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Abstract

:

A lightweight foam phosphogypsum material (LFPM) was prepared by multi-factor orthogonal and optimization experiments. The effects of foam, quicklime, silica fume and cement on the mechanical and physical properties of this LFPM were studied. The orthogonal experimental results showed that the silica fume content exhibited the most significant effect on the strength of this material, and the cement content exhibited the most obvious influence on the softening coefficient. The comprehensive index analysis indicated that the LFPM with 8% foam, 3.5% quicklime, 3% silica fume and 15% cement was selected as the optimal proportion. The 28 d compressive strength and flexural strength were 3.15 and 0.97 MPa, respectively. The dry density was 809.1 kg/m3, and the 28 d softening coefficient was 0.628. The optimization experimental results showed that the strength and dry density of the sample increased first and then decreased with an increase in the foam stabilizer content. The strength and dry density increased, and water absorption decreased with increasing waterproof agent content.
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1. Introduction


Phosphogypsum (PG) is a by-product of solid waste produced from the production of wet-process phosphoric acid; for instance, one ton of phosphoric acid produces 5 tons of phosphogypsum [1,2]. PG is mainly composed of calcium sulfate dihydrate (CaSO4·2H2O), accounting for more than 90% of its structure. In addition, it also contains a small amount of impurities such as phosphoric acid, fluorine, silicon, iron, aluminum and organic matter [2,3,4,5]. Currently, approximately 20–30 billion tons of PG are produced annually, which has created tremendous pressure for environmental protection and has created a huge challenge for its recycling [6]. Large amounts of PG not only occupy a large number of land resources, but they also cause serious pollution problems to soil, water, and the atmosphere, as well as to human settlement environments. Therefore, it is a great challenge for governments and relevant enterprises to accelerate PG consumption and to develop new uses.



Currently, PG is mainly used in the cement industry, construction road industry, agriculture, and sulfuric acid and sulfate industries [7]. PG is mainly used in cement production as a mineralizer, retarder, and activator [8,9,10]. In the most used industry, construction road, PG is mainly used to prepare PG bricks and blocks [11,12,13], paper gypsum board [2], construction gypsum powder [14], road construction [15,16], and mine filling [17]. Due to advantages such as thermal insulation, sound insulation and fire resistance, researchers at home and abroad have paid more attention to the development of new PG building materials in recent years [18]. Among them, lightweight foam phosphogypsum material (LFPM), with a large consumption of gypsum, has many advantages, such as being light weight and having thermal insulation and sound insulation as well as fire resistance [13,19]. Therefore, investigations regarding the properties of LFPMs have attracted considerable attention in the preparation of phosphogypsum materials. In order to use PG to prepare lightweight building materials, Wang et al. [20] added 25% Portland cement, 10–20% fly ash, 10% ground slag, 6% hydrated lime and 60% foam into PG to prepare lightweight building materials with a compressive strength of 1.7 MPa, bulk density of 521.7 kg/m3 and thermal conductivity of 0.0724 w/(m⋅k). Feng et al. [1] studied the effects of foam volume and cement content on thermal conductivity, the water resistance coefficient and the mechanical strength of foamed phosphogypsum, and obtained the effect of the foam content for each performance. Cement can increase thermal conductivity, water resistance and mechanical strength. Additionally, hemihydrate phosphogypsum (HPG), as a base material, is used to prepare composite materials by adding mineral admixtures, alkaline substances, water reducing agents, retarders and cement (Jian Wang [21], Jun Zhou [12], Xiaoyu Guo [22], Zhu Lu [23]). On the basis of this composite material, the foam is used to prepare lightweight phosphogypsum materials. A microscopic analysis was performed to develop well-qualified products meeting the requirements of relevant reference standards. Gypsum exhibits excellent fire resistance, air permeability, sound absorption and decorative effects, which are appropriative to apply to lightweight insulation materials [24,25]. Many researchers have performed numerous studies on the waterproofness of gypsum products and have also made many meaningful achievements [26,27,28,29,30,31]. One fundamental method is to add organic additives (e.g., paraffins, stearic acid and organosilicon) into gypsum materials, which form a waterproof film on the surface of the gypsum crystals to reduce the dissolution rate of gypsum. Another method is to directly incorporate Portland cement, blast furnace slag or active minerals consisting of amorphous silicon into gypsum to produce hydraulically rigid products. These products are wrapped on the surface of the gypsum to reduce its dissolution rate. Another strategy is to directly spray an organic waterproofing agent onto the surface of the gypsum or to cover the waterproofing layer on the surface of the gypsum. However, these techniques, owing to their temporary effects, cannot fundamentally solve the long-term waterproofing and moisture-proofing problems of gypsum products. In addition, the mechanical strength of gypsum is relatively low, and various fibers are usually used as reinforcing materials in gypsum products to improve their mechanical properties [32,33,34,35,36,37]. However, most of these above-mentioned studies were based on compact gypsum. Compared with compact gypsum, foam gypsum has a high porosity and large pore size. Moreover, the effects of water repellents, fibers, and admixtures on gypsum-based foam materials have rarely been reported in the existing studies.



In this work, hemihydrate phosphogypsum (HPG) and raw phosphogypsum (RPG) (70:30) were chosen as the main raw materials. The foam, admixture and other additives were mixed to prepare light phosphogypsum materials to investigate the properties. The material proportion and property optimization were carried out by multi-factor orthogonal experiments and optimization tests. The intuitive, range, analysis of variance and comprehensive analysis were investigated in the orthogonal test to obtain the optimal mix proportion. The effects of additives on the properties of LFPMs were further optimized on the basis of the optimal mix proportion. Moreover, the internal morphology of this LFPM was analyzed by scanning electron microscope (SEM).




2. Materials and Methods


2.1. Materials


	(1)

	
Phosphogypsum (PG) was divided into raw phosphogypsum (RPG) and hemihydrate phosphogypsum (HPG). RPG: from Guizhou Kai Phosphate phosphogypsum Comprehensive Utilization Co., Ltd., Guiyang, China, gray, moisture content 21.98%, PH value 6.8. After natural drying and passing through 0.15 mm square hole sieve for backup use; HPG: placed 0.15 mm RPG in 160 °C oven to bake for 2 h, sealed and aged for about 7 d. The raw material and XRD spectrum of RPG and HPG is given in Figure 1, and the morphology of RPG and HPG from scanning electron microscope (SEM) is listed in Figure 2.




	(2)

	
Cement: PO 42.5 cement purchased from market; silica fume: produced by Gongyi Hengnuo Filter Co., Ltd., Gongyi, China (gray powder); lime: Yibin Chuanhui Biotechnology Co., Ltd., Yibin, China, Production (white powder); water reducing agent: polycarboxylate water reducing agent (powder), Shanghai Chenqi Chemical Technology Co., Ltd., Shanghai, China, Production; foaming agent: polymer compound foaming agent, produced by Hefei Baile Energy Equipment Co., Ltd., Hefei, China, with foaming multiple > 20 times and PH value of 7.2; foam stabilizer: produced by Hengshui Zhongda New Materials Co., Ltd., Hengshui, China; waterproofing agent: redispersible powder, market. The main chemical components of the main raw materials are shown in Table 1.








2.2. Experimental Design


RPG: HPG relative dosage ratio was set to be 3:7 in the experiments, the ratio between water and material was 0.25, and water reducing agent dosage was 0.72%. The dry mass percentage of foam, cement, silica fume and lime was calculated according to experimental requirements.



	(1)

	
Orthogonal experiment







The orthogonal design of the experiment was a method to arrange and analyze experiments with factors and levels utilizing the orthogonal table. Representative tests were selected from all combinations to analyze the comprehensive experiments and to obtain the optimum combination through these test results [38]. In order to study the effect of foam and admixture on the compressive and flexural strength, dry density, and the softening coefficient of the LFPM, a four-factor and four-level orthogonal table L16 (45) was used to design the experimental ratio. The four factors included foam (A), quicklime (B), silica fume (C) and cement (D). The specific values of each factor level are shown in Table 2, and each mass dosage was the proportion fraction of total dry mass. The orthogonal experiment results were discussed from intuitive, range, variance and comprehensive analysis to determine the optimum proportion.



	(2)

	
Optimization experiment







The existing investigations [26,39] indicated that the poor water and moisture resistance of the LFPM limited the application of gypsum. In addition, a large number of bubbles with nonuniform sizes were generated during the early preparation, which had an effect on the property promotion of gypsum-based materials. The foam stabilizer can improve stability and uniformity, and the waterproof agent can reduce the water absorption of the material. Therefore, the influence of the foam stabilizer and waterproof agent on the strength, dry density and softening coefficient of the composites was analyzed. Specifically, based on the recommended optimal mix proportion from orthogonal experiments, foam stabilizer and waterproofing agent were added. According to the relevant references, the foam stabilizer content was 0.1%, 0.2%, 0.3%, 0.4%, 0.5%, and the waterproofing agent content was 1.5%, 3.0%, 4.5%, 6%, 7.5%, respectively. The effect of the dosage on the performance of LFPM was discussed.



	(3)

	
Main test instruments







The test instruments in the present study are listed in Table 3.



	(4)

	
Sample preparation and experimental method







According to the mix proportion of each group, the dry material and additives were poured into the mixing barrel, and the mixing machine was used to evenly stir. After adding water, the foam was poured into the mixing barrel and stirred evenly and then placed into the 100 × 100 × 100 mm and 40 × 40 × 160 mm triple mold, and then vibrated and scraped. After 24 h curing in the natural environment, the molds were removed and maintained for 7, 14, and 28 d and dried to constant weight. The corresponding performance indexes of the specimens at different ages were determined. Dry density and absolute dry compressive strength was measured according to Chinese standard JGT266-2011 foam concrete standard specification [40]. The absolute dry flexural strength was measured according to the Chinese standard GB/T9776-2008 building gypsum determination [41]. The water resistance index softening coefficient test referred to China standard JC/T698-2010 gypsum block [42]. The microstructure was scanned using a scanning electron microscope (SEM, ZEISS MERLIN Compact).





3. Results and Discussions


3.1. Results of Orthogonal Experiments


3.1.1. Intuitive Analysis


After the LFPM samples were cured under natural conditions for 7, 14 and 28 d, the strengths at different ages were measured by compressive and flexural testing machines. Dry density and softening coefficients were measured at 28 d. The test results of compressive strength, flexural strength, dry density and softening coefficient are shown in Table 4.



The strength of the fourth group was highest, and the dry density and softening coefficient were also relatively high. The 28 d compressive and flexural strength reached 4.85 and 1.54 MPa, respectively. The dry density was 885.8 kg/m3, and the 28 d softening coefficient was 0.703. Figure 3 shows the comparison of 7, 14, and 28 d compressive strength, flexural strength, 28 d softening coefficient, and dry density for 16 groups of specimens. From Figure 3a,b, a small strength difference of the LFPM between 14 and 28 d was observed, indicating that most of the hydration reactions were completed after 14 d of curing. In the test, the dry density of the 10th group was 756.7 kg/m3, which was the minimum value in the present study. For the 10th group, the 28 d compressive and flexural strengths were 2.51 and 0.79 MPa, respectively, and the softening coefficient was 0.61.




3.1.2. Range Analysis


The range analysis method refers to the R method [43]. In the analysis of the orthogonal experimental results, the larger the R value of a certain factor, the greater the influence of this factor on the test index. Therefore, the importance of each factor was determined by the R value in this work. The calculation formula of the range (R) is as follows:


   K  m n   =  1 N  *   ∑   i = 1  N   p i   



(1)






   R m  = max    K  m 1   ,  K  m 2   , … ,  K  m n     − min    K  m 1   ,  K  m 2   , … ,  K  m n      



(2)







In the formula: Kmn is the average value of the corresponding index at the n level of the m-th factor; pi is the index value; Rm is the range of factor m.



The compressive strength, flexural strength, dry density and softening coefficient of the LFPM at different ages (7, 14 and 28 d) were analyzed by range analysis, and the corresponding results are summarized in Table 5.



It can be seen from Table 5 that the primary and secondary order of influencing factors of 28 d strength was silica fume > foam > cement > quick lime (C > A > D > B); the primary and secondary order of influencing factors of 14 d strength was silica fume > foam > quicklime > cement (C > A > B > D); the order of influencing factors of 7 d compressive and flexural strength was silica fume > quicklime > foam > cement (C > B > A > D), and silica fume > foam > quicklime > cement (C > A > B > D). Therefore, the silica fume content was the first major factor affecting the early and late strength of LFPM. Foam content was the second major factor on 7 d flexural strength and 14 and 28 d compressive and flexural strengths. Compared with the cement content, the lime content occupied the main position in the early stage, and the influence of cement was more obvious in the later stage. The order of dry density influence factor was silica fume > foam > lime > cement (C > A > B > D). For LFPM, the smaller dry density represented the better property. From Table 4, the influences of various factors on dry density are explained by the range results. The range of silica fume and foam content was between 863.8 and 863.3, which stated that the silica fume and foam content had a primary influence on the dry density. The primary and secondary factors for the softening coefficient were cement > quicklime > silica fume > foam (D > C > B > A). This result can show that cement is a major factor on the softening coefficient of LFPM, followed by silica fume. It can be summarized from Table 5 that the silica fume content has the greatest influence on the compressive strength, flexural strength and dry density of each age. Regarding the above results, the optimal ratio scheme of each performance is listed in Table 5.




3.1.3. Analysis of Variance


Analysis of variance (ANOVA) is the most common statistical processing method for experimental results [38] and is used to determine a significant effect factor of LFPM. ANOVA can distinguish the reason for the result difference between each level of each factor (different factor level or experimental error) [4]. The total variation values in this experiment were composed of four parts: factors A, B, C, and D; thus, the corresponding error variation was calculated. Therefore, the decomposition formula of the square sum and degree of freedom in variance analysis is:


SST = SSA + SSB + SSC+ SSD + SSe



(3)






dfT = dfA + dfB + dfC + dfD + dfe



(4)







n represents the number of the tests; a, b, c and d represent the level of different factors (A, B, C and D); ka, kb, kc and kd represent the level under repetition of factors A, B, C and D. In this experiment, n = 16, a = b = c = d = 4, ka = kb = kc = kd = 4. The equations from (3) to (9) were utilized to calculate the variation and degrees of freedom caused by factors A–D.


C0 = T2/n



(5)






SST = Σx2 − C0



(6)






   SS A  = Σ  T A 2  /  k a  −  C 0   



(7)






   SS B  = Σ  T B 2  /  k b  −  C 0   



(8)






   SS C  = Σ  T C 2  /  k c  −  C 0   



(9)






   SS D  = Σ  T D 2  /  k d  −  C 0   



(10)






dfe = dfT − dfA − dfB − dfC − dfD



(11)







C0 is the correction number; SST is the total sum of squares; SSA is the sum of squares of factor A; SSB is the sum of squares of factor B; SSC is the sum of squares of factor C; SSD is the sum of squares of factor D; dfA, dfB, dfC and dfD are the degrees of freedom of factors A, B, C and D, respectively; dfT is the total degree of freedom; dfe is the degree of freedom of error.



According to the above calculation rules, ANOVA was conducted on the strength, dry density and softening coefficient at 28 d, and the experimental results are shown in Table 6. The meaning of each indicator in Table 6 is as follows: (1) The source of difference comes from the factor, interaction or error. (2) SS is the sum of squares between the factor and error. (3) DF (degree of freedom) is the degree of freedom of each factor, which is the difference between level factor number and 1. Since the degree of freedom of each factor was 4 in the orthogonal experiment, the degree of freedom of each factor was 3. (4) MS (mean square) is the mean square divided by degrees of freedom. (5) The F value is the ratio of two mean squares (effect term/error term). The larger F value (compared with the standard F value at a given significant indigenous level) indicates the more obvious effect (difference). The smaller error term represents the higher test accuracy. The F value is obtained by dividing the effect value MS by the error MS, and the ratio is compared with the critical value F in the table to determine a significant factor. In Table 6, * is indicated in F(0.1). The ANOVA results of the LFPM are shown in Table 6, indicating that the results from the significant variance analysis of different factor influences are consistent with the range analysis results.



The optimal mix ratio of the dry density test was A3B1C1D2 (foam 8%, quicklime 2.5%, silica fume 2%, cement 10%). The optimal proportion for 28 d compressive strength and flexural strength was A1B4C2D4 (7% foam, 4% quicklime, 3% silica fume and 15% cement). The optimal mix proportion of 28 d softening coefficient was A2B4C1D3, (7.5% foam, 4% quicklime, 2% silica fume and 12.5% cement). The critical value of F(0.1) was 5.39; therefore, cement and silica fume content have significant effects on the 28 d softening coefficient at F(0.1) and have no obvious effect on 28 d strength and dry density.




3.1.4. Comprehensive Analysis


The orthogonal experimental results of the LFPM were comprehensively analyzed for each performance index to obtain the optimal mix proportion. The 28 d compressive strength, flexural strength, dry density and 28 d softening coefficient were selected as performance indexes. The compressive strength and dry density were the main indexes, and the flexural strength and softening coefficient were the secondary indexes. The influences of various factors on 28 d compressive strength, flexural strength, dry density and softening coefficient of this material are shown in Figure 4.



It can be seen from Figure 4a,b that with the increase in foam content, the compressive and flexural strengths decreased and increased slightly at a foam content of 8%. The softening coefficient fluctuated up and down, and the range of softening coefficient of the LFPM was 0.04 in the range analysis, illustrating a small effect. However, the minimum dry density appeared at the foam content of 8%. The dry density and compressive strength were considered first to select the optimal dosage. Therefore, the foam content was selected to be 8.0% according to the experimental results of the dry density, compressive strength and flexural strength.



Figure 4c,d shows that the compressive strength and dry density increased significantly with an increase in lime content. The flexural strength and softening coefficient decreased at first and then increased significantly with an increase in lime content. When the content of quicklime was 4%, the properties of the composites reached the maximum value, and the compressive strength, flexural strength, dry density and softening coefficient were 3.34 MPa, 1.02 MPa, 850.6 kg/m3 and 0.676, respectively. However, when the content was 4%, some microcracks were observed on the surface, which affected the smoothness and cleanliness of the specimen. This was because excessive lime was added to generate needle-column calcium vanadate and a large number of C-S-H gel expanded, causing microcracks. However, when the lime content was 3.5%, the surface of the LFPM specimen was smooth and tidy, and fewer microcracks were observed. Moreover, at a content of 3.5%, the compressive strength, flexural strength, dry density and softening coefficient were 2.95 MPa, 0.95 MPa, 825.3 kg/m3 and 0.654, respectively. Compared with the content of 4%, the flexural strength and softening coefficient exhibited small differences, and the dry density decreased by 25.3 kg/m3. Therefore, the lime content was selected to be 3.5% in this study.



Figure 4e,f shows the effects of the silica fume content on the compressive strength, dry density, flexural strength and softening coefficient of the LFPM. The dry density, compressive strength and flexural strength first increased rapidly and then decreased at the transition content of 3%. Although the dry density of this material was highest at 3% content, the compressive and flexural strength reached the maximum value (3.59 and 1.12 MPa). Moreover, the softening coefficient appeared to be a rapid reduction as the content exceeded 3% from Figure 4f. When the appropriate amount of silica fume was added in the excitation of the alkaline environment, due to the good chemical activity and micro-aggregate effect of silica fume [44], the main component SiO2 quickly reacted with Ca (OH)2 to generate a large number of C-S-H gels, which compacted the internal structure of the matrix, improving the dry density and strength of the LFPM. However, excessive silica fume can result in hydration heat generated by the chemical reaction inside the sample to produce temperature stress. The higher temperature stress can lead to the microcracks at the interfaces, which was seen to reduce the strength of materials. Therefore, the optimal content of silica fume was 3% according to the effect of silica fume content on the compressive and flexural strength of the LFPM.



From Figure 4g,h, the softening coefficient of this material increased until 12.5% with an increase in cement content and exhibited a slight decrease at 15%. The compressive strength and flexural strength exhibited a decrease at 10% content and increased during the content range from 10% to 15%. Additionally, the dry density fluctuated up and down during the range from 10% to 15%. The appropriate addition of cement hydrated to form acicular and reticular ettringite crystals; therefore, the strength and softening coefficient of the LFPM increased due to the high hardness of the ettringite crystals [22]. The hydration process of the cement absorbed water; thus, the water demand of the material relatively increased. Ordinary Portland cement, as an additive, improved the water resistance of phosphogypsum in the LFPM and increased the compactness of the gypsum products [45]. The tricalcium aluminate hydrated in Portland cement to form calcium aluminate crystals, and SO42 − ionized by CaSO4·2H2O in the calcium aluminate crystal binding system to form ettringite crystals. The chemical reaction formula is shown in Equation (12). Therefore, the strength and softening coefficient of this composite can improve by adding an appropriate amount of cement. At the cement content of 15%, the compressive strength, flexural strength and dry density was 3.37 MPa, 1.04 MPa and 815 kg/m3, respectively. Therefore, the optimal dosage of 15% was determined from the softening coefficient and strength results.


   3 CaO  ⋅   Al  2   O 3     + 3 CaSO   4  ⋅    2 H   2     O + 26 H   2  O →  3 CaO  ⋅   Al  2   O 3  ⋅    3 CaSO   4  ⋅    32 H   2  O  



(12)







Based on the effects of the above factors on the performance of the LFPM, the optimal mix proportion of various factors was determined to be A3B3C2B4 from the orthogonal experiments of the LFPM; namely, the foam content was 8%, the lime content was 3.5%, the silica fume content was 3%, and the cement content was 15%. In order to verify this mixture ratio, the verification experiments were conducted on the A3B3C2B4 specimen, and the experimental results are summarized in Table 7. These data revealed that the performance parameters of A3B3C2B4 can meet the standard requirements of A09- and C3-qualified products in JGT266-2011 foam concrete. The test block with the smooth surface of foamed phosphogypsum material prepared under the combination ratio of A3B3C2B4 is shown in Figure 5.





3.2. Optimization Experimental Results


3.2.1. Results analysis


Table 8 and Table 9 give the experimental results of A3B3C2B4 specimens with foam stabilizer and waterproofing agents, respectively. The effects of foam stabilizer content and waterproofing agent content on the performance parameters are summarized in Figure 6.



It can be seen from Table 8 and Figure 6a,b that with the increase in foam stabilizer, the strength and dry density first increased and then decreased, and the softening coefficient increased. The appropriate foam stabilizer made the foam more stable and uniform and made the internal structure denser. As the foam stabilizer content was 0.2%, the compressive strength, flexural strength and dry density at 7 and 28 d reached the maximum value. The compressive and flexural strengths at 28 d were 4.08 and 1.26 MPa, respectively. The dry density was 830.3 kg/m3, and the softening coefficient was 0.6. It was suggested that the optimal content of the foam stabilizer was located in the range from 0.1% to 0.2%. From Table 9 and Figure 6c,d, the waterproof agent content exhibited a significant effect on the performance of the foamed phosphogypsum material. With an increase in the waterproof agent content, the strength, dry density and water absorption increased; however, the softening coefficient decreased. This was because the waterproof agent (latex powder) dispersed in water enhanced the flexibility and adhesion of the material, thereby increasing the strength of the material [13]. Moreover, the bubbles became smaller and denser, and the distribution was more uniform, reducing the porosity of the material. Additionally, the hydrophobicity of the waterproofing agent resulted in a decrease in water. Therefore, the dry density of the LFPM increased. At 6% waterproofing agent, the 28 d compressive strength and flexural strength reached 8.6 and 2.77 MPa, respectively, the dry density was 1014 kg/m3, and the water absorption was 0.238. However, it was recommended that the dry density of this material remain lower than 900 kg/m3; therefore, the content of waterproofing agent was considered in the range from 2% to 4.5%.




3.2.2. Microstructure Analysis


The microstructures of the blank group sample, the A3B3C2B4 sample with 0.2% foam stabilizer, and the A3B3C2B4 with 3% waterproof agent were obtained by scanning electron microscope (SEM) as shown in Figure 7.



It can be seen from the SEM images, magnified 100 times, in Figure 7a–c that the size of cell in the sample after adding foam stabilizer and waterproofing agent became more uniform and fuller. The number of string holes decreased obviously, and the filler between the cells increased. These mechanisms led to an increase in the dry density and strength of the A3B3C2B4 LFPM sample. Moreover, from Figure 7d–f, the samples with foam stabilizer and waterproofing agent possessed thicker and denser pore walls and more needle-like substances and crystals. This observed effect was significantly increased in the samples with waterproofing agent, which made the materials more compact and the pores more stable through enhancing the flexibility and adhesion of materials.






4. Conclusions


The lightweight foam phosphogypsum material (LFPM) was prepared, and its properties were investigated using the multi-factor orthogonal and optimization experiments. The effects of foam, quicklime, silica fume and cement on the mechanical and physical properties of this LFPM were discussed. The optimal proportion of this material was determined to study the effects of the foam stabilizer content and waterproofing agent content. The main conclusions are summarized as follows:




	(1)

	
The orthogonal experimental results showed that the LFPM with 7% foam, 4% quicklime, 5% silica fume and 15% cement (A1B4C4D4) exhibited the highest strength and dry density. The 28 d compressive strength and flexural strength reached 4.85 and 1.54 MPa, respectively, and the dry density was 885.8 kg/m3.




	(2)

	
The effects of the various factors were discussed through intuitive analysis and range analysis, which indicated that the silica fume had the greatest impact on the strength of the LFPM at the early and late stages, followed by foam content. Cement can improve the later strength, and the cement content exhibited the greatest influence on the softening coefficient of this material. The results of the range analysis and intuitive analysis showed that the optimal proportion of the dry density test scheme was A3B1C1D2 (8% foam, 2.5% quicklime, 2% silica fume and 10% cement), the optimum proportion of the 28 d compressive and flexural strengths test scheme was A1B4C2D4 (7% foam, 4% quicklime, 3% silica fume and 15% cement), and the optimal proportion of the 28 d softening coefficient was A2B4C1D3 (7.5% foam, 4% quick lime, 2% silica fume and 12.5% cement). The influences of the cement content and silica fume content exhibited remarkable influence on the softening coefficient of this material.




	(3)

	
The orthogonal experimental results stated that the optimal proportion was A3B3C2B4 (8% foam content, 3.5%lime content, 3% silica fume content, 15% cement content). The compressive and flexural strengths of the mixture at 28 d were 3.15 and 0.97 MPa, respectively, and the dry density and the 28 d softening coefficient were 809.1 kg/m3 and 0.628, respectively. The performances of A3B3C2B4 LFPM meet the standard requirements of A09-and C3-qualified products in JGT266-2011 foam concrete.




	(4)

	
The optimization test results showed that the foam stabilizer and waterproof agent dosage had obvious influences on the properties of LFPM. At the foam stabilizer dosage of 0.2%, the compressive and flexural strengths were 4.08 and 1.26 MPa, respectively, the dry density was 830.3 kg/m3, and the softening coefficient was 0.6. Compared with the properties of the material without foam stabilizer, the compressive and flexural strengths increased by nearly 30%; however, the dry density only increased by 2%. It was suggested that the optimum dosage of the foam stabilizer was in the range from 0.1% to 0.2%. At the waterproofing agent dosage of 6%, the 28 d compressive strength and flexural strength were 8.6 and 2.77 MPa, respectively. Moreover, the dry density was 1014 kg/m3, and the water absorption was 0.238. The compressive strength and flexural strength increased by 173% and 186%, respectively, and the water absorption reduced by 56%. Comprehensive analysis suggested that the dosage of waterproofing agent ranged from 2% to 4.5%. Additionally, microscopic analysis showed that the increase in density and strength of the LFPM was caused by the more uniform size and the reduction in the number of holes.




	(5)

	
The LFPM in this paper had good characteristics in new building materials. The use of RPG was economical and practical and improved the utilization rate of phosphogypsum.
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	phosphogypsum
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Figure 1. XRD spectra of raw materials RPG and HPG. 
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Figure 2. SEM morphology of RPG (a) and HPG (b). 
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Figure 3. Test results of (a,b) orthogonal samples. 
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Figure 4. Relationship between strength, dry density and softening coefficient of each factor. (a) Effects of foam content on compressive strength and dry density;(b) Effects of foam content on flexural strength and softening coefficient; (c) Effects of quick lime on compressive strength and dry density; (d) Effects of quick lime on flexural strength and softening coefficient; (e) Effects of silica fume on compressive strength and dry density; (f) Effects of silica fume on flexural strength and softening coefficient; (g) Effects of cement on compressive strength and dry density; (h) Effects of cement on flexural strength and softening coefficient. 
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Figure 5. The surface of the A3B3C2B4 specimen. 
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Figure 6. The effects of foam stabilizer and waterproofing agent content on the properties of the LFPM. (a,b) Effects of the foam stabilizer, (c,d) Effects of the water-proofing agent. 
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Figure 7. Microscopic examination of the sample: (a,d) blank group; (b,e) foam stabilizer content 0.2%; (c,f) water-proofing agent content 3%. 
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Table 1. Main chemical compositions of raw materials (wt/%).
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	Item
	SO3
	CaO
	SiO2
	P2O5
	Fe2O3
	Al2O3





	RPG
	55.28
	39.52
	2.68
	0.89
	0.37
	0.3



	HPG
	53.6
	41.84
	2.71
	0.86
	0.38
	0.29



	Silica fume
	/
	0.11
	96.74
	0.01
	0.08
	0.32



	cement
	3.96
	61.71
	19.9
	0.17
	4.46
	5.16



	quick lime
	0.238
	98.292
	0.599
	/
	0.111
	0.14
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Table 2. Factor levels of orthogonal experiments.
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Levels

	
Factors




	
A (%)

	
B (%)

	
C (%)

	
D (%)






	
1

	
7.0

	
2.5

	
2.0

	
7.5




	
2

	
7.5

	
3.0

	
3.0

	
10.0




	
3

	
8.0

	
3.5

	
4.0

	
12.5




	
4

	
8.5

	
4.0

	
5.0

	
15.0
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Table 3. The test instruments.
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	Serial Number
	Apparatus
	Model
	Manufacturer





	1
	Electronic weight scale
	ZCS
	Rui ‘an Hao Exhibition Scale Co., Ltd., Guiyang, China



	2
	Microcomputer controlled pressure testing machine
	CXYAW-2000S
	Zhejiang Chenxin Machinery Equipment Co., Ltd., Zhejiang,

China



	3
	Automatic cement bending and compression integrated machine
	YAW-300
	Zhejiang Lixian Test Instrument Manufacturing Co., Ltd., Zhejiang, China



	4
	Electric drying oven
	XMA-2000
	Shanghai Qiuzuo Scientific Instruments Co., Ltd., Shanghai, China



	5
	X-ray diffraction
	Empyrean
	PANalytical B.V.



	6
	scanning electron microscope
	ZEISS Gemini 300
	Thermo Scientific, Germany



	7
	Electric agitator
	OULAIDE
	German Olyde Company, Germany



	8
	Electric vibrating screen machine
	ZBSX-92A
	Zhejiang Shangyu Zhangxing Yarn Screen Factory, Zhejiang, China



	9
	Cement mortar test mold
	40 × 40 × 160 mm
	Zhejiang Qishun Instrument Technology Co., Ltd., Zhejiang, China



	10
	Concrete test block mold
	100 × 100 × 100 mm
	Hebei Xinfu Zhengyuan Environmental Protection Equipment Manufacturing Co., Ltd., Hebei, China



	11
	Thermal conductivity instrument
	CD-DR3030
	Shenyang Ziweiheng Testing Equipment Co., Ltd., Shenyang, China



	12
	Micro-cement foaming machine
	TH-29A
	Zhejiang Tenghe Machinery Co., Ltd., Zhejaing, China
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Table 4. Orthogonal experimental results.
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	Group Number
	Dry Density

(kg/m3)
	7 d

Compressive Strength

(MPa)
	14 d Compressive Strength

(MPa)
	28 d Compressive Strength

(MPa)
	7 d

Flexural Strength

(MPa)
	14 d

Flexural Strength

(MPa)
	28 d

Flexural Strength

(MPa)
	28 d

Softening Coefficient





	1
	794.3
	1.58
	1.76
	1.68
	0.56
	0.6
	0.67
	0.625



	2
	876.5
	2.90
	3.36
	3.52
	1.00
	1.29
	1.15
	0.645



	3
	898.5
	3.20
	4.33
	4.38
	1.15
	1.39
	1.37
	0.633



	4
	885.8
	3.63
	4.08
	4.85
	1.19
	1.34
	1.54
	0.703



	5
	873.0
	3.36
	3.43
	3.85
	0.74
	1.01
	1.24
	0.727



	6
	787.1
	2.05
	2.27
	2.46
	0.80
	0.52
	0.74
	0.707



	7
	812.8
	2.16
	2.39
	2.54
	0.67
	0.58
	0.82
	0.555



	8
	804.3
	2.14
	2.38
	2.51
	0.59
	0.68
	0.69
	0.637



	9
	774.3
	1.84
	2.69
	3.06
	0.66
	0.64
	0.96
	0.578



	10
	756.7
	1.90
	2.13
	2.51
	0.56
	0.71
	0.79
	0.610



	11
	777.0
	1.92
	1.97
	1.77
	0.62
	0.68
	0.68
	0.684



	12
	890.7
	3.34
	4.15
	3.89
	1.12
	1.42
	1.17
	0.596



	13
	783.5
	2.25
	2.41
	2.46
	0.70
	0.76
	0.76
	0.569



	14
	813.6
	2.45
	2.45
	2.80
	0.94
	0.83
	0.86
	0.500



	15
	812.8
	3.16
	3.08
	3.10
	1.00
	1.02
	0.92
	0.742



	16
	821.7
	2.41
	2.46
	2.11
	0.69
	0.66
	0.68
	0.768
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Table 5. Results of range analysis.
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Types of Range

	

	
Level

	
A

	
B

	
C

	
D

	
Significance

	
Optimal Solution






	
compressive strength

(MPa)

	
R7d

	
k1

	
2.83

	
2.26

	
1.99

	
2.38

	

	




	
k2

	
2.43

	
2.33

	
3.19

	
2.3

	

	




	
k3

	
2.25

	
2.61

	
2.41

	
2.72

	
C > B > A > D

	
A1B4C2D3




	
k4

	
2.57

	
2.88

	
2.49

	
2.67

	

	




	
Range

	
0.58

	
0.62

	
1.2

	
0.42

	

	




	
R14d

	
k1

	
3.38

	
2.57

	
2.12

	
2.69

	

	




	
k2

	
2.62

	
2.55

	
3.51

	
2.53

	

	




	
k3

	
2.74

	
2.94

	
2.96

	
3.09

	
C > A > B > D

	
A1B4C2D3




	
k4

	
2.6

	
3.27

	
2.75

	
3.03

	

	




	
Range

	
0.78

	
0.72

	
1.39

	
0.56

	

	




	
R28d

	
k1

	
3.61

	
2.76

	
2.01

	
2.73

	

	




	
k2

	
2.84

	
2.82

	
3.59

	
2.57

	

	




	
k3

	
2.81

	
2.95

	
3.19

	
3.21

	
C > A > D > B

	
A1B4C2D4




	
k4

	
2.62

	
3.34

	
3.09

	
3.37

	

	




	
Range

	
0.99

	
0.58

	
1.59

	
0.8

	

	




	
flexural strength (MPa)

	
R7d

	
k1

	
0.98

	
0.67

	
0.67

	
0.82

	

	




	
k2

	
0.70

	
0.83

	
0.97

	
0.73

	

	




	
k3

	
0.74

	
0.86

	
0.84

	
0.79

	
C > A > B > D

	
A1B4C2D4




	
k4

	
0.83

	
0.90

	
0.78

	
0.91

	

	




	
Range

	
0.28

	
0.23

	
0.3

	
0.18

	

	




	
R14d

	
k1

	
1.16

	
0.75

	
0.62

	
0.86

	

	




	
k2

	
0.70

	
0.84

	
1.19

	
0.85

	

	




	
k3

	
0.86

	
0.92

	
0.89

	
0.94

	
C > A > B > D

	
A1B4C2D3




	
k4

	
0.82

	
1.03

	
0.85

	
0.88

	

	




	
Range

	
0.46

	
0.28

	
0.57

	
0.09

	

	




	
R28d

	
k1

	
1.18

	
0.91

	
0.69

	
0.88

	

	




	
k2

	
0.87

	
0.89

	
1.12

	
0.82

	

	




	
k3

	
0.90

	
0.95

	
0.97

	
1.02

	
C > A > D > B

	
A1B4C2D4




	
k4

	
0.81

	
1.02

	
0.98

	
1.04

	

	




	
Range

	
0.38

	
0.14

	
0.43

	
0.22

	

	




	
dry density

(kg/m3)

	
R28d

	
k1

	
863.8

	
806.3

	
795

	
827.9

	

	




	
k2

	
819.3

	
808.5

	
863.3

	
810.3

	

	




	
k3

	
799.7

	
825.3

	
822.7

	
837.5

	
C > A > B > D

	
A3B1C1D2




	
k4

	
807.9

	
850.6

	
809.7

	
815.0

	

	




	
Range

	
64.1

	
44.4

	
68.2

	
27.1

	

	




	
softening coefficient

	
R28d

	
k1

	
0.652

	
0.625

	
0.696

	
0.569

	

	




	
k2

	
0.657

	
0.616

	
0.678

	
0.634

	

	




	
k3

	
0.617

	
0.654

	
0.587

	
0.685

	
D > C > B > A

	
A2B4C1D3




	
k4

	
0.645

	
0.676

	
0.609

	
0.683

	

	




	
Range

	
0.040

	
0.061

	
0.109

	
0.116
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Table 6. Results of ANOVA.
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Item

	
Factor

	
SS

	
DF

	
MS (Effect)

	
MS9 (Error)

	
F

	
Significance






	
dry density (kg/m3)

	
A

	
9792

	
3

	
3263.9

	
1940.0

	
1.68

	
C > A > B > D




	
B

	
5034

	
3

	
1678.1

	
1940.0

	
0.86




	
C

	
10317

	
3

	
3438.9

	
1940.0

	
1.77




	
D

	
1829

	
3

	
609.7

	
1940.0

	
0.31




	
28 d compressive strength

(MPa)

	
A

	
2.30

	
3

	
0.77

	
0.70

	
1.09

	
C > A > D > B




	
B

	
0.81

	
3

	
0.27

	
0.70

	
0.39




	
C

	
5.51

	
3

	
1.84

	
0.70

	
2.62




	
D

	
1.76

	
3

	
0.59

	
0.70

	
0.84




	
28 d

flexural strength

(MPa)

	
A

	
0.33

	
3

	
0.111

	
0.074

	
1.49

	
C > A > D > B




	
B

	
0.04

	
3

	
0.014

	
0.074

	
0.19




	
C

	
0.38

	
3

	
0.128

	
0.074

	
1.72




	
D

	
0.14

	
3

	
0.045

	
0.074

	
0.62




	
28 d softening coefficient

	
A

	
0.0037

	
3

	
0.00124

	
0.00072

	
1.72

	
D* > C* > B > A




	
B

	
0.0091

	
3

	
0.00305

	
0.00072

	
4.22




	
D

	
0.0331

	
3

	
0.01103

	
0.00072

	
15.26




	
C

	
0.0354

	
3

	
0.01179

	
0.00072

	
16.31
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Table 7. Verification experiment results of the optimal mix ratio.






Table 7. Verification experiment results of the optimal mix ratio.












	
	28 d Compressive Strength (MPa)
	Dry Density (kg/m3)
	28 d Flexural Strength (MPa)
	28 d Softening Coefficient





	Results
	3.15
	809.1
	0.97
	0.628
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Table 8. Optimization results of specimens with different foam stabilizer contents.
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	Group Number
	Foam Stabilizer (wt%)
	Dry Density (kg/m3)
	7 d Compressive Strength (MPa)
	28 d Compressive Strength (MPa)
	7 d

Flexural Strength (MPa)
	28 d

Flexural Strength (MPa)
	28 d

Softening Coefficient





	1
	0
	809.1
	2.84
	3.15
	0.63
	1.03
	0.628



	2
	0.1
	812.4
	3.10
	3.55
	0.56
	1.09
	0.635



	3
	0.2
	830.3
	3.80
	4.08
	0.97
	1.26
	0.603



	4
	0.3
	805.6
	2.97
	3.01
	0.56
	0.98
	0.636



	5
	0.4
	806.7
	2.75
	3.09
	0.5
	0.97
	0.71



	6
	0.5
	810.1
	2.80
	3.10
	0.85
	1.02
	0.822
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Table 9. Optimization results of specimens with different waterproofing agent contents.






Table 9. Optimization results of specimens with different waterproofing agent contents.





	Group Number
	Waterproofing Agent (wt%)
	Dry

Density

(kg/m3)
	7 d

Compressive Strength (MPa)
	28 d

Compressive Strength (MPa)
	7 d

Flexural Strength (MPa)
	28 d

Flexural Strength (MPa)
	28 d

Softening Coefficient
	Water Absorption





	1
	0
	809.1
	2.84
	3.15
	0.63
	1.03
	0.628
	0.542



	2
	1.5
	812.3
	2.75
	3.17
	0.86
	1.16
	0.635
	0.538



	3
	3.0
	840.6
	3.05
	3.89
	0.98
	1.49
	0.603
	0.426



	4
	4.5
	896.8
	5.5
	6.47
	1.59
	2.27
	0.636
	0.382



	5
	6.0
	1013.8
	7.8
	8.6
	2.29
	2.77
	0.71
	0.238



	6
	7.5
	865.3
	4.85
	5.31
	1.91
	2.31
	0.822
	0.442
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