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Abstract

:

Superplasticizer (SP) is essential to enhance the groutability of microfine cement (MC) in civil engineering, however, combined effects of cement type, SP type, amount of SP and water-solid ratio (W/S) on engineering performance of MC are not clear currently. In this research, workability and mechanical properties of superplasticized microfine cement grouts (SMCG) with various SPs are evaluated systematically. Three different MCs (CEM I, CEM II/B-M and CEM III/B based on EN 197-1) and four SPs (one naphthalene-based (N), one melamine-based (M) and two polycarboxylate-based (PCE)) were used to study the effect of grout formulation. The properties investigated included rheological behavior (mini-slump, flowability, time-dependent viscosity and initial viscosity), fresh-state property (bleeding, effective W/S and final setting time), mechanical performance (shrinkage, flexural strength (FS), unconfined compressive strength (UCS), and FS/UCS) and microstructure. The new method of static viscosity was adopted and viscoelasticity was evaluated. The ranges of W/S and SP content were 1.0–2.0 and 0–2.5%, respectively. The results show that the dispersion effects of SP on rheological behavior were followed by PCE, M and N in order of the influence degree. The instability, long-setting and oversaturation were easily caused by excessive SP. SP could be helpful for improving FS or bending toughness. Considering workability and mechanical performance of SMCG, the W/S is suggested to be within 1.5, the optimal amounts of N, M and PCE are recommended as 1.5–2.0%, 1.2–1.5% and 0.9–1.2%, respectively.
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1. Introduction


The grouting technique is achieved mainly through injecting cementitious suspension or chemical liquid under pressure into cracks of concrete structures, openings of rocks, voids of soils, etc. [1,2,3]. This technique is usually adopted to restore the physical and mechanical properties of structures and/or increase impermeability and stability of strata [4,5,6]. For specific grouting engineering, the grouting material should be selected precisely based on workability, practical application requirements, long-term performance, environmental friendliness, etc. [7,8,9] Although the cost and environmental friendliness of ordinary Portland cement (OPC) are good, OPC has obvious deficiencies such as low injectability, significant filtration effect, insufficient stability, long setting time, etc. The injectability and grouting effects of OPC suspensions are poor especially for micro-cracks (≤0.5 mm) and small voids [10,11,12]. Although the injectability of chemical grout is high, they were not environmental friendly especially after the acrylamide poisoning incident in 1974 in Fukuoka. They present poor bonding in moist environment and insufficient long-term performance (chemical stability and creeping) [13,14]. Moreover, the practical operations of chemical grouts are complex, the reaction rate is not easy to control, and they are extremely expensive. Therefore, the large-scale application of chemical grout has great limitations especially under the current big backgrounds of green sustainable development, water conservancy and ecological environment restoration.



To inject the microcracks of concrete or rock structures and small voids of fine sands effectively, microfine cements (MC) with related techniques are widely applied in replacing chemical grouts [9,11,14,15]. MC is defined by ACI Committee 552 (Geotechnical Cement Grouting) by diameters of all particles smaller than 15 μm, MC is described as d95 < 16 μm by the International Society for Rock Mechanics, and MC is characterized as d95 < 20 μm and Blaine fineness ≥ 800 m2/kg based on EN 12715 [16]. As the fineness increases, the adsorption amount of water by solid phase particles increases, thereby reducing the fluidity of slurry under the same water-solid ratio (W/S) [17]. Therefore, to acquire workable grout with high flowability, spreading ability and penetration ability, it is essential and important to apply superplasticizer (SP) because of the high specific surface area of MC [14,18,19,20].



The naphthalene-based SP (hereinafter called N) and melamine-based SP (hereinafter called M) are the typical second generation of SP, and they are commonly manufactured from sulfonated naphthalene or melamine formaldehyde. Polycarboxylate-based SP (hereinafter called PCE) is called the third generation SP. The water reducing mechanism of N and M was mainly reflected on the effects of adsorption and electrostatic repulsion [21,22]. Meanwhile, the combined effects of electrostatic repulsion and steric hindrance of PCE ensured its good water dispersion stability [23]. Many studies presented that the carboxylic groups act as anchors to adsorb on the surfaces of cement particles, and the flocculation and hydration of charged colloidal grains were weakened by the steric hindrance of side chains [24,25,26].



In this research, workability and mechanical properties of superplasticized microfine cement grouts (SMCG) with N, M and PCE were evaluated systematically. The purposes of this experimental study were as follows: (1) To study the combined effects of different types of SP (N, M, PCE), SP content, cement composition and key W/S on engineering properties of SMCGs, which is rare for current studies; (2) To evaluate rheological behavior (mini-slump, flowability, viscosity) and fresh-state property (bleeding, effective W/S and final setting time); (3) To determine main mechanical strength (shrinkage, flexural strength (FS), unconfined compressive strength (UCS) and FS/UCS) and microstructures of SMCGs with various SP contents, therefore, providing missing key data in existed references; (4) To analyze comparatively and evaluate the compatibility of SPs and MCs, thus, giving suggestions for formulation optimization of SMCG in applications.




2. Significance


The effects of SP on rheological performance of ordinary cementitious composites at lower W/S (<1.0) were presented frequently. However, with the increasing of water reducing efficiency of SP, the generational upgradation of SP, the increasing of fineness and W/S (≥1.0), scientific findings about the synergistic effects of cement composition, SP type, content of high-efficiency SP and W/S on performance of SMCG, compatibility of SP and MC, and systematic optimization of SMCG with SP are lacking. Meanwhile, it is urgent and essential to ensure the quality of SMCG suspensions and provide key property data that are reproducible on the field. This experimental study was designed to fill this gap. This research presents a comparative investigation of various SMCGs containing different types of new SP. These grouts were formulated in various projects, such as reinforcements of concrete structures, anti-seepage or strengthening of fractured rock masses and sandy strata, consolidation of bridge piles or soil foundations, restoration of maritime structures, etc. The compatibility of MC and new generation SP and systematic optimizations are new and vital. The comprehensive performance evaluation (rheological properties, fresh states, mechanical properties and microstructures) of such SMCGs with various SP has not been presented previously.




3. Materials and Methods


3.1. Raw Materials


Portland MC (CEM I), Portland-based MC (CEM II/B-M) and blast-furnace slag-based MC (CEM III/B) from Sunnsy Company were selected as three typical types of cements in Shandong Province in China, considering multiple factors such as performance, practicability and cost. They all belong to ASTM I cement. Their chemical compositions and raw materials are shown in Table 1. The distinctions in cement type are reflected on the expected differences in raw material and oxide composition. The amounts of clinker and calcium of CEM I cement are clearly higher compared with those of CEM II/B-M and CEM III/B. The amount of blast-furnace slag (BFS) in CEM III/B is much higher, and it has the highest concentration in silica and alumina and the lowest concentration in calcium.



These MCs were pulverized by superfine dry grinding in Shandong Province in China. Their particle size distributions (PSD) characteristics are shown in Figure 1. The grain-size characteristic parameter and Blaine specific surface values of MCs and OPC are presented in Table 2. The d50, d95 and d100 of three MCs ranged among 3.21–4.22, 10.92–12.81 and 20.02–20.50 μm, respectively. According to the PSD parameters, the injectability of MC could be better than that of OPC. The micro cracks (<0.5 mm) of concrete or rock structures should be injected with MCs to guarantee effective filling and complete cementation inside the micro cracks [27]. The specific surface area of MC falls into the following order: CEM I > CEM II/B-M > CEM III/B.




3.2. Superplasticizer


Three types of commercial SPs (N (Wanshan), M (Sika), PCE (Baochen)) from Jinan of Shandong Province in China were selected to prepare SMCGs. Their chemical molecular structures of SP are shown in Figure 2. The main properties and dispersing classification of different SP are presented in Table 3.




3.3. Preparation of SMCG Suspensions


The temperature of raw materials was 25 ± 2 °C. As for fresh slurries with various SP, the SP (relative to the mass of MC) was firstly mixed with the designed water by a high turbulence mixer (Yongkangmeinuo) from Jinan of Shandong Province in China at 1000 rpm for 2 min. Then the required MCs were added and the fresh slurries were stirred continuously at 1000 rpm for 3 min. For the fresh suspensions without SP, the agitation speed was still 1000 rpm, however, the agitation time was 5 min to guarantee dispersibility. The W/S ranges were chosen as 1.0–2.5 (1.0, 1.2, 1.5, 2.0 and 2.5). The contents of N, M and PCE (relative to the mass of cement) were selected as 0.5–2.5% (interval variation value of 0.5%), 0.3–2.1% (interval variation value of 0.3%), and 0.3–1.5% (interval variation value of 0.3%), respectively. The saturation point or transitional zone is expected to be observed with the increased amount of SP.




3.4. Experimental Approach


Figure 3 shows the experimental formulation and approach of this study. The effects of cement type, upgraded SP type and grout formulation (association of W/S, SP type, SP content and PSD) on the performance of SMCG were evaluated. In order to evaluate flowability and spreading ability of fresh SMCG slurries, the Marsh cone flow time and mini-slump spreading diameter were combined and performed systematically. These measurements are effective methods to estimate fluidity performance of fresh slurries prepared at site works. The mini-slump measurement can be calculated as the average spreading diameter in a plate, the cone of mini-slump is similar to that cone of concrete (ASTM C-143) [28]. Specifically, the sizes of height, bottom diameter and top diameter were 60, 36 and 60 mm, respectively. The elapsed time of specific volume of fresh suspension through the Marsh cone can be defined as the Marsh cone flow time (ASTM C 939) [29]. The internal orifice diameter of the Marsh cone is 4.8 mm, and the 1500 mL fresh slurry was filled in the Marsh cone. The elapsed time was recorded when the 946 mL of fresh suspension had just completed the flow in this study. In comparison, the flow time of 946 mL water was about 26 ± 0.5 s.



The vibration viscometer of SV-10 (A&D Company controlled corporation in Tianjin in China) was adopted to measure the time-dependent viscosity and initial viscosity, the viscosity investigated in this study was the static viscosity, which is a combined effect of elastic and viscous performance [20,30,31]. Unlike rotational or other vibration viscometers [32,33], the general measurement scope is sustaining, sensitive and wide (0.3–10000 mPa·s), this type viscometer is not related to shear rates of fresh suspensions and it can also work if the shear rate is not known or cannot be associated at site works. This viscometer is suitable for measuring the time-dependent viscosity or viscoelastic behavior of non-Newtonian fluids such as suspensions [34,35]. As for the test principle of SV-10, the oscillator is actuated by electromagnetic power and their vibration frequencies are the same. A sympathetic vibration composed of tuning fork and oscillator plays the role of sensitive sensor. The electric current functions as exciting force, and the key coefficient is acquired through determining the quantitative relationship between the electric current and viscidity.



Bleeding capacity is calculated as the ratio of ΔV/V0, the V0 is the initial volume of fresh suspensions and the ΔV is the volume of bleeding water. The graduated cylinder (250 mL) was filled with fresh SMCG suspensions, and the volume of bleeding water was recorded after 2 h of sedimentation. Based on bleeding rates, the effective W/S was calculated as follows:


Effective W/S = (1 − CB) × Initial W/S



(1)




where CB is the coefficient of bleeding volume. The fresh suspension is regarded as ‘‘stable’’ if its bleed capacity was not over 5% after 120 min [16]. The final setting time was adopted to evaluate the engineering setting performance, because the secondary or later sequential drillings must await the final setting of grouts in the initial grouting holes and reinforced structures. The Vicat needle apparatus (Luda) from Shanghai in Shandong Province in China was used to determine the final setting time. The final setting time was determined when the penetration height of the needle was less than 0.5 mm. Based on ASTM Standard C531 [36], the shrinkage performance of SMCG with different SP and cement type was evaluated at the W/S of 1.0. The dimension of SMCG mortar specimens was 250 × 25 × 25 mm. The curing conditions were 30% R.H, and the curing ages were 3, 7, 14, 28, 56, 91 and 180 days.



There is little research about flexural strength (FS) and unconfined compressive strength (UCS) of SMCGs, especially SMCGs with different cement types, SP types and SP contents. The FSs were determined to give practical references for such SMCGs. The size of cubic specimen mold for FS and UCS was 40 × 40 × 160 mm. If there was obvious bleeding, the bleeding water was removed until there were merely hardened grout stone bodies. On the basis of GB/T 17671-1999 [37], the 3-day, 7-day and 28-day FS and UCS tests of hardened grouts were conducted, and the loading rate was 2 mm/min. To evaluate the brittleness of SMCG grout stone bodies, the FS-UCS ratio (FS/UCS) of MCG was calculated and analyzed comparatively. Small broken pieces of hardened SMCGs were kept in ethyl alcohol. The D8 ADVANCE type X-ray diffraction analyzer (Bruker, in Karlsruhe in Germany) was used to measure the hydration minerals, the scanning angle and scanning speed were 5–60° and 4–5°/min, respectively. Fourier transform infrared spectroscopy (FTIR) was performed through a spectrometer (Thermo Fisher in Waltham, MA, USA) on SMCG samples. The spectral analysis was performed in the range of 400 to 4000 cm−1, with a spectral resolution of 1 cm−1. The microstructure of MCGs was studied by using a scanning electron microscope (SEM, (ZEISS in Oberkochen in Germany)).





4. Results and Discussions


4.1. Spreading Ability and Flowability


The spreading or propagation ability into cracks or soil pores of fresh grouts can be characterized macroscopically by the variations of mini-slump. The Marsh cone flow time can represent the flowability during mixing or pumping in field works. The flow time is proportional to the friction between slurries and cone sides.



Table 4 presents the mini-slumps and flow times of fresh MCs (without SP) under different W/S. With similar PSD values, the effects of W/S on mini-slump were more significant than cement type, and the effects of cement type on flow time were not obvious, especially when W/S was over 2.0. Compared with OPC, the MC adsorbed more water due to their larger specific surface areas, therefore, their flowability and spreading ability were low. The mini-slumps of MCGs at W/S of 2.0 (295–299 mm) were still much less than those of OPC at W/S of 1.0 (328 mm). The flow times of MCs at W/S of 2.0 (28.22–29.19 s) were lower than those of OPC at W/S of 1.0 (30.19 s). This variation difference might be because: the slurries are subjected to a high shear rate in Marsh cone flow tests, while low shear rates are generated during mini-slump tests, and the slurries are likely more susceptible to the friction or resistance. The spreading ability and flowability became better when the slag content became larger, in comparison, Portland-based cement (CEM I) with higher content of clinker tended to decrease the fluidity of slurry.



Figure 4 shows effects of SP and cement type on mini-slumps and flow times of fresh SMCG, and the W/S of 1.0 is selected because it is usually applied in the field works. The mini-slump increased significantly when the amounts of N, M and PCE reached or exceeded 0.5%, 0.6% and 0.6%, respectively. For example, the growth degrees of mini-slump for CEMIII/B were 50.21%, 86.63% and 28.93% when the increase ranges of N, M and PCE were 0.5–1.0%, 0.3–0.6% and 0.3–0.6%, respectively. Although the growth degrees of suspensions with PCE were relatively low, their mini-slump values were generally high with low PCE contents. For instance, the mini-slumps of CEMIII/B suspensions were 243, 187 and 280 mm when the amounts of N, M and PCE were 0.5%, 0.3% and 0.3%, respectively. At W/S of 1.0, the effects of SP type and SP content on mini-slumps were more significant than those of cement type. The increase in degree of mini-slump was little when the amounts of N, M and PCE exceeded 2.0%, 1.2% and 0.9%, respectively. It illustrated that the saturation point might exist, the increase degrees of mini-slumps became little and it was unnecessary to add the highest amount of SP to obtain satisfied mini-slumps of SMCG. The little or negative increase in mini-slumps at higher SP contents might be due to the relatively obvious frictions at low shear rates. The flow times of SMCG with less PCE can be close to those of SMCG with more N and M, and the decrease effects of PCE on flow time were more obvious. For example, the flow time of CEMIII/B with 0.9% PCE was 30.32 s, while those with 1.5% N and 1.2% M were 30.48 s and 30.38 s. When the W/S was mixed at 1.0, the effects of cement type on flow time were obvious when PCE contents were relatively low (≤0.6%), and the SP content was the dominant factor. At higher SP contents, the decrease degrees of flow time were relatively obvious compared with the increase degrees of mini-slumps, the flow time decreased all the while with the increase in SP content, and the saturation point was not observed easily. It might be because the flow time can reflect the flowability and viscosity well at high shear rates, meanwhile, the influence of friction was less significant. With the increase in slag contents in SMCG, it was observed that the flow time decreased and mini-slump increased. At the W/S of 1.0, the mini-slumps and flow times of SMCG were relatively satisfactory when the amounts of N, M and PCE were 1.5–2.0%, 1.2–1.8% and 0.9–1.5%, respectively.




4.2. Viscosity Variation and Initial Viscosity


In this study, the viscosity is the time-dependent ‘static viscosity’. In the mini-slump and Marsh cone flow tests, the shear rates applied to suspensions were not known. The time-dependent viscosity can provide related references if shear rates are not clear and the effects of time need to be determined at site works. Initially, fresh suspensions were prepared with three cement types at initial W/S of 1.0, 1.5 and 2.0.



Figure 5 shows combined effects of cement type and W/S on viscosity of fresh SMCG without SP. Within initial 20 min, the viscosity ranges of CEM I were about 126.02–2363.17, 24.28–1139.96 and 8.92–391.33 mPa·s at W/S of 1.0, 1.5 and 2.0, respectively. The related viscosity ranges of CEMII/B-M were about 60.37–1062.02, 15.85–463.72 and 8.50–251.04 mPa·s at W/S of 1.0, 1.5 and 2.0. The time-dependent viscosity of fresh MCG was low and relatively satisfactory at the W/S of 2.0, which was consistent with the results of mini-slumps and flow times in Table 4. Without SP, the viscous behavior of SMCG was prohibitively high if the W/S was less than 2.0, and the viscosity of microfine slurry might meet the requirements of groutability when the W/S exceeded 2.0. It might be because the high adsorption amount of water by solid particle of SMCG increased observably with the increase in fineness. The viscosity of CEM I MC was higher than that of CEM II/B-M MC in general, which was in accordance with the performance of mini-slumps and flow times. It might be because a higher content of clinker hydrates more violently and tends to increase viscosity in early hydration periods.



Figure 6 shows effects of SP and cement type on viscosity variation of fresh SMCG at the W/S of 1.0. The effects of SP type and SP content on the viscosity of fresh SMCG were more obvious than those of cement type. Within 15 min, the viscosities of CEM I, CEMII/B-M and CEMIII/B grouts with 0.3% PCE were about 7.74–994.68, 7.96–405.07 and 7.88–135.59 mPa·s, respectively. While those with 0.6% PCE were 7.18–256.43, 7.17–7.55 and 6.87–13.12 mPa·s within 20 min. The decrease degrees of viscosity from 0.3% PCE to 0.6% PCE were much higher than those affected by different microfine cement type. The Portland-based cements with more clinker tends to have higher viscosity under the same condition. To improve flowability, pumpability or injectability of MC, the low viscosity and excellent viscous behavior are expected. As for CEM I and W/S of 1.0, the amounts of N, M and PCE should be no less than 1.5%, 1.2% and 0.6% to ensure low viscosity. The viscosity decreasing effect of PCE was the most obvious and that of N was the least. The adsorption of SP destroys the flocculated structures of cement-based slurry, then the water is released from the flocculated structures, and the viscous behavior and spreading ability of SMCG have been improved accordingly. The amount of SP should not be over to avoid prohibitive bleeding, supersaturation, slow condensation, serious instability, etc. The low initial viscosity can ensure satisfied initial spreading ability and flowability of fresh slurries. Therefore, it is necessary to determine and assess the related initial viscosity.



Figure 7 shows effects of SP and cement type on the initial viscosity of fresh SMCG at the W/S of 1.0. There are few references about the combined effects of SP and MC type on this initial viscosity, and these related values are compared with each other. When the amount of PCE increased from 0.3% to 0.6%, the decrease degrees of initial viscosity were about 0.72‰ (7.74−7.18 mPa·s), 0.44‰ (7.50−7.17 mPa·s) and 12.82‰ (7.88−6.87 mPa·s) for CEM I, CEMII/B-M and CEMIII/B SMCG, respectively. Although there existed some differences of decrease degree among different cement types, the differences among initial viscosity were not large, and the initial viscosities of CEM I were generally high. When the amounts of N and M increased from 1.0% to 1.5% and 0.9% to 1.2% for CEM I, the decrease degrees of initial viscosity were about 19.53‰ (11.37−9.15 mPa·s) and 2.45‰ (9.52−7.19 mPa·s), respectively. The initial viscosities of three MCGs with minimum PCE content (0.3–0.6%) at W/S of 1.0 (7.88−6.87 mPa·s) were lower than those of OPC at W/S of 1.0 (8.36 mPa·s) and close to those of OPC at W/S of 1.2 (6.26 mPa·s). The initial viscosities of CEM I MCG with 1.0–1.5% N at W/S of 1.0 were higher than those of CEM I MC at W/S of 2.0 (8.92 mPa·s) and OPC at W/S of 1.0 (8.36 mPa·s). The initial viscosity of CEM I with 1.2% M was lower than those of OPC at W/S of 1.0 and close to those of OPC at W/S of 1.2, however, that with 0.9% M was higher than those of CEM I MC at W/S of 2.0 and OPC at W/S of 1.0. Compared with the influence of component on initial viscosity, the W/B is the key controlling element. To obtain relatively satisfied initial viscosity of SMCG at the W/S of 1.0, the amounts of PCE, N and M are suggested to be no less than 0.6%, 1.5% and 1.2%, respectively. Based on the time-dependent viscosity variation and initial viscosity values, the water reduction or dispersion effects of SP were followed by PCE, M and N.



The N and M series are considered to be rigid rod-shaped molecules, their adsorption morphologies are accumbent straight-chains [38]. The comb-shaped side chains were the main adsorption forms of PCEs [39]. The function mechanism is mainly reflected on the electrostatic repulsion effect. The DLVO theory holds that the charged colloidal particles are the results of the interactions among electrostatic repulsion when the electric double layer overlaps and the van der Waals force forms among cement particles. The adsorption of SP changes the charge distribution on the surface of the cement particles, reduces the thickness of the electric double layer, and increases the dynamic potential, thereby improving the dispersion between the particles. As for MCG with PCE, many studies found that the DLVO theory could not support the related function mechanism of PCE, and the steric hindrance effect was also accepted [40,41]. The main chain of the PCE molecule is firmly adsorbed on the surface of the MC particles, the side chains with lower density are surrounded by cement particles to form contacted adsorption layers. Due to the flexibility of side chains, the thickness of adsorbed layer might decrease, and the distance among mineral grains decreased. Accordingly, the effects of electrostatic repulsion among MC particles might be enhanced. The combined effects of electrostatic repulsion and steric hindrance effectively enhance the mutual repulsion among easily absorbed MC grains. The synergetic function mechanism of PCE is different from the mechanism of N and M, thus having better dispersing ability and water reducing effect [42]. This explanation was in in accordance with the good spreading ability, flowability and viscosity of MCG with low PCE contents in this study.




4.3. Bleeding Capacity and Effective W/S


Table 5 presents bleeding rates of SMCG slurries with various SP, cement type and W/S. The amounts of PCE, N and M were selected as 1.2%, 2.0% and 1.5%, and the W/Ss were chosen as 1.0, 1.2, 1.5 and 2.0. In this study, the “stable” slurry was determined when the bleeding capacity was not over 5.0% after 2 h from preparation based on EN 12715. The stable slurries ought to be preferred in good grouting practices, because there existed an appreciable quantity of unfilled micro-cracks or soil voids due to bleeding. The less the bleeding capacity, the higher the stone ratio of fresh SMCG slurry.



In Table 5, bleeding capacity increased with the increase in W/S. The SMCG slurries were stable at the W/S of 1.0 and 1.2, regardless of the addition amounts of different SP in this study. Without SP, the slurries were stable at the W/S of 1.5, and they generally became unstable when W/S exceeded 1.5. This result is generally in accordance with the finding that MCG is stable for W/S until 1.6. When the W/S reached or exceeded 1.5, the addition of SP (1.2% PCE, 2.0% N and 1.5% M) generally resulted in the increase in bleeding capacity. The bleeding difference between OPC and MC was significant, the bleeding seems to be influenced more observably by PSD or fineness than the cement type. The bleeding rates of CEM I grouts with 2.0% N and 1.5% M were higher than those with 1.2% PCE; this might be because the amounts of N and M were relatively high.



Figure 8 presents the effect of SP content and cement type on bleeding rates of fresh SMCG slurries at W/Ss of 1.0 and 1.5. At the W/S of 1.0, the bleeding rates were all less than 5%, regardless of SP type and SP content. At the W/S of 1.5, the CEM III/B was selected to illustrate the effect of SP content on bleeding. When the amounts of N, M and PCE exceeded 1.0%, 0.6% and 0.9%, the bleeding rates increased observably and the fresh CEM III/B MCG started to become unstable rapidly. To ensure the stability of slurries, the SP content should not be very high when the W/S exceeded 1.5. When the W/S is exceeded, the amount of SP should be not too high to ensure the good stability and avoid oversaturation phenomena of SMCG slurry. At the initial W/S of 1.5, the M tended to be unstable more easily when the SP content increased. At the initial W/S of 1.0, the bleeding phenomenon was not obvious, and the amounts of N, M and PCE could attain 1.8–2.0%.



Figure 9 shows typical bleeding photos of the fresh slurries at W/Ss of 1.0 and 1.5. There was almost no bleeding water for CEMIII/B SMCG slurries with W/S of 1.0, regardless of the amount of M. While at the W/S of 1.5 and 1.5–1.8% M, the oversaturation phenomenon or segregation layer was obvious. The 1.5% content of M might have been the transitional point of saturation, especially after high-speed mixings. At the W/S of 1.5, the saturation phenomenon and segregation layer were observed for 1.5–2.0% N or 1.2–1.5% PCE. When the W/S exceeds 1.5, the amounts of N, M and PCE are suggested to be within 2.0%, 1.5% and 1.5% to avoid oversaturation.



The effective W/S is necessary and helpful for understanding hydration efficiency and mechanical property difference caused by bleeding phenomenon. Figure 10 shows the effect of SP, cement type and initial W/S on the effective W/S of fresh SMCG slurry. The effective W/S is closely related with bleeding capacity under various initial W/S. For stable slurries at initial W/S of 1.0 and 1.2, the effective W/S was almost identical to the initial W/S. With the increase in initial W/S, the difference between effective W/S and initial W/S increased accordingly. The fineness is still the key controlling factor compared with the effective W/S of SMCG and OPC, and the differences of effective W/S among different MCs (without SP) were little. The SP type, SP content and W/S should be combined to shorten the difference between effective W/S and initial W/S, especially under the conditions of high SP content and high initial W/S.




4.4. Final Setting Time


Determination of setting time is practical for grouting projects, because the subsequent drilling must wait for the final setting of grouts in the previous grouting holes. Figure 11 shows the final setting times of fresh SMCG with different SP, cement type and W/S. The appropriate final setting time is advised because rapid setting can lead to opening cracks or noneffective filling during the blocking process and long setting may be disadvantageous due to probable washout, useless running slurry or freezing below 0 °C. The final setting time increased generally with the increase in SP content, regardless of SP type. Although the effect of W/S on the final setting time was obvious, the effect of SP content should not be neglected. The final setting times of SMCG with PCE tend to be larger than those with N and M, this might be because the delaying of hydration reaction is more obvious and their plasticity is enhanced markedly. Meanwhile, the lower bleeding rates and more water retaining capacity of MC with PCE might enhance the final setting time. The final setting times of SMCG are larger than 4 h, and this can ensure that the final setting time is not rapid. With the increase in slag content or decrease in clinker content, the final setting time increased with different degrees. At the W/S of 1.5, the final setting times of CEM III/B SMCG with 0.5–2.0% N, 0.6–1.8% M and 0.6–1.8% PCE were about 12.4–19.2 h, 13.5–17.9 h and 13.6–19.7 h, respectively. These final setting times were less than 24 h, it might be due to the relatively high hydration rates generated by fine cement grains and high specific surface areas.




4.5. Stability of Stone Body


Due to bleeding, the SMCG can set at various speeds throughout their bodies, and the shrinkage is easily caused especially for the fine cement grains. In grouting practice, the lack of moisture or low ambient humidity can result in reopening of cracks and decreasing interface bonding strength. The shrinkage of SMCG stone body is presented in Figure 12 to evaluate the dimensional stability stone body. In Figure 12, all SMCG with different SP and cement type shrank at 30% R.H. With 1.2% PCE, the shrinkage values of slag-based grout (CEM III/B) were highest, followed by slag-blended grout (CEM II/B-M) and Portland-based grout (CEM I). The range of shrinkage range of SMCG was 0.30–0.41% within 180 days. The shrinkage rates of CEM I SMCG with 2.0% N and 1.5% M were higher than those with 1.2% PCE, and this might be due to the lower bleeding capacity and higher capillary water contents of SMCG with 1.2% PCE. The hardened SMCG requires moisture in a period of time to fulfill the main hydration process, and the time is not merely some hours after mixing or preparation. The loss of capillary water of fine cement grains might be the main reason for the shrinkage in dry environments [43]. In dry environments, some studies verified that water molecules controlled by capillary tension in small capillaries (5–50 nm) are easily moved away through the function of evaporation, and this might lead to the shrinkage of hardened stone body [44,45]. In conclusion, the shrinkage is closely related with the environmental humidity, cement type, SP type, SP content and setting rates.




4.6. Flexural and Unconfined Compressive Strength


The studies about combined effects of MC type, SP type, SP content and W/S on the flexural strength (FS) and unconfined compressive strength (UCS) of SMCG are rare at present. Figure 13 shows the FS and UCS of SMCG with key components at W/Ss of 1.0 and 1.5. The FS of SMCG stone body was related closely with the SP type, SP content, curing day and W/S. There were differences among variation characteristics of 3-day, 7-day and 28-day FSs. The 28-day SMCG stone bodies have matured and the 28-day FSs were analyzed emphatically. In comparison, the 28-day FSs of CEM I SMCG were about 2.91 and 1.33 MPa when the W/Ss were 1.0 and 1.5, respectively. With 1.2% PCE, the 28-day FS was followed by CEM II/B-M, CEM III/B and CEM I, the 28-day FS range of SMCG was approximately 3.1–3.9 MPa, which were generally higher than that of CEM I SMCG without SP. To obtain high 28-day FS, there existed relatively optimal amounts of N and PCE. For example, the 28-day FSs of CEM I SMCG with 1.5% N and 1.5% PCE were 4.94 and 4.39 MPa, respectively. The 28-day FS of CEM I SMCG decreased when the N content increased from 1.5% to 2.0%, and the high amount (≥2.0%) of N might be adverse for the 28-day FS of CEM I stone bodies. Although the 28-day FS (3.28 MPa) of CEM I SMCG with 1.2% M was lower than that with 1.5% N or 1.5% PCE, it was higher than that of CEM I SMCG without SP. It was also observed that the 28-day FS of various SMCG at the W/S of 1.5 was generally lower or close to the 3-day FS of SMCG at the W/S of 1.0. For example, at the W/S of 1.5, the 28-day FSs of SMCG with 0.6–1.5% PCE, 1.0–2.0% N and 1.2% M were about 1.48–1.69, 1.38–2.62 and 1.50 MPa, respectively. This illustrated that the W/S was the key controlling factor for FS considering the effects of cement type, SP type and SP content. In conclusion, the addition of SP can increase the 28-day FS with different degrees, the reason might be that the addition of SP is helpful for improving the bending toughness of hardened SMCG. The 3-day and 7-day FSs were relatively satisfied, the 28-day FS was relatively low at the W/S of 1.5, regardless of cement type, SP type and SP content.



The reports about synergistic effects of MC type, SP type, SP content and W/S on the unconfined compressive strength (UCS) of SMCGs are rare at present. The UCS values of key formulations in Figure 13b are obtained to fill the corresponding gap in repair practices. Figure 13b shows the UCS of SMCG with key formulation at W/Ss of 1.0 and 1.5. For different formulations, there existed differences among UCS under different curing days. In comparison, the 28-day UCSs of CEM I SMCG were about 15.45 and 5.38 MPa when the W/Ss were 1.0 and 1.5, respectively. Although the addition of 1.2% PCE was helpful for improving the 28-day FS, the 1.2% PCE tended to decrease the 28-day UCS of SMCG. For example, with 1.2% PCE, the 28-day UCSs of CEM I, CEM II/B-M and CEM III/B were about 4.1–12.0, 4.2–13.0 and 4.0–12.9 MPa at the W/S of 1.0–1.5, respectively. Additionally, they were generally lower than that of CEM I SMCG without SP. Meanwhile, the 28-day UCS of CEM I decreased when the PCE content increased from 0.6% to 1.5%. This might be that the compactness tended to decrease with the increase in PCE content though the bleeding is little. With the addition of 1.0–2.0% N, it was observed that the UCS difference among 3-day, 7-day and 28-day was little, and the 1.5% N was more suitable to enhance the UCS. For example, the 3-day, 7-day and 28-day UCSs of CEM I SMCG at W/S of 1.0 were 9.9–11.0, 11.0–13.3 and 12.4–14.6 MPa when the content of N was 1.0–2.0%, respectively. Additionally, the 28-day UCSs were 13.9, 14.6 and 12.4 MPa when the N contents were 1.0%, 1.5% and 2.0%, respectively. Although the 28-day UCS (11.0 MPa) of CEM I SMCG with 1.2% M was lower than that with 1.5% N, 0.6% PCE or 0% SP, it was acceptable. The W/S was still the key controlling factor for UCS, it was found that the 28-day UCSs of various SMCG at the W/S of 1.5 were generally lower or close to the 3-day UCSs at the W/S of 1.0. For example, at the W/S of 1.5, the 28-day UCSs of SMCG with 0.6–1.5% PCE, 1.0–2.0% N and 1.2% M were about 4.1–5.2, 6.9–8.0 and 5.8 MPa, respectively. In conclusion, the SP reduced the 28-day UCS in different degrees.



Figure 14 shows the failure section characteristics of the 28-day of CEM III/B SMCG stone with various SP and W/S of 1.0. In Figure 14a–d, the color and hardening state varied significantly when the N content increased from 0.5% to 2.0%. For example, the hardening state started to become inhomogeneous when the N content exceeded 1.0%, there existed separated layers with corresponding colors when the N content reached 1.0%, and three separated layers existed obviously when the N content was 2.0%. This phenomenon might be mainly due to the different bleeding rate, hydration or hardening speed, and compatibility between SP and MC composition. In Figure 14 e–g, at the W/S of 1.0, there was almost no change of color and hardening state when the PCE content increased from 0.5% to 1.5%. Meanwhile, the height sizes were almost same as width sizes, proving there was almost no bleeding water, regardless of the PCE content. Within 0.5–1.5% content of PCE, it could be inferred that hardening or hydration rates are homogeneous, and the compatibility between PCE and MC composition is excellent.



The studies about the brittleness evaluation of SMCG based on FS/UCS ratios are few at present, especially considering the combined effects of MC type, SP type, SP content and W/S. Figure 15 shows the FS/USC ratio of SMCG with key formulations. In comparison, the 3-day and 28-day FS/UCS ratios of CEM I SMCG were 0.20 and 0.19 at the W/S of 1.0, and the 28-day FS/UCS ratio was 0.25 at the W/S of 1.5. The 0.6–1.5% PCE, 1.5–2.0% N and 1.2% M can enhance the FS/UCS with different degrees; this might indicate that they have more bending or shearing resistance energy, and it is helpful for improving the brittleness of SMCG. The 28-day FS/UCS ratios of CEM I SMCG with 1.0% N were relatively low (0.13–0.21) at the W/S of 1.0 or 1.5; this might be because the 1.0% content of N is relatively low to improve the FS/UCS. It was observed that the FS/UCS tended to be affected seriously by UCS values because the UCS was generally much higher than FS. The effect of a single factor such as curing day, W/S, cement type or SP was not obvious and there existed some randomness. The FS/UCS or brittleness evaluation should be combined with the specific values of FS and UCS.




4.7. Microstructures


Figure 16 shows the XRD and FTIR results of 28-day SMCG stone bodies at the W/S of 1.0. In Figure 16a, the main hydration products of CEM II/B-M SMCG were Portlandite-syn Ca(OH)2, Calcium Silicate-Ca3SiO5, Larnite-beta-Ca2(SiO)4, Ettringite, etc. With 2% N, the main hydration products of CEM III/B SMCG were Portlandite-syn Ca(OH)2, Ettringite, AFm, Calcium Silicate-Ca3SiO5, Larnite-beta-Ca2(SiO)4, etc. The diffraction peak of ettringite was not found obviously, this might be because the ettringite had been transformed into AFm or reacted to amorphous gels, especially at initial W/S of 1.0. With 2% N, the main hydration products of CEM III/B SMCG were similar to those of CEM I SMCG. It was observed that there existed little difference of mineral composition between CEM II/B-M with 2% N and CEM II/B-M without SP. This might be because the 2% content of N was not easily found, the SP did not participate in mineral reaction or the organic polymer was difficult to detect through this method. Figure 16b shows the FTIR result of typical 28-day SMCG stone bodies at the W/S of 1.0. The vibration bands of the four typical samples were similar. The band appearing at about 454 cm−1 was attributed to the bending vibration of Si–O–Si and O–Si–O [46]. The band at about 668 cm–1 was assigned to the Al–O stretching vibration in AlO4 groups [47]. The bands at approximately 1420, 1470 and 880 cm–1 were associated to the asymmetric stretching mode of the O–C–O bonds of carbonates [47]. The band between 900 and 1300 cm−1 was related assigned to the asymmetric stretching mode of the Si–O–T (T: tetrahedral Si or Al) comprising the C–(A)–S–H gels [48]. The bands at about 1650 and 3450 cm−1 were features of water vibration, the intensity between 3450 and 3642 cm−1 tended to decrease with the increase in slag content, and the bands at around 3642 cm−1 could be attributed to the vibration of OH in Ca(OH)2 [49]. There existed other tiny shifted intensity peaks (454, 668, 880, 1470 and 3642 cm−1) among the selected SMCG formulation, this might be mainly due to the combined effects of slag and SP content.



Figure 17 shows the SEM photos of 28-day hardened SMCG at the W/S of 1.0. In Figure 17a,b, the distribution of pore was random, the spaces among hydrated gels were relatively large. This kind of microstructure might not be helpful for the resistance to fracture. In Figure 17c,d, although there existed some microcracks, the addition of 2.0% N seemed to be helpful for improving the compactness of hydration minerals, and there were no significant big pores. In Figure 17e,f, the gel structures of CEM III/B SMCG with high slag content was compact with the dispersion effect 2.0% SP, and the gaps among minerals were small. In comparison with the results of FS and UCS, the 1.5% N could be helpful for improving the mechanical and microstructure performance of SMCG stone bodies. This might be because that the amount of 1.5% N was relatively approximate for improving the compactness and mechanical strength. Therefore, the optimal amount of SP can enhance the rheological behavior and improve the homogeneity of microstructure and mechanical performance.





5. Conclusions


(1) At the W/S of 1.0, the spreading ability and flowability of SMCG were relatively satisfied when the N, M and PCE contents were 1.5–2.0%, 1.2–1.8% and 0.9–1.5%, respectively.



(2) The effects of SP type and content on viscosity were more obvious than those of cement composition, the function mechanism of different SP was concluded, and the dispersion effects of SP were followed by PCE, M and N in order of influence degree.



(3) To avoid instability, long-setting (>24 h) or oversaturation, the W/S is suggested to be less than 1.5, and the N, M and PCE contents are suggested to be within 2.0%, 1.5% and 1.5% if the W/S exceeds 1.5.



(4) The W/S was the key controlling factor for FS and UCS, the 7-day and 3-day strengths were relatively satisfied at the W/S of 1.0, and the 3-day FS and UCS with the W/S of 1.0 tends to be higher than the 28-day ones with the W/S of 1.5.



(5) The SP could be helpful for improving the FS or brittleness, however, it tended to decrease UCS with various degrees. There is optimal SP content such as 1.5% N for UCS.



(6) The characteristics of microstructure and minerals were determined with SPs, and the optimal amount of SP could be helpful for improving the homogeneity of microstructure.



The optimized formulation of SMCG is important before engineering application. This research aimed at compensating for the missing data in existed reference and providing optimization suggestions for repair engineering.
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Figure 1. Particle size distributions (PSD) of MCs and OPC. 
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Figure 2. Chemical molecular structure of superplasticizers (N-BNS, M-PMS and PCE). 
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Figure 3. Experimental formulation and approach. 
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Figure 4. Effect of SP and cement type on mini-slumps and flow times of SMCG at the W/S of 1.0. 
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Figure 5. Effect of cement type and W/S on viscosity variation of fresh SMCG (0% SP) within initial 20 min. 
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Figure 6. Effect of SP and cement type on viscosity variation of fresh SMCG at the W/S of 1.0. 
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Figure 7. Effect of SP and cement type on the initial viscosity of fresh SMCG at the W/S of 1.0. 
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Figure 8. Effect of SP content and cement type on bleeding rates of fresh SMCG at W/S of 1.0 and 1.5. 
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Figure 9. Typical bleeding photos of the fresh slurries (a) CEMIII/B, 1.0, 0.6%M (b) CEMIII/B, 1.0, 1.2%M (c) CEMIII/B, 1.0, 1.8%M (d) CEMIII/B, 1.5, 2.0%N (e) CEMIII/B, 1.5, 2.5%N (f) CEMIII/B, 1.5, 1.2%PCE (g) CEMIII/B, 1.5, 1.5%PCE (h) CEMIII/B, 1.5, 1.5%M (i) CEMIII/B, 1.5, 1.8%M. 
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Figure 10. Effect of SP, cement type and initial W/S on the effective W/S of fresh SMCG slurry. 
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Figure 11. Final setting times of fresh SMCG with different SP, cement type and W/S. 
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Figure 12. Shrinkage of SMCG stone bodies with different cement type, SP type and SP content at 30% R.H. 
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Figure 13. Flexural and unconfined compressive strengths of SMCG with key formulation (cement type, SP type, SP content and W/S). (a) Flexural strength; (b) Unconfined compressive strength. 
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Figure 14. Failure section characteristics of the 28-day of CEM III/B MCG stone with various SP and W/S of 1.0 (a) 0.5%N (b) 1.0%N (c) 1.5%N (d) 2.0%N (e) 0.5%PCE (f) 1.0%PCE (g) 1.5%PCE. 
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Figure 15. FS/USC ratio of SMCG with key formulation (cement type, SP type, SP content and W/S). 
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Figure 16. XRD and FTIR results of 28-day SMCG stone bodies at the W/S of 1.0. (a) XRD results; (b) FTIR results. 
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Figure 17. SEM photos of 28-day hardened SMCG at the W/S of 1.0 (a) CEM II/B-M, 1000× (b) CEM II/B-M, 2000× (c) CEM II/B-M, 1.5% N, 1000× (d) CEM II/B-M, 1.5% N, 2000× (e) CEM III/B, 1.5% N, 1000× (f) CEM III/B, 1.5% N, 2000×. 
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Table 1. The composition of different microfine cements in this study.
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Cement Type

	
CEM I

	
CEM II/B-M

	
CEM III/B






	
Oxide (%)

	
SiO2

	
19.97

	
21.65

	
30.40




	
Al2O3

	
4.02

	
9.15

	
9.80




	
Fe2O3

	
3.38

	
2.85

	
1.50




	
CaO

	
64.01

	
54.06

	
45.2




	
MgO

	
2.36

	
3.90

	
5.90




	
Na2O

	
0.21

	
0.24

	
0.46




	
K2O

	
0.58

	
0.66

	
0.30




	
SO3

	
2.09

	
3.62

	
2.80




	
TiO2

	
0.28

	
0.49

	
0.50




	
P2O5

	
0.21

	
0.23

	
0.18




	
LOI

	
2.69

	
2.87

	
2.80




	
Components (%)

	
Clinker

	
90

	
63

	
25




	
Limestone

	
5

	
5

	
3




	
Slag

	
0

	
22

	
70




	
Fly ash

	
0

	
5

	
0




	
Gypsum

	
5

	
5

	
2
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Table 2. The physical properties of different microfine cements in this study.
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	Cement Type
	CEM I
	CEM II/B-M
	CEM III/B
	OPC





	d10 (µm)
	0.89
	1.01
	1.06
	2.39



	d50 (µm)
	3.21
	3.64
	4.22
	9.70



	d95 (µm)
	10.92
	11.15
	12.81
	37.62



	d100 (µm)
	20.02
	20.02
	20.50
	110.00



	Specific gravity
	3.1
	3.1
	2.9
	3.1



	Fineness, m2/kg
	870
	850
	825
	430
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Table 3. Property and classification of different SP used in this study.
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Symbol

	
Type

	
Aspect

	
Bulk Density (kg/m3)

	
Solid Content (%)

	
pH

	
Recommended Dosage (%)

	
Repulsion Mechanism




	
Electrostatic

	
Steric Hindrance






	
N

	
FDN-C

	
Dark brown

	
1.2 × 103

	
≥92

	
7–9

	
0.5–2.0

	
*

	
-




	
M

	
F10

	
White

	
0.5–0.8 × 103

	
≥96

	
9–11.4

	
0.2–2.0

	
*

	
-




	
PCE

	
530P

	
White

	
0.5 ± 0.1 × 103

	
≥95

	
7.0 ± 0.5

	
0.3–1.5

	
*

	
*








* represents the SP has the function of electrostatic repulsion mechanism.
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Table 4. Mini-slumps and flow times of fresh SMCG under different W/S in this study.
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W/S

	
Mini-Slump (mm), without SP

	
Flow Time (s), without SP




	
CEMI

	
CEMII/B-M

	
CEMIII/B

	
OPC

	
CEMI

	
CEMII/B-M

	
CEMIII/B

	
OPC






	
1:1

	
90

	
106

	
115

	
328

	
-

	
48.32

	
46.84

	
30.19




	
1.2:1

	
130

	
152

	
164

	
367

	
50.16

	
42.28

	
39.32

	
28.28




	
1.5:1

	
216

	
221

	
228

	
-

	
47.43

	
36.87

	
32.66

	
-




	
2:1

	
295

	
296

	
299

	
-

	
29.19

	
28.97

	
28.22

	
-




	
2.5:1

	
342

	
348

	
352

	
-

	
27.47

	
26.89

	
26.34

	
-
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Table 5. Bleeding capacity of fresh SMCG with different SP, cement type and W/S in this study.
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W/S

	
Bleeding Capacity (%), without SP

	
Bleeding Capacity (%), with SP




	
CEMI

	
CEMII/B-M

	
CEMIII/B

	
OPC

	
CEMI,

1.2%PCE

	
CEMI,

2.0%N

	
CEMI,

1.5%M

	
CEMII/B-M,

1.2%PCE

	
CEMIII/B,

1.2%PCE






	
1:1

	
0

	
0

	
0

	
29

	
0

	
0

	
0

	
1

	
2




	
1.2:1

	
1

	
1

	
1

	
32

	
1

	
1

	
1

	
2

	
4




	
1.5:1

	
3

	
3

	
5

	
38

	
5

	
8

	
17

	
6

	
10




	
2:1

	
14

	
16

	
20

	
-

	
16

	
24

	
23

	
21

	
24
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