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Abstract: The control of carbon emissions and energy conservation, and environmental protection are hot spots of global concern. In this paper, phase change paraffin wax is applied to porous materials for adsorption and storage, and nature’s eco-friendly materials are selected as the porous matrix to propose an eco-friendly phase change concrete using eco-friendly materials as raw materials. It was obtained that the strength of the phase change concrete utilizing environmentally friendly materials was 25.4% to 36.8% lower than that of ordinary concrete, while some of the phase change light aggregates were found to produce slip damage with the cement paste in the damage study. By constructing a small-sized test room for thermal properties, we obtained a phase change concrete that utilizes environmentally friendly materials to control the temperature better than the commonly studied phase change concrete, with a peak temperature drop of up to 2.6°C in the phase change test room compared to the normal test room and a delay in the peak temperature.
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1  Introduction

Currently, the building industry accounts for more than 30% of global energy consumption, and its energy consumption is concentrated in the use phase of buildings, using the application of temperature-controlled equipment to maintain people’s comfort, consume energy and release carbon dioxide. Reducing the energy consumption of buildings is very important, and therefore, a new building concept is proposed-passive energy generation and conversion in buildings using solar, thermal and radiant energy.

Phase change materials (PCM) are used in buildings and belong to the development direction of green buildings [1,2]. The processing of building raw materials makes buildings more energy-saving and environmentally friendly. Phase-change building materials belong to the interdisciplinary subject of civil engineering and material physics and have broad research directions [3,4]. Min et al. [5] proposed the adsorption of octadecane phase change material based on graphite nanoflakes as a sizing material, and a new sizing phase change material (SSPCM) was prepared using the vacuum impregnation method to obtain a new sizing phase change material (SSPCM), and it was studied that the compressive strength and elastic modulus of concrete decreased with increasing content of SSPCM, and the decrease in compressive strength and elastic modulus was linearly proportional to the mass fraction of SSPCM in concrete. Fang et al. [6] devoted themselves to the preparation of phase change paraffin and carbon-based phase change composites. The high-performance paraffin carbon matrix composites were obtained to provide ideas for improving the stability of stone and thermal wax cycle stability rings in the future. Phase change concrete is widely used in the walls and slabs of buildings, which has a more important significance to the development of the low-carbon direction of the construction industry. In the process of phase change concrete research, many researchers in the development of concrete found that the addition of phase change materials in the concrete will make the mechanical properties of the concrete material to varying degrees of degradation. Cabeza et al. [7] conducted an experimental study on the mechanical properties of phase change concrete and found that the compressive and tensile strengths of the concrete were reduced to varying degrees when the phase change material was added to the wall, but it enabled the building to produce a heat passive system. Xu [8] used ceramic pellets as a carrier for phase change material adsorption and applied the prepared pellets to the building envelope, which largely reduced the leakage problem of phase change material by encapsulating the surface of ceramic pellets, and finally produced a new building envelope structure of phase change energy storage concrete. Wang et al. [9] prepared paraffin/vitrification phase change concrete using clay glass particles as a carrier and wrapped the surface of clay vitrification particles with triethylenetetramine, and concluded that paraffin/vitrification phase change concrete is more effective in blocking heat transfer phenomenon than ordinary concrete by temperature-time curve analysis. Zhang et al. [10] applied phase change materials to concrete blocks in winter conditions and conducted a comparison between air-conditioned rooms and non-air-conditioned rooms under phase change concrete block application, respectively, for air-conditioned rooms, the total heat dissipation in phase change concrete block rooms was 45% lower than that in ordinary concrete blocks, and for non-air-conditioned rooms, the average indoor temperature in phase change concrete block rooms was higher than that in ordinary concrete block rooms 2.45°C. Vinh et al. [11] investigated the potential of polymer concrete walls containing microencapsulated phase change materials for application in buildings under different environmental conditions. Two types of microencapsulated phase change concrete walls were tested over one year, and it was found that the application of such walls could significantly reduce the annual electricity consumption for heating/cooling. A quantitative tool was developed to design MPCM concrete walls according to different environmental requirements. Shen et al. [12] used ceramic particles as a porous matrix for phase change material adsorption to obtain a kind of concrete with shaped phase change material with paraffin wax adsorbed in ceramic particles, and the concrete mixed with phase change ceramic particles has a great improvement in thermal storage and temperature control capacity and can achieve both thermal performance and economic performance gains at the same time. Qu et al. [13] obtained that the thermal conductivity of concrete specimens decreased, and the thermal storage capacity increased after the addition of phase change materials by conducting partial phase change foam concrete specimen tests in the wall. Tu et al. [14] produced a phase change concrete wall to reduce the degree of influence of outdoor ambient temperature changes on indoor temperature, and the study obtained a phase change wall with small thermal conductivity and better thermal performance. It was found that the phase change concrete slab layer in the wall, when positioned close to the outdoors, can give full play to its heat absorption capacity. González et al. [15] used phase change materials to achieve thermal energy storage in heating floors through radiant heat by filling the macroscopic capsules with phase change materials. The experiments were designed to set the position of the heating pipes, as well as the variables of the width of the pipes and the air temperature as well as the surface temperature of the pipes were tested. The conclusion obtained from the tests is that the heat storage of the radiant floor with phase change material can reach 243%, and the curing time is more than 24 h, which ensures the continuity of the heating time.

The application of phase change materials in civil construction has controlled energy consumption to a great extent. How phase change materials are incorporated into concrete is a very good research direction, and direct incorporation methods, porous matrix augmentation method, microencapsulation method, etc., have appeared. At the same time, the application of environmentally friendly materials began to receive attention [16–18]. Many researchers choose environmentally friendly materials from nature as carriers, such as coral aggregates and volcanic rocks. Volcanic rocks produced by a large number of extinct volcanoes in the Pacific Rim and a large amount of coral aggregate obtained from seaside cities are reused as recyclable waste in nature, and resources are used rationally while playing a green and low-carbon utility.

2  Experiment Design

2.1 Materials

The environmentally friendly phase change concrete in this paper is mainly used for walls and floor slabs. Phase change concrete refers to the addition of phase change materials to ordinary concrete. Among the raw materials, the cement is P-O 42.5 ordinary silicate cement produced by Qingdao Shanshui Company, China., and polycarboxylic acid high-efficiency water reducing agent is used. The fine aggregate is ordinary river sand, whose properties are shown in Table 1. The particle size of coarse aggregate is chosen between 5–20 mm, where the bulk density of crushed stone is 1340 kg/m3, and the crushing index is 7.12%. The shale ceramic granules are from the lightweight shale ceramic granules produced in Zhengzhou, Henan Province (China), which is a porous and lightweight material made from natural rocks. The volcanic rock is selected from the Changbai Mountain area in Yanbian Province, Jilin Province (China), and the coral aggregate is from the coral reefs in the Yellow Sea waters, the properties of which are shown in Table 2.
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The composition is a solid alkane, which is a white or light yellow translucent solid. It has a melting point of about (28 ± 2°C), latent heat of phase change of 206.2 J/g, a specific heat capacity of 3.52 J/g*K, and thermal conductivity of 0.21 W/m*K. The advantages of solid alkanes are low cost, non-toxicity, non-corrosiveness, good thermal cycling properties, and small phase change volume [19,20].

2.2 Adsorption Test

Phase change concrete is prepared by mixing porous matrix and phase change materials by high-temperature adsorption to make the phase change coarse aggregates. It is mixed into the concrete [21], and the lightweight porous matrix such as shale vitriol, volcanic rock and coral aggregate needs to be cleaned and rinsed with a high-pressure water gun to clean the impurities within the pores. After cleaning, the light porous matrix was sent to an electric blast drying chamber which should be set at 60°C. After drying, the porous substrate is removed and cooled to room temperature. Different adsorption environmental conditions have different degrees of influence on the adsorption rate of absorbent porous substrates, including natural adsorption, high-temperature adsorption and negative pressure adsorption. In this experiment, paraffin wax adsorption under high temperature heating conditions was used, and the paraffin wax impregnated on the porous substrate was heated with a water bath.

The magnitude of the adsorption rate of a porous matrix depends on both internal and external factors. Internal factors are related to the pore size and pore density of the matrix itself, while external factors are related to the temperature and time of the adsorption process. The too high porosity of the material itself leads to the low strength of the material, while too low porosity leads to low adsorption rate. The experimental temperature was 80°C (Fig. 1a) and the adsorption time was 2 h. Different porous polymers have different adsorption rates, as shown in Fig. 1b.
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Figure 1: Adsorption test

The temperature control performance of environmentally friendly phase change concrete mainly depends on the properties of the concrete material itself and the admixture of phase change materials. The pore distribution and size of the three porous matrices were studied separately. The adsorption capacity of the surface microstructure was analyzed according to the properties of the materials themselves, and the surface microstructure of the aggregates was obtained using microscopic techniques (Fig. 2). Shale ceramic granules are made by high-temperature firing, and their pores are irregular, so they are not uniformly distributed. The size of the pores is determined by the firing time and other reasons, and the pores have a certain adsorption capacity. The pores of volcanic rocks are mostly round pores, continuously distributed on the surface, with large pore depth and no communication between pores. The porous matrix can adsorb paraffin through the adsorption force generated by capillary force. The coral aggregate has uniform pore distribution, large space and interpenetration within the pores, which is conducive to the storage of phase change materials, but the capillary force is small, and the coral aggregate is more prone to liquid leakage than shale vitrified and volcanic rocks. The comparative analysis of microscopic characterization shows that coral aggregate has the highest adsorption rate and the largest storage capacity for phase change paraffin, and the higher porosity leads to lower strength. Shale ceramic granules and volcanic rocks have lower adsorption rates than coral aggregates but higher material strengths than coral aggregates.
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Figure 2: Microscopic pores

For the study and analysis of the three porous matrices, the adsorption rate of the three porous light aggregates was mostly at about 15%. Observing the cross-section of the phase change aggregates, as in Fig. 3, it was found that the distribution of phase change paraffin in the porous light aggregates was relatively uniform, which could ensure the uniform occurrence of the phase change process in the pores to a certain extent.
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Figure 3: Comparison of paraffin adsorption

The phase change coarse aggregate is obtained by adsorption of paraffin wax from a porous matrix. The phase change paraffin wax in the pores is prone to leakage during the phase change process and reduces the heat storage capacity of the material, so the surface of the phase change coarse aggregate was encapsulated. The epoxy resin and the curing agent are mixed thoroughly to obtain an epoxy resin gel, which is uniformly wrapped around the surface of the phase change coarse aggregate material.

2.3 Experimental Process

Different types of concrete were made into 100 mm × 100 mm × 100 mm cubic compressive specimens (Fig. 4). The insulated box model YH-60B was cured for 28 d under standard curing conditions in a constant temperature and humidity curing box. We chose TYE-3000 pressure testing machine to test the compressive strength of different types of specimens at 3 d, 7 d, 14 d and 28 d.
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Figure 4: Cube compressive strength test

Through the preparation of concrete, the specific process operation is shown in Fig. 5. The crushed stone in ordinary concrete is replaced by porous shale vitriol, volcanic rock, and coral aggregate by equal volume [22–24], with 50% and 30% replacement ratio, respectively, as shown in Table 3.
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Figure 5: Preparation process of phase change material concrete
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3  Research on Mechanical Properties of Concrete with Environmentally Friendly Phase Change Materials

3.1 Compressive Strength

Cube compressive strength test is carried out according to the regulations [25]. Through the test, it is found that the change of the strength of the concrete with the addition of light aggregate is consistent with the change of the strength of the ordinary concrete for 28 d. For phase change lightweight aggregate concrete, the strength changes in the early stage are large, and the change in the later stage is slow, and the early strength is high. The main reason is that although the encapsulation of epoxy resin improves the strength of the aggregate, it makes the surface of the aggregate smooth, and the ability to work with the cement slurry is reduced.

The effect of phase change lightweight aggregate on the strength of concrete was studied, and the concrete mixed with phase change aggregate was compared with the concrete mixed with ordinary aggregate, and it was found that the strength of phase change lightweight aggregate concrete decreased by 25.4%∼36.8% (Fig. 6).
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Figure 6: Comparison of compressive strength

3.2 Bonding Capacity Test

The test methods of bond-slip capacity mainly consist of the pull-out test, beam anchor test, and strain gauge test of internal paste of reinforcement, and the pull-out test is chosen for the bond capacity test in this paper.

The standard cube specimen (150 mm × 150 mm × 150 mm) was used for this test. HRB400 reinforcement was set in the center of the specimen, and no hoop was set. The anchorage length of the reinforcement was 150 mm (Fig. 7). The type of reinforcement chosen therein is threaded reinforcement, and the bonding force includes adhesion, mechanical bite force and friction force. The test instrument was a WDW3300 microcomputer-controlled electronic universal testing machine (Fig. 8), which was used for the tensile test. The test blocks were fixed at the two ends of the anchor bar, and the distance between the rebar fixture and the test blocks were controlled and recorded. The loading speed was set to 1 mm/min so that a relatively smooth bond-slip curve could be obtained [26].

[image: images]

Figure 7: Pull-out test cube specimen
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Figure 8: Pull-out test

The load was started to be applied without any significant displacement of the reinforcement. Continuing the loading, the sound of brittle cracking of concrete started. As the loading process continued, the concrete suddenly cracked and showed brittle damage with a clear sound when damaged. The damage mode of the phase change concrete was found to be splitting damage, as shown in Fig. 9a, and the bond sliding ultimate strength of PCM-CA4-50% concrete was reduced by about 9.06% compared to OR-CA2-50% concrete, as shown in Fig. 9b. The bond strength of phase-change coral concrete is lower than that of normal light-aggregate concrete. A large amount of phase change coral aggregate appeared at the edge of the damaged section of PCM-CA4-50%, and the smooth surface of phase change coarse aggregate reduced the friction force with cement paste during the damage process, which reduced the bond slip resistance, as shown in Fig. 9c.
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Figure 9: Bond-slip test

3.3 Damage Analysis

Through the test of concrete strength under different variables, it can be found that the strength of phase change concrete has a certain law to follow. This is because in the preparation process of phase change aggregate, in order to prevent the leakage of phase change paraffin, epoxy resin is wrapped on the aggregate surface. When the epoxy resin is cured, the surface of the phase change aggregate will become very smooth, and the bond between the phase change aggregate and the mortar in the concrete will decrease, resulting in a decrease in strength.

The mechanical properties of phase change concrete cubic compressive test blocks were tested. Axial pressure was applied to the specimen blocks all the time, and cracks appeared without peeling off the concrete surface. The test blocks were continued to be loaded, and the damage pattern was found to be different from that of the normal coarse aggregate concrete specimens. The final damage of the concrete specimen blocks was due to the relative sliding between the resin wrapped around the surface of the phase change coarse aggregate and the concrete. Some of the phase change coarse aggregates were crushed, and most of the phase change light aggregates were intact, sliding with the cement paste and creating internal cracks. Thus, the strength of the phase change concrete was significantly reduced.

Coral aggregates are white and relatively more visible, see Fig. 10a. The phase change coral aggregate and ordinary coral aggregate were added to the concrete respectively, and the cubic compressive strength test data were analyzed, and it was found that the phase change coarse aggregate concrete strength decreased due to the smooth surface of the phase change aggregate. The phase-change aggregate is not easy to form a whole with the mortar, which reduces the bonding effect between them. By observing the test phenomenon, it can be seen that the damage cracks of the phase change concrete are irregular, and most of the internal cracks of the concrete block are along the surface of the phase change coarse aggregate. The coral aggregate is not stressed, and the aggregate is relatively complete, as shown in Fig. 10b. For ordinary coral aggregates, the failure phenomenon shows that during the concrete mixing process, due to the large pores of the coral aggregates and the rough surface of the aggregates, the coral aggregates are fractured or crushed when they are finally destroyed (Fig. 10c).
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Figure 10: Destruction pattern

4  Study on Thermal Properties of Phase Change Concrete

We chose phase change concrete and ordinary concrete to build four downsized concrete test chambers [27,28]. The dimensions of the test room are 300 mm × 300 mm × 300 mm (L × B × H), the wall thickness is 30 mm, and the gap is filled by a sealant.

We ideally assume that the two concrete materials are homogeneous and the model uses a single physics setup. The solid heat transfer is selected for the phase change concrete physical field, and the transient solver type is selected. The concrete material is selected from the database, and convection phenomena are not considered. The solid heat transfer is selected for the physical field of normal concrete, the steady state is selected for the solver type, and the heat source is set to solar heat. The short side of the slab is set as insulation, and heat transfer is controlled as Z-directional conduction.

The isotherms and temperature fields were obtained in the test room under the action of the heat source (Fig. 11). The location of the test points in the laboratory is determined according to the requirement to select the median temperature as far as possible. The location of the monitoring points was determined from the isotherms, and the center of each wall was selected.
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Figure 11: Room simulated temperature field

The test room uses an NTC (10 K/3435) temperature sensor placed in the center of each wall and roof covering outside the test room and inside the test room, numbering each of the five walls (A–E) as shown in Fig. 12. The heating device adopts carbon fiber heaters, using the heating device inside the room to control the temperature of the laboratory room from room temperature to 50°C, to create a temperature difference between inside and outside the test room.
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Figure 12: Model test room

The thermal performance of phase change concrete was examined by the rate of temperature change inside the room, and the temperature control of the wall under temperature change was studied experimentally for each of the four types of concrete materials (OR-1, PCM-SC4-50%, PCM-CA4-50% and PCM-VR4-50%).

In comparison to Fig. 13, a test house was made with shale vitrified phase change concrete, coral aggregate phase change concrete, and volcanic stone phase change concrete to compare the temperature changes under the same temperature change conditions [29,30]. We conduct temperature tests through test walls in five directions: A, B, C, D, and E. Ensure that the mechanical properties meet the requirements of use. Since the size of the test room is smaller than the actual room, it can still be seen from the test results that there are differences in the temperature control capabilities of different types of concrete. Analysis of the test results: The differences between the test rooms are manifested in the peak temperature and the peak temperature delay phenomenon. The highest average temperature in the five directions of the test direction is the PCM-VR4-50% concrete test room. The difference in peak temperature between the PCM-VR4-50% test room and the PCM-SC4-50% test room is not obvious. Compared with the PCM -CA4-50% test room temperature difference is obvious. The peak temperature difference at the temperature measurement points B, D, and E can reach 2.6°C, while the temperature change slopes near the melting point are very different. The temperature began to drop, and the latent heat capacity of the internal phase change material of PCM-CA4-50% showed obvious, which made the temperature change in the temperature region before and after the adjacent melting point relatively obvious, and the temperature change rate slowed down. The phase change material has the most obvious effect, but the latent heat of the phase change material in PCM-VR4-50% concrete and PCM-SC4-50% concrete also plays a role.
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Figure 13: Temperature change curve

We compare the indoor temperature changes of ordinary concrete and phase-change coral concrete. By raising the ambient temperature in the room through the internal heat source, the ordinary concrete test room shows a more obvious difference than the phase change concrete test room. The temperature change at the testing point in the phase change concrete test room is lower than the peak temperature in the ordinary concrete test room, and the rate of temperature increase, as well as the rate of temperature decrease, is smaller. The temperature variation of the test room of phase change coral aggregate concrete was compared with the test room of ordinary concrete, and the advantages of phase change coral aggregate concrete in terms of delaying the temperature peak and reducing the temperature peak were relatively obvious.

5  Conclusion
1.    The compressive strength of the cube is tested and studied, and it is obtained that the strength of the cube after replacing 50% stone is 25.4%–36.8% lower than that of ordinary concrete, which meets the requirements of concrete construction strength.

2.    The bond-slip test of typical coral aggregate concrete shows that the bond strength of phase change coral concrete is 9.06% lower than that of ordinary coral concrete. As a typical damage analysis of phase change coral aggregate concrete, the surface of the aggregate is coated with epoxy resin, and the surface of the aggregate is smooth. The damage presented in the damage section is that the phase change coral aggregate and concrete slip, and the crack between the phase change coral aggregate and concrete develops continuously, leading to the damage to concrete.

3.    The peak temperature and peak occurrence time of OR-1, PCM-SC4-50%, PCM-VR4-50%, and PCM-CA4-50% were different under the influence of variable temperature heat sources. The peak temperature reduction time was 1.4∼2.6°C, and the peak temperature delay time was 5∼15 min. The results show that the phase change concrete with environment-friendly material as aggregate has better temperature control performance than ordinary phase change concrete.

4.    The mechanical and thermal properties of the three types of phase change light aggregate concrete were tested and it was determined that phase change coral concrete was the most effective type of concrete.
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Table 1: Sand physical properties

Material name Grain size (mm) Mud content (%) Stacking density (kg/m®) Apparent density (kg/m’)

River sand 0.15-4.75 2.15 1480 2518
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Table 3: Concrete mix ratio

Marking Cement (kg) Water (kg) Porous Gravel (kg) Sand (kg) Water
substrate (kg) reducer (%)
OR-1 1.7339 1.023 - 3.803 3.380 0.6
OR-SC2-50% 1.7339 0.833 0.965 1.901 3.380 0.7
OR-SC3-30% 1.7339 0.833 0.585 2.66 3.380 0.7
PCM-SC4-50%  1.7339 0.833 1.198 1.901 3.380 0.6
PCM-SC5-30%  1.7339 0.833 0.721 2.66 3.380 0.6
OR-CA2-50% 1.7339 0.833 1.14 1.901 3.380 0.7
OR-CA3-30% 1.7339 0.833 0.68 2.66 3.380 0.7
PCM-CA4-50% 1.7339 0.833 1.41 1.901 3.380 0.6
PCM-CAS5-30% 1.7339 0.833 0.84 2.66 3.380 0.6
OR-VR2-50% 1.7339 0.833 1.273 1.901 3.380 0.7
OR-VR3-30% 1.7339 0.833 0.884 2.66 3.380 0.7
PCM-VR4-50% 1.7339 0.833 1.328 1.901 3.380 0.6
PCM-VR5-30% 1.7339 0.833 0.98 2.66 3.380 0.6

Note: 1. OR stands for ordinary concrete and PCM stands for phase change concrete; 2. SC stands for shale vitrified granules, CA stands for coral

agoregate and VR stands for volcanic rock.
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Table 2: Lightweight aggregate properties

Aggregate type Grain size (mm)

Stacking
density (kg/m’)

Water absorption
rate (%)

Cylinder compression
strength (MPa)

Shale ceramic granules 5-20
Volcanic rocks 5-20
Coral aggregate 5-20

550
820
760

5~15
5~15
10~15

2.56
2.21
1.95

Note: The data is for this batch of agoregates onlv.
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