrary, studies by Huang et al. (2019) 

showed a 65% and 83% reduction in strength for concretes cured at -5°C and -10°C, [136]. The 

maximum replacement of PC with CSA appeared to be <20 wt.%, [19]. The presence of CSA 

in PC systems does not alter the hydration process of C3S but modulates aluminate dissolution, 

[137,138]. Blended PC-CSA has a 2.5 times faster hydration rate in comparison with pure PC 

systems. Higher concentrations of sulfates and free lime led to increased heat release, 

[19,125,132,137]. The primary factors were faster wetting, dissolution, and partial hydration. 

Gypsum (CŜH2) from PC accelerates the dissolution of anhydrite (CŜ) and enhances the 

hydration kinetics of ye’elimite, ultimately resulting in the formation of ettringite crystals as the 

principal reaction products, [123]. After complete consumption of calcium sulfates and calcium 

hydroxide, the main reactions involve the formation of calcium monosulfate aluminate (AFm) 

and gibbsite (AH3) as the principal hydration phases during the interaction of ye’elimite with 

water, [139].  

Furthermore, maintaining the CSA cement and having GGBFS replace some parts of the PC 

could further lower the CO2 footprint. However, incorporating CSA into the PC+GGBFS 

system has the potential to enhance the early-age mechanical properties, [131]. The primary 

hydration phases, including ettringite, monosulfate, gibbsite, and strätlingite, were comparable 

to those found in pure CSA-based concrete, [120,131,140]. These systems exhibited a reduced 

risk of alkali-silica reaction (ASR) and enhanced resistance to sulfate attack, [131,141]. 

However, studies have noted that the dilution effect and limited reactivity of GGBFS in binary 
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GGBFS-CSA mixtures led to a decline in mechanical properties and durability, [120,142,143]. 

Additionally, the behavior of these blended composite mixtures under freezing and subfreezing 

curing conditions remains uncertain, as of a very limited number of studies.  

2.3 UHPC overlay for restoration of deteriorated concrete structures 

Ultra-high-performance concrete (UHPC) has high compressive strength (>150 MPa), tensile 

strength >8 MPa, enhanced flowability, and a very dense microstructure leading to superior 

frost durability,  [21–28]. UHPC has been successfully applied in strengthening and repairing 

deteriorated reinforced concrete structures [144,145]. Ensuring a sufficient bonding between 

UHPC overlays and deteriorated concrete substrates is a crucial factor. Parameters such as 

substrate roughness, moisture content, and water-cement ratio play key roles in determining the 

properties of the interfacial bond zone [146–150]. Studies showed that a high porosity in the 

interface zone could weaken bonding between the layers due to the limited water available for 

proper hydration. Low porosity may reduce mechanical interlock between the substrate and the 

overlay, [150]. Jackhammering, sandblasting, and water jetting are commonly used to roughen 

the substrate surface, [151]. However, microcracking caused by jackhammering can lead to 

weaker bonds [151]. In contrast, studies have shown that preparing the substrate surface through 

sandblasting or water jetting promotes better bonding due to well-exposed aggregates [22,152]. 

Zhang et al. (2020) evaluated the interfacial bond properties between UHPC and normal 

concrete with varying moisture levels and substrate roughness using slant shear, split tensile, 

and direct tensile tests. The results indicated a significantly higher bond with rough and 

adequately wetted substrate concrete compared to smooth substrates [26]. Curing conditions 

also directly influence bond properties. Application of high temperatures resulted in higher 

early shrinkage and decreased interfacial bond strength compared to ambient-cured specimens 

[155,156]. The interface shear strength was investigated using a Z-shaped single-sided push-

out test on untreated and grooved (water-jetted) substrates. The results showed better strength 

for rough and grooved substrates compared to untreated substrates [153,154]. Others applied 

epoxy as an adhesive agent on a rough substrate surface. The results showed mixed effects due 

to the uneven distribution of the epoxy agent, [155]. Some have recommended an overlay 

thickness of only 25-50 mm, to minimize materials consumption and lower the weight while 

maintaining high tensile strength [156–158]. Such thin overlays are susceptible to early-age 

shrinkage cracks caused by restraint effects [159]. 

UHPC often requires a significant amount of cement compared to conventional concrete, 

resulting in 2-3 times higher CO2 emissions [29,31–33]. Partially replacing PC with slag, fly 

ash, silica fume, limestone powder, and quartz filler not only reduces production costs but also 

decreases shrinkage while enhancing mechanical properties and durability, [160–165]. The 

inclusion of limestone powder as a filler in UHPC has different effects on fresh and hardened 

concrete properties. Its fineness accelerates cement hydration, [166–168]. Some studies indicate 

that calcium carbonate in limestone powder reacts with C3A to form low and high forms of 

calcium carboaluminate (CCA) during cement hydration, thus enhancing strength, [163,169–

171]. Additionally, it expels water and fills voids, thereby improving fresh concrete properties 

and facilitating secondary pozzolanic reactions between portlandite and silica fume [171]. 

Using quartz filler reduces paste thickness, resulting in lower porosity and better homogeneity, 

making UHPC more brittle [172,173]. 
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2.4 Summary 

Casting concrete in cold weather is challenging and costly, as it can lead to delayed setting 

times, slow strength development, and increased risk of freezing. Two approaches are typically 

used to address these issues: heating systems, protective covers, or alternative binders and 

chemical admixtures. Existing research indicates that PC-based concretes can perform well at 

temperatures as low as -10°C without the need for additional measures. Hydration heat 

combined with chemical admixtures is sufficient to achieve adequate strength and freeze-thaw 

durability in these conditions.  

Only limited research has been done on composite binders incorporating, alternative cements, 

supplementary cementitious materials (SCMs), chemical admixtures, and their performance in 

subzero temperatures.  

The application of UHPC to protect old and new PC concrete structures from frost damage has 

been also investigate only to a limited extend. Especially, when using low PC content UHPC.   
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3. Materials and methods

3.1 Materials 

3.1.1 Binders 

The following types of binders were used: Rapid hardening Portland cement (CEM I 52.5R) 

and Anläggningscement (CEM I 42.5N) from Cementa AB – Heidelberg Materials Sweden, 

ground granulated blast furnace slag (GGBFS) from SWECEM – Merit – Sweden and 

commercially available belite based CSA cement identified as Calimex BeliCem (CSA) from 

Caltra Nederland B.V. The chemical compositions of all binders are shown in Table 6 
and physical properties on Table 7. 

The CSA cement contained ~25% of belite (C2S), > 60% of Ye'elimite (C4A3Ŝ), and 10% of 

calcium sulfate (CŜ).  

Table 6: Chemical composition of the used binders. 

Oxides (%) CEM I 42.5 N CEM I 52.5R GGBFS CSA 

CaO 63.30 62.5 30.3 40-44 

SiO2 21.20 18.8 34 6-10

Al2O3 3.40 5.4 11.6 ≥32 

Fe2O3 4.12 3.2 0.3 ≤2.2 

MgO 2.20 1.3 12.1 ≤1.5 

Na2O 0.18 0.14 0.53 - 

K2O 0.56 1.3 0.81 - 

SO3 2.70 3.7 1.5 9-10

Cl 0.02 0.03 0.02 - 

LOI 2.50 2.6 -0.9 ≤3 

Table 7: Physical properties of the used binders 

Binder Type Producer Fineness cm2/g Density g/cm3 

PC CEM I 52.5R Cementa 5400 3.2 

Slag GGBFS SWECEM 4350 2.9 

CSA Belite-CSA Caltra Nederland B. 

V.
5000 2.9 
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3.1.2 Fillers and Aggregates 

The used fine fillers included a fine quartz filler type "Norquartz 45" from Sibelco Nordic 

(Lillesand, Norway), condensed micro-silica 920D from Elkem (Oslo, Norway), limestone 

powder type "Nordkalk Limus 40" from Nordkalk AB, and fine sands with maximum particle 

sizes of 350 µm (B35) and 150 µm (B15) supplied by Baskarpsand AB (Habo, Sweden). Table 

8 shows their chemical compositions. Concretes contained natural granite aggregates 

having particle size 0-4 mm and 4-8 mm, from Jehander – Heidelberg Materials, Sweden. 

Figure 4 shows the particle size distribution of the used fillers and aggregates.  

Table 8: Chemical composition of the used fillers. 

Oxides (%) 
Limestone 

Powder 
Silica Fume Quartz 

Fine sand 

(B15, B35) 

CaO 50.2 1 99.6 - 

SiO2 4.6 ≥85 - 90.5 

Al2O3 1 1 0.25 4.9 

Fe2O3 1 1 0.02 0.5 

MgO 2 1 - - 

Na2O 0.1 0.5 - 1.2 

K2O 0.3 1.2 - 2 

SO3 0.02 2 - - 

Cl <0.01 0.3 - - 

LOI - 4 0.15 - 

Figure 4: Particle size distribution of the used fillers and aggregates. 
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3.1.3 Chemical admixtures 

To enhance the workability and accelerate the hydration process of pastes and concretes several 

chemical admixtures were used in this study. These included a polycarboxylate ether-based 

superplasticizer "MasterGlenium ACE 30" (SP), a sodium nitrate-based antifreeze admixture 

"MasterSet AC 220" (AF), an accelerator "Master X-Seed 130" (ACC), and an air-entraining 

admixture "MasterAir 105" (AE), all of which were provided from Masters Builders 

(Rosersberg, Germany). The water content within these chemical admixtures was subtracted 

from the water added during mixing. The solids and water contents are shown in Table 9. 

Table 9: Solid and water contents in wt.% of used chemical admixtures. 

Chemical admixtures 
Solid content 

(wt.%) 

Water content 

(wt.%) 

MasterGlenium ACE 30 (SP) 30 70 

MasterSet AC 220 (AF) 40 60 

Master X-Seed 130 (ACC) 22.5 77.5 

MasterAir 105 (AE) 12.5 87.5 

3.1.4 Steel fibers 

Steel fibers of lengths 6 mm and 13 mm from Krampe Harex-Germany (Hamm, Germany) were 

used in the production of UHPC. The properties of these fibers are shown in Table 10. 

Table 10: Properties of the used steel fibers 

Properties DM 6/0.175 DG 13/0.3 − E430 

Material Steel − brass coated Stainless steel 

Type of fiber Wire fiber − microfiber Wire fiber − straight steel 

Length (L) 6 mm 13 mm 

Diameter (d) 0.175 mm 0.3 mm 

Ratio (L/d) 34.3 43 

Tensile strength (MPa) 2800 1100 

Modulus of elasticity (GPa) 210 200 

Quantity of fibers/kg 882,000 144,174 
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3.1.5 Mix designs 

The total binder content for all pastes and concretes was set to 400 kg/m3. The binary or the 

tertiary mixes of PC, GGBFS, and CSA contained 50 wt.% of PC and 50 wt.% of GGBFS, 

while the replacement of PC and/or GGBFS with CSA cement was limited to 20 wt.%. The 

water-to-binder ratio was 0.31 and 0.42 for paste and concrete respectively. In addition, the 

chemical admixture dosage i.e., superplasticizer (SP), accelerator (ACC), and air entraining 

agent were kept constant at 0.75 wt.%, 10 wt.%, and 0.1 wt.% of the binder weight, respectively. 

The antifreeze admixture was added in different dosages i.e., 0 wt.%, 6 wt.%, 10 wt.%, 15 wt.%, 

20 wt.%, 25 wt.%, and 30 wt.%. Table 11 and Table 12 show the detailed mix composition of 

pastes and concretes.  

Table 11: Pastes mix compositions. 

Mix 
CEM I 52.5R 

(kg/m3) 

GGBFS 

(kg/m3) 

CSA 

(kg/m3) 

w/b 
Chemical admixture 

(wt.%) 

PC (100%) 400 0 0 0.31 SP – 0.75 

CSA (100%) 0 0 400 0.31 SP – 0.75 

PC:GGBFS:CSA 

(80:0:20) 

320 0 80 0.31 SP – 0.75 

PC:GGBFS:CSA 

(0:80:20) 

0 320 80 0.31 SP – 0.75 

PC:GGBFS:CSA 

(40:40:20) 

160 160 80 0.31 SP – 0.75 

PC:GGBFS:CSA 

(50:50:0)(0%AF) 

200 200 0 0.31 SP – 0.75 

PC:GGBFS:CSA 

(50:50:0)(6%AF) 
200 200 0 0.31 

SP AF ACC AE 

0.75 6 10 0.1 

PC:GGBFS:CSA 

(50:50:0)(10%AF) 

200 200 0 0.31 0.75 10 10 0.1 

PC:GGBFS:CSA 

(50:50:0)(15%AF) 

200 200 0 0.31 0.75 15 10 0.1 

PC:GGBFS:CSA 

(50:50:0)(20%AF) 

200 200 0 0.31 0.75 20 10 0.1 

PC:GGBFS:CSA 

(50:50:0)(25%AF) 

200 200 0 0.31 0.75 25 10 0.1 

PC:GGBFS:CSA 

(50:50:0)(30%AF) 

200 200 0 0.31 0.75 30 10 0.1 
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Table 12: Concrete mix compositions. 

Mix 

CEM I 

52.5R 

kg/m3 

GGBFS 

kg/m3 

CSA 

kg/m3 
w/b 

Chemical admixture 

wt.% 

Filler kg/m3 
Aggregate 

kg/m3 

Quartz B15 0-4 4-8 

CSA (100%) 0 0 400 0.42 SP – 0.75 90 90 1075 537 

PC (100%) 400 0 0 0.42 SP – 0.75 90 90 1075 537 

PC:GGBFS:CSA 

(80:0:20) 
320 0 80 0.42 SP – 0.75 90 90 1075 537 

PC:GGBFS:CSA 

(0:80:20) 
0 320 80 0.42 SP – 0.75 90 90 1075 537 

PC:GGBFS:CSA 

(40:40:20) 
160 160 80 0.42 SP – 0.75 90 90 1075 537 

PC:GGBFS:CSA 
(50:50:0) 

(0%AF) 

200 200 0 0.42 SP – 0.75 90 90 1075 537 

 

PC:GGBFS:CSA 

(50:50:0) 

(6%AF) 

200 200 0 0.42 

SP AF ACC AE 

90 90 1075 537 
0.75 6 10 0.1 

PC:GGBFS:CSA 

(50:50:0) 

(10%AF) 

200 200 0 0.42 0.75 10 10 0.1 90 90 1075 537 

PC:GGBFS:CSA 
(50:50:0) 

(15%AF) 

200 200 0 0.42 0.75 15 10 0.1 90 90 1075 537 

PC:GGBFS:CSA 
(50:50:0) 

(20%AF) 

200 200 0 0.42 0.75 20 10 0.1 90 90 1075 537 

PC:GGBFS:CSA 

(50:50:0) 
(25%AF) 

200 200 0 0.42 0.75 25 10 0.1 90 90 1075 537 

PC:GGBFS:CSA 

(50:50:0) 
(30%AF) 

200 200 0 0.42 0.75 30 10 0.1 90 90 1075 537 
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Anläggningscement (CEM I 42.5N) was used to produce UHPC. The normal strength concrete 

(NSC) was supplied by a locally ready-mix concrete distributor (Snells Betong och Ballast, 

Luleå, Sweden). Detailed mix compositions of both concretes are shown in Table 13. The 

UHPC mix contained steel fibers having lengths of 6 mm and 13 mm with dosages of 10 wt.% 

and 15 wt.% respectively, and 5 wt.% of the superplasticizer (SP). The water-to-binder ratio 

was 0.33.  

Table 13: Mix composition of UHPC and normal strength concrete (NSC). 

Materials UHPC (kg/m3) NSC (kg/m3) 

Cement type CEM I 42.5N CEM II/A-V 52.5N 

Cement  651 340 

Silica Fume 920D 130.2 - 

Limestone 651 - 

Dolomite filler – KM200 - 160 

Quartz 65.1 - 

Sand − B15 (150 µm) 227.9 - 

Sand − B35 (350 µm) 227.9 - 

Fine aggregate (0-4mm) - 1021 

Coarse aggregate 
(4-8mm) - - 

(8-16mm) - 802 

MasterGlenium ACE 30 – (SP) 32.6 3.4 

Water  192 (w/b 0.33) 187 (w/b 0.55) 

Steel fibers 6 mm 65.1 - 

Steel fibers 13 mm 97.7 - 

3.2 Methods  

3.2.1 Mixing and curing 

The mixing sequence for composite binder-based concretes included 2 min of dry mixing, 

followed by the addition of water with all chemical admixtures, and mixing for another 2 min. 

Similarly, the UHPC was dry mixed for 2 min, followed by the addition of water with 

superplasticizer and mixed for another 5–6 min. The steel fibers were added at the end and 

mixed for another 2 min. In total, the mixing time for UHPC was approximately 9–10 min. A 

pan mixer having 75 liters capacity type Zyklos – ZZ 75 HE from Pemat- Germany was used.  

Freshly cast concrete cubes were covered with plastic foil and cured at an ambient room 

temperature, of approximately 20°C ± 2°C for the preliminary studies. In contrast, for the main 

studies, the cubes were placed in a refrigerator with a set temperature of -15°C. The UHPC 
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layer cast over the deteriorated NSC element was covered with a plastic foil for 24 hours, 

followed by a surface curing using water sprinklers for the following 7 days.  

3.2.2 Test methods and sample preparations. 

All produced concretes were tested for initial and final setting time, hydration temperature 

development, slump, and compressive strength. The phase transition of pore water into ice and 

its transitioning temperature, as well as their impacts on the binder matrix, was studied using 

differential scanning calorimetry (DSC). Ultrasonic pulse velocity (UPV) was used to detect 

either the formation of internal cracks or ice within the binder matrix. A bond strength between 

UHPC and substrate concrete was determined using a pull-off) method. Microstructure was 

studied using a scanning electron microscope (SEM) coupled with an energy-dispersive 

spectrometer (EDS). 

3.2.3 Phase transition test setup 

Visual examination and differential scanning calorimetry (DSC) were used to determine the 

phase transition for the seven admixture combinations and twelve paste mixes shown in Table 

11. For the visual assessment of the phase transition in admixture solutions, the prepared 

samples were sealed in a plastic container, that was exposed to -15°C, Figure 5. The visual 

assessments were performed every 30 min with a compulsion of determining the transition 

either between from water to slush or from slush to ice. 

 

Figure 5: Graphical representation of phase transition test setup – visual determination. 

The phase transition of pore water to ice was studying differential scanning calorimetry type 

Q100 TA, Figure 6. The test included placing 15 mg of paste into a sealed aluminum crucible 

that was installed into the DSC chamber next to the empty reference crucible, Figure 6. The 

instrument’s freezing and thawing rate was set to 1°C/min with an operating temperature cycle 

from +10°C to -30°C. This temperature cycle was selected to simulate the real-case scenario 

for casting in winter. As a result, the phase transition was observed based on either the 

endothermic or the exothermic heat flow. Followed by determining the times of freezing, 

melting, and glass transition.  
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Figure 6: Differential scanning calorimeter (DSC) Q100 TA. 

3.2.4 Hydration temperature development 

An in-house semi-adiabatic calorimeter was used to analyze the temperature development due 

to hydration. The calorimeter, shown in Figure 7, was made of Styrofoam with a wall thickness 

of 60 mm. The PicoLog6 TC-08 instrument with a K-type thermocouple was adopted to record 

the temperature for 7 days for the pastes that were selected based on the phase transition test 

results. To monitor the temperature, the thermocouple was inserted into a freshly made paste 

sample that measured 60 mm x 60 mm x 60 mm. 

 

Figure 7: In-house-built semi-adiabatic calorimeter box cross-section and test setup. 

3.2.5 Setting time 

Initial and final setting times were determined on paste samples manually following the ASTM 

C191-19, [174]. Figure 8, shows the used Vicat needle apparatus provided from Form+Test 

Prüfsystemeas, Riedlingen – Germany. 
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Figure 8: Vicat apparatus used to determine initial and final setting times. 

3.2.6 Workability of concrete  

Concrete’s workability was determined by performing a slump test following the SS-EN 12350-

8:2019 standard [175], Figure 9. 

 

Figure 9: The slump test setup used to determine the workability of concrete. 

3.2.7 Compressive strength  

The compressive strength of concrete cubes having dimensions of 100x100x100 mm3, were 

determined after 1, 3, 7, 14, and 28 days of casting. The loading rate was constant and set at 10 

kN/s. For every curing period of -15°C, the samples were taken out of the refrigerator at three 

different time intervals and tested i.e., directly for testing at 0 hours (instant), 12 hour-before 

testing (12h/bf) and 24 hour-before testing (24h/bf). During the waiting period, the concrete 

samples were kept at room temperature until the test.  

Composite concretes made of UHPC and NSC were cast as cubes having dimensions of 

150x150x150 mm3. The compressive strength was determined after 7 and 28 days of casting 

the UHPC layer over the substrate element. The loading rate was set to 13.5 kN/s. The reference 

NSC cubes of 150x150x150 mm3 were tested on the same day as the composite UHPC-NSC 

concrete samples. Note: The substrate concrete and the NSC-only sample were of the same age 

at the time of testing. Figure 10 shows the preparation scheme for composite concretes. After 



29 

 

producing the NSC cube that was used later as a substrate for casting UHPC, the specimens 

were stored in laboratory conditions for three months. One month before casting the UHPC 

overlay, the external surfaces were water-jetted. The UHPC overlay thickness was 1.5 cm 

covering all the surfaces of the cube, except the top and bottom surfaces.  

The compressive strength for all concrete specimens was determined using Toni Technik 

compression testing machine following the SS-EN 12390-3:2019 standard, Figure 11, [176].  

 

Figure 10: Scheme of UHPC-NSC cube specimen preparation (a) NSC cubes; (b) water jetting; (c) casting 

UHPC overlay. 

 

Figure 11: Compressive strength testing machine. 

3.2.8 Ultrasonic pulse velocity (UPV) 

The ultrasonic pulse velocity (UPV) test was performed to detect either internal cracking, 

debonding between layers of new and old concrete, and/or ice formation within the binder 

matrix of the concrete. Pundit Lab ultrasonic instrument (Proceq, Zurich, Switzerland) with 

exponential transducers at 54 kHz was used. To analyze the transit time, the direct transmission 

method was used following the SS-EN 12504-4:2004 standard [177].  

In the case of concrete cubes cured at -15°C, the test was performed on 1-day and 28-day-old 

samples and having a measuring path length of 100 mm. The transit time was measured at 

different time intervals i.e., immediately after removal from the refrigerator (instant), 6 hours-
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after (6 h/af), 12 hours-after (12 h/af), 18 hours-after (18 h/af) and 24 hours-after (24 h/af). The 

samples were stored at room temperature during the waiting period.  

The test was also performed on a large-scale UHPC-NSC column having dimensions of 

360x360x2500 mm3 after 288 days of casting the UHPC layer. The measuring path length was 

limited to 360 mm. The measuring sequence was different compared to the concrete cubes. The 

column was prepared in the same way as for the UHPC-NSC cubes Figure 12. However, the 

UHPC overlay thickness was set to 3 cm. Measurements were performed on Red A-A1 and 

Blue B-B1 nodes of the grid formed on the surface of the column, Figure 13. The transit time 

was recorded for every 100 mm from the center (0 mm) up to 1000 mm in either direction (i.e., 

top and bottom). Furthermore, the readings were separated into top, middle, and bottom sections 

as per column level. In both cases, three consecutive readings were done without lifting the 

transducers. 

 

Figure 12: UHPC-NSC column specimen preparation (a) NSC columns; (b) water jetting; (c) schematic 

model of the repair/rehabilitated column. 

 

Figure 13: Ultrasonic Pulse Velocity (UPV) measurement nodes for UHPC-NSC column - Red (A-A’), Blue 

(B-B’). 
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3.2.9 Bond test  

The bond test between NSC and UHPC was evaluated in columns having dimensions of 

360x360x2500 mm3, 28 days after casting the UHPC overlay. The main aim was to measure 

the interfacial bond strength between the substrate NSC concrete and the UHPC overlay. This 

is a common method enabling the avoidance of friction between interfacial surfaces and other 

types of stresses [26,178]. ASTM C1583 standard was followed, [179]. The test was carried out 

using commercially available "Proceq dy-216" equipment with a 50 mm aluminum disc and at 

a loading rate of 35 kPa/s. Using a 50 mm diameter drill core, in depth of 60 mm deep core was 

drilled, inclusive of 30 mm depth of substrate layer. In total three sides of the column (A, B, 

and C) were assessed, with 6 tests per side, i.e., three at the top and three at the bottom Figure 

14. The bond strength was calculated using Eq 1. 

  𝑓𝑃 =
4𝐹

𝜋𝑑2     𝑀𝑃𝑎                                                   Eq(1) 

where: fP = bond (pull-off) strength (MPa); F = failure load (N); d = the core diameter (mm). 

 

Figure 14: Bond test locations on the column (marked in red) and schematic representation of a cross-

section of the drilled core.  

Based on the visual observation of the bond failure, its failure mode was categorized as shown 

in Table 14. Additionally, the failure mode was verified using SEM images analyzed with Image 

processing techniques on fractured core samples. The FIJI ImageJ software (Version 1.53C) 

was used for the analysis and the calculation was performed on the binarized image of the core 

surface, showing UHPC as black pixels and NSC as white pixels [180]. 

Table 14: Pull-off test bond failure modes. 

ID Bond Failure Mode Fraction of residue (%) on detached 

core 

SBF Substrate failure 85-100% NSC 

OF Overlay failure 100% UHPC 

IF Interface failure 0% NSC (no fracture surface) 

PISF Partial interface-substrate failure 1-85% NSC 
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3.2.10 Microstructure – SEM-EDS  

The microstructure and phase composition were analyzed using a Scanning Electron 

Microscope (SEM)—JSM-IT100 (JEOL Ltd, Tokyo, Japan) coupled with an energy-dispersive 

X-ray spectrometer (EDS) from Bruker (Bruker Corporation, Billerica, MA, USA), Figure 15. 

Small concrete samples having a volume of 15 to 18 mm3 were taken from the core or the 

interface. These samples were immersed in isopropanol for 24 hours to stop the hydration and 

then dried for another 24 hours in a vacuum chamber. Dried samples were impregnated with a 

low-viscosity epoxy resin under vacuum. After hardening, all samples were polished using 

diamond spray with particle sizes ranging from 9, 3, and 1 µm. Lamp oil was used as a lubricant 

and coolant, [181]. 

The SEM analysis was performed with the following parameters: backscattered electron (BSE) 

detector for images, 15 kV electron beam accelerating voltage, 50 mA electron beam current, 

chamber vacuum of 30 Pa, and 50,000 counts per analysis for the SEM-EDS data points. The 

EDS analysis was performed on areas occupied predominantly by the calcium silicate hydrate 

(C-S-H). These areas were selected based on the grey-level histograms of the BSE images, 

[181,182]. Unhydrated cement and porosity were segregated from images based on the 

greyscale histograms and quantitatively analyzed using the ImageJ software, [180].  

Concrete samples cured at -15°C were analyzed 3 and 28 days after casting. Before preparing 

the macro samples for SEM analysis, concrete cubes were removed from the refrigerator and 

held at room temperature additionally for at 0 hours (instant), 12 hour-before (12 h/bf), and 24 

hour-before (24 h/bf) respectively and followed by core extraction and isopropanol immersion 

and epoxy impregnation. The SEM-BSE Images were taken at a magnification of 500x 

[183,184], and 1000x magnification. The EDX analysis was done using images taken at 1000x 

magnification.  

The SEM analysis of UHPC-NSC concrete was performed on 28-day-old samples at 

magnifications of 150x, 2000x, and 5000x. The aim was to determine variations of phase 

composition with an increasing distance from the interface, [183,185]. Images with 5000x 

magnification were used for the EDS analysis. Analysis was done in the interface between 

exposed old aggregate and UHPC, and between the old binder and UHPC. 
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Figure 15: Scanning Electron Microscope - Energy-dispersive X-ray spectrometer (SEM-EDS) used in this 

study. 
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4. Results and discussions 

The results and discussions are divided into two parts. The first section 4.1 addresses the studies 

that focused on the effects of subfreezing curing temperatures on the performance of low PC 

content systems. The second section 4.2 addresses results obtained from additional studies that 

verified the performance of composite elements composed of NSC and UHPC.  

4.1 Low Portland cement content binders at low temperatures 

The first, and the main part of this PhD research was to study the performance of fresh and 

young concretes having a low PC content and significant amounts of GGBFS and CSA cement 

at subfreezing temperatures. The work has been divided into two stages.  

The first stage included an initial study that aimed to assess the effects of various curing 

temperatures on the performance of PC-GGBFS concretes. Compressive strength and 

temperature developments were recorded.    

The second stage of this study consisted of extensive tests performed on systems containing 

various combinations of PC, GGBFS, CSA cement and chemical admixtures. The aim was to 

determine the effects of curing temperature on several key parameters, i.e., ice formation, 

hydration temperature, strength development, microstructure, etc. 

4.1.1 PC-GGBFS  

The study started with the determination of the effects of curing temperature on the development 

of the compressive strength and hydration temperature of concretes based on Portland cement 

replaced by 50% of GGBFS. Concrete samples were cured at 20°C, 5°C, 0°C, and -5°C. Except 

for 0°C and -5°C, the concrete samples were placed in the curing water baths having 

temperatures of 20°C and 5°C immediately after casting. In contrast, samples cured at -5°C and 

0°C were stored at ambient room temperature for the first 24 hours before being placed in a 

refrigerator at the temperatures of 0°C and -5°C. This curing sequence replicated conditions that 

could occur during winter casting. The development of the hydration temperature was assessed 

using a semi-adiabatic calorimeter. Two types of concrete were tested: 100 wt.% 

Anläggningscement (ANL) and 50 wt.% Anläggningscement with 50 wt.% of GGBFS (ANL: 

GGBFS). Only superplasticizer was used as a chemical admixture.  

Figure 16 and Figure 17 shows the strength development of concrete at different curing 

temperature and hydration temperature development respectively. The compressive strength of 

concretes containing 50 wt.% of GGBFS was generally lower, independently of the curing 

temperature, which complies with previous test results and common knowledge. The most 

interesting observation from this part of the research work is the high strength values of the 

ANL (100) concrete that was cured at a constant temperature of 5°C. Up to 5 days, the strength 

was lower in comparison with mixes cured at other temperatures. However, later the strength 

increased and was the highest after 7 and 28 days even in comparison with the concrete that 

was continuously cured at 20°C. On contrary, development of the compressive strength was 

different for concrete containing 50 wt.% of GGBFS. Here the highest overall values were 

reached for mix that was continuously cured at 20°C. The 28-day compressive strength for 
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mixes cured at that temperature was very similar even despite replacing 50 wt.% of PC with 

GGBFS and reaching around 50 MPa.  

The effect of lower curing temperatures, i.e., 5°C, 0°C, and -5°C, even with initial 24 h curing 

at 20°C for samples later cured at -5°C and 0°C, was significantly stronger. All concrete samples 

made of 100 wt.% of PC reached the ultimate 28-day compressive strength values close to the 

reference cured at 20oC. On the contrary, concrete samples containing 50 wt.% of GGBFS 

reached only around 30 MPa. The observed strength is related to a lower hydration rate which 

is also seen on the hydration temperature plot, Figure 17, [186–189]. The maximum recorded 

temperature decreased from nearly 50°C to just about 30°C for mixes with GGBFS. These 

results indicate that the application of a larger amount of GGBFS in concrete exposed to 

subfreezing temperature can be problematic even despite the initial curing for the first 24 hours 

at 20oC. Others observed similar trends. For example, mixes containing 50 wt.% of GGBFS 

cured at 10°C, showed a 64% decline in strength compared to 100% PC concrete [186,190]. 

Producing concrete with no chemical antifreeze admixtures for cold regions are of high 

susceptible of pore ice formation at constant freezing temperatures could therefore be a 

challenging issue. Thus, by employing different kinds of chemical admixtures, the composition 

of the concrete mix (irrespective of the binder type) could be altered to produce higher hydration 

temperatures and decrease the freezing point of water, [2,14,15].  

 

 

Figure 16: Compressive strength gain of concrete cubes cured at 20°C, 5°C, 0°C and -5°C. 
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Figure 17: Hydration temperature development. 

4.1.2 PC-GGBFS-CSA systems  

Based on initial test results presented in section 4.1.1, it appears that producing concrete based 

on PC with a high amount of GGBFS used as SCM requires the application of additional means 

to support the hydration process. This could include either heating or chemical admixtures. The 

following part of this research focuses on diminishing the negative effects of low-temperature 

curing on concretes containing PC, GGBFS, and CSA. 

4.1.2.1 Phase transitioning (Liquid ↔ Slush ↔ Ice) 

The first stage included a study on the effects of sodium nitrate on the phase-transitioning 

temperatures of various binders with reduced PC content. Tests were divided into systems 

comprising only water with sodium nitrate and binder pastes with sodium nitrate. 

• Effects of sodium nitrate on the phase transition of water 

In general, bulk solutions are susceptible to freezing earlier than the same solutions present in 

the concrete binder matrix due to the vapor pressure [19,36,37]. The main function of the 

antifreeze admixture is to lower the freezing point of water and to enable continued hydration. 
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This research aimed to enable hydration at -15°C. The visual phase transitioning times to 

slush/ice, recorded at this temperature are shown in Figure 18.  

The results showed that a higher concentration of antifreeze admixture extended the duration of 

phase change from liquid to slush and ice. This delay correlates directly with the diminishing 

quantity of freezable water. Furthermore, each molecule of the antifreeze admixture operates as 

a molecular shield, impeding the rupture of intermolecular bonds among water molecules and 

constrain the crystallization of ice. The results showed that the sodium nitrate antifreeze dosage 

of up to 15 wt.%, did not prevent the formation of ice when exposed to a constant temperature 

of -15°C. The solution transitioned to a slush state 3 hours after placement. After another 2 

hours, the slush transitioned to a thick ice lens. On the contrary, an antifreeze dosage of 25 wt.% 

initiated transitioning to slush after 48 hours and maintained that state even after 168 hours with 

only a few ice lenses forming, see the red square in Figure 18. Thus, this amount of sodium 

nitrate prolonged the hydration without the need for additional heating. Solutions containing 30 

wt.% of the antifreeze admixture retained their liquid state even after 168 hours of exposure to 

-15°C, see the green triangle in Figure 18. This could be inferred to the segregation of ions with 

high concentration of solid sodium nitrate content present in antifreeze admixture limited the 

transitions [56]. 

 

Figure 18: Visual observation of the phase transitioning time. The point marked as “slush state – red 
square” denotes solution transitioned and retained to slush; and “liquid state – green triangle” denotes no 

transition of solution into ice. 

• Effects of sodium nitrate on phase transition of binder pastes 

Several paste samples listed in Table 11 were tested using DSC to determine the phase 

transitioning temperature of the paste pore solution to ice. The DSC curves consist of an 

exothermic peak on freezing and an endothermic peak on thawing, [38]. Using the eutectic point 

of the used chemical admixtures and/ or mineral based accelerators the freezing point of an 

aqueous solution can be determined, [12][46]. However, due to the fusion of the interacting 

components, estimating the eutectic temperature for pastes is complicated. During freezing and 

thawing processes, pastes containing different amounts of antifreeze admixtures or the CSA-

based mineral accelerator showed a significant energy release, resulting in a single dominant 
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peak on the DSC that correlated to the cluster of the same pore size Figure 19 and Figure 20. 

Similar results were also observed by others, [9]. Furthermore, the mass of the sample and the 

rate of heat transfer (enthalpy change) have an impact on the measured heat flow peaks (mW), 

[37]. However, it was also reported that the sample mass has only a minor influence on the 

phase transitions [191]. The test used paste samples weighing on average 15 mg. 

The first exo-peak was observed at around -12°C for PC:GGBFS:CSA (50:50:0) with no added 

AF admixture. This low freezing temperature could be attributed to the presence of dissolved 

ions originating from PC and GGBFS which altered the kinetics of the pore solution [34–36]. 

Pastes containing over 15 wt.% of AF showed further delayed ice formation and the formation 

of two DSC peaks. The first peak corresponded to the initiation of the pore ice crystallization, 

while the second peak to the freezing of the confined isolated pores due to the supercooling 

temperature [37,192]. Zhang et al. (2020) observed ongoing hydration and formation of a dense 

binder matrix during the cooling stage but still before reaching the freezing temperature [19]. 

Mix PC:GGBFS:CSA (50:50:0) with 20 wt.% and 25 wt.% of AF significantly depressed the 

freezing point to around -29°C. The mix PC:GGBFS:CSA (50:50:0) containing 30 wt.% of AF 

admixture showed first pore ice crystallization at around -22°C. This result could be explained 

by the theory of thermodynamics and redistribution of pore solutions due to the high 

concentration of ions [37,193]. High concentrations tend to segregate the ions from inducing an  

aqueous path between the pores (smaller and larger) causing an ice front to penetrate and freeze 

with high internal hydraulic pressure [37,194]. 

In the present study the depressed freezing temperature in all cases are associated with the 

dissolved ionic concentration in the pore solution. The latter “concentration effect” results in 

the decreased pore radius and enhanced network structure, according to the Raoult’s law and 

Clausius-Clapeyron relation, [19]. Generally, the pore solution present in larger pores freezes 

faster, whereas, in smaller pores, the vapor pressure is increased which depresses the freezing 

point, [41,42]. Both reference paste mixes PC (100%) and CSA (100%), showed freezing at 

around -14°C. Mixes containing 80 wt.% PC and 20 wt.% CSA cement showed a slightly lower 

freezing temperature at around -15°C. The addition of CSA cement caused the formation of 

additional ettringite which could absorb some pore solution. This could lead to an increased 

concentration of ions thus limiting the ice formation, [19,124]. Other studies showed that 

replacing <10 wt.% of PC with CSA cement has adversely affected the hydration of systems 

exposed to freezing temperatures. This led to the formation of coarser microstructure and worse 

frost durability, [19]. 
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Figure 19: Exothermic heat flow of the pure PC, CSA, and PC:GGBFS:CSA pastes. The freezing rate was 

1°C/min. 

During the thawing process, from -30°C to +10°C, the formation of an endothermic peak was 

observed at different temperatures corresponding to the energy absorption of the formed pore 

ice Figure 20. Paste PC:GGBFS:CSA (50:50:0) with no chemical admixture (0 wt.% AF) 

showed a well-defined peak at 0°C, [37,195]. Pastes containing AF admixture showed the 

formation of two peaks. The position of these peaks corresponded to the geometry of the pore 

system, and dissolved ion concentration [9,40]. Pastes containing >20 wt.% of AF, showed 

initial melting peaks at around -20°C, and at -10°C when less than 15 wt.% of the AF was used. 

The energy absorbed during thawing was lower and showed less variation with the amount of 

AF. This trend could be related to the earlier initiation of the melting process. The pastes 

containing 20 wt.% and 25 wt.% of AF absorbed the lowest amount of energy to initiate the 

breaking of bonds between ice molecules and cause the phase transition. Interestingly, pastes 

containing < 20 wt.% and > 25 wt.% of the AF, absorbed more heat energy to initiate the melting 

process. All pastes containing CSA showed a dominant endothermic peak just after 0°C and a 

shoulder before it. According to previous research, the early peak generated during melting 

refers to the melting of ice formed in finer pores, and the later peak, to melting in larger pores, 

[9,196,197]. The melting of ice is a continuous process, which is limited at very low 

temperatures, [38,198]. The presence of AF limited the difference in the amount of heat expelled 

during freezing and heat absorbed during thawing [37,38].  
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Figure 20: Endothermic heat flow of the pure PC, CSA, and PC:GGBFS:CSA pastes. The thawing rate was 

1°C/min. 

4.1.2.2 Development of temperature due to hydration 

The hydration temperature development was measured using a simple semi-adiabatic setup on 

the following pastes: reference pastes, pastes containing CSA, and pastes containing 6 wt.% 

and 25 wt.% of AF admixtures, Table 11. The tested mixes were chosen based on the DSC test 

results and the obtained results are shown in Figure 21.  

The length of the induction period was ~250 min for the reference PC and 140 min for the CSA 

cement. The initial temperature peak observed for the CSA cement can be related to the rapid 

breakdown of gypsum and Ye’elimite, resulting in the formation of ettringite and amorphous 

AH3. After 30 min of the induction period, a second exothermic peak evolved, which is 

associated with the synthesis of ettringite and the fast hydration of ye'elimite [199,200]. The 

main hydration peaks for PC and CSA cement were detected after 360 min and 240 min 

respectively. The current setup enabled the first reading of the temperature only 5 min after 

mixing, thus preventing the detection of early-age hydration peaks. It was also impossible to 

detect the third peak at later ages, which has been related by others to the crystallization of 

ettringite [200].  

Earlier research studies showed the formation of three distinctive hydration peaks of 

conventional CSA cement i.e., multistage acceleration-deceleration-acceleration. These stages 

were related to the ye'elimite hydration and the repeated development of ettringite. The 

concentration of sulfate diminished over time, [199,201]. On the contrary, the studied CSA 

cement showed a longer induction period, which was presumably related to the 25 wt.% content 

of belite. It delayed the early age reaction which was followed by a temperature increase due to 

the formation of more ettringite and strätlingite, [202].  

In general, the composite binder systems containing PC and ≥10 wt.% of the CSA cement 

showed more intensive initial reactions and shorter induction periods [125,137]. This was 
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caused by faster precipitation of etringite and accelerated dissolution of alkali-sulfate phases 

due to the high concentration of K, Na, and sulfates. Based on earlier results it can be assumed 

that the calcium and sulfate concentrations were steady for the first several hours and then began 

to decline sharply as the gypsum disappeared. An equilibrium between the formation of the C-

S-H and AFt phases is achieved, [125,137].  

Replacement of PC by 20 wt.% CSA shortened the induction period and resulted in lower 

hydration temperature compared to pure PC, Figure 21. Similar results were obtained by others,  

[19]. The pastes PC:GGBFS:CSA (80:0:20), PC:GGBFS:CSA (40:40:20), and 

PC:GGBFS:CSA (50:50:0)(25%AF) had a short induction period of 9 minutes, 8 minutes, and 

25 minutes, respectively. This is related to the faster dissolution, the partial hydration of gypsum 

and ye'elimite, and the formation of ettringite and amorphous AH3 [137,199,200]. Furthermore, 

sulphates and calcium hydroxide derived from PC, another factor to contribute PC-CSA 

hydration rate, [126,137,138]. Additionally, a shallow peak corresponding to the formation of 

AFm was also discovered in the PC-CSA pastes at a later age. This could be related to the 

binding of gypsum sulfates to C3A, [203]. Other researchers assumed that it could also be related 

to the decelerated hydration rate of C3S. With the increased CSA content a simultaneous 

precipitation of calcium aluminate and ettringite causes faster consumption of water, which in 

turn could delay the nucleation of C-S-H, [19,204]. Furthermore, the developed lower hydration 

temperature compared to the pure PC system could be also related to the sulfates present in the 

CSA cement. The used CSA cement contained 10 wt.% of anhydrite and >60 wt.% of 

ye’elimite. Which is significantly lower in comparison with CSA cements studied by others. 

For example, CSA cement tested by Le Saoût et al., (2013) contained 47.7 wt.% of anhydrite 

and only 22.5 wt.% of ye'elimite [137]. Thus, they needed a larger proportion of CSA to enhance 

the hydration process in comparison with the reference PC. Sulfates impact the hydration of 

CSA by regulating the reaction of ye’elimite with water and the subsequent development of AFt 

and AFm phases, [205,206].  

The PC:GGBFS:CSA (0:80:20) binder developed a very low maximum hydration temperature 

of just 40oC, Figure 21. The ye’elimite was replaced by GGBFS which limited the continuous 

hydration of CSA cement and the predomination of ettringite, [120]. Similar research showed 

that decreased formation of AFt, Afm, and AH3 phases in systems with higher content of 

GGBFS (>30 wt%) can be linked to the dilution effect and low reactivity, [120,142,143]. The 

PC:GGBFS:CSA – 50:50:0 binders containing 0 wt.% and 6 wt.% AF admixtures showed a 

delayed hydration peak compared to other tested binders. The delay corresponded to the absence 

of CSA and the slow reactivity of slag. On the contrary, the same mix but with 25 wt.% of AF 

admixture showed the main hydration peak, earlier at 60-65 min. This could be related to the 

higher amount of sodium nitrate which presumably accelerated the C3S reaction, [207].  
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Figure 21: The development of the hydration temperature of pastes containing PC, CSA, and a mix of 

PC:GGBFS:CSA. 

4.1.2.3 Setting time 

The setting time test results for pastes are shown, Figure 22. CSA cements typically have shorter 

setting times than PCs and can be used as accelerators in PC-based concretes, [16]. The 

reference mixes containing 100 wt.% of PC and 100 wt.% of CSA cement showed the initial 

setting times of 80 min and 31 min respectively. The final setting times were 530 min and 605 

min, respectively. The mixes PC:GGBFS:CSA – 80:0:20 and PC:GGBFS:CSA – 40:40:20 had 

the initial setting time of 9 min and 7 min, respectively. The shorter times can be attributed to 

the fast hydration rate of CSA's - ye’elimite and gypsum, ettringite formation, and the early age 

moisture loss leading to the rapid loss of plasticity, [125]. Additionally, based on earlier results. 

gypsum and calcium hydroxide from PC could have further supported the hydration of CSA, 

[126,138].  

On the contrary, the partial replacement of GGBFS by 20 wt.% of CSA showed the initial 

setting after 70 minutes. These results are comparable with mixes containing 100% PC. Despite 

the slow reaction of the GGBFS, the addition of the CSA cement stimulated the hydration 

reaction at a very early age. Others observed the formation of ettringite (AFt), monosulphate 

(AFm),  Al(OH)3, and strätlingite, [120]. At the same time, the final setting time has been 

delayed to 1227 min. This could be attributed to the excess of the GGBFS which induced the 

dilution effect, and limited the amount of formed AFt and AFm phases, [120,143]. The 

PC:GGBFS (50:50) with neither containing chemical admixtures nor the CSA cement showed 
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the initial setting times delayed to 323 minutes. This could be explained by the presence of the 

GGBFS and slower hydration of the PC. In contrast, the addition of synthetic C-S-H shortened 

the initial and final setting times, [208,209].  

 

Figure 22: Initial and final setting times of pastes based on PC, CSA, and mix of PC:GGBFS:CSA. 

4.1.2.4 Workability.  

The workability of the fresh concrete was determined by measuring the slump immediately after 

mixing, Figure 23. The reference PC showed the lowest slump of all the studied concrete mixes 

i.e., 3 cm. The maximum slump of 20 cm was observed for mix PC:GGBFS:CSA – 50:50:0 

incorporating 25 wt.% of AF. On the contrary, a similar mix containing 50 wt.% of PC and 50 

wt.% of GGBFS, with 0% AF and 6% AF had a slump lower than the same mix but 

incorporating 25 wt.% of AF. Further, the test concretes PC:GGBFS:CSA – 80:0:20 and 

PC:GGBFS:CSA – 0:80:20 had a lower slump of 4 cm and 5 cm, respectively. This could be 

attributed to the CSA stimulating the formation of ettringite crystals at a very early age. Less 

available free water and more strätlingite formation in systems with higher GGBFS content 

could contribute to the lower workability, [120,137,141]. Despite similar CSA dosage, the mix 

PC:GGBFS:CSA (40:40:20) showed a higher slump of 13 cm. The final measured slump was 

a result of several, often contradicting factors. For example, calcium sulfate and calcium 

hydroxide from PC could accelerate the hydration of CSA at a very early age. However, the 

GGBFS could control the availability of calcium sulfate and its acceleratory effect, [202]. 

Addtionally, the lower reactivity of GGBFS and its coarser particle size could enhance the 

workability, [210]. 
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Figure 23: Concrete slump measured immediately after mixing concrete. 

4.1.2.5 Early age compressive strength of concretes cured at ambient 

temperature. 

The highest 1-day compressive strength of 42 MPa was developed by reference PC (100%), 

CSA (100%), and PC:GGBFS:CSA (80:0:20), Figure 24. While mixes containing major 

proportion GGBFS i.e., PC:GGBFS:CSA (0:80:20) showed the lowest strength of all mixes, 

ranging between 6 MPa to 7 MPa, irrespective of the curing age. These results are similar to 

previous earlier published data showing the degradation of physiochemical properties of CSA 

types of cement due to the presence of GGBFS, [120,211–213]. The decreased strength could 

be related to the dilution effect and low reactivity of GGBFS. Additionally, the mix containing 

>30 wt.% of GGBFS other observed a limited formation of ettringite, strätlingite phase, and 

increased porosity and total voids, [143,188,214]. Conversely, GGBFS replacement level ≤ 30 

wt.% with CSA concrete can achieve strength values that are comparable with mixes containing 

only CSA cement, [120]. Ettringite, monosulfate, strätlingite, and AH3 were recognized as the 

main hydration phases that formation leads to denser concrete microstructure, [120]. 

It can be assumed that the PC:GGBFS:CSA (80:0:20) mixes are characterized by the formation 

of AFt phases along with more C-S-H / C2ASH8 and Portlandite, even though the used CSA 

cement contained 25 wt.% of belite (C2S), ye’elimite (C4A3Ŝ) content >60 wt.% and calcium 

sulfate (CŜ) 10 wt.%, [134,205]. Several studies found that belite present in CSA resulted in 

the formation of only strätlingite after 7 days of curing, [202,215]. The PC:GGBFS:CSA - 

(80:0:20) mix had reduced strength at all ages except for day 1 when compared to the CSA 

(100%) concrete, Figure 24. At 3 days, the strength difference was 12.84%, and at 7 days, 10%. 

This could be related to the co-existence of two types of cement and the resulting quick ettringite 

crystal formation, the high early age strength could be related to the rapid dissolution and 

accelerated hydration rate [125]. Nevertheless, the formation of microcracks due to the 

overlapping ettringite on the C-S-H particles over time has a negative influence on the 

microstructure, [125,134].  
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Similar strength values were observed for mixes of the PC:GGBFS:CSA (50:50:0) containing 

25 wt.% AF and the PC:GGBFS:CSA (40:40:20). In both mixes the dosage of chemical 

admixtures and CSA cement were the key elements for synergistic hydration reaction and 

increased strength gain. After 1 day of curing the strength reached almost 18 MPa and 37 MPa 

after 7 days, Figure 24. The mix PC:GGBFS:CSA (50:50:0) but without AF or with just only 6 

wt.% AF showed very low strength values. However, GGBFS used as a partial replacement of 

PC reacts with Ca(OH)2 to produce more C-S-H. The used synthetic C-S-H seeds accelerated 

additional hydration and early strength development. Furthermore, ye'elimite, alite, belite, and 

anhydrite were added to the system by CSA cement and additionally impacted the result. For 

example, overlapping crystals of ettringite, strätlingite, monosulphate, and AH3 could increase 

the early age strength. Others observed improved durability, [213]. The GGBFS alone could 

increase the matrix cohesion and densify the microstructure, [131].  

 

Figure 24: Early age - 7 days compressive strength development of concretes cubes cured at ambient room 

temperature. 

4.1.2.6 Compressive strength development of concretes cured at -15°C.  

The development of the compressive strength for concrete mixes PC:GGBFS:CSA – 40:40.20, 

PC:GGBFS:CSA – 50:50:0 (6% AF), and PC:GGBFS:CSA – 50:50:0 (25% AF) cured at a 

constant temperature of -15°C, is shown in Figure 25, Figure 26, Figure 27. Samples were 

removed from the refrigerator and tested either immediately (instant), 12 hours before testing 

(12h/bf), or 24 hours before testing (24h/bf). During the waiting period, the concrete samples 

were stored at room temperature. 

Generally, concrete mixes containing 25 wt.% of AF admixture developed higher compressive 

strength values in comparison with samples containing 6 wt.% of AF and 20 wt.% of the CSA 

cement. Furthermore, concrete samples containing 25 wt.% of the AF admixtures tended to 

show a reduced difference between the compressive strength measured immediately after 

removal from the freezer vs when measured on samples additionally stored at room temperature 

for 12 hours, Figure 25 and Figure 26 respectively.  



46 

 

The concrete samples containing 6 wt.% of the AF admixture and 20 wt.% of the CSA cement 

and tested immediately after removal from the freezer reached the one-day strength of 7.4 MPa 

and 12.3 MPa. The concrete containing 25 wt.% of the AF admixture showed no strength 

development, Figure 25. The observed strength could be related to the initial hydration of the 

CSA cement, and the formation of ettringite, [19], but mostly to the ice formation and thus 

could be classified as a false strength. An earlier study showed that, at a constant freezing 

temperature, the concentration and strength of ice lenses increase linearly [216]. Consequently, 

an internal pressure on the binder matrix is created which results in microcracking of the formed 

binder matrix and thus a lower ultimate strength, [34,44,45].  

 

Figure 25: The compressive strength development of samples tested immediately after removal from curing 

at -15°C. 

Samples cured for 12 hours after their removal from the freezer showed a linear increase of 

compressive strength at all ages only when 25 wt.% of AF admixture was used, Figure 26. The 

concrete mix containing 20 wt.% of the CSA cement showed a constant strength value. The mix 

containing 6 wt.% of the AF admixture showed variable values over the measured period of 28 

days with an average of no significant increase. The reasons, as described also earlier can be 

related to the formation of ice, damage to the binder matrix, and limited hydration.  
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Figure 26: The compressive strength development of samples tested after 12 hours of curing at room 

temperature after their removal from -15°C.  

The compressive strength of samples that were cured for 24 hours in room conditions after their 

removal from the freezer is shown in Figure 27. Concrete containing 25 wt.% of the AF 

admixture and additionally cured at room temperature for 24 hours reached 35 MPa after 28 

days. This result further confirms that the high dosage of the AF admixture prevented the 

excessive formation of ice that would lead to the permanent damage of the binder matrix. At 

the same time, concrete containing 20 wt.% of the CSA cement showed regression of the 

compressive strength with age. The strength value decreased from the initial 20 MPa measured 

after 1 day to around 17 MPa measured after 28 days. The additional curing at room temperature 

did not enhance this value.  The reason for this regression in the compressive strength is unclear 

and needs more future research.  

Generally, samples exposed to room temperature for 24 hours showed a lower strength gain. 

This could be also related to the microcracking of the binder matrix due to the ice formation, 

[7,35]. In addition, the high CSA cement content resulted in a presumable intensive formation 

of ettringite crystals which could, induce additional microcracks, [125]. Concrete samples 

containing 6 wt.% of the AF admixture and 20 wt.% of the CSA cement reached the maximum 

strength of 24 MPa and 17 MPa respectively. Others reported limited compressive strength 

values of concretes containing 40 wt.% of CSA and cured at -5°C, [124]. Heat curing of concrete 

for at least 6 hours at room temperature appeared to mitigate the detrimental effects of later 

exposure to subfreezing temperatures, [19,125].   
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Figure 27: The compressive strength development of samples tested after 24 hours of curing at room 

temperature after their removal from -15°C.  

4.1.2.7 Validation of the ice formation with UPV measurements.  

Ultrasonic pulse velocity tests were performed to identify and validate the formation of pore ice 

within the binder matrix of a composite binder-based concrete cured at -15°C. The test was 

executed on 1 and 28-day-old concrete samples after being removed from the freezer and held 

at room temperature for varied periods, Figure 28 and Figure 29 respectively. Samples 

containing 20 wt.% of the CSA cement showed the highest pulse velocity of 4768 m/s and 4510 

m/s when measured on 1- and 28-day-old respectively after being measured immediately on 

removal from the freezer. Concretes containing 6 wt.% of the AF admixture showed a similar 

trend of higher pulse velocity of 4608 m/s and 4926 m/s on 1- and 28-day-old samples, 

respectively. However, the following 6 hours of ambient exposure, the UPV of 1 day-old 

decreased to 3775 m/s and 3818 m/s, respectively, Figure 28. The trend of high initial pulse 

movement and followed by its sudden drop after 6 hours of ambient exposure could be inferred 

to the pore ice formation within the binder matrix which causes a faster movement of the 

ultrasonic waves and conversely the thawing of ice cause the formation of empty voids and low 

pulse, [37,192]. Another reason could be also microcracking of the binder matrix due to the 

initial ice formation, [15,217]. Others found that fresh concrete exposed to freezing had an 

abnormally high UPV, but did not correspond to the developed compressive strength, [218]. 

Others demonstrated that water at ambient temperature measured pulse movement of 1482 m/s, 

whereas dense ice with no air inside had an average pulse velocity of 3894 m/s at a low 

temperature of -20°C, [37,192,218]. 

On the contrary, mixes containing 25 wt.% of the AF admixture showed significantly lower 

UPV when measured on samples being immediately removed from the freezer, i.e., 3367 m/s 

on 1-day-old and 4464 m/s on 28-day old, Figure 28 and Figure 29, respectively. Exposure of 

these mixes to ambient conditions, resulted in an increased UPV, unlike it was observed in 

mixes containing 20 wt.% of the CSA cement and 6 wt.% of the AF admixture. These results 
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can be directly linked to the limited or the lack of ice formation due to the significantly lowered 

freezing point of the pore solution, [43,208].  

Despite the notable decline in the UPV values observed during the initial 6 hours of ambient 

exposure for concrete mixes containing 20 wt% CSA and 6% AF, the pulse gain was observed 

in the following hours. The concrete samples containing 20 wt.% of the CSA cement showed 

the lowest increase of the UPV. This limited pulse gain may be attributed to irreversible damage 

caused by prolonged exposure to freeze conditions. Additionally, after a 24-hour thawing 

period, both 1- and 28-day old samples incorporating 20 wt% CSA exhibited a maximum pulse 

velocity of 4000 m/s, whereas those containing 6% AF recorded velocities of 4695 m/s and 

4428 m/s, on 1- and 28-day respectively, Figure 28 and Figure 29. Generally, The water released 

from the ice could potentially resume the hydration of Portland cement and fill the pores with 

hydration products, [219]. These findings were consistent with the measured compressive 

strength and indicate that the incorporation of 6% AF and 20 wt.% CSA failed to effectively 

inhibit pore ice growth within the binder matrix.  

 

Figure 28: Average Ultrasonic Pulse velocity (UPV) measured on -15°C cured, 1-day-old composite 

binder-based concrete samples at distinct time intervals. 
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Figure 29: Average Ultrasonic Pulse velocity (UPV) measured on -15°C cured, 28-day-old composite 

binder-based concrete samples at distinct time intervals. 

4.1.2.8 Microstructure of concretes cured at -15°C. 

SEM analysis was carried out on 3 and 28-day-old concrete samples cured at -15°C, including 

the following mixes PC:GGBFS:CSA – 40:40:20, PC:GGBFS:CSA – 50:50:0 (6%AF), and 

PC:GGBFS:CSA – 50:50:0 (25%AF). At 3 days, samples containing 20 wt.% of the CSA 

cement and 6 wt.% of the AF admixture showed a relatively large number of unhydrated cement 

particles compared to the samples containing 25 wt.% of the AF admixture, Figure 30. The 

application of additional ambient curing resulted in a lower porosity and fewer unhydrated 

cement particles for samples containing 6% AF and 25% AF, Figure 30 (d, e, f,) (g, h, i) and 

Figure 31 (d, e, f,) (g, h, i).  

Ettringite formation was consistently observed at all ages in concretes containing 20 wt.% of 

the CSA cement, Figure 30 (a, b, c) and Figure 31 (a, b, c). At the same time, the 3-day concretes 

containing 6 wt.% of the AF admixture contained ettringite only after an additional 12 to 24 

hours of ambient exposure. This delay in ettringite formation can be attributed to the ice 

formation, [3,219,220]. When the temperature rises, hydration reactions resume due to the 

availability of water from the melted ice. The presence of ice in some of the pores limited the 

hydration processes in comparison with concrete containing 25 wt.% of the AF admixture, 

[220]. This indicates that the hydration reaction has persisted despite subzero temperatures. 

Furthermore, based on research performed by others, it could be assumed that alkalis from PC 

and from the AF admixture could activate GGBFS and promote ettringite formation at early 

ages, [221–224].  
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Figure 30: SEM images showing recovery of 3-day-old samples cured at -15°C. Note: red color boxes 

indicate areas with detected ettringite crystals and yellow boxes indicate unhydrated CSA cement. 
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Figure 31: SEM images showing recovery of 28-day-old samples cured at -15°C. Note: red color boxes 

indicate areas with detected ettringite crystals and yellow boxes indicate unhydrated CSA cement. 

Concretes containing 20 wt.% of the CSA cement and 6 wt.% of the AF admixture showed a 

higher average porosity in comparison with mixes containing 25 wt.% of the AF admixture, 

Figure 32, Figure 33, Figure 34 and Figure 35. The measured porosity ranged between 9-11% 

and 6-9%, for 3- and 28-day old concrete containing 20 wt.% of the CSA cement, respectively. 

Conversely, 3-day-old samples, which were studied directly after curing in the freezer and 

containing 6 wt.% of the AF admixture showed a relatively high porosity of 15%, which 

subsequently decreased upon exposure to ambient conditions, Figure 34. Furthermore, 

regardless of curing age, concrete containing 25 wt.% of the AF porosity ranged between 3-4%. 

On contrary, for AF induced 28-day old concrete samples, despite of additional 12 to 24 hours 

of ambient exposure, it showed relatively increased porosity compared to the 3-day old samples, 

Figure 34 and Figure 35. It could be related to the prolonged exposure to freezing temperatures, 

which enhanced the ice growth and internal microcracking, [216,225]. SEM analysis and earlier 

test results indicate pore ice formation in concrete samples containing 20 wt.% of the CSA 

cement and 6 wt.% of the AF admixture, while pore ice formation was partially inhibited in 

samples incorporating 25 wt.% of the AF admixture. 
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Figure 32: Pore segmentation of 3-day-old samples cured at -15°C. Note: White color indicates pores. 
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Figure 33: Pore segmentation of 28-day-old samples cured at -15°C. Note: White color indicates pores. 

 

 

Figure 34: Effect of curing on porosity of 3-day-old concrete samples. 
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Figure 35: Effect of curing on porosity of 28-day-old concrete samples. 
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4.2 Enhancing frost durability of NSC with UHPC overlay 

The second part of this PhD study focused on the possible application of UHPC to create a thin 

overlay that could be applied to existing and new concrete structures to enhance their frost 

durability. The study was divided into two parts: development and testing of UHPC with lower 

PC content and testing of hybrid elements made of NSC with thin UHPC overlay.  

4.2.1 Fresh and hardened properties - UHPC 

The slump flow test results are shown in Figure 36. The UHPC mix without fibers had a slump 

flow of 800 mm and 900 mm when fibers were present. The water demand and particle size are 

the major influencing factors contributing to the slump flow. Despite lower w/b (0.33), an 

optimized mix design that used the packing density theory enabled to decrease of the free spaces 

between particles to produce very a flowable material, [226–228]. The addition of 

limestone filler added Ca2+ and CO3
2- ions which in contact with water react with OH- groups 

leading to inter-particle electrostatic repulsion and better flow, [164,171,229–231]. 

Furthermore, the addition of steel fibers presumably improved the rheology by breaking up 

condensed silica fume agglomerates during the mixing process. The use of small-size steel 

fibers, 6 mm and 13 mm, prevented the interlocking effect commonly observed for regular 

steel fibers [232,233].  

Figure 36. Slump flow test results. 

The compressive strength development of the designed UHPC mix with and without steel fibers 

and the normal strength concrete (NSC) are shown in Figure 37. The highest 28-day 

compressive strength of 154 MPa was measured for UHPC with fibers. The very low water-to-

binder ratio and the high amount of silica fume had the dominating effect on the compressive 

strength [171,226,234–236]. The limestone powder and silica fume accelerated the cement 

hydration process due to pozzolanic reactions and nucleation effect, [164,237,238]. Portlandite 

reacted with condensed silica fume to produce more C-S-H gel, followed by filling the voids 

and forming a dense microstructure. The steel fibers reinforced the binder matrix and delayed 

the micro-cracks formation leading to a higher strength. Overall, on average, over 25% of 

strength gain was observed for UHPC mix with fibers regardless of its age, compared to non-

fiber UHPC.  
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Figure 37: Compressive strength development of normal strength concrete (NSC), and UHPC without and 

with fibers. 

4.2.2 Freeze-thaw durability of UHPC. 

The cumulative surface scaling of the studied UHPC specimens exposed to 56 freeze-thaw 

cycles (F-T) in the presence of 3% NaCl de-icing salt solution is shown in Figure 38. About 

0.01 kg/m2 of surface scaling was observed for UHPC which was significantly lower compared 

to the standardized limit of 0.1 kg/m2 following SS-EN 13 72 44:2005 standard, [239]. The low 

scaling could be mainly due to the very dense microstructure and low weakly interconnected 

capillary porosity, [240]. The majority of pores present in UHPC are gel pores, [241–243]. The 

use of silica fume triggered a pozzolanic reaction leading to the consumption of Portlandite and 

the formation of additional C-S-H. Consequently, the porosity was refined which limited the 

penetration of deicing salts, [244,245]. Furthermore, the added steel fibers delayed the 

formation of micro-cracks, which additionally delayed the ingress of salts, [240,243]. Previous 

studies indicated that the concretes containing an optimum dosage of steel fibers could sustain 

800-1000 F-T cycles with a very low mass loss and more than 90% of relative dynamic modulus 

of elasticity, [243,246]. The very good frost durability of the tested UHPC concrete indicated 

its applicability in the studied concept to protect NSC by applying a thin external layer.  
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Figure 38: Cumulative surface scaling of UHPC exposed to 56 freeze-thaw (F-T) cycles. 

4.2.3 Compressive strength development of UHPC-NSC composite 

The compressive strength development of NSC and composite UHPC-NSC at 7 and 28 days is 

shown in Figure 39. The maximum compressive strength values reached 67.93 MPa and 76.33 

MPa, respectively. However, the strength increase is partially related to a larger cross-section 

of composite cubes. Furthermore, because of the strain-hardening characteristic of UHPC, 

composite UHPC-NSC specimens could transfer higher loads by limiting the microcrack 

development. [27,246]. Due to very good bond strength, no delamination or debonding of the 

overlay was observed, despite the loading direction being parallel to the bond surface, Figure 

39. This could be due to the substrate concrete's surface roughness, flowability of UHPC, and 

the used fine particles. The rough substrate surface with macro roughness and voids are filled 

with freshly produced concrete by capillary absorption, which complements high 

friction/anchoring, i.e., aggregate interlocking mechanism, and increased chemical bonding 

between layers [153,247–251]. The unreacted silica fume present at the interface has 

presumably gradually combined with Ca(OH)2 from the NSC substrate to generate additional 

C-S-H which enhanced the bond, [26,252–255]. The used limestone filler could also react to 

produce carboaluminates, which could lead to the formation of additional C-S-H, [56].  



59 

 

 

Figure 39: Compressive strength development of NSC and composite UHPC-NSC concrete cubes. 

4.2.4 Flexural strength of UHPC-NSC composite 

The flexural strength of the UHPC-NSC composite beam using a three-point bending test 

reached a strength of 7.96 MPa, 28 days after applying the UHPC overlay. This strength is 66% 

higher in comparison with beams made of NSC, Figure 40. Both beams showed a similar trend 

of crack formation with an ultimate flexural load of 165 KN and 57.6 KN, respectively, Figure 

41.  

 

Figure 40: Load vs displacement measured in 3-point bending for NSC and UHPC – NSC column 

specimens. 
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Figure 41: Cracking of beam at failure. 

4.2.5 UHPC-NCS interfacial transition zone 

The interfacial transition zone between UHPC and NSC has been studied by UPV 

measurements, the determination of the bond strength by pull-out testing, while the 

microstructure and phase composition were characterized using SEM combined with EDX. 

4.2.5.1 UPV measurements 

The UPV measurements were done every 10 cm on test columns that were 2 meters high, and 

the results are shown in Figure 42. Generally, the pulse velocity tended to increase with height. 

Despite the identical external dimensions of the two studied UHPC-NSC composite columns, 

there was a 3.7% difference in the recorded UPV values. The UPV for UHPC alone was 4900 

m/s and for the NSC 4540 m/s, which difference could be presumably indicated as good bonding 

between the layers. Additionally, water from the UHPC overlay could migrate toward the 

interface zone and trigger the hydration of anhydrous Portland cement present in the NSC binder 

matrix. Some of the longer measured transition times could be attributed to a lower degree of 

hydration of the UHPC  [26,158].  
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Figure 42: Average ultrasonic pulse velocity (UPV) measurement of UHPC – NSC composite columns. 

4.2.5.2 Bond strength – Pull-off test.  

The measured bond strength between the UHPC overlay and NSC substrate is shown in Figure 

43. The strength varied between 2.0 MPa to 2.7 MPa, which can be categorized as “excellent” 

(≥ 2.1 MPa) according to ACI 546, Table 14 [256]. Failure was mostly seen in the NSC 

designated as "SBF (substrate failure)". No full interface failure was observed, in Figure 44 and 

Figure 45. This indicates that the bond strength exceeded the ultimate developed tensile stress 

[257]. A partial interface substrate failure (PISF) was observed in some locations. This could 

be related to a locally occurring smooth exposed aggregate surface or the presence of loose 

derbies, Figure 44 and Figure 45, [258].  

Several studies indicated that the rougher the substrate texture and the better the overlay 

material, the stronger the bond will be [26,27,152,259]. Bonding is mostly affected by the 

substrate roughness, moisture, and properties of the overlay concrete. According to Benoit 

Bissonnette et al., the dry substrate concrete will absorb the water from the fresh overlay 

concrete leading to a lower hydration degree and weaker developed bond, [248,260]. The 

optimum moistening of the substrate will have a small/ negligible positive impact on the bond 

strength [261]. On the contrary, saturating with water the substrate surface will close the 

capillary pores and dilute the repair concrete resulting in an excessive w/c ratio at the interface 

leading to a weaker bond, [257,262].  
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Figure 43: Bond strength development using pull-off test on UHPC– NSC composite columns at different 

locations. 

  

Figure 44: Binarized images of the core surface showing fragments of UHPC and NSC in column 1.   Note: 

On right images, the black color indicates UHPC, and white color indicates NSC. 
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Figure 45: Binarized images of the core surface showing fragments of UHPC and NSC in column 2. Note: 

On right images, the black color indicates UHPC and white color indicates NSC. 

4.2.5.3 Microstructure and phase composition. 

The microstructure and phase composition were studied using SEM combined with an EDX 

analyzer. Generally, the results indicated that the UHPC–NSC interface was homogenous with 

a limited number of visible pores, Figure 46 and Figure 47. A well-developed ITZ (interfacial 

transition zone) was not observed. Some entrapped air voids were seen next to the interface as 

well in the bulk binder zone of both studied columns.  

Variations of porosity and content of anhydrous cement were determined using ImageJ analysis 

software based on SEM images. The results are shown in Figure 48 - Figure 51. The porosity 

at the interface zone was approximately 6% and tended to decrease to around 2% with 

increasing distance. This could be explained, by the locally increased w/c ratio due to the wall 

effect, [92,263]. The fine particles located close to the exposed NSC aggregates form empty 

spaces that are filled with the mixing water. Consequently, a lower number of unhydrated 

cement particles are present in that zone. This trend was also observed in this research, Figure 

50 and Figure 51.  



64 

 

 

Figure 46: Interfacial bond zone of composite UHPC – NSC column 1 using SEM at 150X and 2000X 

magnifications. 

 

Figure 47: Interfacial bond zone of composite UHPC – NSC column 2 using SEM at 150X and 2000X 

magnifications. 
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Figure 48: Percentage change of porosity away from NSC binder – UHPC interface of composite - UHPC 

– NSC columns.

Figure 49: Percentage change of porosity away from NSC aggregate – UHPC interface of composite -

UHPC – NSC columns. 



Figure 50: Percentage change of unhydrated cement away from NSC binder–UHPC interface of composite 

-UHPC – NSC columns.

Figure 51: Percentage change of unhydrated cement away from NSC aggregate–UHPC interface of 
composite - UHPC–NSC columns. 

The phase composition analysis focused on studying C-S-H, whose location was 

identified using the grey-level method and SEM-BSE images. The results of the SEM-EDS 

spot analysis are shown in Figure 52 and Figure 53. Both beams showed a similar trend 

indicating a slightly higher Ca/Si average atomic ratio at the NSC binder and UHPC interface 

compared to the NSC aggregate and UHPC interface. The ratio was between 1.2 to 1.6. Only 

a limited variation of this atomic ratio was seen when moving away from the interface 

which further indicates the formation of a narrow ITZ, having an average width of less than 

20 m, which translates into a generally very good bond strength measured in pull-off testing.  

66 



67 

 

 

Figure 52: Average atomic Ca/Si ratio vs. distance from the NSC binder–UHPC interface. 

 

Figure 53: Average atomic Ca/Si ratio vs. distance from the NSC aggregate–UHPC interface. 
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5.  Conclusions 

5.1 Concluding remarks 

This research aimed to better understand how partial replacement of Portland cement with 

GGBFS and/or CSA cement affects the properties of concretes exposed to freezing and 

subfreezing temperatures in a fresh state and at a young age.  

The secondary aim was to evaluate a possible application of UHPC to protect new and existing 

concrete structures from frost damage and possibly to enhance its mechanical properties.  

The findings can be summarized as: 

Composite binder-based concrete systems for cold weather concreting 

• The partial replacement of PC or GGBFS or their combinations by 20 wt.% of CSA 

showed a shorter initial setting time. This could be attributed to the fast hydration of 

CSA and the extensive formation of ettringite. 

• PC and GGBFS of equal proportions with 20 wt.% CSA, 6 wt.% AF, or 25 wt.% AF 

showed identical strength gain when cured at room temperature. Thus, the 

combination can balance each other's strengths and compensate for any flaws. 

• Despite high concentration of CSA (20 wt.%) and the depressed freezing point of 

water, it relatively gained lower strength when cured at sub-zero temperature. 

Ettringite formed at very early age and incorporated low reaction degree of GGBFS 

disrupted the physicochemical properties of CSA and thus relatively more voids. 

• Sodium nitrate-based antifreeze admixture (AF) of 25 wt.% dosage considerably 

reduced the freezable pore water in concrete and promoted the hydration process 

throughout the studied 28 days. 

• 6 wt.% AF and 20 wt.% CSA admixture incorporated concrete samples developed 

pore ice within the binder matrix when cured at -15°C and confirms the developed 

strength as false strength.  

• At -15°C curing, UPV increased steadily for concrete with 25 wt.% AF. Conversely, 

samples with 6 wt.% AF and 20 wt.% CSA saw a rapid drop in UPV after 6 hours at 

room temperature, indicating pore ice formation, melting upon return to room 

temperature, causing longer transit times.  

• Irrespective of the AF dosage, the frozen pores got revived and densified the binder 

matrix after extended post-curing at room temperature. On contrary no considerable 

densification effect was observed for concrete with 20 wt.% CSA. 

• Prolonged curing at -15°C aggravated the porosity of PC-GGBFS based concrete 

incorporated with 20 wt.% CSA and thus relatively lower strength gain. Possible due 

to the nucleation of thick pore ice causing irreversible damage. 
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• PC-based concrete with up to 50 wt.% GGBFS and a larger optimized dosage of

sodium nitrate-based antifreeze can be utilized in winter with temperatures as low as

-15°C without additional heat curing.

Application of UHPC for enhanced frost durability 

• Overlay of dense UHPC applied on deteriorated NSC, enhanced the 28-day

compressive strength by 14% compared to NSC specimen.

• The reduced w/b ratio, optimum dosage of steel fibers, and fine powders (silica fume,

quartz, limestone) significantly improved the F-T resistance of UHPC, by lowering

the pore size and forming a dense binder matrix.

• The added steel fibers in UHPC prevented micro-cracks formation under loading and

enhanced F-T resistance.

• The rough and uneven surface of the substrate significantly improved the bond

strength. No delamination between the layers was observed even despite loading

parallel to the interface.

• The ultrasonic longitudinal pulse velocities measured on the UHPC – NSC composite

indicated a good bonding between the layers.

• Pull-off bond strength varied between 2 MPa to 2.7 MPa and most of the interface

failure occurred on the weaker NSC substrate.

• The ITZ between NSC and UHPC was less than 20 µm. The estimated Ca/Si had little

variability with the distance from the interface.

• The application of thin UHPC layer on water jetted concrete surface can potentially

enhance mechanical properties and frost durability of composite elements.



5.2 Answering the research questions

RQ (1): What is the best approach to produce concretes with low Portland cement content that 

are exposed shortly after casting to freezing and subfreezing temperatures? (Paper I) 

The optimum approach to produce concrete with low Portland cement content appeared 
to be using chemical admixtures and mineral accelerators. These materials can enhance 
the early-age strength development, reduce the freezing point of water, and reduce the 
susceptibility to the frost damage.

Additionally, optimizing the concrete mix design, especially in terms of the type and amount 
of used SCMs, should be considered.

RQ (2): How does a high amount of GGBFS affect hydration heat development and strength of 

normal concrete when cured at close and sub-zero temperatures? (SBUF report, Paper VIII) 

Concretes containing GGBFS generally showed a slower hydration and slowed down the 
strength development thus leading to the enhanced freezing risk of young concretes. 
Consequently, the usage of antifreeze admixtures is more important in comparison with 
concretes based on PC, especially when heat treatment or additional thermal insulations are 
not considered.

RQ (3): How does the sodium nitrate-based antifreeze admixture influence the strength 

development and pore water phase transitions of binder systems based on the combination of 

PC and GGBFS when cured at subzero temperatures? (Paper II) 

Sodium nitrate-based antifreeze admixture reduces the freezing point of water in the concrete 
mixtures, alters the phase transition of pore water. This inhibits the formation of large ice 
crystals, which can reduce the risk of damage due to the frost action. It enables the 
continuation of the cement hydration process even at subzero temperatures, albeit at a slower 
rate. As a result, its optimized dosage delayed the pore ice growth and enabled to maintain the 
strength development.   

RQ (4): How effective are calcium sulfoaluminate (CSA) cements as alternatives 

to accelerators and antifreeze admixtures when used in combination with PC-GGBFS binders 

for concretes exposed to sub-zero curing temperature? What are their effects on the 

strength development strength and formed microstructure? (Paper III, IV) 

CSA cement shortened the setting time by facilitating the rapid formation of ettringite in 
PC-GGBFS binder systems. However, it failed to effectively inhibit pore ice formation in sub-
zero curing temperatures. The risk of frost damage was increased even when the "post-
freezing" heat treatment was applied. These concretes exhibited reduced strength, and a more 
porous binder matrix was formed.
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RQ (5): Can a thin layer of UHPC applied on an existing deteriorated concrete element enhance 

its properties and frost durability? (Paper V, VI) 

A thin layer of Ultra High-Performance Concrete, applied to a existing deteriorated concrete 
element, can result in enhanced strength and better frost durability. The dense 
microstructure of UHPC binder matrix provides a protective layer and limits the moisture 
ingress, which leads to the enhanced frost durability.

5.3 Future research 

Generally, the sodium nitrate-based antifreeze chemical admixtures can lower the freezing 
point of water but at the same time, they can increase the risk of alkali-silica reaction. This 
effect is not well studied for concretes based on a mix of PC with GGBFS and CSA. 
Therefore, tests in that area should be planned. Future research could also aim to collect 
additional data regarding the hydration process using isothermal calorimetry instead of the 
semi-adiabatic calorimetry used in the research. Other tests should also include XRD and TG. 
Effects of other types of industrial wastes and mine tailings, is yet another area that shows a 
insufficient level of knowledge.
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