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Abstract

:

Excavated soils from tunnel construction need high treatment cost and pollute the environment. To investigate the feasibility of excavated clayey silt reused in back-fill grout, the flowability, stability and strength were taken as measurement indexes of grouting performance. The clayey silt was tested to be reused as substitutes for fly ash, bentonite and sand, respectively. The experimental results indicated that the clayey silt reused as a substitute for fly ash decreased the flowability and strength of grout mixes, and the clayey silt reused as a substitute for bentonite decreased the stability of grout mixes, and neither of them was feasible. The clayey silt reused as a substitute for sand decreased the flowability, but the grouting performance could be improved by adjusting the mix proportion to meet all grouting requirements. After adding the proportion of water to improve the flowability and increasing the cement:fly ash ratio to improve the strength, a scheme of clayey silt reutilization was suggested, which was cement:fly ash:bentonite:clayey silt:water = 280:230:100:680:660. At the end of this paper, the pore structure feature tests, X-ray diffraction (XRD) tests and scanning electron microscope (SEM) tests were performed to analyze the different morphology, microstructure and mineralogy characteristics before and after the clayey silt was reused as a total substitute for sand in grout mixes.
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1. Introduction


Due to the fast development of city transportation construction, shield tunneling has been extensively used in the development of underground infrastructure [1,2,3]. When tunneling is carried out, the soils are broken up by a shield cutterhead and hauled away by a conveying system along with the process of shield machine advancing. A great deal of excavated soils needs to be transported from construction site to disposal area, which costs a lot of money and pollutes the environment due to leakage and dust. Since the outside diameter of the shield is larger than that of the segmental lining, the circular cylindrical gap between segments and soil must be sealed after the shield tail is separated [4,5]. The gap between the segment lining and soil can be up to 20 cm in width [6]. This annular gap has to be immediately backfilled with suitable grouts to avoid the presence of voids around the tunnel during the TBM (Tunnel Boring Machines) advance that can induce settlements at the ground surface [7,8,9]. Back-fill grout can also hold the segmental lining in position by bearing the load between the ground and the TBM itself, and strengthen the waterproof function of the tunnel [10,11]. If excavated soils are recycled in back-fill grouting, not only can this reduce the cost of purchasing grouting materials and disposing of excavated soils, but it can also lessen the environment pollution and realize resource reutilization.



According to the classification proposed by Thewes and Budach [12] and following the scheme proposed by EFNARC (European Federation for Specialist Construction Chemicals and Concrete Systems) [13], back-fill grouting in tunnel construction can be divided into three types: inert mixes, cement mixes and two component mixes. The inert mix is based on sand mixing with other constituents, such as filler, lime, fly ash, etc. The cementitious mix is constituted by water, cement, bentonite and chemical admixtures. The two-component mix is typically composed of two components, where one is made up of cement, water, bentonite and retarder, and the other is made up of sodium silicate and water. The two-component mix begins to gel and starts to attain mechanical strength within a few minutes after mixing [10,14]. In China, the cementitious mixes are widely used in synchronous grouting and the two-component mixes are used to reinforce the defective areas after synchronous grouting. The evaluation indexes of grout mixes mainly consisted of workability, flowability, stability, pumpability and strength according to former researches [15,16,17], but not all indexes are needed to measure grout performance. In this research, flowability, stability and strength were picked as the evaluation indexes.



Natural sand is the most common fine aggregate, which was widely used in the production of mortar and concrete. In the last 20 years, it has become clear that the availability of good quality natural sand is decreasing. The shortage of the resources of natural sand had opened the possibility for the use of cementitious materials to replace part of the sand. There were many studies about multifarious materials as replacement of sand in mortar and concrete [18,19,20,21,22]. Nambiar and Ramamurthy [23] replaced natural sand with FA (Fly Ash) in foam concrete. The results indicated that the foam concrete with FA as filler gave relatively higher flow values and compressive strengths. Rashad [24] used metakaolin (MK) as a fine aggregate replacement to replace sand in concrete. The test results indicated that compressive strength, splitting tensile strength and abrasion resistance of concrete mixtures increased with increasing content of fine aggregate replacement with MK. Zhang et al. [25] improved a controllable paste grout, which used clay instead of sand and was mixed with cement and modifier to satisfy the requirements of filling and grouting the water rich karst for subsequent shield tunneling. These studies have proven the probability that the sand in cement or mortar can be replaced by other materials.



In recent years, the reuse of construction waste in cement or mortar has become a hot topic. Zhong et al. [26] investigated the possibility of discharged fine sand being reused in back-fill grouting by changing the grain composition of fine sand. Experimental results showed the excavated fine sand could be reused in back-fill grouting. Aboutabikh et al. [27] offered a solution for the recycling and reuse of treated oil sand drill cutting waste in grout manufacture. Kassem et al. [28] used treated oil sand waste in a concrete mixture, leading to a less harmful environment impact. Shinde et al. [29] reused marble dust and granite dust in injection grouts, which reduced the cost of grout by 70% to 75% less than market cost. Zhou et al. [30] confirmed the feasibility of discharged sandy soil from a slurry shield tunnel as a material of back-fill grout. Çınar et al. [31] investigated the effect of waste marble powder on the fluidity of cement based grout mixtures and found 15% was the upper limit of reutilization. In the field of tunnel construction, current research achievements mainly focus on excavated sand or sandy soil replacing sand in grout mixes. The research of using excavated non-sandy soil to replace sand in grout mixes is insufficient, and the feasibility of other materials except for sand in grout mixes being replaced by excavated soil is not clear. The research about clayey silt from excavated soil reused in back-fill grouts would provide a new perspective and probability of waste reutilization in tunnel construction.



In this study, clayey silt excavated from a shield tunneling construction site was used as a substitute for raw materials in a cement mix, which consisted of cement, fly ash, bentonite and sand. The investigation mainly focused on the influences of flowability, stability and strength after clayey silt was reused as a substitute for fly ash, bentonite and sand. After that, a program of excavated clayey silt reutilization in back-fill grouting was proposed. Furthermore, the pore structure features were analyzed by taking pictures of 2D sections of specimens; the microcosmic characteristics of traditional grouts and recycled grouts were tested by the technique of X-ray diffraction (XRD) and scanning electron microscopy (SEM) to analyze the change of hydration products.




2. Experimental Materials and Methods


2.1. Experimental Materials


The excavated soils in this study were taken from a construction site in Zhengzhou metro line 3 zone 6, where the major stratigraphic condition the shield tunneling machine went through was clayey silt. Foam and bentonite were added into the soil to form a state of plastic flow soil during the earth pressure balance (EPB) shield excavation. The excavated soils (clayey silt) were transported from the soil bin in the EPB shield machine to a residue pond on the ground. The clayey silt used in this study was taken from the residue pond, as shown in Figure 1, of which the specific gravity was 2.70, the dry density was 1680 kg/m3 and the liquid and plastic limit were 24.1% and 15.4%, respectively.



The cement used in this study was ordinary Portland cement (P.O 42.5), supplied by South Cement Company United. The fly ash used was type F in the amount of calcium oxide and level Ⅰ in fineness. The bentonite used was Na-bentonite and the number of swelling ratio was 40. The sand used was river sand between the mesh numbers of 40 to 70. All of the materials used in this paper are presented in Figure 1. The particle size distribution of these raw materials was tested by a laser particle size analyzer and a series of soil sieves, as plotted in Figure 2. The oxide composition of raw materials was analyzed by X-ray fluorescence (XRF) tests, and the results are listed in Table 1.




2.2. Experimental Methods


2.2.1. Flowability Test


Consistency was regarded as a parameter of flowability in some research [32,33]. Slump diameter has been considered as a measurement index of flowability for a long time [34]. Grout-flow cone efflux time, which is often tested by marsh cone, could also be a parameter linked to flowability [35,36]. The flowability of grout mixes was evaluated by the combination of consistency, slump diameter and grout-flow cone efflux time in this research.



The consistency of grout mixes was measured according to the Chinese standard (JGJ/T 70-2009). The apparatus of the consistency test is shown in Figure 3a. Before the experiment, the surfaces of the test cone and the container were wiped by a damp cloth. Then grout mix was loaded into the container at one time. A slender iron rod was used to tamp the mixture 25 times from the center to the edge of the container evenly; then the container was shaken 5 to 6 times to smooth the mixture surface before the container was placed on the base. The number on the dial plate was recorded when the test cone was adjusted to be in contact with the surface of the grout mix, and then the slider was released to make it free to fall. The number on the dial plate was recorded again after 10 seconds. The difference between two records was the consistency. The average of two measurements was calculated as the final result. The consistency was tested at 0 h, 3 h, 6 h and 9 h after materials were mixed, respectively.



The slump diameter test was conducted according to the Chinese standard (GB/T 2419-2005). The apparatus of slump diameter test is shown in Figure 3b. The diameter of the countertop was 300 mm. A truncated cone mold with 60 mm in height, 70 mm in upper opening and 100 mm in bottom opening, was put in the middle of the countertop. The surface of the countertop and the internal face of the truncated cone mold were wiped by a damp cloth before the experiment. After that, grout mix was loaded into the truncated cone mold at twice together with tamping by a slender iron rod. Then the mold was removed and the machine was turned on to let the countertop throb for 25 times. The spread diameter of grout mix, recorded as slump diameter, needed to be measured immediately after the throbbing. The spread diameter was tested at 0 h, 3 h, 6 h and 9 h, respectively.



The grout-flow cone efflux time test was conducted according to the Chinese standard (JTG E30-2005). The apparatus of grout-flow cone efflux time test is shown in Figure 3c, which was an obconical funnel. The obconical funnel was about 1725 mL in volume and the diameter of the outlet in the bottom was about 12.7 mm. Before the experiment, the internal face of the funnel was wiped by a damp cloth. The grout mix was loaded into the funnel until it reached the line of marked height. Then the time was recorded from the release at the outlet until the grout mix ran down, which was grout-flow cone efflux time. Considering the flowability loss of the grout mix, the grout-flow cone efflux time was only tested at 0 h, following the preparation of grout mix.




2.2.2. Stability Test


The bleeding rate test of grout mix was conducted based on the Chinese standard (JC/T 2153-2012). Grout mixes were loaded into a 1000 mL graduated cylinder, as shown in Figure 3d. The water floating on the surface of the grout mix was suck out with a straw after 3 hours. The mass ratio of floated water to total water was the bleeding rate.



The volume shrinkage rate was measured by the loss ratio of sample volume after 28-day natural curing. The shrinkage volume was measured by a Vernier caliper, as shown in Figure 3e. The size before curing was 70.7 mm × 70.7 mm × 70.7 mm, which was the same as the test mold.




2.2.3. Strength Test


The strength can be evaluated based on final setting time and unconfined compression strength [37]. The final setting time was measured according to the Chinese standard (JGJ/T 70-2009). Grout mixes were placed in a cylinder container, which was put on an electronic weighing scale, as shown in Figure 3f. There was a test needle with length of 25 mm and sectional area of 30 mm2 above the cylinder container. The reading of the scale was reset after the cylinder container was put on the scale, and then the lever was pressed down evenly which lasted for 10 seconds. The number of the scale was recorded as the penetration resistance. The time when the penetration resistance arrived at 15 N was the final setting time.



The UCS (Unconfined Compression Strength) was measured according to the Chinese standard (JGJ/T 70-2009). Grout mixes were casted into cube molds with dimension of 70.7 mm × 70.7 mm × 70.7 mm, followed by shaking them manually. Then specimens were put in a constant temperature and constant humidity box (T = 20 °C and RH = 90%) for 24 h. After demolding, the specimens were transferred to a natural curing stage (T = 20 °C and RH = 70 ± 5%) until UCS tests were conducted. The UCS was tested at 1 d, 7 d and 28 d, respectively, by using a universal tester at loading rate of 250 N/s. The mean value of three samples was interpreted as measured UCS.





2.3. Experimental Schemes


Traditionally, the water:cement ratio is probably the most important parameter within concrete technology. Mortar and concrete properties can often be predicted by considering the water:cement ratio as the governing parameter [38]. Besides the water cement ratio, the cement content is often used as an important influencing parameter, related with mechanical and physical properties of the resulting mortar and concrete. The influence of the aggregates in mortar or concrete is not so well documented as the influence of the cement content and water:cement ratio [39,40]. In this research, the experimental schemes were laid down step by step, improving the grouting performance by adjusting the water content and the cement:fly ash ratio to meet all grouting performance requirements.



The experimental schemes consisted of three parts. The grout mixes of all schemes needed to test flowability, stability and strength. The first part was to define a reasonable range for grouting performance parameters. The basic mix proportion of traditional grout mix was from the construction site in Zhengzhou, consisting of cement (130 kg/m3), fly ash (380 kg/m3), bentonite (100 kg/m3), sand (680 kg/m3) and water (510 kg/m3). This mix proportion was just a reference; workers in mixing stations would adjust the proportion according to the construction requests. For the purpose of getting a typical mix proportion and providing appropriate demands of grouting performance for later research, it was necessary to adjust the water content to formulate different types of grouts. As shown in Table 2, grout mixes experienced a status from over wet to over dried along with the decreased component of water from T1 to T4. In this table, ’T’ means traditional grout mixes and the number from 1 to 4 means the different water added from 510 g to 360 g.



The second part was to research the influence on grouting performance when clayey silt was reused as substitute for traditional materials in grout mixes. Combining the results of particle size distribution in Figure 2 and chemical composition comparison in Table 1, it was possible that clayey silt be reused as a substitute for fly ash, bentonite or sand. In order to evaluate grouting performance after the addition of clayey silt, the aforesaid three grout materials were replaced by clayey silt at equal increment (20%) to keep single variable criteria. The experimental schemes are shown in Table 3. In this table, the symbols of ‘F’, ‘B’ and ‘S’ mean clayey silt as substitute for fly ash, bentonite and sand, respectively. The number from 1 to 5 means the replacement ratio increases from 20% to 100%. In this table, the amount of water added is 460 g, based on the mix proportion of T2, which has an excellent grouting performance according to the experimental results of Table 2.



The third part was to adjust the proportion of materials in order to satisfy the needs of grouting performance after the replaceable material was identified as sand from the experimental results of Table 3. The proportion of water was increased to improve the flowability and the cement:fly ash ratio was adjusted to improve the strength, as shown in Table 4. In this table, the symbol of ‘AF’ means adjusting the flowability, and the symbol of ‘AFS’ means adjusting the strength on the basis of adjusting the flowability. The number from 1 to 4 means different degrees of adjustment measures, which change with equal gradient.





3. Results and Discussion


3.1. Flowability of Grout Mixes


The flowability parameters of traditional grout mixes changed over time are plotted in Figure 4. The figures of flowability present three kinds of data simultaneously in this paper. The first vertical axis shows consistency, the second vertical axis shows slump diameter and the annotation in the diagram shows grout-flow cone efflux time. It can be seen that the flowability from T1 to T4 has a decreasing tendency in the terms of consistency, slump diameter and grout-flow cone efflux time, which is caused by the decreasing water content in grout mixes. The water:powder ratio is an important factor associated with flowability, which decreases with decreasing water:powder ratio [41]. From the flowability results of T1 to T4, the mass of powder remained unchanged, the water:powder ratio decreased with the decreasing water mass, which caused the decreasing of flowability. Consistency and slump diameter had a similar variation trend; both were decreasing from T1 to T4 and decreased over time. Grout-flow cone efflux time got longer from 16.6 s to ‘∞’ (‘∞’means the grout mix in the obconical funnel outflows incompletely or cannot flow). Both T1 and T2 had good performance in flowability according to the results of grout-flow efflux time. Thus, the flowability of T2 can be used as critical index to evaluate the performance of grout mixes.



From these experimental results combined with construction experience, the flowability of grout mixes needs to meet the following three requirements: (i) the consistency is greater than 11 cm in 0 h and greater than 7 cm in 9 h; (ii) the slump diameter is greater than 27 cm in 0 h and greater than 22 cm in 9 h; (iii) the grout-flow cone efflux time is less than 60 seconds.



Figure 5 shows the flowability of the grout mixes when the clayey silt was reused as substitute for traditional raw materials. Flowability of T2 was used as a reference index as later schemes were based on it. From the flowability of clayey silt reused as substitute for fly ash (Figure 5a), grout-flow efflux time of F1 to F5 decreased from 32.1 s to 20.6 s, which was smaller than 48.1 s. Meanwhile both consistency (0 h) and slump diameter (0 h) were greater than T2. All these indicated that the initial flowability performed better when clayey silt was reused as a substitute for fly ash, but the flowability loss became more serious. The consistency (9 h) of F1 to F5 distributed from 19.8 cm to 22.7 cm, and the slump diameter (9 h) distributed from 5.8 cm to 7.4 cm, which were lower than T2 and could not meet the requirements of flowability. The severe loss of flowability after clayey silt replaced fly ash was caused by the reduction of the ball bearing effect, which makes the particles roll like ball bearings to reduce the inter-particle friction [42]. It is apparent from the results that compared with fly ash, the clayey silt had less contribution to the ball bearing effect.



As shown in Figure 5b, for the grout mixes when clayey silt was reused as substitute for bentonite, the grout-flow efflux time of B1 to B5 decreased from 18.4 s to 10.0 s, which was very close to approaching the limit of mortar. Consistency (0 h) and slump diameter (0 h) were all higher than T2, which indicated the initial flowability was better than T2. However, the flowability loss had the opposite conclusion from the perspective of slump diameter and consistency. The test results of consistency showed that flowability losses after replacement were less compared with T2, while the results of slump diameter showed an opposite conclusion. This indicates that the results of consistency and slump diameter may be influenced by different factors. The consistency mainly depends on the concentration of grout mixes, which is influenced by the amount of water. Clayey silt reused as substitute for bentonite increased the water content of the grout mix, because the content of bentonite decreased, thus a lot of water could not be absorbed. The friction of falling cone decreased with the increasing of water content; thus, the consistency tended to be bigger than T2. The slump diameter was mainly affected by the shape of particles. The particles of bentonite are rounded and smooth while the particles of clayey silt are angular and rough [43]. This makes the grout mixes harder to spread under the throb of the machine and causes the slump diameter to tend to be smaller than T2. In fact, the results of consistency and slump diameter were influenced by many factors such as the formation of material strength, water content and shape of particles. The replacement of bentonite with clayey silt changed many factors, making it difficult to summarize the regularity of fluidity loss from B1 to B5 with the increasing proportion of clayey silt to bentonite. All results showed that the replacement of bentonite with clayey silt did not affect the satisfaction of flowability requirements.



It is apparent that the flowability of S1 to S5 got worse than T2 from the flowability test results, as shown in Figure 5c. Mehdipour et al. [44] established a connection between particle size distribution and flowability. The particle size of clayey silt was smaller than sand from the particle size distribution analysis in Figure 2, which means the clayey silt had more specific area than sand, and this was the reason for more severe flowability loss after replacement. In addition, the higher water absorbing capacity of clayey silt than sand also caused the further flowability loss of grout mix. Only in the mix proportion of S1 could the grout mix flow out from the funnel. Both consistency and slump diameter decreased with the increasing proportion of clayey silt to sand. None of the schemes from B1 to B5 could meet the requirements of flowability.



Figure 6 shows the flowability after adjusting the mix proportion of materials on the basis of replacing sand with clayey silt totally. The flowability was significantly improved with the increase of water addition due to the increase of the water:powder ratio, as Figure 6a shows. The grout-flow cone efflux time of AF1 to AF4 decreased from ‘∞’ to 12.1 s. The consistency (0 h) increased from 6.5 cm to 12.3 cm, and the consistency (9 h) increased from 5.9 cm to 10.0 cm. The slump diameter (0 h) increased from 22.7 cm to 29.2 cm, and the slump diameter (9 h) increased from 21.2 cm to 26.3 cm. Both AF3 and AF4 could meet the requirements of flowability.



Figure 6b shows the flowability of adjusting the cement:fly ash ratio on the basis of AF3. The influence of flowability after fly ash replacing cement has been studied by some researchers [45,46], but these researchers only focused on the initial flowability; the flowability loss with time after adjusting the cement:fly ash ratio was not clear. From the experimental results after increasing the cement:fly ash ratio, the grout-flow cone efflux time of AFS1 to AFS4 decreased from 18.7 s to 12.1 s; both consistency and slump diameter were improved compared with AF3. These four mix proportions (AFS1–AFS4) could all meet the requirements of flowability. The consistency and slump diameter had a decreasing tendency in 6 hours but an increasing tendency after 6 hours with the increased ratio of cement to fly ash from AFS1 to AFS4. The order of consistency and slump diameter at 9 hours from highest to lowest was AFS1 to AFS4. A possible explanation is that both cement and fly ash are binding material, but the rules of strength formation are different. During the curing time after materials were mixed, the fly ash reacted faster and played a bigger role at the first 6 hours, then the cement played a bigger role the rest of the time. The increasing proportion of cement to fly ash from AFS1 to AFS4 caused a reversal of flowability during the curing time, as the circled inflection points show in Figure 6b.




3.2. Bleeding Rate and Volume Shrinkage Rate of Grout Mixes


Table 5 shows the results of bleeding rate and volume shrinkage rate of all schemes. A majority of the bleeding rates and volume shrinkage rates were under 5% according to the results of traditional grout mixes (T1–T4). Combining with construction experience, taking 5% as the upper limit of bleeding rate and volume shrinkage rate was reasonable in this paper.



It can be concluded from former research that the stability parameters, consisting of bleeding rates and volume shrinkage rates, were mainly influenced by the initial water content of grouts after the mixing of materials [47,48]. It is apparent that bleeding rates and volume shrinkage rates would increase with the increased amount of water from the results of T1–T4 and AF1–AF4. Bleeding rates decreased from 4.4% to 1.9% when clayey silt was reused as a substitute for fly ash from 20% to 100%, while volume shrinkage rates were all around 3% and had no significant changes. The replacement of clayey silt for bentonite (B1–B5) made the bleeding rates increase from 9.1% to 16.0% and the volume shrinkage rates increase from 2.5% to 7.2%, where most of them exceeded the upper limit of 5%. Both bleeding rates and volume shrinkage rates decreased when clayey silt was reused as a substitute for sand. The adjustment of the cement:fly ash ratio did not influence the bleeding rates and volume shrinkage rates, as results of AFS1 to AFS4 showed. The reason for this might be because they are both binding materials, have similar particle size and consume approximate amounts of water in the mixing and reaction phases. Almost all mix proportions could meet the requirements of bleeding rate and volume shrinkage rate except for B1 to B5, which indicated that bentonite can absorb large amounts of water and plays an important role in the stability of grout mixes. Bentonite is irreplaceable from the view of stability in grout mixes.




3.3. Final Setting Time and UCS of Grout Mixes


Both the final setting time and the UCS (unconfined compressive strength) can be used to express the process of strength formation. The final setting time reflects short-term strength within 24 hours, while the UCS reflects long-term strength after 24 hours. Figure 7, Figure 8 and Figure 9 show the processes of penetration resistance with increasing time, which had similar change rules with flowability, as Figure 4, Figure 5 and Figure 6 show. For example, the growth of penetration resistance had no obvious correlation with the increasing substitution ratio of clayey silt to fly ash or bentonite within 9 hours, as shown in Figure 8a,b, which had similar rules to those in Figure 5a,b. The inflection points of the strength formation curve appeared about 6 hours later after mixing, as shown in Figure 9b, which were consistent with the previous explanation about the phenomenon that flowability starts to reverse after 6 hours, as Figure 6b shows.



The final setting times of grout mixes when penetration resistance reached 15 N are recorded in Table 6. The final setting time of traditional grout mixes were distributed from 9 h to 14.2 h from the test results of T1 to T4. Considering the average time from producing grout mixes in mixing station and conveying it to the gap between the segment lining and soil, 7 h to 14 h was a reasonable range of final setting time. The requirements of UCS were determined from the results of T2; 0.2 Ma, 1.0 MPa and 2.5 MPa were the minimum strength value in 1 day, 7 days and 28 days, respectively.



It can be concluded from Table 6 that almost all types of grout mixes can meet the demand of final setting time except for S5, which is too short (4.2 h). The UCS is too small to meet the strength requirements when clayey silt is reused as a substitute for fly ash(F1–F5). With the increasing proportion of clayey silt reused as substitute for bentonite(B1–B5), the UCS goes up first but then it goes down. It is theorized that clayey silt can provide more cohesion than bentonite in grout mixes, but with the reduction of bentonite, grout mixes cannot hold steady and internal splits occur, causing the loss of strength. The replacement of clayey silt for sand(S1–S5) increased the UCS of specimens, which could all meet the strength requirements. It can be concluded from the UCS of AF1 to AF4 that adding the proportion of water on the basis of S5 reduced the strength of mixes and could not meet the strength requirements. The strength of specimens was greatly improved by increasing the ratio of cement to fly ash from AFS1 to AFS4. Both AFS3 and AFS4 could meet the requirements of UCS.




3.4. Pore Structure Analysis


The specimen of T2 and S5 are two typical specimens in this research. Further study of these two specimens were needed for a better understanding of the differences before and after the clayey silt replacing sand. The pore structure features, XRD tests and SEM tests were performed in this research.



The pore structure features were analyzed because they were associated with the strength of concrete or mortar [49,50]. For obtaining the pictures of planar sections and more intuitive analysis of pore structure characteristics, the specimens of T2 and S5 were split in half and polished to obtain smooth surfaces, as shown in Figure 10a and Figure 11a. For clear observation of the pore structure features, the surface of the section was painted with black ink, and then pores were filled with white nano-CaCO3 powders, as shown in Figure 10b and Figure 11b. Then, the images of treated sections were executed for binary conversion in software Image-Pro Plus 6.0, as shown in Figure 10c and Figure 11c. By counting the number of black and white pixels in Image-Pro Plus 6.0, the porosity of the section could be calculated, which was 39.1% for T2 and 5.1% for S5. Besides, from the images of Figure 10a and Figure 11a, it can be concluded that the specimen S5 had a smoother surface than T2, which was caused by higher strength.




3.5. XRD Analysis


The hydration products of two typical specimens (T2 and S5) were analyzed by X-ray diffraction combined with the software MDI Jade 6.0 in order to better understand the changes of grout mix after clayey silt was reused as substitute for sand. As shown in Figure 12 and Figure 13, CaCO3, SiO2, Aft (ettringite), C–S–H and Ca(OH)2 were found in the stone body of grouts. Reaction products under the proportion of T2 and S5 were similar except for SiO2 during different curing times, which had certain extent effects on the strength [51]. The peaks of SiO2 were more obvious in specimen S5 than T2, which could be explained from the perspective of particle size. The aggregate was sand in T2 and clayey silt in S5. From the results of XRF, the content of SiO2 in sand and clayey silt was 69.11% and 65.35%, respectively, which were close, but the particle size of clayey silt was smaller than sand. The particles of sand were easily covered by other materials due to the smaller specific area than clayey silt after being mixed with other materials, making it hard to be detected by the machine. It could be observed that the content of C–S–H gel increased while Ca(OH)2 decreased during curing time, which was due to the reaction of sodium silicate with Ca(OH)2 and formation of C–S–H gel, which was an important source of strength.




3.6. SEM Analysis


The microstructures of two typical specimens (T2 and S5) were invested by SEM. The results are shown in Figure 14 and Figure 15. Each group has four photos from the scale of 500 μm to 1 μm. It is clear from Figure 14a and Figure 15a that many pores were formed during the molding process. The sand (SiO2) had an angular outline and was large in size, as observed in Figure 14a. The surface of the specimen was rough, and no obvious composition could be observed except for the pore, as shown in Figure 15a, which corresponded to the size distribution of materials. According to Figure 15b, there were many irregular shaped structures, which had smaller sizes than FA. The test results of EDS indicated that the main element of those structure was Si and a little Al, which were consistent with the components of clayey silt.



It can be concluded that the hydration of S5 was more thorough than T2, as seen in Figure 14c,d and Figure 15c,d. The surface of Ca(OH)2 was clear and easy to be observed, as seen in Figure 14c,d, while Ca(OH)2 was covered by much CSH gel and difficult to be observed in Figure 15c,d. The consumption of Ca(OH)2 by chemical reaction caused a decrease of Ca(OH)2; meanwhile, smaller sized SiO2 had reactions with Ca(OH)2, producing many CSH gels covering the surface of Ca(OH)2 and FA. The SEM analysis indicated that grout mixes had more thorough hydration reaction due to the smaller particle size of aggregate after clayey silt was reused as substituted for sand.





4. Conclusions


Based on the demands of grout mixes in back-fill grouting, the clayey silt from shield excavation were prepared to be reused in cementitious grout mixes as a substitute for fly ash, bentonite and sand. The flowability, stability and strength of grout mixes were conducted as reference indicators to judge the practicability of the schemes and guided the adjustment of mixture proportion. The conclusions of results can be drawn as follows:




	
Four groups of traditional grouting mixes were tested after decreasing the proportion of water on the basis of referenced mix proportion from a construction site. The recommended requirements of grout performance parameters in this paper consisted of flowability, stability and strength and were determined by the test results of T1 to T4. Considering the balance of flowability and strength, T2 was used as the basic mix proportion of the subsequent tests, which was cement:fly ash:bentonite:sand:water = 130:380:100:680:460.



	
The clayey silt was reused as a substitute for fly ash, bentonite and sand in back-fill grouts on the basis of their similar oxide composition and particle size. When clayey silt was reused to replace fly ash, the flowability loss was aggravated and the strength performed poorly, which was hard to reconcile by adjusting the mix proportion to meet all grouting requirements. When clayey silt was reused to replace bentonite, the stability, especial for bleeding rate, greatly surpassed the upper limit and it was hard to meet relevant requirements. When clayey silt was reused to substitute sand, the flowability was in sharp decline but the stability and strength were enhanced, which was feasible as a scheme of reutilization.



	
The proportion of materials was adjusted to meet the requirements of grout mixes on the basis of clayey silt substitution of sand totally (S5). After the exploration of increasing the proportion of water from AF1 to AF4 to improve flowability and increasing the cement:fly ash ratio from AFS1 to AFS4 to increase strength, a mix proportion that can meet all grouting requirements was determined, which was AFS3 (cement:fly ash:bentonite:clayey silt:water = 280:230:100:680:660). This utilization scheme of excavated clayey silt reused in back-fill grouts can reduce the disposal of excavated soils and cut the consumption of sands, which is environmentally friendly and sustainable.



	
In order to analyze the pore structure features, the specimens of T2 and S5 were split in half and treated by black inks and white nano-CaCO3; it was concluded that the section of S5 had smaller porosity and smoother surface than T2. In comparison with the hydration products and the microstructures of hardened grouts, the existence of SiO2 in S5 was easier to be detected than T2 in XRD analyses. It could be confirmed that the hydration degree of S5 was higher than T2 from the quantity of CSH gel in SEM photos. The replacement of sand for clayey silt would not change the types of product but would increase the hydration degree, which reflected the strength.
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Figure 1. Pictures of raw materials and grout mix. 
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Figure 2. Particle size distribution of raw materials. 
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Figure 3. Apparatus of grouting performance test (a) consistency, (b) slump diameter, (c) grout-flow cone efflux time, (d) bleeding rate, (e) volume shrinkage rate, (f) final setting time. 
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Figure 4. Flowability of traditional grout mixes. 
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Figure 5. Flowability of grout mix when clayey silt was reused in traditional materials. (a) Substitute for fly ash, (b) substitute for bentonite, (c) substitute for sand. 
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Figure 6. Flowability after adjusting the mix proportion of materials. (a) Adjusting the proportion of water, (b) adjusting the cement–fly ash ratio. 
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Figure 7. Penetration resistance of traditional grout mixes during curing time. 
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Figure 8. Penetration resistance of grout mix during curing time when clayey silt was reused in traditional materials. (a) Substitute for fly ash, (b) substitute for bentonite, (c) substitute for sand. 
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Figure 9. Penetration resistance after adjusting the ratio of materials during curing time. (a) Adjusting the proportion of water, (b) adjusting the ratio of cement and fly ash. 
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Figure 10. Images of sections of specimen T2. (a) Image of initial section, (b) image of treated section, (c) image after binary conversion. 
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Figure 11. Images of sections of specimen S5. (a) Image of initial section, (b) image of treated section, (c) image after binary conversion. 
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Figure 12. XRD spectra of specimen T2 at 7, 14 and 28 days. 
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Figure 13. XRD spectra of specimen S5 at 7, 14 and 28 days. 






Figure 13. XRD spectra of specimen S5 at 7, 14 and 28 days.



[image: Sustainability 12 01017 g013]







[image: Sustainability 12 01017 g014 550] 





Figure 14. SEM photos of 28-day hardened grouts (T2): (a) 500 μm, (b) 10 μm, (c) 5 μm, (d) 1 μm. 
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Figure 15. SEM photos of 28-day hardened grouts(S5) (a) 500 μm (b) 10 μm (c) 5 μm (d) 1 μm. 
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Table 1. Oxide composition of raw materials.
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Raw Material

	
Mass Fraction of the Samples (wt.%)




	
SiO2

	
Fe2O3

	
Al2O3

	
MgO

	
SO3

	
CaO

	
Na2O

	
K2O

	
TiO2

	
P2O5






	
Cement

	
17.02

	
3.75

	
3.62

	
1.59

	
2.99

	
69.21

	
0.08

	
0.83

	
0.26

	
0.13




	
Fly ash

	
48.02

	
6.95

	
35

	
0.4

	
1.6

	
4.13

	
0.3

	
1.21

	
1.71

	
0.36




	
Bentonite

	
55.45

	
1.95

	
37.52

	
0.27

	
0.12

	
0.04

	
0.09

	
3.91

	
0.45

	
0.05




	
Sand

	
69.11

	
3.9

	
13.97

	
1.3

	
0.04

	
3.35

	
3.06

	
4.42

	
0.39

	
0.09




	
Clayey silt

	
65.35

	
5.07

	
13.68

	
1.98

	
0.07

	
8.21

	
1.35

	
3.03

	
0.85

	
0.19
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Table 2. Experimental schemes of determining grouting performance parameter.
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Type

	
Term of Mix

	
Cement (g)

	
Fly Ash (g)

	
Bentonite (g)

	
Sand (g)

	
Water (g)






	
Traditional grout mixes

	
T1

	
130

	
380

	
100

	
680

	
510




	
T2

	
130

	
380

	
100

	
680

	
460




	
T3

	
130

	
380

	
100

	
680

	
410




	
T4

	
130

	
380

	
100

	
680

	
360
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Table 3. Experimental schemes of clayey silt reused as substitute for traditional raw materials.
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Type

	
Term of Mix

	
Cement (g)

	
Fly Ash (g)

	
Bentonite (g)

	
Sand (g)

	
Water (g)

	
Clayey Silt (g)






	
Substitute for fly ash

	
F1

	
130

	
304

	
100

	
680

	
460

	
76




	
F2

	
130

	
228

	
100

	
680

	
460

	
152




	
F3

	
130

	
152

	
100

	
680

	
460

	
228




	
F4

	
130

	
76

	
100

	
680

	
460

	
304




	
F5

	
130

	
0

	
100

	
680

	
460

	
380




	
Substitute for bentonite

	
B1

	
130

	
380

	
80

	
680

	
460

	
20




	
B2

	
130

	
380

	
60

	
680

	
460

	
40




	
B3

	
130

	
380

	
40

	
680

	
460

	
60




	
B4

	
130

	
380

	
20

	
680

	
460

	
80




	
B5

	
130

	
380

	
0

	
680

	
460

	
100




	
Substitute for sand

	
S1

	
130

	
380

	
100

	
544

	
460

	
136




	
S2

	
130

	
380

	
100

	
408

	
460

	
272




	
S3

	
130

	
380

	
100

	
272

	
460

	
408




	
S4

	
130

	
380

	
100

	
136

	
460

	
544




	
S5

	
130

	
380

	
100

	
0

	
460

	
680











[image: Table] 





Table 4. Experimental schemes of adjusting the grouting performance.
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Type

	
Term of Mix

	
Cement (g)

	
Fly Ash (g)

	
Bentonite (g)

	
Clayey Silt (g)

	
Water (g)






	
Adjust flowability

	
AF1

	
130

	
380

	
100

	
680

	
560




	
AF2

	
130

	
380

	
100

	
680

	
610




	
AF3

	
130

	
380

	
100

	
680

	
660




	
AF4

	
130

	
380

	
100

	
680

	
710




	
Adjust strength

	
AFS1

	
180

	
330

	
100

	
680

	
660




	
AFS2

	
230

	
280

	
100

	
680

	
660




	
AFS3

	
280

	
230

	
100

	
680

	
660




	
AFS4

	
330

	
180

	
100

	
680

	
660
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Table 5. Results of bleeding rate and volume shrinkage rate test.
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Type of Grout Mix

	
Bleeding Rate (%)

	
Volume Shrinkage Rate (%)




	
1

	
2

	
3

	
4

	
5

	
1

	
2

	
3

	
4

	
5






	
T

	
5.3

	
4.0

	
2.3

	
1.4

	
-

	
4.4

	
3.3

	
2.2

	
1.9

	
-




	
F

	
4.4

	
2.8

	
2.4

	
2.2

	
1.9

	
3.3

	
2.7

	
3.0

	
2.5

	
3.1




	
B

	
9.1

	
12.4

	
13.5

	
14.9

	
16.0

	
2.5

	
2.7

	
3.4

	
5.8

	
7.2




	
S

	
2.2

	
1.3

	
0.2

	
0

	
0

	
2.8

	
2.7

	
2.5

	
2.4

	
2.3




	
AF

	
0.4

	
1.3

	
1.9

	
3.3

	
-

	
1.5

	
2.8

	
4.6

	
6.8

	
-




	
AFS

	
1.8

	
1.7

	
1.6

	
1.6

	
-

	
4.4

	
4.2

	
4.5

	
4.1

	
-
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Table 6. Final setting time and UCS of grout mixes.
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Type

	
Final setting time (h)

	
UCS (MPa) of 1 d




	
1

	
2

	
3

	
4

	
5

	
1

	
2

	
3

	
4

	
5






	
T

	
14.2

	
12.4

	
10.0

	
9.0

	
-

	
0.23

	
0.26

	
0.42

	
0.50

	
-




	
F

	
10.7

	
11.3

	
11.6

	
12.9

	
13.4

	
0.24

	
0.22

	
0.16

	
0.15

	
0.13




	
B

	
12.0

	
12.5

	
11.9

	
12.6

	
12.7

	
0.13

	
0.17

	
0.22

	
0.24

	
0.20




	
S

	
10.9

	
10.6

	
9.3

	
7.7

	
4.2

	
0.29

	
0.22

	
0.20

	
0.32

	
0.31




	
AF

	
7.3

	
10.1

	
11.7

	
13.0

	
-

	
0.20

	
0.17

	
0.11

	
0.08

	
-




	
AFS

	
9.5

	
8.5

	
8.1

	
7.7

	
-

	
0.09

	
0.14

	
0.20

	
0.26

	
-




	
Type

	
UCS (MPa) of 7 d

	
UCS (MPa) of 28 d




	
1

	
2

	
3

	
4

	
5

	
1

	
2

	
3

	
4

	
5




	
T

	
1.03

	
1.17

	
1.58

	
1.89

	
-

	
2.61

	
2.73

	
3.54

	
4.85

	
-




	
F

	
1.03

	
0.91

	
0.67

	
0.64

	
0.61

	
2.13

	
1.93

	
1.38

	
1.21

	
1.06




	
B

	
0.99

	
1.07

	
1.40

	
1.40

	
1.32

	
1.78

	
2.18

	
3.44

	
2.89

	
2.43




	
S

	
1.07

	
1.27

	
1.18

	
1.38

	
1.29

	
3.09

	
3.64

	
3.83

	
3.69

	
3.50




	
AF

	
0.88

	
0.69

	
0.55

	
0.47

	
-

	
1.41

	
1.37

	
1.25

	
0.75

	
-




	
AFS

	
0.60

	
0.90

	
1.46

	
2.96

	
-

	
1.17

	
2.03

	
2.96

	
3.70

	
-
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