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Abstract

:

The effectiveness of fireproof sealing systems in preventing the spread of fire in high-rise building cable shafts relies on the properties of various sealing materials and the construction process. Therefore, a comprehensive evaluation is necessary. The authors of this paper propose a comparative test method based on an entity test platform for a performance evaluation of cable shaft fireproof sealing systems in high-rise buildings. The test platform measures changes in temperature, humidity, and smoke mass during fire tests to compare the performance of four sets of fireproof sealing systems in terms of thermal insulation, smoke sealing capacity, and overall integrity. In addition, a fire dynamics simulation (FDS) of fireproof sealing systems was carried out on the entity test platform, and the sealing failure process in the case of cracking in the fireproof sealing system was revealed. The simulation results for the temperature trends in the lower space align with the fire test results. Furthermore, as the gap size increases, the diffusion of smoke and flame accelerates. Consequently, the performance of cable shaft fireproof sealing systems depends not only on the sealing material but also on the construction process.
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1. Introduction


With the development of a social economy, high-rise buildings and super high-rise buildings are increasing day by day, which inevitably increases the potential risk and danger of fire while effectively improving the land utilization rate [1,2]. In the construction of high-rise buildings, many pipes pass through the walls or floors of the building and leave holes or gaps, which provide favorable conditions for fire to spread. For example, the ‘chimney effect’ of the cable shaft will cause the rapid spread of fire and smoke, increasing the harm caused by fire and the difficulty of extinguishing fire [3,4]. A fireproof sealing system is an important way to block the spread of cable fire. The sealing principle is to use fireproof materials and cooperate with the corresponding construction technology to seal the holes left by the cables after passing through the floors [5]. Therefore, it is necessary to carry out a performance evaluation of the fireproof sealing system to verify its ability to block the spread of fire in the cable shaft of high-rise buildings.



Currently, various institutions at home and abroad have established standards regarding fireproof sealing materials, fireproof sealing measures, and fireproof sealing tests [6,7,8,9,10,11,12,13,14,15]. However, the performance of fireproof sealing systems is influenced by multiple complex factors. Evaluating the performance of a single fireproof sealing product alone does not provide a comprehensive assessment; an effective approach must be tailored to specific projects and conditions. In high-rise buildings, the cable shaft is often segmented into separate spaces via layer-by-layer or interlayer sealing to prevent the rapid spread of fire. Consequently, the initial stage of fire in many cable shafts involves combustion in confined spaces. There have been experimental and simulation studies on cable fire in confined spaces conducted to date:




	
Experimental studies on a cable fire in a confined space were conducted. Huang et al. [16] established a 1:1 real-scale test model of the utility tunnel. The internal temperature distribution during the fire process was measured, which indicated that the error between the predicted and test results was within 37%. Huang et al. [17,18] carried out a fire test inside the vertical cable bridge in both an open and closed space, revealed the temperature distribution law and trends in the process of cable combustion, and predicted the ceiling jet temperature. Martinka et al. [19] revealed the influence of cable spacing and the heat conductivity of cable support materials on the fire characteristics, and evaluated the fire risk based on the amount of heat, toxicity, and combustion products released by combustion. Li et al. [20] carried out a fire test inside the vertical cable bridge under three typical cable spacings, and the change process of the mass loss rate and flame length during a cable fire was recorded. The results showed that the cable spacing aggravated the cable combustion and accelerated the spread of fire. Gallo et al. [21] proposed a practical module for the cone calorimeter and evaluated the fire performance of multiple vertically mounted cables based on key properties such as peak heat release rate, fire growth rate, and flame spread. Meinier et al. [22] studied the fire behavior of two halogen-free, flame-retardant cables used in nuclear power plants using a cone calorimeter, focusing on the effects of external heat flux and cable spacing on cable fire spread. Magalie et al. [23] changed the cable parameters (sheath thickness and insulation quality) and test conditions (heat flux, cable number, and spacing), and used a cone calorimeter to test the fireproof performance of small halogen-free communication cables. Zavaleta et al. [24,25] carried out a fire test inside a cable bridge under open, closed, and ventilated conditions. The results showed that the heat release rate and mass loss rate of fire under closed and ventilated conditions were lower compared with those in an open space.



	
Simulation studies on a cable fire in a confined space were conducted. Li [26], Ma [27], and Bari et al. [28] established a fire dynamics simulation (FDS) model of the utility tunnel, and the smoke spread and heat transfer during the fire were discussed. Zhang et al. [29] explored the optimal closing time for the fireproof door and the extinguishing time of the fire by combining numerical simulation with a reduced-size test, which provided a relevant basis for extinguishing a cable fire in an underground utility tunnel. Plumecocq et al. [30] established a semi-empirical model of horizontal cable tray fires in a well-enclosed and mechanically ventilated enclosed environment. Liu et al. [31] established the FDS model according to the size of a real cable trench, and two fire environments, including smoldering and flaming combustion, were set up. The sensitivity, toxic gas mass concentration, and fire alarm sequence of different fire detectors have been discussed and analyzed. Kunsch [32] proposed a model to predict the smoke flow in tunnel fires, in which the fire is not only related to the heat release rate but also to the longitudinal wind speed of the tunnel. Matala et al. [33] studied cable tunnel fires via numerical simulation, focusing on the spread of fire along the power cable and the role of extinguishing fires via water in preventing cable faults. Roh et al. [34] studied the influence of ventilation rate on the fire heat release rate in tunnels using a 1/20 reduced-scale tunnel test platform. The results show that an increase in ventilation rate will promote an increase in the fire heat release rate. Blanchard et al. [35] used the numerical simulation method to study the heat loss process in a tunnel under the fire source power of 4 MW. Zeng et al. [36] discussed the feasibility of simulation in a large, confined space based on FDS software (version 2019) and studied the temperature rise and heat release rate.








In summary, most of the existing research on cable fires in a confined space has problems, such as the simple construction process of a fireproof sealing system, the few types of sealing material, and an insufficient recording of the data parameters. In addition, when evaluating the performance of a fireproof sealing system, only a single fireproof sealing product has usually been considered, rather than the whole sealing system.



To fill the above gaps, the authors of this paper first built an entity test platform with a comparative function to evaluate the performance of the whole cable shaft fireproof sealing system. Secondly, by comparing the thermal insulation, smoke sealing capacity, and integrity of the fireproof sealing system, the comprehensive performance of four sets of fireproof sealing systems, using different sealing materials and construction processes, was ranked. Finally, the FDS model of a cable shaft fireproof sealing system in a high-rise building with the same size as the entity test platform was established to reveal the sealing failure process in the case of cracking in a fireproof sealing system.




2. Materials and Methods


2.1. Entity Test Platform for a Performance Evaluation of a Cable Shaft Fireproof Sealing System in High-Rise Buildings


2.1.1. Platform Structure


The size of the entity test platform for a performance evaluation of a cable shaft fireproof sealing system in high-rise buildings was 2000 mm (length) × 1600 mm (width) × 3500 mm (height). The main structure was made of fireproof bricks, and the floor was a reinforced concrete structure. The entity test platform was divided into two layers. The lower space was equipped with a fireproof door of 2200 mm × 1500 mm for the access of test personnel. For the convenience of observation, an observation window made of double-layer refractory glass with a size of 800 mm × 300 mm was installed on the rear wall. Hairdryers were installed on the left and right side of the wall to provide oxygen for cable combustion and discharge exhaust gas. The wall was equipped with holes of different sizes to allow for sensor wires and gas spray lamps. There were holes of 630 mm × 200 mm on both sides of the floor to provide access to cables, cable bridges and fireproof sealing construction. The thickness of the partition wall was 200 mm. The partition wall was used to divide the upper space into two independent spaces, and observation windows made of double-layer refractory glass with a size of 800 mm × 500 mm were installed. The top of the upper space was covered with a stainless steel plate, and the main structure of the remaining surrounding walls was still made of fireproof bricks, so that the upper space was independent of the external environment. The schematic diagram and pictures of the entity test platform are shown in Figure 1.



The entity test platform was divided into upper and lower layers, as shown in Figure 1a, and the local internal space is shown in Figure 1b. The lower space was used to arrange cables, the thermocouple tree and liquefied petroleum gas (LPG) spray lamps. The cable was fixed on the cable bridge; the LPG spray lamp was connected to the LPG cylinder through a pipeline and fixed in the middle of the cable bridge. The upper space was used to arrange thermocouples, temperature–humidity sensors, smoke sensors and cameras. The surface-mounted device’s (SMD’s) thermocouple was arranged on the unexposed surface of the fireproof sealing system to monitor the temperature of the unexposed surface during the fire test. A set of temperature–humidity sensors were arranged in both independent spaces to monitor the temperature and humidity changes in the upper space. It is worth noting that the heat in the upper space will be lost through the non-insulating materials around it. To make the measured temperature data more accurate, the measurement points of the thermocouple and the temperature–humidity sensor should be close to the bottom of the upper space. The smoke was transported to the detection system through the hose to monitor the change in smoke concentration during the fire test. The camera was installed on the side wall to observe the state of the unexposed surface of the fireproof sealing system.



Pictures of the entity test platform before and after fireproof sealing are shown in Figure 2. As can be seen from Figure 2a, there was a large gap between the cable, the cable bridge, and the floor before fireproof sealing. In this case, any fire that occurred in the cable shaft could easily spread quickly. The original gap was sealed with fireproof materials to form the state shown in Figure 2b, which can effectively block the spread of fire in cable shaft.




2.1.2. Measurement System


In this study, thermocouples, smoke sensors, and temperature–humidity sensors were used to record the changes in temperature, humidity, and smoke concentration during the fire test.



	1.

	
Thermocouple







A total of 26 thermocouples were arranged, of which 12 thermocouples were K-type WRNK-191 (Shanghai Automation Instrumentation Co., Ltd., Shanghai, China) armored needle thermocouples, fixed on the thermocouple tree with stainless steel throat hoops. The thermocouple tree was placed in the lower space of the entity test platform, and the specific layout is shown in Figure 3a. The other 14 thermocouples were SMD Pt100 (Shenzhen Haodu Technology Group Co., Ltd., Shenzhen, China) thermocouples, pasted on the unexposed surface of the fireproof sealing system with aluminum foil paper. The specific distribution points are shown in Figure 3b. The thermocouple measurement data were recorded and stored by a 32-channel temperature patrol instrument.



The SMD thermocouple used the same layout scheme on the left and right sides of the fireproof sealing system. The layout rules are as follows: two thermocouples are arranged on the unexposed surface of the fireproof sealing module, 25 mm from the cable surface; a thermocouple is arranged on the surface of the cable, 25 mm from the unexposed surface of the fireproof sealing module (for the convenience of arrangement, the cable with the thickest wire diameter is selected); a thermocouple is arranged on the surface of the cable bridge, 25 mm from the unexposed surface of the fireproof sealing module; three thermocouples are arranged on the unexposed surface of the reinforced concrete floor frame, 25 mm from the edge of the fireproof sealing module.



	2.

	
Smoke Sensor







The smoke sensor used in this study was JK-2000-M6 (Jinan Renzhi Measurement and Control Technology Co., Ltd., Jinan, China). In the fire test, the smoke sensor was used to monitor the change in smoke concentration in the upper two independent spaces. The smoke sensor has a range of 0~30 mg/m3 and a resolution of 0.01 mg/m3.



	3.

	
Temperature–Humidity Sensor







The temperature–humidity sensor selected in this study was RS-WS-WIFI-6J (Jinan Renzhi Measurement and Control Technology Co., Ltd., Jinan, China), and a total of three temperature–humidity sensors were arranged in the fire test: one was used to monitor the temperature and humidity in the environment, and the other two were used to monitor the temperature and humidity changes in the upper two independent spaces.




2.1.3. Fire Source Design


The test used an LPG spray lamp as the fire source. The spray lamp was set in the middle of the cable, at a 45° angle from the cable. The cables on both sides contained an LPG spray lamp. Through the pressure-reducing valve, the outlet pressure of the LPG was controlled to 0.5 MPa to ensure that the flame sizes of the spray lamps on the left and right sides of the entity test platform were consistent. Using the various sensors arranged in Section 2.1.2, the changes in temperature, humidity, and smoke concentration that occurred during the fire test were measured.



In the fire test, LPG was used as fuel. The low calorific value of LPG is about 87.8~108.7 MJ/m3 or 45.1~45.9 MJ/kg. One bottle of LPG is 15 kg; the test time was 160 min; two bottles were used during the test. Therefore, the average power was 125.28~127.5 kW [37].




2.1.4. Heating Curve


The fire combustion process is recorded in Figure 4. Figure 4a is the non-fire stage; therefore, no flame and smoke can be observed. Figure 4b depicts 5 min after the start of the fire test. As can be seen, the smoke was aggravated, the temperature obviously increased, and the flame gradually began to spread to the upper layer of the platform via the cable. Figure 4c shows at 60 min after the start of the fire test. The smoke color is black and strong, the flame is in a flashover state, and the cable wiring is also burnt.



The purpose of the actual fireproof sealing system that was tested for a cable shaft penetration opening in high-rise buildings is to effectively detect the material properties, construction processes and overall performance. However, the existing standards only focus on the characteristics of a single fireproof sealing product, and theories regarding the overall performance detection of the fireproof sealing system, formed by the fireproof sealing material and construction process, are lacking.



In addition, according to GB/T 23864-2009 [7], a fire resistance test of the fireproof sealing system should be carried out in the test furnace. The test furnace has strict requirements for specimen installation, heating conditions, pressure conditions, temperature testing, and experimental observations. However, the overall volume of the actual cable shaft fireproof sealing system is too large for it to be placed in the test furnace, so it is necessary to redesign the fire resistance test to control the costs.



Due to the limitations of the test conditions, the authors of this paper finally decided to simulate the real combustion of a cable shaft in high-rise buildings using the entity test platform by controlling the LPG spray lamp according to the standard heating curve in GB/T 9978.1-2008 [8]. The flame temperature was measured using an infrared thermometer. The data points and the fitted heating curve are shown in Figure 5, and the analytical expression of the fitted heating curve is shown in Equation (1). The adjusted coefficient of determination (Adj. R-Square) is an important index to evaluate the fitting results, and its value range is [0, 1]. The larger the value, the better the fitting effect. In this study, after the establishment and comparison of multiple fitted heating curves, the four-parameter logistic curve with the best fitting effect was finally selected, and the value of Adj. R-Square is 0.96.


  T = 768.4077 −   760.41715   1 +   (  s  18.9265   )   1.99634      



(1)




where T is the flame temperature; s is the fire test time. Figure 5 shows that the temperature rise is high in the initial stage of the test but gradually slows down as the fire test continues and finally tends toward stability. The temperature after stabilization is maintained at about 800 °C. Compared with the standard heating curve, the trend in temperature rise is similar, but the initial temperature rise rate and the maximum temperature are a bit smaller. There are three possible reasons for this: first, the combustion of LPG requires a large amount of oxygen, and a large amount of cold air needs to be transported from the outside world, resulting in a lower temperature; second, the power of the LPG spray lamp is insufficient; third, both the fireproof door and the hole are not well sealed to the wall, and heat is naturally lost to the outside.




2.1.5. Fireproof Sealing System Design


As the test platform can be used to compare the performance of two sets of fireproof sealing systems, only two tests are required. The differences in the four fireproof sealing systems are reflected in both the sealing material and construction process, which are listed in Table 1. There are two kinds of construction processes, marked as I and II, respectively, which are elaborated as follows:



Construction process I: (1) cut the fireproof board according to the outline of the cable bundle and the size of the hole that is to be blocked; (2) establish the cable position and bind each cable with a fireproof tape; (3) plug non-solidified fireproof mud or solidified fireproof mud into all gaps; (4) brush the fireproof coating on both sides of the cable through the hole.



Construction process II: (1) the amount of fireproof board is calculated according to the sealing size, before the cable hole is cut and opened, and the cable well is covered after splicing; (2) the fireproof board surface is then stacked with a 120 mm thick fireproof packet and spread until level with the floor, which is then covered with a layer of fireproof board; (3) the gap between the fireproof board and the wall is sealed and smoothed with a flexible organic sealing material, and the surface is coated with an elastic fireproof sealant; (4) the gap between the cable bridge and the cable is sealed with flexible organic sealing material, and the surface is sealed with evenly applied intumescent fireproof sealant; (5) after the sealant is cured, a fireproof coating is applied to the cable on the upper and lower sides of the sealing layer.



Fireproof sealing systems A, C, and D adopt construction process I, and fireproof sealing system B adopts construction process II.





2.2. FDS of Cable Shaft Fireproof Sealing System in High-Rise Buildings


2.2.1. Theoretical Basis


The inside of the cable shaft is a relatively closed space, so the cable shaft fire was due to the combustion in the confined space. The main fuel, mass and heat exchanges occur during the combustion process of the cable sheath in the cable shaft. The main processes of heat exchange include heat conduction, convection, and radiation.



	1.

	
Heat conduction







Warzoha et al. [38] proposed that when two objects come into contact, the heat will transfer from the high-temperature object to the low-temperature object. This process is called heat conduction. The heat conduction is most obvious on the solid medium and can be expressed by Equation (2) in the temperature field.


   ρ h  =  ω S  = − k   ∂ T   ∂ z    



(2)




where ρh is the heat flux density, which represents the heat transfer per unit area in unit time; S is the cross-sectional area of the cable; ω is the heat flow on area S; k is the thermal conductivity;     ∂ T   ∂ z     is the temperature gradient along the z direction.



	2.

	
Heat convection







Sheremet et al. [39], Wang et al. [40], and Mannix et al. [41] pointed out that heat convection is generated under the interaction of heat conduction and medium transport motion. During the development of the fire, natural convection and forced convection occur alternately, and the region of occurrence is generally between the wall and the hot air. The convective heat flux equation is as follows:


  Q = l (  T g  −  T w  )  A w   



(3)




where Q is the convective heat flux; l is the convective heat transfer coefficient; Tg is the gas temperature; Tw is the wall surface temperature; Aw is the contact area.



	3.

	
Heat radiation







Ilyas et al. [42], Narayana et al. [43], and Abbas et al. [44] clarified that the radiation is electromagnetic radiation. When a high-temperature object is in fluid, the energy in the object can be released to the outside world in the form of electromagnetic radiation. The energy radiated by an object per unit area in unit time is radiation energy, which can be expressed as follows:


  E = ε σ  T h 4   



(4)




where E is the radiant heat flux; ε is the emissivity; Th is the thermal temperature of the object surface: σ = 5.667 × 10−8 W/m2K4.



	4.

	
FDS governing equations







Shao [45] pointed out that a series of Navier–Stokes equations in fluid dynamics are suitable for a low-speed and heat-driven fluid flow; therefore, the Large Eddy Simulation (LES) model can be used to deal with the flame and gas flow in a closed space. The governing equations are as follows:



Mass conservation equation:


    ∂ ρ   ∂ t   + ∇ ⋅ ( ρ u ) = 0  



(5)






  u = ( u , v , w )  



(6)







Momentum conservation equation:


   ∂  ∂ t   ( ρ u ) + ∇ ⋅ ( ρ u u ) + ∇ ρ = ρ g + ∇ τ  



(7)







Component conservation equation:


   ∂  ∂ t   ( ρ  Y i  ) + ∇ ⋅ ( ρ  Y i  u ) = ∇ ⋅ ( ρ  D i  ∇  Y i  ) +  m i  ‴    



(8)







Energy conservation equation:


   ∂  ∂ t   ( ρ h ) + ∇ ⋅ ( ρ h u ) =   d p   d t   +  q  ‴   − ∇ ⋅ q + Φ  



(9)




where ρ is the component density; u is the velocity vector; t is the simulation time; p is the pressure; g is the gravity acceleration vector; τ is the viscous stress tensor; Yi is the mass fraction of component i; Di is the diffusion coefficient of component i; mi‴ is the generation rate or dissipation rate of component i per unit volume; h is the specific enthalpy; q‴ is the volumetric heat source; q is the radiation heat flux vector; Φ is the dissipation function.




2.2.2. Modeling Method


The model is constructed using the PyroSim software (version 2019). The size of the model is the same as that of the entity test platform, which is 2000 mm (length) × 1600 mm (width) × 3500 mm (height), as shown in Figure 6a. The correct mesh size is crucial for enhancing the accuracy of the simulation results of a cable shaft in an FDS. According to the characteristics of the fire source, the criterion of appropriate mesh size can be obtained using the criterion outlined in Equation (10).


   D *  =   (    Q f     ρ ∞   c ∞   T ∞   g    )   2 / 5    



(10)




where D* is the characteristic diameter of the fire source, Qf is the heat release rate of fire, ρ∞ is the ambient density, cp is the specific heat of air, T∞ is the ambient temperature, and g is the acceleration of gravity. It was recommended that the appropriate mesh size should be in the range from D*/16 to D*/4 [46]. In this study, the mesh size was set as 25 mm × 25 mm × 25 mm, and the total number of meshes was 860,400. This is an effective guarantee of the accuracy of the simulation results. To reduce the amount of calculation that is required, the simulation model can be simplified as follows:




	
The structure of the power cable is relatively complex, including the outer sheath, insulation filling material, inner sheath, semiconductor shielding layer, and conductor layer from the outside to the inside. In a cable shaft fire, the actual combustion component is the sheath layer, and the simulation software cannot construct the arc-type model structure. Therefore, the cable is simplified as a long, strip, thin plate composed of only the sheath layer.



	
The actual entity test platform is more complex. During the construction of the simulation model, the cable bridge, observation window, fireproof door, and other components that have little influence on the simulation results are ignored.



	
In the fire test, an LPG spray lamp is used as the fire source. In the simulation, a burner with a fixed heat release rate, fixed on the cable surface, is used as the equivalent fire source.








	1.

	
Material Parameter Setting







In the simulation, materials such as fireproof mud, concrete, fireproof brick, polyvinyl chloride, an epoxy resin board, and a magnesium oxide board were mainly used. The main material parameters included the density, specific heat capacity and thermal conductivity, as shown in Table 2.



	2.

	
Sensor Setting







To detect the changes in various parameters inside the cable shaft during the fire process, several thermocouples and various gas sensors were set up in the simulation. The arrangement of the thermocouples in the lower space of cable shaft is the same as that in Figure 3a. The gas sensors (oxygen sensor, soot sensor, smoke sensor, carbon dioxide sensor) were arranged in coordinates of (1.0, 0.8, 1.9). Due to the limitation of the simulation software, a temperature change was not obtained in the unexposed surface of the fireproof sealing system, and the arrangement coordinates of the thermocouple and smoke sensor in the upper space of the cable shaft were (1.0, 0.8, 3.3). All sensor arrangements are shown in Figure 6b.



	3.

	
Fire Source Setting







The fire source was placed on the surface of the long strip cable via a gas phase reaction. The chemical reaction product was polyurethane, and the fuel only contained C, O, H, and N. Section 2.1.3 shows that the average power of the LGP, used as fuel in the fire test, was 125.28 kW~127.5 kW. Therefore, the fire power was set to 125 kW in the simulation, and the corresponding heat release rate was 1388.89 kW/m2.



	4.

	
Boundary conditions







In the simulation model, the initial temperature was set as 30 °C, the initial pressure was 101.33 kPa, and the relative humidity of air was 40%. The mass fraction of oxygen and carbon dioxide was 23.24% and 0.06%, respectively. In addition, the external surface of the fireproof door in the model was set as an open boundary condition; that is, the fireproof door was regarded as open to the atmosphere, the fluid from the inside of the model was able to flow out of the boundary, and the ambient air was also able to flow in. The remaining external surfaces in the model were all set as closed boundary conditions.






3. Results and Discussion


3.1. Performance Comparative Test of Cable Shaft Fireproof Sealing Systems in High-Rise Buildings


3.1.1. The Temperature Change in the Lower Space of the Entity Test Platform


The reinforced concrete floor divided the entity test platform into upper and lower layers. The thermocouple tree was placed in the lower space, and its plane was perpendicular to the plane where the cable was located. The K-type thermocouple temperature measurement point was 200 mm from the cable, which was used to measure the temperature change in the surrounding space when the cable was burned. In this test, a total of 12 K-type thermocouples were arranged and fixed on the thermocouple tree with stainless steel throat hoops. The thermocouples CH1–CH4 were arranged in the lower layer, as shown in Figure 3a; however, the fire source was in the middle of the cable. Therefore, the temperature change was not obvious, which is not shown in the temperature trend diagram.



The temperature trends of eight measurement points in the lower space of the entity test platform are shown in Figure 7. As can be seen, the temperatures measured by CH5 to CH12 first rapidly increased and then tended to be stable. In addition, the temperatures measured by the two thermocouples located on the same horizontal plane were basically the same. This shows that the rising temperature trends of the two tests of fireproof sealing systems conducted in the same test are essentially the same, which verifies the feasibility of using the pressure-reducing valve to control the flow rate of the LPG spray lamp on both sides.




3.1.2. The Temperature and Humidity Changes in the Upper Space of the Entity Test Platform


The experimental results of temperature and humidity changes in the upper space of the entity test platform are shown in Figure 8 and Figure 9, respectively. As can be seen, the environmental temperature and humidity remain nearly constant. Nevertheless, the temperature in the upper space of the entity test platform increases and the humidity in the upper space of the entity test platform decreases over the course of the fire test. Humidity is defined as the percentage of water vapor present in the air compared to the maximum amount of water vapor where the air can hold at a specific temperature. As the temperature rises, the air’s capacity to hold water vapor also increases. In a closed space like the upper atmosphere, where the amount of water vapor is relatively constant, humidity decreases as temperature rises.



Due to the limitations of the test conditions, the fire source conditions are not accurately controlled, which may result in an inconsistent temperature and humidity distribution in the two different tests. Therefore, only two fireproof sealing systems were compared and analyzed in the same test. The temperature and humidity changes in the upper space of fireproof sealing system A were found to be significantly greater than those of fireproof sealing system B, which shows fireproof sealing system B has a better sealing performance than fireproof sealing system A. The reason for this is that fireproof sealing system A adopted a single-layer composite fireproof board, while fireproof sealing system B adopted an inorganic fireproof board–fireproof packet–inorganic fireproof board structure. Although the composite fireproof board adopted by fireproof sealing system A can absorb part of the heat when it expands, the single-layer composite fireproof board structure’s ability to block the heat diffusion is still weaker than that of the inorganic fireproof board–fireproof packet–inorganic fireproof board three-layer structure adopted by fireproof sealing system B. Similarly, fireproof sealing system D has a better sealing performance than fireproof sealing system C. The reason for this is that, although fireproof sealing systems C and D both use a double-layer organic fireproof board and the same construction process, the fireproof board used in fireproof sealing system D is thicker.




3.1.3. The Temperature Rise on the Unexposed Surface of the Fireproof Sealing System


Li [26] proposed that the temperature rise that occurs on the unexposed surface of the fireproof sealing system is an important indicator reflecting the performance of the fireproof sealing system. Figure 10 shows the temperature trend changes on the unexposed surface of four fireproof sealing systems, which recorded the highest temperature rise point of all the SMD thermocouples. It can be seen that the temperature rise rates of fireproof sealing systems B, C, and D are relatively consistent, while fireproof sealing system A has an obvious plateau period from 20 min to 100 min. This is because fireproof sealing system A adopts a single-layer fireproof board structure. Once the fireproof board is heated, it expands and forms a carbon layer, which has a much better thermal insulation ability than the original fireproof material. In contrast, fireproof sealing systems B, C and D are multi-layer structures. During the heating process, a large part of the heat is blocked or absorbed by the first layer’s board, so the heat transferred to the second layer’s board surface is more uniform. At about 100 min, the temperature of the unexposed surface of fireproof sealing system A rises sharply, indicating that the thermal insulation performance of the fireproof sealing system decreases sharply. At 160 min, the temperature rises on the unexposed surfaces of fireproof sealing systems A, B, C, and D are 185.78 °C, 127.49 °C, 116.63 °C, and 99 °C, respectively. According to the provisions of GB/T 23864-2009 [7], fireproof sealing system A’s thermal insulation performance decreased, while fireproof sealing systems B, C, and D did not show decreases in their thermal insulation performance.




3.1.4. The Smoke Mass Change in the Upper Space of the Entity Test Platform


Li [47] pointed out that when a fire occurs in the cable shaft, if the smoke sealing capacity of the fireproof sealing system is poor, high-temperature flue gas will leak from the poorly sealed area, expanding the leakage point of flue gas, and this may become a channel allowing for fire spread. In this paper, flue gas is considered to be a mixture of gas and smoke. However, due to the limited resources, gas cannot be detected, and smoke can only be used as a medium for the detection of smoke sealing capacity.



Nam et al. [48] placed the through-penetration firestop assembly on top of an ASTM E-814 furnace covered by a smoke collection box; the smoke sealing capacity of the fireproof sealing material was evaluated according to the amount of smoke. Therefore, in this paper, the lower space of the cable shaft’s entity test platform is compared to the ASTM E-814 furnace, and the upper space is compared to the smoke collection box. The amount of smoke found in the upper space when a fire test is conducted on the entity test platform is collected by the smoke sensor, which is used as the basis for evaluating the smoke sealing capacity of the cable shaft fireproof sealing system. The worse the smoke sealing capacity of the fireproof sealing system, the greater the amount of smoke.



Figure 11 shows the smoke mass trends in the upper space of the fireproof sealing system during the fire test. Section 2.1.1 shows that the size of each independent space in the upper area of the cable shaft entity test platform is 900 mm (length) × 1600 mm (width) × 1200 mm (height). The smoke mass can be obtained via the concentration of smoke collected by the smoke sensor. It can be seen from Figure 10 that the smoke mass in the upper space of fireproof sealing system A remains at a low level in the first 90 min and then rises sharply, reaching the maximum range of the smoke sensor in 110 min. In contrast, the smoke mass of fireproof sealing systems B, C, and D reached the maximum range of smoke sensor in 120 min, 130 min, and 130 min, respectively.




3.1.5. Performance Comparison


Combining the above experimental results of temperature, humidity, and smoke mass with the before and after test, the thermal insulation, smoke sealing capacity, and integrity of the four fireproof sealing systems are discussed to compare their comprehensive fireproof sealing performance.



	1.

	
Thermal Insulation







The thermal insulation of a fireproof sealing system is indirectly reflected by the change in temperature and humidity in the upper space of the entity test platform. It is also directly reflected by the rise in temperature on the unexposed surface. In Section 3.1.2, under the premise of there being no obvious change in environmental temperature and humidity, the changes in temperature and humidity in the upper space of fireproof sealing system B are less than those obtained by fireproof sealing system A, and the change in temperature and humidity in the upper space of fireproof sealing system D is less than that of fireproof sealing system C. In Section 3.1.3, looking at the highest temperature rise curve of the unexposed surface of a fireproof sealing system, the temperature rise on the unexposed surface of fireproof sealing system A at 160 min reached 185.78 °C, which means that its thermal insulation capacity was lost. By contrast, the temperature rises obtained by fireproof sealing systems B, C, and D, are 127.49 °C, 116.63 °C, and 99 °C, respectively, which means their thermal insulation capacity was not lost. Therefore, the thermal insulation ranking of the four fireproof sealing systems is D > C > B > A.



	2.

	
Smoke Sealing Capacity







The amount of smoke can be used to characterize the smoke sealing capacity of a fireproof sealing system. The better the smoke sealing capacity of the fireproof sealing system, the lower the amount of smoke in the upper space. From the analysis of the test results presented in Section 3.1.4, during the fire test, the smoke mass in the upper space of fireproof sealing system A reached the maximum range of the smoke sensor in 110 min. At this time, the smoke mass in the upper space of fireproof sealing systems B, C, and D was less than half that of fireproof sealing system A, and there were differences between them. Therefore, this paper presents the smoke sealing capacity ranking of the four fireproof sealing systems in the first 110 min as follows: D > C > B > A. However, due to the limitations to the range of the smoke sensor, the smoke sealing capacity of the four fireproof sealing systems could not be judged within 110 min~160 min of the fire test.



	3.

	
Integrity of Fireproof Sealing System







The integrity of the fireproof sealing system can be observed by determining the state of the unexposed surface after the fire test, as shown in Figure 11. As can be seen from Figure 12a, after the fire test, the unexposed surface of fireproof sealing system A was deformed, and the part through which the cable passed was blackened by high-temperature smoke. In contrast, Figure 12b–d show that the unexposed surfaces of fireproof sealing systems B, C, and D were not deformed after the fire test, and were smooth as before; additionally, a high-temperature flue gas channel was not formed. It can be concluded that fireproof sealing system A loses its integrity after the fire test, while fireproof sealing systems B, C, and D remain intact. Therefore, the integrity ranking of the four fireproof sealing systems is B = C = D > A.



After combining the thermal insulation, the smoke sealing capacity, and the integrity of the fireproof sealing systems, the performance of the four sets of cable shaft fireproof sealing systems can be ranked as follows: D > C > B > A.





3.2. Discussion Based on FDS in Cable Shaft Fire


3.2.1. Comparison between Simulation and Experimental Results


The simulation results of the temperature trend in the lower space in the cable shaft and a comparison with the experimental results are shown in Figure 13. Due to the limited computing resources, the simulation only lasted 60 min. By comparing the simulation and experimental results, the following conclusions can be drawn:




	
The temperature trends of both the simulation and experimental results were stable after rapid heating; however, compared with the simulation results, the temperature change curve of the fire test results is more unstable and the heating rate is slower.



	
The temperature trend of the lower space obtained by simulation is similar to that obtained by fire test, but the temperature fluctuations obtained by the fire test are larger.



	
The temperatures of both the simulation and experimental results show a stratification phenomenon from bottom to top. This is because the fire source was arranged in the middle of the cable, and the flame spread upward during the combustion of the cable.



	
The simulation temperature remained stable after rapid heating. In order to further save on simulation time, the subsequent simulation was only taken in the first 10 min.








In the fire test, the change in gas concentration in the lower space was not collected due to the limitations of the experimental conditions. Therefore, the concentration trends of oxygen, carbon dioxide, soot, and smoke in the lower space during the fire’s progression were explored in the simulation; the simulation results are shown in Figure 14. As can be seen, the changes in oxygen concentration and carbon dioxide concentration show opposite trends. After a period of simulation, the concentration of the two kinds of gas tends to be stable. Additionally, the soot and smoke concentrations increase rapidly at the initial stage of the reaction, and no longer change after reaching the saturation concentrations.




3.2.2. The Influence of Gap Size on Fire Spread


Due to the effect of environmental factors such as a high temperature and high humidity, the fireproof sealing system may crack after long-term operation. In the simulation, the influence of the gap on the temperature field distribution and smoke propagation during fires is discussed through a comparison with the fireproof sealing system under normal operating conditions. The simulation results are shown in Figure 15. As can be seen, under normal working conditions, the increase in temperature and smoke concentration in the space above the cable shaft fireproof sealing system is less than the results obtained when a gap is present. When a fire occurs in the cable shaft, the fireproof sealing system is one line of defense to slow down the spread of fire, and the existence of a gap provides a channel for the propagation of temperature and smoke, which reduces the fire-blocking ability of the cable shaft fireproof sealing system.



To further explore the effect of a fireproof sealing gap size on fire spread, four different gap sizes were set up, as follows: F1 (25 mm × 25 mm × 200 mm), F2 (50 mm × 50 mm × 200 mm), F3 (75 mm × 75 mm × 200 mm), and F4 (100 mm × 100 mm × 200 mm). The temperature and smoke concentration data during the simulation process were obtained using thermocouples and smoke sensors arranged in the upper space of the cable shaft, and the results are shown in Figure 16.



As shown in Figure 16a, as the gap size increases, the temperature of the upper space increases more rapidly. When the gap size increases from F1 to F2, the temperature increase is the most obvious. As the gap size continues to increase, the rising temperature trend slows down. As shown in Figure 16b, the upward trend of the smoke concentration in the upper space is the same as the temperature trend, and this large gap causes the smoke concentration to reach the saturation point more quickly.



During the fire process of the cable shaft, in addition to the heat release, a variety of products are also produced, such as hydrogen chloride, sulfur dioxide, and other gases that are extremely harmful to the body. The simulation results of a particular product concentration with different gap sizes are shown in Figure 17. It can be found that the product concentration increases with the increase in gap size. However, when the gap size increases from F3 to F4, the increase in the product concentration is not significant, which indicates that the effect of gap size approaches a saturation point.



Figure 18 shows the flame spread trend when the sealing gap size is F4. As can be seen, flame and smoke will eventually enter the upper space through the gaps between the fireproof sealing layer and the cable. The smoke volume occupies about half of the upper space at 60 s, and the whole space is filled at 185 s. When the time reaches 336 s, the cable in the whole upper space reaches a stage of fierce combustion. Therefore, in the design and construction of a cable shaft, ensuring that the sealing layer is bonded and wrapped without gaps can effectively reduce the risk of cable shaft fire.






4. Conclusions


In this study, an entity test platform was built to allow for a performance comparison of cable shaft fireproof sealing systems in high-rise buildings. By monitoring the temperature, humidity, and smoke mass trends during a fire test, the performance of four cable shaft fireproof sealing systems was compared and analyzed. Furthermore, an FDS of the fireproof sealing system was carried out on the entity test platform to reveal the process of sealing failure and explore the effect of gap size on the spread of fire in a cable shaft. The following conclusions are drawn:




	
The experimental results of the performance comparison show that fireproof sealing system A loses its thermal insulation at 160 min, and the system was shown to lose its integrity after the fire test via observations of the unexposed surface state. In contrast, the other three fireproof sealing systems did not lose their integrity and thermal insulation capacity throughout the test.



	
The smoke sealing capacity ranking of the four fireproof sealing systems in the first 110 min is D > C > B > A. An analysis of the thermal insulation, smoke sealing capacity, and integrity of the fireproof sealing systems shows that the performance of the four fireproof sealing systems can be ranked as D > C > B > A.



	
The simulation results of the temperature trend in the lower space conform with the fire test results. Furthermore, the simulation results show that the speed of fire spread increases with an increase in gap size.



	
The test and simulation results show that the performance of cable shaft fireproof sealing systems in high-rise buildings depends not only on the sealing material, but also on the construction process.








The results of this study can provide new research ideas for a performance comparison and a better understanding of the failure process of cable shaft fireproof sealing systems. In future research, the following two improvements can be considered: enriching the types of fireproof sealing system schemes, sensor categories, and fire source power control strategies used in the entity test platform will make the fire test results more scientific and reasonable; improving the fire source setting method in the numerical simulation of a cable shaft fire and increasing the number of fire sources, the fire situation can be considered in multiple locations and time intervals, resulting in simulation outcomes that better align with real-world engineering.
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Figure 1. Entity test platform: (a) schematic diagram; (b) pictures. 
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Figure 2. Pictures of the entity test platform: (a) before fireproof sealing; (b) after fireproof sealing. 
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Figure 3. Arrangement of thermocouples: (a) thermocouple tree; (b) SMD thermocouples distribution on the unexposed surface of a fireproof sealing system. 
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Figure 4. Fire combustion process: (a) non-fire stage; (b) initial stage of fire; (c) intense stage of fire. 
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Figure 5. Heating curve of fire test. 
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Figure 6. Modeling method: (a) simulation model; (b) sensor location. 
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Figure 7. The temperature trend in the lower space of the entity test platform: (a) first test; (b) second test. 
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Figure 8. The temperature trend in the upper space of the entity test platform: (a) first test; (b) second test. 
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Figure 9. The humidity trend in the upper space of the entity test platform: (a) first test; (b) second test. 
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Figure 10. The temperature rises on the unexposed surface of different fireproof sealing systems. 
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Figure 11. The smoke mass trend in the upper space of the entity test platform. 
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Figure 12. State diagrams of the unexposed surface of fireproof sealing systems after fire test: (a) fireproof sealing A; (b) fireproof sealing B; (c) fireproof sealing C; (d) fireproof sealing D. 
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Figure 13. The temperature trend in the lower space: (a) simulation results; (b) comparison of the results of the simulation and test. 
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Figure 14. The concentration trends of soot, carbon dioxide, oxygen, and smoke in the lower space: (a) soot, carbon dioxide, and oxygen concentration; (b) smoke concentration. 
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Figure 15. The trends of temperature and smoke concentration in the upper space under normal and existing gap conditions: (a) temperature; (b) smoke concentration. 
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Figure 16. The trends of temperature and smoke concentration in the upper space under different gap sizes: (a) temperature; (b) smoke concentration. 
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Figure 17. The trends in combustion product concentration in the upper space with different gap sizes. 
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Figure 18. Flame spread trend under F4 size: (a) 0 s; (b) 60 s; (c) 185 s; (d) 336 s. 
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Table 1. Sealing materials of four sets of fireproof sealing systems.
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Fireproof Sealing System Number

	
Fireproof Sealing Material 1

	
Model

	
Material Property 2




	
Combustion Performance

	
Fire

Resistance (h)

	
Apparent Density (kg/m3)

	
CR (d)

	
WOR (d)

	
AAR (h)

	
HHR (h)

	
FTR (times)






	
A

	
FB

	
CS195+

	
A1

	
4

	
1500

	
7

	
3

	
24

	
120

	
15




	
FM

	
MP+

	
HB

	
4

	
1800




	
FS

	
1000NS

	
HB

	
3

	
1600




	
FT

	
FS195+

	
V-0

	
2

	
1200




	
FC

	
FD2000

	
V-0

	
2

	
650




	
B

	
FB

	
SSSGB01

	
A1

	
4

	
1500

	
7

	
3

	
24

	
120

	
15




	
FM

	
HYYFD

	
HB

	
4

	
1800




	
FS

	
SSSTJ01

	
HB

	
3

	
1600




	
FT

	
SSSBD01

	
V-0

	
2

	
1200




	
FC

	
SSSDL01

	
V-0

	
2

	
650




	
FP

	
SSSZB01

	
V-0

	
3

	
1000

	




	
C

	
FB

	
KC8001

	
A2

	
3

	
1250

	
7

	
3

	
24

	
120

	
15




	
FM

	
KC7000

	
HB

	
3

	
1600




	
FS

	
KC1002

	
HB

	
3

	
1650




	
FT

	
KC77

	
V-0

	
3

	
1300




	
FC

	
KC2000

	
V-0

	
2

	
500




	
D

	
FB

	
KC8000

	
A2

	
3

	
1250

	
7

	
3

	
24

	
120

	
15




	
FM

	
KC7000

	
HB

	
3

	
1600




	
FS

	
KC1002

	
HB

	
3

	
1650




	
FT

	
KC77

	
V-0

	
3

	
1300




	
FC

	
KC2000

	
V-0

	
2

	
500








1 FB = fireproof board; FM = fireproof mud; FS = fireproof sealant; FT = fireproof tape; FC = fireproof coating; FP = fireproof packet. 2 CR = corrosion resistance; WOR = water and oil resistance; AAR = acid and alkali resistance; HHR = heat and humidity resistance; FTR = freeze–thaw resistance.













 





Table 2. Material parameters.
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	Material Type
	Density (kg/m3)
	Specific Heat

Capacity (kJ/(kg∙K))
	Heat Conductivity (W/(m∙K))





	Fireproof Mud
	2000.0
	1.50
	0.08



	Concrete
	2280.0
	1.05
	1.80



	Fireproof Brick
	750.0
	1.04
	0.10



	Polyvinyl Chloride
	1380.0
	1.00
	0.10



	Epoxy Resin Board
	1600.0
	1.02
	2.58



	Magnesium Oxide Board
	1000.0
	1.35
	0.11
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