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Abstract

:

This paper presents the research data of the fire-temperature influence on Portland CEM I (OPC) and calcium sulfoaluminate (CSA) types of cement blend composites as cooling materials dedicated for infill and covers in fire systems. The data present the material responses for four types at high-temperature elevation times (0, 15, 30, 60 min), such as core heat curves, differences in specimens color, flexural and compressive strength parameters. Materials were tested using the DSC method to collect information about enthalpies. The differences between cement blend composites were compared with commonly used cooling materials such as gypsum blends. It is shown that modifications to Portland cement composites by calcium sulfoaluminate cement have a significant influence on the cooling performance during high-temperature, even for 60 min of exposure. The temperature increase rates in the material core were slower in composites with regards to additionally containing calcium sulfoaluminate in 100–150 °C range. After 60 min of high-temperature elevation, the highest flexural and compressive strength was 75% OPC/25% CSA cement composition. The influence on cooling properties was not related to strength properties. The presented solution may have a significant influence as a passive extinguisher solution of future fire resistance systems in civil engineering.
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1. Introduction


Safety concerns during a fire are one of the highest challenges for Civils Engineers today [1]. Chapter VI of Announcements of the Minister of Infrastructure and Development since 16 July 2015, as amended [2], deals with fire-building protection. By law, every building must be designed and built in a way restrictive fire spreading and giving a possibility to rescue operations. Civil objects are divided into five fire classes depending on the purpose of the object, building rise and a number of stories. Classes are described as fire resistance requirements to be met by internal and external parts of a building. Internal walls such as partition walls can be made from bricks, drywall [3] or glass partition, which is gaining popularity [4]. Fire Resistance requirements for these elements are from EI 15 to EI 60 class. External facades should meet requirements from EI 30 to EI 120 (o ↔ i). Fire-temperature is particularly unfavorable for building joineries like windows, doors, partition and facades made of materials with low melting point and high thermal conductivity, for instance, aluminum. Temperature increases cause strength properties to decrease [5,6]. To meet the demanding Fire Resistance class requirements, additional infill and/or cover insulation and cooling materials are needed [7,8]. These solutions are presented in the figures below.



As presented in Figure 1, there are few possibilities to protect metal profiles against dangerous fire-temperature. In Facades, doors, windows, partitions, etc., where the esthetical point of view is needed supporting cooling-insulation materials are filling profile (Figure 1a,b). Sometimes these materials are inside another profile (Figure 1a), which is inserted as a reinforcement—cooling profile into the standard façade profile. Typical contour protection is based on board fixed to external profile layers. This is the most common solution in the fire protection of steel structures. Protection against fire is strictly connecting with the thermal conductivity of protected material [9]. Materials with good thermal conductivity lose their load-bearing properties during exposure to high-temperature quickly. That is the reason why additional isolation material from the external side of the profile is needed [8]. If project demands do not allow additional external covers, for instance, in façade profiles, then supporting material must have a cooling function and be installed inside the profile in chambers. If the profile has one chamber, then the insulation function in chamber space is useless. If the profile has more than one (Figure 1b), then a combination of insulation and cooling materials may meet the standard requirement. The increasing temperature during fire-temperature causes decreases in strength properties metal profiles. That is the reason why more useful supporting materials should base on reaction connected with heat energy consumption. There are two main mechanisms of heat energy consumption. The first is based on specific heat capacity, in which the delivered amount of energy, in the form of heat to one unit of the mass of the substance, causes an increase of one unit of temperature. The second is based on an endothermic reaction, in which the delivered temperature will increase the enthalpy of the endothermic reaction and cools down the system [10].



In the paper [11], it is pointed out that the main goal of using heat absorption coating is decreasing heat flux transported to supporting structure. The most popular fire protection infill materials are gypsum board, calcium silicate and silicate–cement materials [12]. Exposition to the high-temperature is leading to physicochemical changes for most of the cement and gypsum-based materials [13,14,15]. Changes cause, for instance, a decrease in strength properties. In the paper [16], thermodynamic changes occur in the matrix and in aggregates [17], for example, a quartz phase transition to cristobalite following the increase of volume [18], even 17% [19] or carbonate decomposition with CO2 emission [20] in limestone. Cement materials are described as engineer construction material [14] also used in industry as special thermal resistance material [21,22]. Heat treatment cements material according to the heat-resistance standard, has a different influence on the material than exposure on fire-temperature in according to the standard fire curve [23]. In the hardened Portland matrix, there are more than 30 phases, of which 7th are most common [24]. There is also the possibility to create a new phase as a consequence of an interaction between aggregate, cement phases and water [25]. In the reaction of Portland cement with water, there are hydrate aluminous, calcium–silicate and ferrous phases. If gypsum is added as the bonding agent, then sulfate phases will hydrate. The main phases are hydrated calcium–silicate (CSH) and calcium hydroxide (CH), brownmillerite (C2AF) and ettringite (C4AH13) are smaller share phases [26].



High-temperature exposure causes moisture and capillary capture water retention, dehydration from hydrates [16] and dehydroxylation of hydro oxygens like portlandite. Every phase has a characteristic phase decomposition temperature range, according to Table 1.



Portland cement usage includes high-temperature composites for work in <400 °C [21] after heat treatment. Fast temperature increase can cause a spalling effect [16,28]. Another type of binder is calcium sulfoaluminate cement. This material has a different composition of clinker than Portland cement. Hydration reaction is different than for Portland cement. Consequently, hydration is gaining an expansive hydraulic binder [29], where the main phase is ettringite. Additional phases are monosulfite, stratlingite and alumina trihydrate [30]. Phase decompositions underexposure on the high-temperature are shown in Table 2 [31].



CSA types of cement show a high permeability and nowadays they are dedicated for work at temperatures lower than 150 °C [32]. Materials based on CSA cement are characterizing by higher compressive strength than traditional types of Portland cement (ex. 42,5R/52,5R) [29]. OPC-based material modified by CSA influences hardening time reduction, early strength and standard strength [33]. OPC shrinkage behavior during drying is one of the biggest issues conducting to cracking and curling. This negative behavior can be compensated by using expansive or shrinkage-compensating concrete bases, for instance, by CSA cement addition, where properties are strongly connected with types of curing [34]. On the other hand, reverse modification has a positive influence on steel passivation [35] by setting phase able to carbonation.



The main ingredient of gypsum is calcium sulfonate dehydrate—gypsum stone. This compound is classified according to water content into three types: dihydrate, hemihydrate (α i β) and anhydrate [36]. Gypsum meets fire resistance standard requirements because it is classified as non-flammable [37]. The use of gypsum in fire protection systems complies with the standard PN-EN 13501-1. It is A2 class material classified as noncombustible and no flashover in RCT referential test [38]. In fire zones, it is used as byproducts of a matrix in fire resistance gypsum board reinforced by cut glass fiber. High-temperature exposure dehydrates gypsum, and next heat energy is consumed on water evaporation in the following reaction [39]:


    CaSO  4  · 2  H 2  O  −  100 ° C   →   CaSO  4  ·  1 2   H 2  O  −  200 ℃   →   CaSO  4   











Water released from crystal lattice has an extinguishing function, which can decrease the external field of temperature [40]. Based on thermodynamic calculations, it is possible to get further decomposition stage of gypsum in temperature greater than 800 °C and appropriate pressure in accordance with the following reaction [41]:


    CaSO  4  →     800 − 1375   ° C   → CaO +   SO  2  +  1 2   O 2   











Data concerning the decomposition of phases in ceramic material in cement bases are presented in Collier N. C. paper [42]. These were selected for the purposes of this study according to Portland cement, gypsum and CSA cement and shown in the Table 3.



The main solution of cooling properties is to use material composite and internal endothermic reaction to increase the enthalpy and for creating products able to periodically decrease the temperature or keep them on the same level following La Chatelier and Braun principle from 1887. Insulation-cooling properties of ceramic materials on cement-based was not investigated as thoroughly as insulation-construction properties [43] or fire resistance insulate covers [44,45,46]. Critical condition influence like fire on the behavior of composite with CSA contents has not found a place in literature. There is no information about this cement-based material behavior above 150 °C and behavior depending on fire exposure time. There is also a lack of information about OPC-CSA blends exposure to elevated temperature. Available research describes the usage of CSA cement in standard environment conditions on special projects, for example, airport runaway, bridge decks, prestressed tanks, etc. [47]. Furthermore, CSA cement has a binder with a lower carbon footprint than OPC cement [48]. However, in [49] authors pointed important conclusion connected with the general safety of construction material, that life–safety will always take precedence over sustainability issues.




2. Materials and Methods


To understand phenomena occurring within the composite material containing CSA cements under elevated temperature, specimens with the following ingredients were created with a weight according to Table 4:




	
OPC—Portland cement OPC CEM I 42.5 R Górażdże Premium



	
CSA—AliCem Italicementi



	
Building gypsum Dolina Nidy



	
Water from waterworks



	
Cut glass fiber 4.5 mm








A water/gypsum ratio = 0.6 was forced by manufacturer specification for cement blends water/cement ratio = 0.5 was used. A glass fiber/total binder ratio = 0.02. 12 pcs. 40 × 40 × 160 mm according to standard PN-85/B-04500 was molded from every composition. Each ingredient specimen from the cement group was marked Z(1–5). Each specimen from the chosen group was marked additionally 1–12 according to mold position. Specimens were treated according to PN 85/B-04500 standard. After 28 days, the samples were subjected to subsequent tests. Gypsum specimens were marked G1. Each specimen from this group was marked additionally 1–12 according to mold position as shown in Figure 2. Gypsum specimens were cured in the air for 14 days. After 14 days, the samples were tested.



2.1. Samples Behavior during Elevation on High-Temperature


A temperature test was conducted in an atmosphere electrical furnace (Zakład Elektromechaniczny NEOTERM, Wrocław, Poland). The heat conditioning time was equal to the appropriate EI fire resistance class, meaning: 0 min, 15 min, 30 min, 60 min, in accordance with PN-EN 13501. Three samples were placed in the oven (Zakład Eletromechaniczny NEOTERM, Wrocław, Poland). Thermocouples (   TYPE   K    1200   ° C ,   ∅ 2.5 )   were inserted in   ∅ 3 x 80   holes, as presented in Figure 1. Temperatures were measured during all tests. After the 15/30/60 min tests, specimens were brought out and cooled at laboratory temperature equal to 23 ± 2 °C.




2.2. Differential Scanning Calorimetry


To study thermal events and relations in cement pastes during high temperature, we used the DSC method. Analyses were carried out using DSC 204 Netzsch station. Aluminum crucibles (Netzsch, Selb, Deutschland) were used in investigations. All experiments were conducted at a temperature from 25 to 600 °C with a heating rate of 15.0 K/min in a nitrogen atmosphere with a 20.0 mL/min gas flow.




2.3. Flexural and Compressive Strength


Strength tests were performing following PN-EN 1015-11 “Methods of test for mortar for masonry. Determination of flexural and compressive strength of hardened mortar” to determine elevated temperature influence on flexural and compressive strength [50]. Samples were testing which meets the standard requirements after heat-treating.





3. Results and Discussion


3.1. Exposure to High-Temperature


Next, the weight of each specimen was measured, and the average density of specimens was calculated. The results are presented in Table 5.



Density decrease after high-temperature is an expected phenomenon. It is explained in literature as the following phase changes with new products released as a result of heat energy delivery [51]. All samples after furnace test are shown in Figure 3.



After 15 min in the furnace, the gypsum specimens showed cracking of the visible surfaces. Longer time under high-temperature conditioning made the cracking more visible and deep. After 60 min, the gypsum specimens were fully cracked. After 15 min, smaller cracking was observed in the cement specimens than in the gypsum specimens. At 30 min at high-temperatures, cracking was on the same level as at the previous time. The most visible cracking lines were observed at Z1 and G1 samples. Volume expansion of cementous samples was a process observed for a time longer than 30 min. Visible crushing of the top corners and partial edges was visible in samples containing OPC cement under loads greater than 30 min. The corners and edge erosion may have been forced by dehydration and dehydroxylation of the original structure following moisture absorption by free lime during cooling in the air after heat treatment [16]. In parallel, the cracking effect after heating may have happened as an effect of thermal shock as a result of environmental changes from the hot furnace to a much colder laboratory [52]. The conducted tests gave data about the samples’ thermal response to elevated temperatures. The average results are presented in Figure 4.



The graph shows the relationship between each type of cement sample related to gypsum. Z1 composition temperature increased faster in 34 min than gypsum. The gypsum thermal decomposition at 100–150 °C was the longest process. The temperature increased after crossing 150 °C and finally reached 729 °C in 60 min. Between 150 °C and 729 °C, no significant cooling effects were observed. This characteristic temperature interval is also characteristic for ettringite and C-S-H decomposition, as shown in Table 3. CSA increased in the OPC matrix gave an elongated time of temperature increase in the 100–150 °C temperature interval. Between 3:51 min and 11:31 min, the Z1 composite temperature was around 100 °C, which means that ettringite decomposition had stopped the temperature increase. After 11:31 min, the temperature in the Z1 core climbed to 110 °C, and then slowly rose to 150 °C over 26 min. This shows the next phase of decomposition. CSA addition in the OPC matrix lengthened the time of temperature rise in the core samples. An improvement in properties followed the increase in CSA cement. The positive time elongation of keeping lower temperatures is presented in Table 6.



Table 6 shows the test results means by the sum of time counted from Figure 4 in 100–150 °C function values. Presented data shows differences in reaching set temperatures. The time values rise with increasing contain CSA in structure.




3.2. Differential Scanning Calorimetry Results


Differential scanning calorimetry (DSC) was used to confirm the results obtained from the furnace test. The advantages of this form of thermal testing are a smaller mass of samples than in a furnace test, the possibility of comparison with data standards and the value of enthalpy. The disadvantage is a general overview of sample behavior during tests. The DSC tests were conducted in Netzsch DSC 204 station. Tests were conducted in aluminum crucibles. The parameters of the tests are presented in Table 7.



The obtained DSC results confirmed results obtained in the furnace test. The sample Z1 was characterized by two endothermic reactions with peaks at 139.2 °C and 180.8 °C, which were ettringite and C-S-H dehydration; both reactions are close to each other. The next peak was observed at 491.2 °C with a disturbance at the end of the process. Z2 had two peaks in 153.5 °C 1.917 mW/mg and 198.5 °C 1.331 mW/mg. Higher content of ettringite increased the first peak than in the previous sample. More visible is also the second peak, where differences were 0.587 mW/mg for the first and 0.7599 mW/mg for the second. The third peak of Z2 is much smaller than for Z1. The difference is 0.1245 mW/mg. The third sample, Z3, had intensive the first peak 149.1 °C 2.835 mW/mg, which was 34% more intense than Z2, but the second peak moved to 262.7 °C 0.69 mW/mg with almost 50% lower intensity than Z2. In paper [53], the second peak can be connected with the amorphous alumina trihydroxide (AH3) phase occurring, in which the origin is calcium sulfoaluminate cement hydration protocol. In accordance with previous samplers, a peak around 500 °C was absent, which means that portlantide phase was absent in this sample. In Z4, ettringite peak 154.5 °C was higher than in previous samples and was 3.045 mW/mg. It is also at the Z3 trajectory of peaks. The second peak, 269.7 °C, 0.7547, was more intense than Z3 and moved into right. Sample Z5 had the most intense first peak and was 3.264 mW/mg at 171.8 °C. This moved rightmost of all. The second peak was also the most intensive and was 1.005 mW/mg. This was connected with alumina trihydroxide (AH3) phase decomposition [54]. The analysis was made in Proteus analysis software. The DSC curves in Figure 5 were analyzed, and the results are shown in Table 8 to provide more information about phenomena.



The first peak for all materials has changed, respectively, from 107.9 °C for the Z1 sample to 118.7 °C for the Z5 sample. Enthalpy increased with increasing the CSA content in the material, which means that the first peak is connecting with ettringite contains in structure. The sum of the presented enthalpy increased with increasing CSA content in structure from 246.3 J/g to 647.3 J/g.




3.3. Flexural and Compressive Strength Parameters


Samples were tested at Servo plus evolution strength machine according to PN-EN 1015-11 in Department of Building Physics and Building Materials, Lodz University of Technology. Samples were tested when they meet the requirements of standard shapes. If samples lose their integrity after 60 min of heat conditioning, then they were not tested like G1 and Z1 60 min, as shown in Figure 6a,b.



3.3.1. Flexural Strength


Test results shown in Figure 7 and detailed in Table 9 confirmed a drop in flexural strength of types of cement and gypsum-based ceramics under high-temperature exposure. Fifteen minutes of exposure caused a 92.1% plunge in flexural strength of the gypsum samples. In 15 and 30 min, the flexural strength of Z1 composites was higher than samples contain CSA. In 60 min, the flexural strength was the highest for Z2, Z5 material, where Z5 and Z3 had similar parameters.




3.3.2. Compressive Strength


In according to presented data in Figure 8 and Table 10, gypsum had the worst compressive strength from measured materials. Under high temperatures, the compressive strength rapidly dropped at 15 min point. After 30 min, the samples had 10.7% of their starting strength. At 60 min, the gypsum was totally damaged.



The highest compressive strength material was only one CSA-based cement. Ceramics containing CSA (Z2 not including) had better compressive strength than OPC. Fifteen minutes in the furnace caused a 40% compressive strength drop in cementous composition. The best result was the Z5 composition at 15 min. The rest of the cement material was around 21   ±    1.5 MPa. Thirty minutes showed better strength of the Z1 and Z2 samples than the Z3–Z5 samples. After 60 min, the best results were for materials containing CSA cement in the matrix. The Z1 samples did not meet the standard requirements of shape. It needs to be mentioned that strength results were in a complex state of strength caused by the presence of hydrated and dehydrated phases. The test results showed a relation between used materials but did not determine calculation strength factors.



The relation between flexural and compressive strength factors are presented in Figure 9. The data axes are reversed to emphasize the declining strength factors during exposure to high-temperature over time. Where FS ratio = flexural strength/compressive strength. Table 11 shows the predicted trend curves based on results from previous strengths tests.



Figure 10 presents the flexural/compressive strength ratios (FS ratio). It needs to be mentioning that the presented results are in time function during exposure on high-temperature. During these test materials, strengths decreased in time, as shown in Figure 9. The highest flexural/compressive strength ratio was for a gypsum-reinforced blend at 0 min. It had rapidly dropped from 0.34 to 0.12 in the first 15 min under fire-temperature load. Next, the ratio increased to 0.17 in 30 min to fall to 0 in 60 min. The Z1 flexural/compressive strength ratio was equal to 0.11. The value of it increased to 0.13 in 15 min and stay at the same level to 30 min. FS ratio dropped down to 0 in 60 min. It shows that in the Z1 samples, the flexural strength during fire decreased slower than compressive strength in 30 min. After this time, flexural and compressive strength rapidly dropped down. Z2 had a similar mechanism of ratio flow. Starting at 0 min points and ending at 30 min, the FS ratio was 0.10. Next, it slowly decreased to a value of 0.08 after 60 min. This shows that flexural strength and compressive strength decreased comparably during high-temperature elevation. FS ratio of Z3 samples had fluctuating character during exposure on high-temperature. In the first 15 min, flexural strength decreased faster than compressive from 0.13 FS ratio to 0.09; in the next 15 min, behavior diverted from 0.09 FS ratio to 0.15. The last 30 min showed that the FS ratio decreases to 0.10. In the Z4 samples in which the FS ratio slightly decreased in the first 15 min, in the next 45 min, the FS ratio rose. This meant that compressive strength decreased more than flexural strength. The last samples, Z5, has increased the FS ratio in all time. FS ratio rises from 0.05 to 0.11 in 60 min, which means that the flexural strength decreased slower than compressive strength during high-temperature.



Table 12 shows the comparison of FS ratio trend curves in time function. Combining results equation from Table 11 and Table 12 together may give information about predict strength factors in chosen time. For most samples, the R2 coefficient is higher than 0.96. In the G1, case, it is moderate; and in Z3 cases, it is low-level.






4. Conclusions


In this paper, the differences between reinforcement gypsum blend and different cement ratio reinforcement ceramics under high temperatures were showed. Samples were tested according to standards after different heat treatment times. Results contain researched core response on fire-temperature, strength parameters and visual behavior of samples after cooling in the laboratory environment. The measured times correspond to standard EI 15, 30, 60 Fire Resistance class. Conducted research is important from a fire safety point of view. The samples compared from different materials give a general overview of the differences between these materials. It was shown that there are differences between gypsum, OPC and CSA ceramics-based. Research methods based on this same volume of samples, test parameters and the persons who were responsible for test procedures gave elimination of systematic errors. According to the presented papers, the conclusions are as follows:




	(1)

	
Exposure to high-temperature: Post heat-treatment cooling process and time in ambient air temperature may influence to support cracking effect in sample structures. Thermal shock can appear in water from firefight action or air stream from passive fire systems like SHEV fire systems. Tests prove the cooling properties of gypsum with effectiveness for 30 min in presented volume under fire-temperature load. In gypsum, material strength decreases during the continued cooling effect. After 30 min of heat-treatment, strength is less than 10% of the original. Reinforcement cement blends based on OPC CEM I had a similar cooling effect to gypsum to 200 °C in 35 min, but his strength properties were higher. OPC CEM I matrix modification by CSA cement has a significant influence on time elongation of temperature increase. The effect is connected with the endothermic reaction of ettringite and monosulfite dehydration. In the presented sample volume and their position, every 25% increase containing CSA in the OPC matrix influenced 15  ±  2 min time elongation. These are showing that there is space for improvement in passive fire protection systems. Sixty minutes of exposure on fire-temperature was not beneficial for gypsum and all cement-based material; however, CSA modification in the OPC matrix had a positive influence on ceramics materials. Cement material contains CSA cement had better cooling and strength parameters than gypsum in all cases. The spalling effect was not observed during tests.




	(2)

	
Differential scanning calorimetry: Increasing CSA content increases the total sum of enthalpy of endothermic reactions. Furthermore, the total amount of ettringite is responsible for this behavior. Thermal scanning calorimetry has shown visible forming AH3 phase starting of 50% CSA contribution, and peak intensity increases with CSA contain. DSC results confirm cooling behavior during high-temperature in the furnace. Combining both tests, the conclusion is that as long as the endothermic transformation takes place, the temperature at the measuring point will not rise.




	(3)

	
Flexural and compressive strength test: Reinforcement cement blends contain CSA had higher compressive strength (not including Z2) and lower flexural strength (not including Z3) than reinforcement blend on 100% OPC based in the green state. The flexural strength and compressive strength were higher for composites contain CSA in the matrix during 30 min exposition on high-temperature. Interesting results show FS ratio analysis. Samples contain 100%, and 75% OPC has decreased the FS ratio. It means that flexural strength dropped faster than compressive strength. Samples Z3 with 50% OPC contains had fluctuating FS ratio flow. Samples with 25% and 0% OPC have increased FS ratio during high-temperature. It means that flexural strength decreases slower than compressive strength.









Presented research helped to understand better mechanisms responsible for cooling behavior of cooling mechanism based on cement materials. As shown in the paper, phase selection has a significant influence on cement-based materials during high-temperature exposure. Better understanding phenomena occurring within the materials are needed more tests with different ingredients ratio and load conditioning.







Author Contributions


Conceptualization, K.A.S.; methodology, K.A.S., Ł.K.; validation, K.A.S., Ł.K., J.S.; formal analysis, K.A.S.; investigation, K.A.S.; resources, K.A.S., Ł.K., J.S. writing—original draft preparation, K.A.S.; writing—review and editing, K.A.S., Ł.K., J.S.; visualization, K.A.S.; supervision, Ł.K., J.S.; project administration, K.A.S.; funding acquisition, Ł.K., K.A.S., J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was co-funded by Hydro Building Systems Poland and the Ministry of Science and the Higher Education Republic of Poland.




Acknowledgments


This work was supported by Hydro Building Systems Poland and the “Industrial Ph.D.” program granted by the Ministry of Science and the Higher Education Republic of Poland.




Conflicts of Interest


The authors declare that they have no conflicts of interest.




References


	



Regulation (EU) No 305/2011 of the European Parliament and of the council of 9 March 2011 Laying down Harmonized Conditions for the Marketing of Construction Products and Repealing Council Directive 89/106/EEC; European Parlament: Brussels, Belgium, 2011.

	



Ministerstwo Infrastruktury i Budownictwa. Obwieszczenia Ministra Infrastruktury i Budownictwa z dnia 17 lipca 2015 r. w spr. Ogłoszenia Jednolitego Tekstu Rozporządzenia Ministra Infrastruktury w Sprawie Warunków Technicznych, Jakim Powinny Odpowiadać Budynki i Ich Usytuowanie, z Późn. Zmian; Ministerstwo Infrastruktury i Budownictwa: Warszawa, Poland, 2015. [Google Scholar]

	



Olech, B. Wykonywanie Ścian Działowych z Różnych Materiałów; Instytut Technologii Eksploatacji—Państwowy Instytut Badawczy: Radom, Poland, 2006. [Google Scholar]

	



Sulik, P.; Sędłak, B. Selected aspects of fire resistance evaluation of glazed fire protection elements. Czas. Inżynierii Lądowej Środowiska i Archit. 2017, 3, 17–19. [Google Scholar] [CrossRef]

	



Skejić, D.; Curkovic, I.; Rukavina, M.J. Behaviour of aluminium structures in fire—A review. In Proceedings of the International Conference in Dubrovnik, Dubrovnik, Croatia, 15–16 October 2015. [Google Scholar] [CrossRef]

	



Maljaars, J.; Soetens, F. Experimental and numerical analyses of aluminium frames. Heron 2010, 55, 303–318. [Google Scholar]

	



Kinowski, J.; Sedłak, B.; Sulik, P. Fire insulation of flazed aluminium curtain walls depending on insulation inserts in structural profiles. Izolacje 2015, 2, 48–53. [Google Scholar]

	



Biegus, A. Active and passive fire protection measures in steel construction. Izolacje 2013, 3, 38–48. [Google Scholar]

	



Sulik, P. Passive fire safety measures for structures. Izolacje 2018, 3, 118–124. [Google Scholar]

	



Costes, L.; Laoutid, F.; Brohez, S.; Dubois, P. Bio-based flame retardants: When nature meets fire protection. Mater. Sci. Eng. R Rep. 2017, 117, 1–25. [Google Scholar] [CrossRef]

	



Kosiorek, M. Odporność ogniowa konstrukcji stalowych. Część 4. Builder 2016, 20, 92–97. [Google Scholar]

	



Sędłak, B.; Sulik, P. Odporność ogniowa pionowych przegród przeszklonych. Część 1. Świat Szkła 2015, 7–8. [Google Scholar] [CrossRef]

	



Park, S.-H.; Manzello, S.L.; Bundy, M.F.; Mizukami, T. Experimental study on the performance of a load-bearing steel stud gypsum board wall assembly exposed to a real fire. Fire Saf. J. 2011, 46, 497–505. [Google Scholar] [CrossRef]

	



Ghandehari, M.; Behnood, A. Comparison of compressive and split-ting tensile strength of high-strength concrete with and without poly-propylene fibers heated to high temperatures. Fire Saf. J. 2009, 44, 1015–1022. [Google Scholar]

	



Drzymała, T.; Ogrodnik, P.; Zegardło, B. Effects of high temperature on flexural strength of concrete composites modified by addition of polypropylene fibres. Tech. Transp. Szyn. 2016, 12, 82–86. [Google Scholar]

	



Hager, I. Behaviour of cement concrete at high temperature. Bull. Pol. Acad. Sci. Tech. Sci. 2013, 61, 145–154. [Google Scholar] [CrossRef]

	



Bilow, D.N.; Kamara, M.E. Fire and Concrete Structures. Struct. Congr. 2008, 2008, 1–10. [Google Scholar] [CrossRef]

	



Hager, I. Methods for assessing the state of concrete in fire damaged structure. Cem. Wapno Beton 2009, 14, 167–178. [Google Scholar]

	



Ringdalen, E. Changes in Quartz During Heating and the Possible Effects on Si Production. JOM 2014, 67, 484–492. [Google Scholar] [CrossRef]

	



Wang, D.; Zhao, Z.; Tan, L.; Zhang, S.; Wang, Q. An investigation of the decomposition mechanism of calcium carbonate. METABK 2017, 56, 1–2. [Google Scholar]

	



Bieda, W.; Laurecka, H. Masy, Betony I Prefabrykaty Ogniotrwałe; Katowice: Śląsk, Poland, 1981; ISBN 8321601960. [Google Scholar]

	



Ayoola, W.; Sanni, O.; Adeosun, S.; Oyetunji, A. Effect of casting mould on mechanical properties of 6063 Aluminum alloy. J. Eng. Sci. Technol. 2012, 1, 89–96. [Google Scholar]

	



Ogrodnik, P.; Zegardło, B. Eco-concretes based on waste aggregates in the issues of safety of rescue teams in case of fire. Logistyka 2014, 4, 984–994. [Google Scholar]

	



Bednarek, Z.; Krzywobłocka-Laurów, R.; Drzymała, T. Effect of High Temperature on the Structure, Phase Composition and Strength of Concrete. Zesz. Nauk. SGSP 2009, 38, 5–27. [Google Scholar]

	



Giergiczny, Z. Popiół Lotny w Składzie Cementu i Betonu; Wydawnictwo Politechniki Śląskiej: Gliwice, Poland, 2013; ISBN 9788378801696. [Google Scholar]

	



Czarnecki, L.; Broniewski, T.; Henning, O. Chemia w Budownictwie; Arkady: Warszawa, Poland, 1996; ISBN 8321338739. [Google Scholar]

	



Jarmontowicz, A. Wytyczne Szacowania Temperatury Betonu Po Nagrzewie Na Podstawie Badań Laboratoryjnych; Instytut Techniki Budowlanej. Działowy Ośrodek Informacji Naukowo-Technicznej i Ekonomicznej: Warszawa, Poland, 1986. [Google Scholar]

	



Denny, S.M.; Stratford, T.; Dhakal, R.P. Spalling of concrete: Implications for structural performance in fire. In Proceedings of the 20th Australasian Conference on Mechanics of Structure and Materials, Toowoomba, Australia, 2–5 December 2008. [Google Scholar]

	



Batog, M.; Synowiec, K.; Dziuk, D.; Iler, M.M. Properties of concrete containing calcium sulphoaluminate cement (CSA). Mater. Bud. 2018, 10, 5–8. [Google Scholar]

	



Winnefeld, F.; Lothenbach, B. Hydration of calcium sulfoaluminate cements—Experimental findings and thermodynamic modelling. Cem. Concr. Res. 2010, 40, 1239–1247. [Google Scholar] [CrossRef]

	



Kaufmann, J.; Winnefeld, F.; Lothenbach, B. Stability of ettringite in CSA cement at elevated temperatures. Adv. Cem. Res. 2016, 28, 251–261. [Google Scholar] [CrossRef]

	



Zimka, R.; Hajto, D.; Marcinkiewicz, K. CSA Cements based on calcium sulfoaluminates. Builder 2016, 20, 80–82. [Google Scholar]

	



Li, W. The Properties And Hydration Of Portland Cement Containing Calcium Sulfoaluminate Cement. Ceram. Silik. 2018, 62, 364–373. [Google Scholar] [CrossRef]

	



Coppola, L.; Coffetti, D.; Crotti, E.; Pastore, T. CSA-based Portland-free binders to manufacture sustainable concretes for jointless slabs on ground. Constr. Build. Mater. 2018, 187, 691–698. [Google Scholar] [CrossRef]

	



Carsana, M.; Canonico, F.; Bertolini, L. Corrosion resistance of steel embedded in sulfoaluminate-based binders. Cem. Concr. Compos. 2018, 88, 211–219. [Google Scholar] [CrossRef]

	



López-Beceiro, J.; Gracia-Fernández, C.; Tarrío-Saavedra, J.; Gómez-Barreiro, S.; Artiaga, R. Study of gypsum by PDSC. J. Therm. Anal. Calorim. 2012, 109, 1177–1183. [Google Scholar] [CrossRef]

	



Chłądzyński, S. Spoiwa Gipsowe W Budownictwie; Grupa Medium: Warszawa, Poland, 2008; ISBN 978-83-919132-7-7. [Google Scholar]

	



PKN. PN-EN 13501-1: Klasyfikacja Ogniowa Wyrobów Budowlanych; The Polish Committee of Standarization: Warsaw, Poland, 2008. [Google Scholar]

	



Bollen, W.M. Thermal Decomposition of Calcium Sulfate. Ph.D. Thesis, Iowa State University, Ames, IA, USA, 1954. [Google Scholar] [CrossRef]

	



RIGIPS. Płyty Gipsowe i Gipsowo-Kartonowe W Ochronie Przeciwpożarowej. Mater. Bud. 2015, 7, 14–15. [Google Scholar]

	



Swift, W.M.; Panek, A.F.; Smith, G.W.; Vogel, G.J.; Jonke, A.A. Decomposition of Calcium Sulfate: A Review of the Literature; Technical Report; Argonne National Laboratory: Argonne, IL, USA, December 1976. [Google Scholar] [CrossRef]

	



Collier, N.C. Transition And Decomposition Temperatures Of Cement Phases—A Collection Of Thermal Analysis Data. Ceram. Silikáty 2016, 60. [Google Scholar] [CrossRef]

	



Domagała, L. Types of lightweight aggregate and their effect on the properties of fine-aggregate structural-insulating concrete. Cem. Wapno Beton 2019, 22, 296–306. [Google Scholar]

	



Gnanachelvam, S.; Ariyanayagam, A.; Mahendran, M. Fire resistance of LSF wall systems lined with different wallboards including bio-PCM mat. J. Build. Eng. 2020, 32, 101628. [Google Scholar] [CrossRef]

	



Chen, W.; Ye, J.; Zhao, Q.; Jiang, J. Full-scale experiments of gypsum-sheathed cavity-insulated cold-formed steel walls under different fire conditions. J. Constr. Steel Res. 2020, 164, 105809. [Google Scholar] [CrossRef]

	



Kubicka, K.; Obara, P.; Radoń, U.; Szaniec, W. Assessment of steel truss fire safety in terms of the system reliability analysis. Arch. Civ. Mech. Eng. 2019, 19, 417–427. [Google Scholar] [CrossRef]

	



Tur, W.; Król, M. Beton ekspansywny; Arkady: Warsaw, Poland, 1999. [Google Scholar]

	



Da Costa, E.B.; Rodríguez, E.D.; Bernal, S.A.; Provis, J.L.; Gobbo, L.A.; Kirchheim, A.P. Production and hydration of calcium sulfoaluminate-belite cements derived from aluminium anodising sludge. Constr. Build. Mater. 2016, 122, 373–383. [Google Scholar] [CrossRef]

	



Coppola, L.; Coffetti, D.; Crotti, E.; Gazzaniga, G.; Pastore, T. An Empathetic Added Sustainability Index (EASI) for cementitous based construction materials. J. Clean. Prod. 2019, 220, 475–482. [Google Scholar] [CrossRef]

	



PKN. PN-EN 1015 Metody badań zapraw do murów; The Polish Committee of Standarization: Warsaw, Poland, 2008. [Google Scholar]

	



Vilches, J.; Ramezani, M.; Neitzert, T. Experimental investigation of the fire resistance of ultra lightweight foam concrete. Adv. Civ. Environ. Eng. 2012, 1, 1–12. [Google Scholar]

	



Stawiski, B. Attempt to estimate fire damage to concrete building structure. Arch. Civ. Mech. Eng. 2006, 6, 23–29. [Google Scholar] [CrossRef]

	



Li, M.; Lan, M.; Chen, Z.; Wang, J.; Cui, S.; Wang, Y. Research on the Hydration Properties of C4A3-CH2 Cement System at Different Temperatures. Materials 2020, 13, 4000. [Google Scholar] [CrossRef]

	



Chen, P.C.; Yang, L.C. Optimization and Characterization of Nano Aluminum Trihydrate-Based Flame-Retardant Materials in the Rotating Packed Bed Reactor. Mater. Sci. Appl. 2018, 9, 1036–1056. [Google Scholar] [CrossRef]








[image: Materials 13 05230 g001 550] 





Figure 1. Example of fire protection infills and contour covers: (a) Façade profile; (b) thermal break window/door/partition profile; (c) construction hollow profile. 
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Figure 2. Samples arranged after high-temperature exposure. 
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Figure 3. Grouped specimens. (a) Z1 specimens; (b) Z2 specimens; (c) Z3 specimens; (d) Z4 specimens; (e) Z5 specimens; (f) G1 specimens. 
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Figure 4. Core temperature results. 
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Figure 5. Differential scanning calorimetry results. 
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Figure 6. (a) Z1 samples after 60 min in the furnace; (b) Zoom on Z1 sample after 60 min in the furnace; (c) Z5 samples after 60 min in the furnace. 
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Figure 7. Flexural strength in time function. 
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Figure 8. Compressive strength in time function. 






Figure 8. Compressive strength in time function.



[image: Materials 13 05230 g008]







[image: Materials 13 05230 g009 550] 





Figure 9. Flexural strength to compressive strength ratio trend curves. 
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Figure 10. Comparison of flexural strength/compressive strength ratio in time function. 






Figure 10. Comparison of flexural strength/compressive strength ratio in time function.



[image: Materials 13 05230 g010]







[image: Table] 





Table 1. Building Research Institute of Poland guidelines [27].






Table 1. Building Research Institute of Poland guidelines [27].





	Temperature Exposure
	Phase Decompositions in OPC Concrete in 20–800 °C Range





	to 200 °C
	Partially ettringite dehydration and beginning calcium–silicate hydrates C-S-H dehydration



	to 300 °C
	Dehydration end of ettringite and dehydration follow-up of calcium–silicate hydrates C-S-H



	to 600 °C
	Follow-up dehydration of calcium–silicate hydrates C-S-H and dehydroxylation of portlandite Ca(OH)2



	to 800 °C
	Follow-up dehydration of calcium–silicate hydrates C-S-H and partially carbonate decomposition
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Table 2. Calcium sulfoaluminate (CSA) phase decomposition.
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	Temperature Exposure
	Phase Decompositions in CSA Concrete





	from 90 °C
	Ettringite dehydration and decomposition to monosulfite and calcium sulfate



	from 150 °C
	Partially monosulfite dehydration



	200–230 °C
	Alumina trihydrate dehydroxylation



	from 450 °C
	Monosulfite dehydration
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Table 3. Summary of cement phase decomposition.
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Temp. [°C]

	
Phase

	
Mark






	
50–100

	
     CaSO  4  · 2  H 2  O   

	
      C  S ¯  H   2    




	
100–150

	
     CaSO  4  · 2  H 2  O   

	
      C  S ¯  H   2    




	
     CaSO  4  ·  1 2   H 2  O   

	
   C  S ¯   H  0.5     




	
-

	
   C − S − H   a




	
     Ca  3    Al  2   O 6  · 3   CaSO  4  · 32  H 2  O   a,b

	
    C 3  A · 3  C  S ¯   ·  H  32     a,b




	
150–200

	
     CaSO  4  · 2  H 2  O   

	
      C  S ¯  H   2    




	
     CaSO  4  ·  1 2   H 2  O   

	
      C  S ¯  H    0.5     




	
     Ca  3    Al  2   O 6  ·   CaSO  4  · 12  H 2  O   

	
    C 3  A ·  C  S ¯   ·  H  12     




	
200–250

	
     CaSO  4  ·  1 2   H 2  O   

	
      C  S ¯  H    0.5     




	
300–350

	
     Ca  3    Al  2   O 6  · 6  H 2  O   

	
    C 3    AH  6    




	
450–500

	
     Ca  3    Al  2   O 6  ·   CaSO  4  · 12  H 2  O   d

	
    C 3  A ·  C  S ¯   ·  H  12     d




	
   Ca     OH    2    a

	
    CH    a




	
     Ca  3    Al  2   O 6  · 6  H 2  O   d

	
    C 3   AH 6    d








Important: a—highest lost, b—main lost, d—low lost.
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Table 4. Ingredients compounds (g).
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	No
	Name
	Gypsum
	OPC
	CSA
	Water
	Glass Fiber





	1
	G1
	4400
	-
	-
	2640
	88



	2
	Z1
	-
	4400
	-
	2200
	88



	3
	Z2
	-
	3300
	1100
	2200
	88



	4
	Z3
	-
	2200
	2200
	2200
	88



	5
	Z4
	-
	1100
	3300
	2200
	88



	6
	Z5
	-
	-
	4400
	2200
	88
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Table 5. Density (kg/m3).
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Time




	
Marks

	
0

	
15

	
30

	
60






	
Density kg/m3

	
Z1

	
1872.4

	
1782.6

	
1351.6

	
1242.2




	
Z2

	
1849.0

	
1468.8

	
1339.8

	
1248.7




	
Z3

	
1790.4

	
1464.9

	
1341.1

	
1216.1




	
Z4

	
1761.8

	
1450.5

	
1266.9

	
1157.5




	
Z5

	
1812.5

	
1506.5

	
1355.5

	
1218.7




	
G1

	
1182.3

	
1018.2

	
990.9

	
921.9
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Table 6. Elongation time in comparison of cement core temperature increase in 100–150 °C interval.
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	Samples
	Z1
	Z2
	Z3
	Z4
	Z5





	Time [min]
	19:08
	26:30
	29:49
	36:28
	40:28



	Rise
	Ref
	+39%
	+56%
	+91%
	+111%
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Table 7. Parameters of differential scanning calorimetry (DSC) tests.
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	Specimen
	Color
	Mass [mg]
	Range
	Atmosphere





	Z1
	
	16.5
	25 °C/15.0 (K/min)/600 °C
	N2, 20.0 mL/min



	Z2
	
	17.3
	25 °C/15.0 (K/min)/600 °C
	N2, 20.0 mL/min



	Z3
	
	16.0
	25 °C/15.0 (K/min)/600 °C
	N2, 20.0 mL/min



	Z4
	
	14.3
	25 °C/15.0 (K/min)/600 °C
	N2, 20.0 mL/min



	Z5
	
	16.8
	25 °C/15.0 (K/min)/600 °C
	N2, 20.0 mL/min
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Table 8. DSC analysis.
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No

	
Peak

	
Ts [°C]

	
Td [°C]

	
Heat Flow [mW/mg]

	
Enthalpy   ∆ H   [J/g]

	
    ∑   i = 3  n  ∆  H i    [J/g]






	
Z1

	
Peak 1

	
107.9

	
139.2

	
1.146

	
141.49

	
246.30




	
Peak 2

	
165.0

	
180.8

	
0.644

	
37.61




	
Peak 3

	
466.7

	
491.2

	
0.4593

	
67.20




	
Z2

	
Peak 1

	
112.0

	
153.5

	
1.917

	
239.08

	
336.76




	
Peak 2

	
183.0

	
198.5

	
1.331

	
95.52




	
Peak 3

	
452.3

	
477.8

	
0.3348

	
2.16




	
Z3

	
Peak 1

	
113.4

	
149.1

	
2.834

	
446.04

	
495.60




	
Peak 2

	
240.1

	
262.7

	
0.69

	
49.56




	
Z4

	
Peak 1

	
114.7

	
154.5

	
3.045

	
489.48

	
568.80




	
Peak 2

	
234.3

	
275.2

	
0.7541

	
79.32




	
Z5

	
Peak 1

	
118.7

	
171.8

	
3.264

	
547.92

	
647.30




	
Peak 2

	
264.4

	
295.5

	
1.006

	
99.38








Ts—initial phase transition temperature, Td—maximal process temperature.
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Table 9. Flexural strength in time function.
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Time [min]

	
Flexural Strength [MPa]




	
G1

	
Z1

	
Z2

	
Z3

	
Z4

	
Z5






	
0

	
4.41

	
4.87

	
3.98

	
6.49

	
4.64

	
3.67




	
15

	
0.37

	
2.81

	
2.16

	
1.89

	
1.60

	
1.90




	
30

	
0.23

	
2.75

	
1.76

	
1.65

	
0.79

	
1.32




	
60

	
0.00

	
0.00

	
0.90

	
0.64

	
0.51

	
0.68
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Table 10. Compressive strength in time function.
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Time [min]

	
Compressive Strength [MPa]




	
G1

	
Z1

	
Z2

	
Z3

	
Z4

	
Z5






	
0

	
12.81

	
45.00

	
39.12

	
49.36

	
47.53

	
70.53




	
15

	
3.05

	
22.13

	
20.94

	
20.76

	
19.65

	
28.50




	
30

	
1.37

	
21.95

	
18.22

	
10.97

	
7.95

	
13.79




	
60

	
0.00

	
0.00

	
10.65

	
6.57

	
3.55

	
6.08
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Table 11. Comparison of flexural strength and compressive strength ratio trend curves and coefficient of determination.
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	Name
	Trend Curve Equation
	R2 Value





	G1
	ff = 0.0042fc3 − 0.0441fc2 + 0.2179– 9 × 10−13
	1



	Z1
	ff = −0.0008fc2 + 0.1437fc– 8 × 10−5
	0.9999



	Z2
	ff = −0.0006fc2 + 0.1368fc − 0.4973
	0.9992



	Z3
	ff = 0.0017fc2 + 0.02359fc + 0.6085
	0.9849



	Z4
	ff = 2 × 105fc3 − 0.0002fc2 + 0.0645fc + 0.2842
	1



	Z5
	ff = 0.207fc0.6752
	0.9932
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Table 12. Comparison of flexural strength (FS) ratio in time function equations and coefficient of determination.
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	Name
	f(t) = FS Ratio
	R2 Value





	G1
	f(t) = 6 × 10−5t2 − 0.0086t + 0.3159
	0.8374



	Z1
	f(t) = −8 × 10−5t2 + 0.0028t + 0.1065
	0.9971



	Z2
	f(t) = −5 × 10−6t2– 9 × 10−6t + 0.1025
	0.9731



	Z3
	f(t) = −2 × 10−5t2 + 0.0007t + 0.1187
	0.1507



	Z4
	f(t) = 3 × 10−5t2 − 0.0009t + 0.095
	0.9612



	Z5
	f(t) = −1 × 10−5t2 + 0.0017t + 0.0497
	0.9677
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