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Abstract

:

Based on the inorganic modification of raw soil materials by using cement, fly ash, lime and other admixtures, the influence of modified jute fiber content on the strength of raw-soil-based wall materials was studied. The effects of the gradient distribution of inorganic admixtures on the mechanical properties and thermal conductivity of raw-soil-based wall materials were studied and compared by designing the gradient distribution and homogenous distribution of admixtures in raw soil materials. The results show that when the mass ratio of raw soil, sand, cement, fly ash and lime is 30:10:5:3:2, the compressive strength and flexural strength of the modified raw soil specimen at 28 d are 6.4 MPa and 2.9 MPa, respectively; on the basis of the further addition of 0.8 v% jute fibers, the strength can still be enhanced by 20% and its thermal insulation properties will also be improved. Gradient design can further improve the mechanical properties of modified raw-soil-based wall materials and can weaken the loss of its inherent thermal insulation function.
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1. Introduction


Raw soil is the most traditional building material used by humankind. In modern society, trending toward urbanization, about 30% of the population lives in raw soil buildings [1,2]. Due to its excellent properties such as low carbon environmental protection, convenient materials, heat preservation and humidity control [3], and it can return to nature after service and still continue to grow crops, so it is favored by many scholars. However, the mechanical properties and water resistance of traditional raw soil materials are poor, which limits their development. How to improve their properties while ensuring the advantages of raw soil materials is the key to further popularization and application [4].



At present, the modification research on raw soil materials has been carried out in an orderly manner. Jayasinghe found that the compressive strength of modified raw-soil-based wall materials improved significantly when the cement content was greater than 6 wt% [5]. The research results from Yang Yong [6] showed that the mechanical properties of raw-soil-based wall materials reached an extreme value when the cement content was 15 wt%, but the thermal insulation properties were reduced. Ciancio et al. [7] studied the effect of lime on the modification of raw soils and found that the optimum content of lime was 4 wt%, under which the compressive strength of raw soil reached the maximum at 28 d. Beyond this value, no additional beneficial changes in strength were observed. Based on the volcanic ash effect and dispersion effect of fly ash, Ma [8] studied the effect of fly ash on the compressive strength of raw soil materials. Burroughs [9] analyzed 104 kinds of soil and modified the soil with lime and cement. The results showed that only when the unconfined compressive strength of the soil itself was greater than 2 MPa could a good consolidation strengthening effect be achieved. Liu Jun et al. [10] studied the effect of single and compound doping of fly ash, cement and other admixtures on the mechanical properties of raw-soil-based wall materials; the results showed that when the single admixture was added, the cement had a better modification effect on the mechanical properties of the raw-soil-based wall materials. Compared with the single material modification, the compressive strength and flexural strength of the composite-modified raw-soil-based wall materials were increased.



Achievements have also been made in the study of plant fibers for soil modification. Agricultural waste fibers were used to modify the soil. When the fiber content was 0.5 v%, the compressive strength and durability of the soil block were significantly enhanced [11]. Yetgin et al. [12] found that straw fibers could improve the mechanical properties of the mud and that the compressive and tensile strengths of the soil blanks increased and the shrinkage decreased with the increase in fiber content. Liu Junxia et al. [13] pointed out that the original jute fiber had no obvious effect on the improvement of the flexural strength of raw-soil-based wall materials, while the modified jute fiber could improve the mechanical properties of raw-soil-based wall materials.



The aforementioned research is mainly to improve the properties of the raw soil by modifying the material and has not considered the existence of a large number of interface weak areas between the internal heterogeneous phases of the modified raw soil materials [14]. The weak interface zone refers to the large difference in elastic modulus and thermal expansion coefficient between the phases, which is prone to stress concentration. If the interface weak areas can be diminished through modern technology and means, the properties of the modified raw-soil-based wall material can be further improved. Functionally gradient materials are a new type of non-homogeneous composite material with continuous and stable changes in performance by selecting two or more materials with different properties according to the actual requirements and using advanced composite technology to make the components and structure change in a continuous gradient [15]. Compared with traditional homogeneous materials, the material content changes in a gradient, so its properties are in a gradual form, which can avoid or alleviate the stress concentration caused by the excessive difference in physical properties of the component interface, so as to avoid cracking or spalling defects [16].



The research on functionally gradient materials mainly focuses on the fields of metals, ceramics and composite materials [17,18], and research on gradient modification of raw soil is relatively rare. Therefore, it is considered to apply the gradient concept to the modified raw-soil-based wall materials, so as to improve the mechanical properties of the modified raw-soil-based wall materials, reduce the loss of its inherent thermal insulation function, and realize the integration of structural functions. In this paper, the influence of modified jute fiber content on the properties of raw-soil-based wall materials was studied on the basis of inorganic materials modified with raw soil. Through the gradient distribution and homogenous distribution of inorganic admixtures in raw-soil-based wall materials, the influence of gradient design on the mechanical properties and thermal conductivity of raw-soil-based wall materials was studied.




2. Materials and Methods


2.1. Raw Materials


The chemical composition of raw soil, cement (P.O 42.5) and fly ash is shown in Table 1. The raw soil was taken from a region of the Loess Plateau in northern Shaanxi. The total content of five main components, SiO2, Al2O3, Fe2O3, CaO and MgO, accounts for more than 80%. The raw soil below 0.15 mm in size was screened and dried at 105 °C for use. The test sand was ISO standard sand produced in Xiamen, the total content of SiO2 was more than 96 wt%, and the loss on ignition was less than 0.4 wt%. Ordinary Portland cement (P.O 42.5) was produced by Tianrui Group Cement Co. Ltd. (Zhengzhou, China). Fly ash was provided by Kaifeng power plant and the specific surface area and activity index of the fly ash were 463 m2/kg and 0.97, respectively. The lime was the hydrated lime produced by Songshan Lime Factory (Dengfeng, China). The effective component of Ca(OH)2 was not less than 70%, and the particle size was less than 0.15 mm. The water-reducing agent was AJ-2Z retarding aliphatic water-reducing agent produced by Zhongtie Concrete Admixture Factory (Anhui, China). The length of jute fibers was about 8 mm, the length/diameter ratio was 70, and the density was 1.1 g/cm3.




2.2. Experimental Design and Sample Preparation


2.2.1. Modification of Inorganic Materials


Raw soil was used as raw material and the raw-soil-based wall material was modified by adding cement, fly ash, lime and other admixtures, as shown in Table 2. After the raw soil and lime were aged for 24 h, standard sand, cement and admixture were added and fully stirred in the mixer for 2 min, followed by mixing water and water reducer for 2 min, and finally stirred at high speed for another 1 min. The modified raw-soil-based wall material was poured into a triple mold with a size of 40 mm × 40 mm × 160 mm for vibration molding. After 1 d, the mold was removed and the test block was placed under natural conditions (temperature of 20 ± 5 °C, humidity of about 50%) for curing. According to the “Cementitious Sand Strength Test Methods (ISO method)” (GB/T 17671-2021) [19] the compressive strength and flexural strength of the specimen at 7 d and 28 d were measured. The compressive strength and flexural strength were carried out on the DY-208JX automatic pressure testing machine, wherein the loading speed of the compressive strength was 1 kN/s and the loading speed of the flexural strength was 50 N/s.




2.2.2. Plant Fiber Modification


On the basis that the mechanical properties of raw-soil-based wall materials modified by inorganic admixtures meet the requirements, the influence of plant fiber on its performance was explored. Jute was immersed in 5 wt% NaOH solution for about 12 h, and then the residual NaOH solution on the surface was washed with water. The oily substance on the surface of jute fiber could be removed by a strong alkali solution, which made the grooves on the surface of jute clearer and increased the roughness of the surface of the jute [13]. The specimen preparation process is the same as that of inorganic material modification, except that jute fiber is added. After stirring the inorganic modified material and water-reducing agent in the mortar mixer for 2 min, the modified jute is fully dispersed in the standard weighing water, and the mortar mixer is added to continue to stir at low speed for 2 min and then stirred at high speed for 1 min. The volume content of jute fiber varies from 0 to 1.6 v% with a ratio of 0.2 v%.




2.2.3. Gradient Design


When the number of gradient layers is 4, the thermal stress and stress concentration area between the gradient layers are minimized, and the internal tensile stress of the material reaches the minimum value [20]. Using four layers of functionally graded fiber-reinforced cement-based composites, the strength and fracture function of the gradient specimen designed by the gradient design are increased by about 50% compared with the homogenous specimen [21]. Based on the determination of inorganic admixture and modified jute fiber content, the gradient design test was carried out, in which the gradient layer was designed to be 4 layers and the size of each layer was equally divided, as shown in Figure 1.



The size of the gradient specimen and the homogenous specimen used for mechanical properties testing were both 40 mm × 40 mm × 160 mm and the size of each layer of the gradient sample was 10 mm × 40 mm × 160 mm, so the preparation method and process were similar to those of the homogenous specimen. However, in the preparation process of the gradient specimen, each gradient layer needs to be separately proportioned and stratified. After forming the gradient specimen, it was cured under indoor natural conditions for 24 h before the mold was removed, and then the specimen block was placed under the indoor natural conditions for water spray curing; the curing temperature was 20 ± 5 °C and the relative humidity was about 50%. The direction of force on the modified raw soil base gradient specimen were kept perpendicular to the direction of the gradient during the compressive strength test. The size of the specimen for the thermal conductivity test was 250 mm × 250 mm × 25 mm, the size of each layer was 250 mm × 250 mm × 6.25 mm, and the specimen was demolded 1 d later and placed under the indoor natural conditions for water spray curing; the curing temperature was 20 ± 5 °C, and the relative humidity was about 50%. The surface of the specimen was polished and dried to constant weight in a drying oven with a set temperature of 105 °C. According to the standard “Determination of steady-state thermal resistance and related characteristics of thermal insulation materials-Protection hot plate method” (GB/T 10294-2008) [22] the dried specimen was fixed on the DRM-1 type thermal conductivity tester for testing, and the measurement time lasted 24 h.






3. Results and Discussion


3.1. Inorganic Admixture Modified Raw Soil Strength


Figure 2 shows the strength development pattern of modified raw-soil-based wall materials with the content of inorganic admixture changing continuously. Combined with the analysis of Figure 2 and Table 2, it can be seen that the strength of modified raw-soil-based wall materials shows an increasing trend with the increase in the proportion of cement in the admixture, and the effect of modified materials on its compressive strength was obviously better than that of the flexural strength. This is similar to the results of Kim, who noted that the unconfined compressive strength of raw soil increases with the increase in cement content [23]. From the strength changes of A5 to A6 and A7 to A8, it can be seen that under a certain amount of cement, the compressive and flexural strength can be further improved by appropriately increasing the content of fly ash and decreasing the content of lime; in particular, the strength change over 28 d is more obvious. From the strength changes of A9 to A10, it can be seen that when the cement content is further increased, the effect of the change in the content of fly ash and lime on the strength of the modified raw-soil-based wall materials will be weakened. When the mixing ratio of cement, fly ash and lime is 14:3:3, the compressive strength and flexural strength of 7 d reached 3.8 MPa and 1.4 MPa, respectively, which were 6.6 times and 6 times higher than those of the raw soil specimen without inorganic modified materials. When the age reached 28 d, its compressive and flexural strengths reached 7.1 MPa and 3.1 MPa, which were 1.9 times and 2.1 times higher than those of 7 d, indicating that the strength of the modified raw-soil-based wall materials improved with the increase in the length of the curing period. This is because fine cement and fly ash particles fill in the voids of raw soil particles, reducing the number of voids. With the increase in age, the cement further reacts fully and generates more hydraulic gelling products, which enhances the cohesion between the loose raw soil particles and thus improves the strength of the specimen [10]. At the same time, fly ash will also react with Ca(OH)2 to form gel, which will closely link the soil and further improve the strength of the modified raw-soil-based wall material. The compound additions of several admixtures can complement each other and effectively avoid the damage or fracture of raw-soil-based wall materials caused by internal structural defects [24].



Considering the availability of raw soil buildings after returning to nature, adding too much admixture makes the soil more alkaline, which is not conducive to the growth of crops. Meanwhile, with the further increase in cement content, the strength growth rate of modified raw soil specimen is slow, so the A7 group is the best ratio of this group of tests, and its 28 d compressive strength and flexural strength reach 6.4 MPa and 2.9 MPa, respectively. Among them, 60% was raw soil, 20% was standard sand, 10% was cement, 6% was fly ash and 4% was hydrated lime; that is, the mixing ratio of cement, fly ash and hydrated lime was 5:3:2.




3.2. Strength of Plant Fiber Modified Raw Soil


Figure 3 shows the influence of modified jute fiber content on the mechanical properties of modified raw-soil-based wall materials. Under the condition that the mechanical properties meet the requirements, the influence of jute on the mechanical properties of inorganic modified raw soil-based wall materials is further discussed. The proportion of admixture in the modified raw-soil-based wall material was 20 wt%; the proportion of cement, fly ash and lime was 10 wt%, 6 wt% and 4 wt%, respectively. It can be seen from Figure 3 that when the jute content was 0.8 v%, the compressive and flexural strengths of the modified raw soil specimen were 7.8 MPa and 3.6 MPa, respectively, which were 22% and 24% higher than those of the raw soil materials without modified jute fiber. This is because the surface of the modified jute fiber is rougher and has a higher degree of bonding with the raw-soil-based material. Under the action of external force, due to the strong bonding force between fiber and soil-based materials, fiber will consume some of the energy in the process of pulling out, delaying the development of cracks, so the strength of soil-based material can be improved, which is similar to the net root system of the plant to fix the soil. In addition, when the content of jute fiber is less than 0.8 v%, the strength of the modified raw-soil-based wall material increases with the increase in the fiber content, but when the content exceeds 0.8 v%, the compressive strength and flexural strength have a downward trend. Considered comprehensively, 0.8 v% is set as the optimum content of modified jute.




3.3. Mechanical Properties and Thermal Conductivity of Modified Raw-Soil-Based Gradient Specimens


In order to carry out the gradient design, on the basis of the above-mentioned admixture modified raw soil, the proportion of cement, fly ash and hydrated lime was controlled to be constant (5:3:2), while the total admixture shows a gradient change to determine the proportion of the admixture in each gradient layer. The content of modified jute in each gradient layer was 0.8 v%.



Figure 4 shows the change rule of mechanical properties of the modified soil-based wall material when the standard sand content was 20 wt%, the modified jute was 0.8 v%, and the total content of cement, fly ash and hydrated lime (the incorporation ratio is 5:3:2) was constantly changing. The results show that when the total amount of inorganic admixture varies from 12 wt% to 22 wt%, the compressive strength and flexural strength of the modified raw-soil-based wall materials were positively correlated with the amount of admixture. The minimum compressive strength and flexural strength of 28 d were 4.4 MPa and 2.5 MPa, respectively, which meet the requirements of mechanical properties of wall materials. The 7 d compressive strength of the modified raw-soil-based wall material reached 3.6 MPa when the proportion of the admixture was 22 wt%, which was 1.1 times higher than that of the unmodified raw soil, and the 28 d compressive strength reached 8.3 MPa. The flexural strength of 7 d and 28 d reached 2.2 MPa and 3.9 MPa, respectively, which was 2.7 times and 1.3 times higher than that of raw-soil-based materials without inorganic modified materials.



Based on the above results, the preparation of the gradient specimen was carried out on the basis of determining the mixing ratio of each gradient layer admixture. Table 3 shows the mixture ratio design of gradient distribution and homogenous distribution of inorganic modified admixtures in raw soil materials, where M represents the gradient distribution of inorganic modified admixture and N represents the homogenous distribution of inorganic modified admixture. Measures of 0.15 N, 0.17 N and 0.19 N represent the homogenous distributed specimens with 15%, 17% and 19% inorganic modified admixtures, respectively; 0.15 M, 0.17 M and 0.19 M represent the gradient distribution specimens with inorganic modified material content of 15%, 17% and 19%, respectively; 0.19 N, 0.17 N and 0.15 N were controls of 0.19 M, 0.17 M and 0.15 M, respectively.



3.3.1. Mechanical Properties of Gradient Specimens


Figure 5 reveals the development trend in mechanical properties of modified raw-soil-based wall materials when the inorganic modified admixtures have a gradient distribution and homogeneous distribution in raw soil materials. It can be seen from Figure 5 that the strength of the raw soil specimens increases with the increase in the content of inorganic modified materials, and the strength of the gradient distribution specimens is better than the corresponding homogenous distribution specimen. The strength of the modified raw soil specimens reaches the maximum value when the inorganic admixture content is 19 wt%. The 7 d compressive strength of the modified raw soil specimens with gradient distribution does not change significantly compared with the homogenous distributed specimens, while the 28 d strength is increased by 1.4% compared with the homogenous distributed specimens. The flexural strengths of the modified raw-soil-based gradient-distributed specimens reached 2.15 MPa and 3.3 MPa at 7 d and 28 d, respectively, which were 2.3% and 3.1% higher than those of the homogenous distribution specimens. On the one hand, the first layer of the gradient specimen is an aggregate-rich zone, and the content of the inorganic modified material in the first layer is larger than that of the homogenous specimens; the increase in the content is conducive to the development of strength. In addition, the first layer is the tensile zone, which can withstand greater impact force. In the case of unchanged components and properties, the factors affecting the properties of composites are also structural. Due to the high proportion of the outer layer as the whole, the outer protective layer with good mechanical properties has a hoop effect, so the overall compressive strength has been improved to a certain extent [25]. The incorporation of modified jute further improves the crack resistance properties. On the other hand, the internal cohesion of the inorganic modified material in the homogenous distribution specimens is poor, the elastic modulus of each component is quite different, and great stress will be generated at the interface. Gradient-distributed specimens are vibration-shaped with layered batching. During the vibrating process, the layers diffuse and merge with each other, and the components cross each other. The content of the components on both sides of the interface is similar with little difference, which makes the continuous change of components better, thus enhancing the cohesiveness between gradient layers and reducing the residual stress [26], ensuring the mechanical properties of the materials without mutation, greatly alleviating the stress concentration, and making the mechanical properties change continuously.




3.3.2. Thermal Conductivity


Figure 6 shows the variation in thermal conductivity of the gradient distribution specimen and homogenous distribution specimen of modified raw-soil-based material with different inorganic admixture contents and with or without jute fiber. It can be seen from Figure 6 that with the increase in inorganic admixtures in raw soil materials, the thermal conductivity of modified raw-soil-based wall materials increases, and the thermal insulation performance deteriorates. This is because, with the addition of admixtures, a large amount of gel will be produced in the hydration process, thus introducing a large number of small pores, which has a certain impact on its thermal insulation performance [6]. When the content of inorganic admixture is the same, the thermal conductivity of the gradient distribution specimens is generally smaller than that of the homogenous specimens. Due to the gradient specimen component having a gradient distribution, it can greatly reduce the temperature difference between the heat-generating layer and the non-heat-generating layer and the temperature stress [27], which is conducive to the internal heat of the material tending to be balanced, thus weakening the loss of thermal insulation function. The thermal conductivity of modified raw soil specimens can be further reduced by adding modified jute fibers to the specimen. The surface of the modified jute fibers is rough, as shown in Figure 7, and the bonding with the raw-soil-based wall material is strong, which makes the structure of the raw-soil-based wall material closer, and the pore channel of heat transfer is blocked; combined with the connection and toughening effect of jute fibers, the development of cracks can be delayed to a certain extent, and the heat transfer through crack convection can be further reduced. At the same time, during the curing and drying process of the modified raw soil specimen, due to water loss, it is easy to form a water loss cavity around the jute. However, because the jute fiber is extremely slender, the introduction of harmful pores around it is extremely low. Therefore, it plays a positive role in the thermal insulation of raw-soil-based materials. This is similar to the conclusion of Ghosh [28]. After modification, jute fiber is similar to wool, soft and fluffy. The modified jute fiber is interconnected to form a network structure, which has a good thermal insulation function.






4. Conclusions


In this paper, the raw soil material was modified by inorganic admixture and jute fiber. By studying the gradient distribution and homogenous distribution of inorganic admixture in raw soil material, the influence of the gradient distribution and homogenous distribution of inorganic admixture in modified raw-soil-based wall material on its mechanical properties and thermal conductivity was analyzed. The relevant conclusions are as follows:




	(1)

	
The incorporation ratios of cement, fly ash and slaked lime in raw soil materials are 10 wt%, 6 wt% and 4 wt%, respectively. That is, when the incorporation ratio of the three admixtures is 5:3:2, the 28 d compressive and flexural strength reach 6.4 MPa and 2.9 MPa, respectively. The incorporation of modified jute fibers can further improve the mechanical properties. When the incorporation ratio of jute fibers is 0.8 v%, the compressive strength and flexural strength of the modified raw-soil-based wall material are increased by 22% and 24%, respectively.




	(2)

	
The compressive and flexural strength of modified raw-soil-based wall materials is positively correlated with the amount of inorganic admixture when the amount of modified jute is 0.8 v% and the total amount of inorganic admixture varies within the range of 12–22 wt%; the minimum compressive strength and flexural strength of the modified raw-soil-based wall materials at 28 d were 4.4 MPa and 2.5 MPa, respectively, which meet the requirements of mechanical properties of wall materials. Therefore, the gradient layers with a modified jute content of 0.8 v% and inorganic admixture in the range of 12–22 wt% are designed to meet the requirements of mechanical properties of the gradient design scheme.




	(3)

	
Gradient design can further improve the mechanical properties of modified raw-soil-based wall materials and weaken the loss of thermal insulation performance. With the combined effect of inorganic materials and jute fiber, the minimum compressive strength of the modified raw-soil-based wall material was 5.9 MPa, and the thermal conductivity was 0.501 W/(m·K), which was 3.5% and 4% higher than that of the raw soil material without inorganic material gradient modification, respectively. The highest compressive strength of ordinary sintered bricks is 3.94 MPa and the thermal conductivity of concrete structures and masonry mortar is generally above 0.75 W/(m·K), so the strength and thermal conductivity of the modified raw-soil-based wall materials designed by gradient in this paper meet the requirements of the masonry structure.
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Figure 1. Gradient model. 
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Figure 2. Effect of inorganic material mix ratio on mechanical properties of raw soil materials. 
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Figure 3. Relationship between strength and jute content. 
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Figure 4. Effect curve of inorganic modified material (cement, fly ash and lime) content on mechanical properties of raw-soil-based material. (a) Compressive strength. (b) Flexural strength. 
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Figure 5. Effect of gradient modified material content on mechanical properties of raw-soil-based materials. (a) Compressive strength. (b) Flexural strength. 
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Figure 6. Effect of gradient modified material content on thermal conductivity of raw-soil-based materials (M1 and M0 represent the gradient distribution specimens with and without jute fibers, respectively. N1 and N0 represent homogenous distributed specimens with and without jute fiber, respectively). 
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Figure 7. SEM images of jute fibers before and after modification. (a) Unmodified jute fiber. (b) Jute fiber modified with 5 wt% NaOH solution. 






Figure 7. SEM images of jute fibers before and after modification. (a) Unmodified jute fiber. (b) Jute fiber modified with 5 wt% NaOH solution.



[image: Buildings 13 02155 g007]







 





Table 1. Chemical composition of raw soil, cement and fly ash.
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	Composition
	CaO
	SiO2
	Fe2O3
	Al2O3
	MgO
	Others





	Raw soil (wt%)
	1.99
	64.47
	2.29
	12.08
	1.41
	--



	Cement (wt%)
	58.86
	19.27
	3.36
	5.10
	2.61
	4.06



	Fly ash (wt%)
	4.01
	55.07
	4.59
	27.05
	1.52
	3.85










 





Table 2. Mix proportion design of inorganic modified materials (wt%).
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	Number
	Raw Soil
	Sand
	Cement
	Fly Ash
	Lime
	Water/Solid Ratio
	Water-Reducing Agent





	A0
	80
	20
	
	
	
	0.24
	0.1



	A1
	60
	20
	4
	8
	8
	0.24
	0.1



	A2
	60
	20
	5
	8
	7
	0.24
	0.1



	A3
	60
	20
	6
	8
	6
	0.24
	0.1



	A4
	60
	20
	6.4
	6.6
	6.6
	0.24
	0.1



	A5
	60
	20
	8
	6
	6
	0.24
	0.1



	A6
	60
	20
	8
	8
	4
	0.24
	0.1



	A7
	60
	20
	10
	6
	4
	0.24
	0.1



	A8
	60
	20
	10
	5
	5
	0.24
	0.1



	A9
	60
	20
	12
	4
	4
	0.24
	0.1



	A10
	60
	20
	12
	5
	3
	0.24
	0.1



	A11
	60
	20
	13
	4
	3
	0.24
	0.1



	A12
	60
	20
	14
	3
	3
	0.24
	0.1










 





Table 3. Mix ratio design of gradient specimens and homogenous specimens.
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Sample

	
Raw Soil (wt%)

	
Sand (wt%)

	
Inorganic Modified Materials (wt%)

	
Jute (V%)

	
Water-Reducing Agent

	
Water-Solid Ratio






	
0.19 M

	
Layer 1

	
58

	
20

	
22

	
0.8

	
0.1

	
0.24




	
Layer 2

	
60

	
20

	
20

	
0.8

	
0.1

	
0.24




	
Layer 3

	
62

	
20

	
18

	
0.8

	
0.1

	
0.24




	
Layer 4

	
64

	
20

	
16

	
0.8

	
0.1

	
0.24




	
0.19 N

	
Control

	
61

	
20

	
19

	
0.8

	
0.1

	
0.24




	
0.17 M

	
Layer 1

	
60

	
20

	
20

	
0.8

	
0.1

	
0.24




	
Layer 2

	
62

	
20

	
18

	
0.8

	
0.1

	
0.24




	
Layer 3

	
64

	
20

	
16

	
0.8

	
0.1

	
0.24




	
Layer 4

	
66

	
20

	
14

	
0.8

	
0.1

	
0.24




	
0.17 N

	
Control

	
63

	
20

	
17

	
0.8

	
0.1

	
0.24




	
0.15 M

	
Layer 1

	
62

	
20

	
18

	
0.8

	
0.1

	
0.24




	
Layer 2

	
64

	
20

	
16

	
0.8

	
0.1

	
0.24




	
Layer 3

	
66

	
20

	
14

	
0.8

	
0.1

	
0.24




	
Layer 4

	
68

	
20

	
12

	
0.8

	
0.1

	
0.24

