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The effects of the tuff powder which is produced from southwestern China on cement mortars fluidity, compressive strength ([image: image]) and dry shrinkage are investigated in this paper. In addition, the pore structure, hydration products and morphology of the blend cementitious materials are studied by means of MIP, XRD and SEM, respectively. On this basis, the fractal dimension of pore surface area (Ds) is also proposed in this paper. The results show that with the increasing mixing amount of tuff powder, [image: image] presents a gradual decreasing trend while fluidity and dry shrinkage increase first and then decrease. Meanwhile, the total porosity and the proportion of harmful pores (>100 nm) present a gradual increasing trend. By contrast, the proportion of the little harmful (20–100 nm) and harmless pores (below 20 nm) shows a decreasing trend. As the curing age increases, the pore diameter becomes smaller, the distribution of the most probable pore size is mainly between 5 and 50 nm at 180 days. The pozzolanic activity of tuff powder is low, and the consumption of Ca(OH)2 through the secondary hydration reaction is very limited. The pore surface area of the paste exhibits obvious fractal characteristics. With the increase of curing age and the decrease of tuff powder mixing amount, the Ds becomes larger because the hydration process gradually increases the density of the paste. However, the addition of tuff powder increases the proportion of the macropores and reduces the strength of the paste. For engineering applications, the recommended amount of tuff powder in concrete should be less than 20% to obtain the optimal comprehensive performance, such as mechanical properties, durability properties and pore structure.
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INTRODUCTION
Tuff is a natural pozzolanic material (Reported by ACI committee 116, 2005) with pozzolanic activity, bedded structures and diverse colors. The tuff can be classified as crystal tuff, vitric tuff, and lithic tuff in terms of the composition of volcanic debris.
As a supplementary cementing material, tuff powder has been extensively studied and widely applied. B.Liguori, Ahmet Cavdar, etc. (Liguori et al., 2015; Cavdar and Yetgin, 2007; Vigil de la Villa et al., 2009) discovered and proved that the zeolite-type tuff powder from Turkey, Cuba and other places had pozzolanic activities and proposed that it was feasible to manufacture an environmentally friendly composite cement by using this zeolite-type tuff powder. A.G. Turkmenoglu and Tankut (2002) studied the mechanical strength of mortar added with tuff power and found that the clay minerals and zeolites in the mortar were formed by the alteration of volcanic glass, which was the most reactive phase and efficient in reducing mechanical property. The alteration also caused the enrichment of tuff power relative to alkali content. Li et al. (Xiang et al., 2017; Xiang et al., 2018) proposed that the morphological effect and micro-aggregate effect of the tuff power were primarily active at the early stage of hydration in the case of tuff power as a mineral admixture in concrete. Moreover, the pozzolanic activity of tuff powder was inferior to that of high-quality Class F fly ash. With increasing replacement rate of cement by tuff powder, the compressive strength ([image: image]) of cement mortar was gradually decreased.
Tuff powder has been successfully applied in hydraulic projects in China in recent years. The application of the tuff powder in hydraulic concrete is of huge benefits and advantages, which include improved crack resistance of concrete, simplified temperature control measures, shorter construction period, and lower overall costs. For instance, in the Manwan hydropower project, a gravity dam with a maximum dam height of 132 m located in southwestern China (Yusheng et al., 1992), nearly 110,000 tons of tuff powder was used for dam concrete, which saved at least 1 million dollars in project cost. In a further example, for the Dachaoshan hydropower project, a roller-compacted concrete gravity dam with a maximum dam height of 115 m in the southwest of China, a region where the fly ash resources are quite scare, approximately 100,000 tons of the combination of phosphorous slag powder and tuff powder at a constant ratio of 1:1 by weight was used (Zhongzheng and Cairong, 1999; Yiren and Xiaolin, 2000).
In this paper, the effects of the tuff powder sourced from southwestern China on cement mortar fluidity, [image: image] and dry shrinkage are investigated. The internal pore structure and pore size distribution, hydration products and microstructure morphology of tuff powder-cement pastes are studied using mercury intrusion porosimeter (MIP), X-ray diffraction (XRD) and scanning electron microscopy (SEM). In addition, the fractal dimension of pore surface area is calculated to characterize the complexity of pore structure. This study aims to provide guidance for the application of tuff mineral admixture in hydraulic concrete in China.
MATERIALS AND EXPERIMENTAL METHODS
Raw Materials
The raw materials used in this study included moderate-heat Portland cement (P·MH 42.5), tuff powder and ISO standard sand. The chemical compositions of powder materials were presented in Table 1. The tuff was produced in a region in southwest China, and it was ground into powder before use. It can be seen from Table 1 that the total amount of SiO2, Al2O3 and Fe2O3 of tuff powder exceeds 70%, the amount of SO3 is no more than 4.0%, and the loss of ignition is no more than 10.0%. The chemical compositions meet the requirements for a pozzolanic material according to ASTM C618 (Standard specifications for fly ash and raw and calcined natural pozzolan for use as a mineral admixture in portland cement concrete, 2000).
TABLE 1 | Chemical compositions of cement and tuff powder (wt.%).
[image: Table 1]The test results of physical properties of tuff powder are shown in Table 2, and all the results comply with the relevant requirements of DL/T 5273-2012 for natural pozzolanic materials (DL/T 5273-2012, 2012). The water requirement ratio is the ratio of water requirements of a test mortar to a reference mortar under the same fluidity. The activity index is the ratio of [image: image] at 28 days of a test mortar to a reference mortar under the consistent water consumption. The cement with fraction of 30% is replaced by tuff powder in the test mortar. However there is no tuff powder in the reference mortar.
TABLE 2 | The physical properties of tuff powder.
[image: Table 2]Thin slices of the tuff were placed under a polarizing microscope and the mineral phase of the tuff was identified. The polarizing micrographs are displayed in Figure 1. The results show that the tuff rock has a palimpsest texture with a massive structure, and it is identified as a black-green metamorphic basaltic crystal tuff. Crystal debris accounts for about 73% of the tuff rock, disorderly distributed in metamorphic ashes. The main component is plagioclase with a small amount of pyroxene. Basalt debris makes up for about 2%, and the matrix has already been altered. Metamorphic volcanic ash constitutes about 25%, and all of them have been altered. The minerals formed include fibrous uralite, zoisite, irregular black iron sericite, cryptotaxis, etc.
[image: Figure 1]FIGURE 1 | Polarizing Micrographs of Tuff.
The SEM images of tuff powder are shown in Figure 2. It can be seen that after mechanical grinding, the tuff powder particles become fragmented and clastic, with particle sizes less than 10 µm.
[image: Figure 2]FIGURE 2 | SEM Images of Tuff Powder.
Experimental Methods
According to GB/T 2419-2005 “Test Method for Fluidity of Cement Mortar” (GB/T 2419-2005, 2005) and GB/T 17671-1999 “Test Method for Strength of Cement Mortar” (GB/T 17671-1999, 1999), the fluidity and [image: image] of tuff powder-cement mortar were tested, the mass ratio of water to binder (cement and tuff power) was 0.5, and the ratio of binder to sand was 1:3. After demoulding, the specimens of [image: image] with the size of 40 mm × 40 mm × 160 mm were kept in water until the prescribed testing age was reached. The [image: image] ratio of mortar can be calculated according to Eq. (1).
[image: image]
Where [image: image] is the compressive strength of tuff powder-cement mortar (MPa), [image: image] is the compressive strength of cement mortar (MPa), and K is the compressive strength ratio (%).
According to JC/T 603-2004 “Test Method for Dry Shrinkage of Cement Mortar” (JC/T 603-2004, 2004), the dry shrinkage deformations of tuff powder-cement mortar were tested. The binder-sand mass ratio of the mortars was 1:2. The water consumption of the mortar was determined by achieving a mortar fluidity of 130–140 mm. The size of the mortar specimens was 25 mm × 25 mm × 280 mm. After two days of water curing, the initial lengths of the mortar specimens were measured. Then the specimens were moved and stored in a dry room with a relative humidity of 50% ± 4% until tested. The shrinkage rate of cement mortar could be calculated according to Eq. (2):
[image: image]
Where L0 is the initial length of specimen (mm), Lt is the length of specimen at t days (mm), and 250 is the effective length of specimen (mm).
The mixing amount of tuff powder-cement paste used for microstructure tests is depicted in Table 3. The ratio of water to binder was 0.35. The cement paste was placed in a 5 ml centrifuge tube, and then sealed and kept in a standard curing room at a temperature of 20 ± 1°C with a relative humidity greater than 90%. The specimens were crushed by a hammer at 7, 28, 90 and 180 days, and some pieces in the middle part of the specimen were immersed in absolute ethanol to stop hydration. Particles with sizes around 5 mm were selected for MIP and SEM analysis. Powder ground from particle were used for XRD testing.
TABLE 3 | Mixture proportion of tuff powder-cement paste.
[image: Table 3]The internal pore structure of tuff powder-cement paste was measured by using MIP, which enabled the measurement of pore sizes ranging from 3 nm to 100 µm. The morphology of hydration products at different curing ages was characterized using SEM with a resolution of 3 nm and a magnification between 18 times and 300,000 times. An X-ray diffractometer was used to test the type and content of crystalline phases in the hydrated products.
The porosity of the hardened paste could be calculated according to Eq.(3) based on the cumulative pore volume and volume density.
[image: image]
Where VTIV is the cumulative pore volume (mm3/g), ρbulk is the bulk density (g/ml) and Φpore is the porosity of the hardened paste (%).
RESULTS AND DISCUSSION
Fluidity of Tuff Powder-Cement Mortar
The test results of fluidity of tuff powder-cement mortar are shown in Figure 3. It can be seen that with the increase of the mixing amount of tuff powder, the fluidity of cement mortar first increases and then decreases, and the maximum value occurrs when the mixing amount is 10%. When the amount of tuff powder is less than 10%, the tuff powder has a slight water-reducing effect, resulting in an increased fluidity. When the tuff powder content is in excess of 10%, it can increase the adhesion and the yield shear stress of the cement mortar, thus decreasing the fluidity.
[image: Figure 3]FIGURE 3 | The test results of fluidity of tuff powder-cement mortar.
[image: image] of Tuff Powder Cement Mortar
The test results of [image: image] of tuff powder-cement mortar at different mixing amount are illustrated in Table.4.
TABLE 4 | The [image: image] of tuff powder-cement mortars
[image: Table 4]As can be seen from Table 4, the increase in curing age is accompanied by the steady increase of the [image: image] of each mortar specimen. Table 4 also shows that with the rising mixing amount of tuff powder, the [image: image] tapers off. Beyond that, the [image: image] ratios of mortar (K) are in excess of 70% at a tuff powder dosage of less than 20%. When the mixing amount of tuff powder is 60%, the K even drops below 40%.
Dry Shrinkage Deformation of Tuff Powder-Cement Mortar
The test results of the dry shrinkage rate of tuff powder-cement mortar are demonstrated in Figure 4.
[image: Figure 4]FIGURE 4 | The dry shrinkage rates of tuff powder-cement mortar.
It can be seen that with the increase of the mixing amount of tuff powder, the shrinkage rates of mortar specimens fall after the first rise, which is similar to the trend of mortar fluidity, and the inflection point occurs when the amount is 10%. When the content of tuff powder is 20%, the early shrinkage of the test mortar is equivalent to that of the pure cement paste, except that the former is slightly lower in the later period. Therefore, the lower amount of tuff powder could increase the shrinkage of the hardened paste, while a relative higher content of more than 20% could inhibit the shrinkage development of the hardened paste to a certain extent.
The dry shrinkage test was performed under the condition of maintaining a certain degree of mortar fluidity. It can be seen from 3.1 that when the water-binder ratio is fixed and the tuff mixing amount is 10%, the fluidity of tuff powder-cement mortar is the greatest. As a result, under such conditions, the water consumption of the molded dry shrinkage mortar is at the minimum level, and the mixing amount of the cementitious materials is at the maximum, causing the dry shrinkage value of the hardened specimen to be at the largest value. Based on the above mortar test results, it is applicable to control the amount of tuff powder to be within 20%, which causes little effect on the fluidity and dry shrinkage of the mortar, while consistently maintaining the [image: image] ratio at above 70%.
MIP Results
The differential pore size distribution curves of tuff powder-cement hardened paste at different curing ages are provided in Figure 5. The changes of critical pore size with curing age and the amount of tuff powder are revealed in Figure 6. At a certain pore size, the differential curve after derivation of the cumulative pore volume could reflect the pore size distribution of the hardened paste. The pore size corresponding to the peak on the curve in Figure 5 is the critical pore size according to Refs (Wu et al., 2016; Flores et al., 2017). As the peak shifts to the right, the critical pore size becomes larger. Therefore, it can be indicated that the critical pore size gradually declines with the age, while larger tuff powder content allows for greater critical pore size.
[image: Figure 5]FIGURE 5 | The differential pore size distribution curves of tuff powder-cement hardened paste.
[image: Figure 6]FIGURE 6 | The changes of critical pore size with curing age and the amount of tuff powder.
The effects of the addition of tuff powder on the porosity of the paste are shown in Figure 7. The results indicate that as the curing age increases, the hardened paste is continuously filled with hydration products, and the most probable pore size of each sample gradually decreases. At the same time, the paste porosity also gradually decreases, and the harmless pores increases while larger pores gradually decreases. At the hydration age of 180 days, the total porosity of all samples is less than 20%, which has a high density. When the tuff powder mixing amount is 20%, the early porosity of the slurry decreases slightly, but with the increase of the tuff powder amount, the porosity of the hardened slurry gradually increases. When the amount is 50%, the porosity exceeds 30% at 7 days.
[image: Figure 7]FIGURE 7 | The total porosity of tuff powder-cement hardened paste at different curing ages.
Mehta and Monteiro (2006) classified the pores in concrete into four grades according to the pore size: below 4.5 nm, 4.5–50 nm, 50–100 nm, and above 100 nm. Pores above 100 nm were considered as harmful pores, which affected the strength and permeability of concrete, while pores below 100 nm were considered as little harmful or harmless pores. Zhongwei and Huizhen (1999) divided the pores into harmless pores (below 20 nm), little harmful pores (20–100 nm), harmful pores (100–200 nm) and more harmful pores (above 200 nm) according to the damage degree of pore size to concrete properties. It was also proposed that increasing the pores sized below 50 nm and reducing the pores sized above 100 nm could improve the performance of concrete. In this study, the pores are classified combining the above two classification methods as below 5 nm, 5 –20 nm, 20 –50 nm, 50 –100 nm, 100 –200 nm, and above 200 nm. The pore structure and pore size distribution of the tuff powder-cement hardened paste are investigated and shown in Table 5.
TABLE 5 | The pore structure and size distribution of the tuff powder-cement hardened paste.
[image: Table 5]It can be inferred from Table 5 that at the hydration age of 7 days, the amount of tuff powder increases the fraction of macropores above 100 nm, and reduces the fraction of little harmful (20–100 nm) and harmless pores (below 20 nm) in the hardened paste. The greater the amount of admixture, the more significant this trend is. As the curing age increases, the pore size gradually becomes smaller, especially the samples with larger porosity in the early age. At the hydration age of 180 days, the most probable pore sizes in samples are primarily within the range of 5–50 nm. It could be seen that the mixing of tuff powder deteriorates the pore structure of paste to a certain extent at the early age. However, as the age increases, the refinement of the overall pore structure is observed, which is beneficial to material durability. Therefore, the amount of tuff powder should be controlled within 20% in order to reduce the adverse effects on the pore structure and ensure the mechanical and durability properties of the material.
XRD and SEM Results
At the hydration age of 180 days, the XRD patterns of cement pastes with different amounts of tuff powder are shown in Figure 8. According to the position and intensity of the diffraction peaks, it is known that there are cement hydration product Ca(OH)2 crystals, a small amount of ettringite and unhydrated clinker phases (C3S and C2S) in the three groups of specimens. In addition, there are feldspar and low-temperature quartz in the cement paste mixed with tuff powders (red and blue curves in Figure 8), and the greater the amount of tuff powder, the higher the peak value of the two components. It can be seen that when the tuff powder is added, the type of cement hydration product remains unchanged, and the decrease in the amount of Ca(OH)2 iss also very slight, indicating that the pozzolanic activity of the tuff powder iss lower, and the consumption of Ca(OH)2 through secondary hydration reaction is very limited.
(Where CH is Ca(OH)2,S is low-temperature quartz, F is feldspar，A is C3S，and B is C2S).
[image: Figure 8]FIGURE 8 | The XRD patterns of tuff powder-cement hardened paste at the hydration age of 180 days.
Observation on microscopic morphology of the fresh fracture of the hardened paste could provide a more intuitive understanding of the formation process of the paste microstructure. The SEM images of the tuff powder-cement paste at different curing ages are presented in Figures 9-11.
At the hydration age of 7 days (Figure 9), it could be seen that in addition to unhydrated cement particle, different kinds of hydration products such as the C-S-H gel, Ca(OH)2, Aft (ettringite) or AFm (calcium monosulfate aluminate hydrate) appears, which overlaps each other to quickly form a more stable microstructure in the cement paste. From Figures 9A and 10A, it could be observed that the clastic tuff powder particles are dispersed into the paste. The filling effect of tuff powder particles might improve the microstructure of hardened paste. When the amount of tuff powder is 50%, the paste structure becomes loose and the porosity increases, which is consistent with the law of [image: image] reduction described in Section 3.2.
[image: Figure 9]FIGURE 9 | SEM images of hardened paste of NH1 (0% Tuff powder).
[image: Figure 10]FIGURE 10 | SEM images of hardened paste of NH2 (20% Tuff powder).
At the hydration age of 28 days, the microstructure of the hardened paste became denser. From Figures 10B and 11B, it can be seen that the fibrous or gelatinous hydration products attaches to the surface of the tuff particles and intersects each other to form a network structure, which also allows the tuff particles to be connected with the surrounding paste, and has a micro-aggregate effect. At this stage, there is a small number of Ca(OH)2 hexagonal crystals grown in a lamellar shape, which merges well with C-S-H gels, unreacted clinker and tuff particles.
[image: Figure 11]FIGURE 11 | SEM images of hardened paste of NH3 (50% Tuff powder).
From Figure 9C, in the later period of 90 days hydration, the gelatinous and fibrous C-S-H gel is integrated with hexagonal Ca(OH)2 for pure cement paste, and the structure is more compact. In tuff powder-cement hardened paste (Figures 10C and Fig.11C), C-S-H gel, Ca(OH)2 crystal, AFm and other hydration products further increases, and are connected with the tuff particles. At the hydration age of 180 days (Figures 10D and 11D), the structure of paste tends to be more compact, making it hard to see tuff powder particles, and the preferred orientation of the stacked Ca(OH)2 crystals in the pure cement samples becomes more pronounced.
Fractal Dimension of Pore Surface Area
The above MIP results could be used to characterize the porosity distribution and evolution of tuff powder-cement paste, but fail to characterize the complexity of the internal pore structure. For this purpose, the relevant literature applies the fractal theory to analyze the pore structure of cement-based materials (Wang et al., 2020a; Wang et al., 2020b). The fractal dimension of the pore surface (Ds) is introduced to quantitatively characterize the surface characteristics of the irregular pore structure of tuff powder-cement paste. Studies have (Wang et al., 2020a; Wang et al., 2020b; Wang et al., 2020c; Rahman, 1997) shown that the surface fractal dimension value is primarily related to the pore distribution characteristics. The Ds is within the range of 2–3. When Ds is equal to 2, it can be indicated that the measured pore structure is a smooth plane. As the value of Ds increases, the pore structure appears more complex, the surface morphology becomes rougher, the volume share of the micropores is larger and the surface fractal dimension increases as well.
The fractal model based on the thermodynamic method proposed by Zhang et al. (1995), Zhang et al. (2006) has been introduced in this study to determine Ds [(Zhang and Li, 1995; Zhang et al., 2006)]. The basic theory of this fractal model is that there exists a logarithmical relationship between the accumulated injection work (Wt) and the volume of accumulated mercury injected into the pores (Vt) during the MIP test, as shown in Eq.(4).
[image: image]
Where rt is the minimum pore size that mercury injected into the pores at t times (m), Ds is the fractal dimension of pore surface area of cement-based material, and C is a constant.
The accumulated injection work can be calculated by Eq.(5)
[image: image]
[image: image] and [image: image] are obtained through Eq.(5) and the MIP experimental results, and they are used as the horizontal and vertical coordinates in linear fitting. The slope of the fitted line in Eq.(4), namely Ds and its corresponding fitting regression coefficient (R2), can be calculated.
The results of Ds and R2 of tuff powder-cement paste are provided in Table 6. The relationships between [image: image] and fractal dimension DS are presented in Figure 12.
TABLE 6 | The Ds and R2 of tuff powder-cement paste.
[image: Table 6][image: Figure 12]FIGURE 12 | The relationship between [image: image] and DS.
The results indicate that the pore surface area of the tuff powder-cement paste exhibits obvious fractal characteristics, and conforms to the fractal model based on the thermodynamic relationship. The Ds of all samples is within the range of 2–3 (above 2.9), and R2 is close to 1. The results demonstrate that the pore surface of the paste is complicate, and the pores are irregular. The Ds of the hardened paste is related to the [image: image] of the mortar. The higher the strength, the higher the Ds.
The Ds is closely related to the amount of tuff powder and the increase of hydration age. With the increase of the tuff powder amount from 0% to 50%, the fractal dimension of pore surface area of the paste expects a modest decline. It is owing to the incorporation of tuff powder, which increases the total porosity and the average pore size of the cement paste, and in particular, the proportion of the macropores above 100nm, thus reducing the [image: image] of the paste. The Ds presents a poor correlation with microscopic porosity (Shanshan et al., 2011). However, it exhibits a significant correlation with the pore surface area, average pore size and strength. With the increase of the [image: image] of the cement paste, the proportion of micropores remains on the rise, the pore surface becomes more complicated, and the Ds is enlarged.
As the hydration age increases, the Ds of each sample gradually increases, indicating that the pore structure of the paste becomes complicated due to the hydration. During the hydration process, solid hydration products are constantly generated in the paste which could fill the macropores and generate more micropores. The pores at all levels are overlapped. Therefore, the pore structure of the paste becomes dense and the proportion of micropores gradually increases. Then the pore surface of the paste becomes rougher, the pore surface area and Ds increase, and the complexity of the pore structure also increases. When the amount of the tuff powder is 20%, the Ds of the paste significantly increases with the curing age, showing a tendency of shortening the gap with pure cement paste, which is the result of the combination of particle filling and pozzolanic effect of the tuff powder at a reasonable amount (Xiang et al., 2018).
CONCLUSIONS
(1) With the increase of the mixing amount of tuff powder, the [image: image]of cement mortar gradually decreases, while the fluidity and the shrinkage rate first increase and then decrease, and the inflection point appears at the amount of 10%. It is applicable to control the amount of tuff powder to be within 20%, which has little effect on the fluidity and dry shrinkage of mortar, while consistently maintaining the K at above 70%.
(2) The mixing of tuff powder increases the fraction of macropores above 100 nm in the hardened paste. The greater the amount, the more significant this trend is. As the curing age increases, the pore size gradually becomes smaller, especially the samples with larger porosity at early age. At the hydration age of 180 days, the most probable pore sizes in samples are mainly within the range of 5–50 nm, which is beneficial to the durability of concrete.
(3) During the early stage of hydration, the filling effect of tuff powder improves the microstructure of the paste. However, the paste structure becomes loose and the porosity increases when the amount of tuff powder is 50%. In the late hydration period, the hydration products greatly increase and overlap with the tuff particles, thus making the structure dense. The pozzolanic activity of tuff powder was low, and the consumption of Ca(OH)2 through the secondary hydration reaction was very limited.
(4) The pore surface area of the tuff powder-cement paste exhibits obvious fractal characteristics. The pore surface of the paste is complex, and the pores are irregular. With the increase of the hydration age and the decrease of the tuff powder amount, the Ds increases. It is because the hydration process gradually refines the pores and improves the density of the microstructure of the paste. However, the addition of tuff powder increases the proportion of the macropores and reduces the strength of the paste.
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