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Abstract In this paper, the investigations on the use of the ﬂax waste particles in the cement matrix, as a raw material, to produce lightweight construction materials, have been reported. The ﬂax particles were used as partial replacement of cement in mixture at diﬀerent levels: 0% (control cement), 5%, 10% 15% and 20% by weight. The average size of the particles is less than 2 mm. Results have shown that although reduction in mechanical strength takes place, but the composite containing 20% of ﬂax particles complies with ‘‘class II’’ RILEM speciﬁcation for lightweight concrete. However, the inhibitory eﬀects of lignocellulosic material on hydration of cement represent the major obstacle against development of cement composite. This inhibitory eﬀect was evaluated according to the hydration test with diﬀerent levels ﬂax particles. The experimental investigation revealed that the increase of ﬂax particles in the cement matrix increases the inhibitory index with a long setting time of the cement. For mixture containing 20% of ﬂax particles, it was even impossible for cement to set for time less than 36 h. Although the addition of the CaCl2 and Sika chemical accelerators improved the compatibility between cement and ﬂax particles, the inhibitory eﬀects remain high. To overcome this problem, several chemical activators were introduced in this study to be used as ﬂax particles treatment. The selected activators were: hot water, NaOH solution, Ca(OH)2, and [(Na2SiO3)/(Al2(SO4)3 Æ 18H2O)] mixture solution of sodium metasilicate and aluminium sulphate. The results have shown that the chemical treatments reduce the inhibitory eﬀect on hydration of cement, with a remarkable decrease in setting time, compared to the chemical accelerator eﬀect. The mechanical properties were also improved. However, the enhancement of the composites properties depends on the treatment type.  2007 Elsevier Ltd. All rights reserved. Keywords: Agriculture wastes; Flax by-products; Cement composite; Chemical treatments; Hydration test; Compatibility; Inhibitory index; Mechanical properties



1. Introduction A large amount of agriculture wastes are generated every year from the northern region of France. The reuse of this waste as a raw material to substitute mineral aggregates, provides an interesting alternative to meet the challenge of disposal that would solve environmental problem. In this context, several studies have been conducted on various types of agriculture waste modiﬁed Port*
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land cement material [1–4]. Results have indicated that the composite posses lower density with more eﬃcient both acoustic and thermal insulation. Although the result from those researches on insulation properties of this material were satisfying, but from the point of view of the durability, the main disadvantage is their sensitivity to the water absorption and dimensional instability in the presence of change in relative humidity. The compatibility of lignocellulosic material to cement is considered as a major factor to cement composite development. It has been found that the presence of lignocellulosic materials in the cement composite increases the setting time
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and reduces mechanical strengths development. Moreover, the cement composite that contains lignocellulosic materials requires a longer curing period. As described in previous works, the compatibility of lignocellulosic materials to cement generally decreases as the extractives content in materials increases [5,6]. These extractives are generally composed of terpenes, fatty acids, cellulose, hemicellulose, lignin, sugars available, etc. The eﬀects of various chemical treatments and activators of lignocellulosic materials to minimize detrimental eﬀects of cement hydration, have been studied by several authors [7,8]. The results have shown that is possible to control the negative eﬀects of lignocellulosic particles– cement interaction. Some mechanical properties of the cement composite containing lignocellulosic materials have been reported to be improved by modifying the chemical composition of the particles using hot water treatment [9]. To improve the durability performance of vegetable ﬁbres–mortar composite, several approaches have been studied including ﬁbres impregnation with blocking agent and water repellent agent, sealing of the matrix pores system, reduction of the matrix alkalinity, and combination of ﬁbres impregnation and matrix modiﬁcation [10]. This research is aimed at determining the feasibility of using ﬂax waste particles for producing lightweight cement composite. The compatibility of ﬂax particles to cement was evaluated using hydration test with ﬂax replacement levels ranged from 0% (control cement), 5%, 10%, 15% and 20%, by weight of cement. An additional objective was to evaluate the eﬀect of various chemical treatments of ﬂax particles on both the inhibitory eﬀect and the mechanical properties (compressive and ﬂexural strengths) of the composite containing 20% of ﬂax particles. The results have been compared to those obtained with the CaCl2 and Sika chemical accelerator additives. 2. Materials and experimental testing 2.1. Materials The particles used in the present study are generated from waste by-products material of ﬂax ﬁbres, derived from linen industry. These particles are resulted from ﬂax ﬁbres stripping process and recovered within the dust extractors (exhauster hoods) containing ﬂax dust and wood shaves. The ﬂax particle is less than 2 mm in size. Fig. 1 shows the gradation curve of these particles. The absolute density of the particles, as measured by the pycnometer method, is 395 kg/m3. Flax particles degradation was evaluated by measuring the dissolved extractive components and the lignin content using hot water treatment and Klason method [11], respectively. The test-results are shown in Table 1. The cement used was ordinary Portland cement CPA CEM 1 52.5, in accordance with Standard NF P15-301 [12]. For chemical accelerators, CaCl2 and Sika, according to the NF EN
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934-2 [13], were added to the cement–ﬂax particles mixture at 2% by weight of cement. The treatments applied to the ﬂax particles are as follows: The particles were ﬁrstly immersed in boiling water for 3 h and then washed through with distilled water. Before, they were submitted to various chemical treatments:  NaOH solution (1.6% wt.) for 24 h;  Ca(OH)2 solution (2% wt.) for 24 h;  (Na2SiO3) solution of sodium metasilicate (50% wt.) and then to [Al2(SO4)3 Æ 18H2O] solution of aluminium sulphate (50% wt.), for 5 min for each solution. Both the ﬂax particles and cement were initially drymixed in a planetary mixer. The particles were added as a partial replacement of the cement at four levels: 0% (control cement), 5%, 10%, 15% and 20% by weight. The total mixing water was adjusted for all composites so as to achieve the same workability (as measured by ﬂow test) for mortar mixture proportions of 1:3:0.5 by weight for cement, sand and water, respectively. For the mechanical tests, three prism samples of 40 · 40 · 160 mm in size were cast in two layers on a vibrating table. After casting, all specimens were moist-cured for 28 days at 20 ± 2 C and 98% relative humidity both before and after demoulding until the time of testing. Prior to testing, all the specimens were dried in a drying oven at 50 ± 2 C until reaching constant mass. 2.2. Experimental testing The hydration test was conducted as per the methodology described by Moslemi et al. [14]. The ﬂax particles were mixed with cement, thereafter the water was added to the composite. The test was performed with the addition of Table 1 Chemical extractive of ﬂax particles Constituents



Weight content (%)



Soluble extractives Lignin



22.75 22.00
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particles ranged from 5% to 20% by weight, to the 200 g of cement. Based on experiment reported in previous study [15], the amount of water added was 0.3 ml per gram of cement and additional 2.26 ml per gram of ﬂax particles. Control sample contained neat cement (Portland cement and water). Immediately after mixing, the sample was placed in with-mouth insulated ﬂask with a thermocouple wire (type K), and then covered with Styrofoam for insulation purposes. The ﬂask was sealed with wrapping tape. The temperature rise of the mixture was recorded with a data acquisition system (HP 92804 C type) and plotted against the time. All experiments were undertaken in a controlled room at 21 ± 5 C and two replications were run for each treatment. The experimental set-up is shown in Fig. 2. The inhibitory index I (%) was calculated using Eq. (1) [16]    0  T  T0 t  t S  S0 I ¼ 100  ð1Þ t T S where T and T 0 are the maximum hydration temperatures of control cement and mixture, respectively, measured by (C); t and t 0 are the required times to reach maximum hydration temperature of control cement and mixture, respectively, measured by hours (h); and S and S 0 are the maximum slopes of curves for control cement and mixture, respectively, measured by (C/h). The eﬀect of the inhibited cement setting was classiﬁed according to Table 2 [16]. The smaller the I-value the higher the compatibility between cement and particles addition. The setting time measurements of the fresh composite were conducted using the Vicat apparatus according to the Standard NFP 15-431 [17]. The compressive and ﬂexural tests were carried out in accordance with European Standard NF EN 196-1 [18], using a universal testing machine. The rates of loading of compressive and ﬂexural tests were 45 and 3 kN/min, respectively. Three replications were used for each properties tested. Scanning electron microscope observations (SEM) and X-ray diﬀraction analysis were performed on the composite in order to examine the eﬀect of chemical treatments on the cement matrix and ﬂax particle interactions.



Table 2 Inhibitory index used to classify the compatibility level [16] Inhibitory index I (%)



Grade



I < 10 I = 10–50 I = 50–100 I > 100



Low inhibition Moderate inhibition High inhibition Extreme inhibition



3. Results and discussion 3.1. Eﬀect of ﬂax particles addition on cement hydration Fig. 3 illustrates the variation of the hydration temperature vs. time for composite containing diﬀerent levels of ﬂax particles. When no additives and no treatments were used, the addition of ﬂax particles to cement clearly reduces the maximum temperature attained and increases the time to achieve the maximum temperature, as compared to the control cement. The correspondent parameter-values of the hydration tests for all compositions are listed in Table 3. These results suggest that the ﬂax particles addition exerted a certain inhibitory inﬂuence on the cement setting. For the mixture containing 10% of ﬂax particles, the initial setting time of the composite increased from 2.5 h to 16 h, compared to control cement. However, the correspondent inhibitory index-value of 57.5% classiﬁes the mixture as being of ‘‘high inhibition’’. For the mixture containing 20% of ﬂax particles, it was even impossible for the cement to set for time less than 36 h. The inhibitory index of 97.3%, corresponds to the ‘‘extreme inhibition’’ classiﬁcation. Therefore, the level of the inhibition of the cement hydration, due to the presence of ﬂax particles in the composite, makes it unsuitable for cement composite to develop. The slow hydration process and the inhibitory eﬀects of ﬂax particles on hydration of cement are clearly illustrated in Table 3, which shows the interactive eﬀect of particles on rate of hydration in mixtures. The hydration rate varied from 2.07 C/h, for control cement, to 0.02 C/ h for composite containing 20% ﬂax particles. The inhibitory eﬀect is due to the chemical constituents of ﬂax particles, but the main inhibitors of cement hydration are sugars



a



(-) (+)



c d



(a) Therm ocouple w ire, (b) D ew ar flask, (c) sam p le m ixture, (d ) V erm iculite, (e) Therm om eter w ith data acq uisition. Fig. 2. Experimental set-up of hydration test.
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Table 3 Parameter-values of cement hydration test for diﬀerent untreated ﬂax particle ratios Weight content of ﬂax particles (%)



Hydration rate (C/ h)



Maximum temperature of cement hydration (C)



Initial setting time (h)



2.07



31.5



2.5



0.65



25.8



7.5



10.3



0.21



23.0



16



57.5



0.02



21.4



>27



97.3



0.15



23.7



17



49.2



0.36



25.3



11.5



29.5



0



Inhibitory index I (%) –



matrix. The SEM observations of the interfacial transition zone contrast the poor bonding of particles with cement paste (Fig. 4a). Thus, it results in an increase of the porosity in the matrix. Although the mechanical strengths were reduced, the composite containing 20% of ﬂax particles satisﬁes the basic requirement of lightweight construction materials and corresponds to ‘‘class II’’, according to the RILEM [20] classiﬁcation.



5 10 20 20a 20b a b



Mixture with Sika chemical accelerator. Mixture with CaCl2 chemical accelerator.



and lignin [6]. Inhibition of cement occurs when the calcium silicate hydrate nucleation sites, on the originally positively charged surfaces, are poisoned by the sugar-acid and lignin anions [19]. The results of the component extractives of ﬂax particles measurement are shown in Table 1. There was a greater proportion of lignin and soluble extractives that severely delay the hydration process. However, for high level, the ﬂax particles are not suitable to be mixed with cement. The chemical treatment made evident to be necessary in order to improve the cement–ﬂax particles compatibility. The investigation of the properties of the hardened composite indicated that the increase of the ﬂax particle content decreases the mechanical strengths (Table 4). Compressive strength value decreases from 65 MPa, for control cement, to 4.8 MPa for composite containing 20% of ﬂax particles. For ﬂexural strength, value varied from 5.6 MPa to 1.2 MPa. The decrease in the mechanical strengths is attributed to the physical properties of the ﬂax particles, since they are less stiﬀ than the surrounding cement paste. Under loading, cracks are initiated around the particles, which accelerates the failure in the matrix. It is assumed that mechanical strength of the composite is opposite to its unit weight. The decrease in strengths is also explained by the bond defects between particle and Table 4 28-day physico-mechanical properties of cement composite containing diﬀerent untreated ﬂax particle levels Weight content of ﬂax particles (%)



Dry unit weight (Kg/m3)



Compressive strength (MPa)



Flexural strength (MPa)



0 5 10 20 20a 20b



2100 1627 1360 1040 1080 1100



65.0 34.0 15.5 4.8 5.2 6.0



5.6 4.5 3.8 1.2 1.8 2.3



a b



Mixture with 2% Sika chemical accelerator. Mixture with 2% CaCl2 chemical accelerator.



3.2. Eﬀect of chemical accelerators addition on cement hydration In order to improve the compatibility between cement and ﬂax particles, the eﬀect of Sika and CaCl2 chemical accelerators addition on the cement hydration for composite containing 20% of ﬂax particles, was conducted. The parameter-values obtained of the hydration test are shown in Table 3. The chemical accelerators enhanced the performances of the mixtures compared to that obtained when no chemical additives were used. For the composite containing 20% of ﬂax particles, the inhibitory index is 49.2% and 29.5% when Sika and CaCl2 were incorporated, respectively. The mixture was graded as ‘‘moderate inhibition’’ due to the capacity of chemical accelerators to buﬀer and minimise the adverse eﬀect of the soluble extractives and also to accelerate the cement hardening and setting. The correspondent initial setting time is 17 h and 11.5 h, respectively. The chemicals additives also inﬂuenced the maximum temperature attained, which is 23.7 C and 25.3 C for Sika and CaCl2 chemical accelerators, respectively. Table 3 shows that the hydration rate was improved. It varied from 0.02 C/h, for untreated particles, to 0.15 C/h and 0.36 C/h for composite containing 20% of ﬂax particles. However, the Sika accelerator performance was not as eﬃcient as CaCl2. Although the accelerators improved the ﬂax particles to cement compatibility, the inhibitory index remains still high. However, the results of the mechanical-test investigations have shown a moderate improvement in mechanical strengths of the composite, due to the better hydration of cement (Table 4). 3.3. Eﬀect of ﬂax particle treatments on cement hydration The results obtained from the hydration test for the composite containing 20% of treated ﬂax particles are shown in Table 5. The selected chemical treatments have been tested in order to minimise detrimental eﬀects of cement–ﬂax particles interaction. Results have shown that all chemical treatments signiﬁcantly reduced the inhibitory eﬀects of ﬂax particles on the cement hydration notably, with the additional treatments compared to the simple hot water soaking. The decrease in the inhibitory indexvalue depends on each type of treatment and the mixture was graded as ‘‘moderate inhibition’’ to ‘‘low inhibition’’. However, the initial setting time was also reduced and does not exceed 6 h. The [(Na2SiO3)/(Al2(SO4)3 Æ 18H2O)] treat-
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Fig. 4. SEM micrographs of the composite with 20% of ﬂax particles, showing the bound between particles and the cement matrix.



Table 5 Parameter-values of cement hydration test with 20% of treated ﬂax particles Hydration Parameter



Treatment type



Maximum temperature of cement hydration (C) Hydration rate (C/h) Initial setting time (h) Inhibitory index I (%)



Hot water



NaOH



Ca(OH)2



[(Na2SiO3)/ (Al2(SO4)3 Æ 18H2O)]



26.5



28.0



29.0



33.9



0.88 10.0 46.0



0.94 6.0 25.0



0.93 5.5 18.1



1.5 5.7 9.3



ment applied to the particles has shown better results. The correspondent inhibitory index-value is 9.3%. The most signiﬁcant eﬀect on ﬂax particles–cement compatibility was that of extractive removal (which acts as set retarder). The average hydration rate increased for all treatment types, in comparison with the untreated ﬂax particles. However, the eﬀect is more pronounced with [(Na2SiO3)/(Al2(SO4)3 Æ 18H2O)] treatment. The variation of the parameter-values of the cement hydration is related to the change in the physical properties and chemical components of ﬂax particles, after all treatments (Table 6). The results have shown that most of the inhibitory constituents are really soluble in water and partially removed by hot water soaking. The bulk density measurements of ﬂax particles, before and after hot water treatment, indicated that Table 6 Physical properties and chemical components of untreated and treated ﬂax particles Properties



Bulk density (kg/m3) Particles water absorption (%)



Without With treatment treatment Hot NaOH Ca(OH)2 [(Na2SiO3)/ water (Al2(SO4)3 Æ 18H2O)] 395



359



303



381



392



124



78



85



79



74



Na (42%)



Ca (92%)



X-rays predominant – chemical species analysed



–



Si (63%)



the alkali-soluble constituent extractives constitute approximately 9% by weight. These constituents included sugaracid, lignin, polysaccharides, pectin, hemicelluloses, terpenes, simple sugar and salts. As a result of extractive removal, the hydration rate of cement was increased from 0.02 C/h, for untreated particles, to 0.88 C/h. The correspondent inhibitory index graded from 97.3% to 46%, and the setting time was reduced to 10 h. The eﬀect of particle treatments on the mechanical strengths of the composite containing 20% of ﬂax particles is shown in Table 7. Results indicated that all treatments applied increase the strengths in comparison with the untreated particles. The compressive strength increased from 4.8 MPa, for untreated particles, to 8 MPa, resulting from the extractive removal by hot water treatment. The exposure of ﬂax particles to NaOH solution increased the density loss of particles, in comparison with the hot water soaking eﬀect (Table 6). It was attributed to the deligniﬁcation included the supplementary removal of particle extractives which results in a decrease of inhibitory index. On the other hand, leaching out the organic compounds present into lignocellulosic materials by the NaOH solution improves the mineralizing eﬀect, which leads to develop a cement hydration in a better condition. Similar results concerning the durability of cement composite with vegetable ﬁbres, have shown that the exposure of coir ﬁbres to NaOH solution caused a weight loss attribTable 7 28-day physico-mechanical properties of cement composite containing 20% of treated ﬂax particles Properties



Without With treatment treatment Hot NaOH Ca(OH)2 [(Na2SiO3)/ water (Al2(SO4)3 Æ 18H2O)]



Dry unit 1030 weight (kg/m3) Compressive 4.8 strength (MPa) Flexural 1.2 strength (MPa)



1110



1040



1075



8.0



9.8



12.5



2.3



2.6



2.8



1180



13



3.9
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Fig. 5. SEM micrographs of treated ﬂax particles.



uted to the remove of ﬁbre extractives [21]. Thus, this treatment caused an increase of the composites tensile strength of the cement composite. Table 7 shows that the treatment of ﬂax particles with NaOH solution increases the compressive and ﬂexural strengths of the composite to 9.8 MPa and 2.6 MPa, respectively. However, a moderate improvement of the inhibitory index was obtained with Ca(OH)2 treatment, compared to the NaOH solution eﬀect. The use of Ca(OH)2 acts as set accelerator, with initial setting of the composite varied from 10 h, with hot water soaking, to 5.5 h. The increase of particles bulk density, in comparison to that obtained with hot water treatment, is explained by the deposit of the calcium on the surface of ﬂax particles. Fig. 5b gives a SEM micrograph of treated ﬂax particles with Ca(OH)2, in comparison with hot water treatment (Fig. 5a). The ﬁgures show the layer deposits of calcium on the surface of the particles treated with Ca(OH)2. These observations are conﬁrmed by the X-ray analysis which reveal that calcium is by far the predominant species on the particles surface (Table 6). It results an increase of the mechanical strengths due to the dilution eﬀect of Ca(OH)2 which improves the bond between ﬂax particle and cement paste, compared to the untreated particles (Fig. 4b). The deposit of the calcium on the surface of ﬂax particles explains the high bond. However, the compressive strength was improved from 4.8 MPa, for untreated particles, to 12.5 MPa. The use of [(Na2SiO3)/(Al2(SO4)3 Æ 18H2O)] treatment highly reduced the inhibitory eﬀect of ﬂax particles on the cement hydration. The hydration rate increased from 0.88 C/h, with the hot water soaking, to 1.53 C/h. By adding sodium silicate solution, calcium silicate hydrate (C-S-H) can be produced instead the portlandite, which



develops during cement hydration [22]. Soluble silicates provide better condition for cement hydration. The increase of bulk density of the ﬂax particles is due to the absorption of the sodium silicate solution, which results in deposits of silicate on the surface of particles. Fig. 5c represents SEM micrograph, which shows layer deposits of silicate on the ﬂax particles surface. X-ray analysis conﬁrmed the presence of a signiﬁcant content of silicate specie on the surface of particles treated with [(Na2SiO3)/ (Al2(SO4)3 Æ 18H2O)] solution (Table 6). In addition, the use of aluminium sulfate acts as binding agent. Addition of sulfate compound may inﬂuence crystallization of particular spices in the cement (gypsum or ettringite), to create a better bond between cement and ﬂax particles, which consequently improves the mechanical behaviour of the composite. The use of [(Na2SiO3)/(Al2(SO4)3 Æ 18H2O)] treatment improved the mechanical strengths of the composite. Value of compressive strength varied from 4.8 MPa, for untreated particles, to 13 MPa. Another interesting characteristic of ﬂax particles is that all treatments reduce the water absorption (Table 6). This involves a decrease of the water/cement ratio and as a consequence, an improvement of the mechanical properties of the cement composite. 4. Conclusion This study has investigated the possibility of using ﬂax by-product materials as aggregates in the cement matrix for the manufacture of lightweight construction materials. The study of the compatibility between cement and ﬂax particles by measuring the appropriate inhibitory index, has shown that the addition of ﬂax particles produced a high
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inhibition index of the cement setting as to make unsuitable for cement composite development. For mixture containing 20% of particles, the setting time of composite is 36 h. The correspondent inhibitory index of 97.3%, classiﬁes the mixture as being of ‘‘extreme inhibition’’. However, the chemical accelerator performances are not eﬃcient to improve the compatibility between cement and ﬂax material. The use of selected chemical activators enhanced the performances of the mixture containing 20% of ﬂax particles, which grades were classiﬁed as being of ‘‘moderate inhibition’’ to ‘‘low inhibition’’. The [(Na2SiO3)/(Al2(SO4)3 Æ 18H2O)] treatment applied to the particles has shown better results. The correspondent inhibitory indexvalue is less than 10%, with initial setting time reduced to 6 h. Results of the chemical activator eﬀects on the mechanical properties have shown that all treatments improve the compressive and ﬂexural strengths of the composite. For 20% of ﬂax particles, the specimen satisﬁes the basic requirement of lightweight construction materials and corresponds to ‘‘class II’’, according to the RILEM classiﬁcations. However, a good application for this by-product could be as a material where dimensional stability and durability are required. The study of the durability of this composite is in progress. References [1] Almeida RR, Del Menezzi CHS, Teixeira DE. Utilisation of the coconut shell of babac¸u (Orbignya sp.) to produce cement-bonded particleboard. Biores Technol 2002;85:159–63. [2] Li G, Yu L, Li J, Li C, Wang Y. Research on adaptability between crop-stalk ﬁbers and cement. Cem Concr Res 2004;34:1081–5. [3] Savastano JH, Warden PG, Coutts RSP. Brazilian waste ﬁbres as reinforcement for cement-based composites. Cem Concr Compos 2000;22(5):379–84. [4] Semple KE, Cunningham RB, Evans PD. The suitability of ﬁve Western Australian mallee eucalypt species for wood–cement composites. Int J Ind Crop Prod 2002;16:89–100. [5] Marius E, Ovidiu M, Marcel M. Inﬂuence of the wood waste characteristics and its chemical treatment on the composites properties. In: NOCMAT/3 Vietnam international conference; 2002. p. 245–9. [6] Blankenhorn RP, Blankenhorn BD, Silsbee MR, Dicola M. Eﬀect of ﬁber surface treatments on mechanical properties of wood ﬁber– cement composites. Cem Concr Res 2001;31:1049–55.
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