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Ultra-high performance concrete (UHPC) is a new class of structural material with outstanding properties of high strength, excellent ductility, and durability, which has an extremely broad application field. To examine the rehabilitation potential of UHPC on the existing masonry structures, the mechanical behavior of square masonry columns strengthened with UHPC under eccentric loading was investigated in this paper. A total of six masonry columns with or without the confinement of UHPC jackets were axially and eccentrically loaded. The strengthening effectiveness of UHPC on masonry columns was explored in terms of failure mode, deformation capacity, and carrying capacity. The results showed that UHPC jacketing is a highly effective technique for strengthening masonry columns, significantly increasing both the load-carrying capacity and transverse deformability of eccentrically compressed masonry columns (up to 103.64% and 71.43%, respectively). Furthermore, the UHPC strengthening technique modified brittle damage in unconfined masonry columns. A theoretical calculation was carried out for determining the bearing capacity of masonry columns strengthened with UHPC under eccentric loading. The accuracy of the theoretical calculation method was verified by comparing the theoretical values with the experimental values. Thus, this study provides a theoretical basis for the practical application of masonry structures strengthened with UHPC.
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1 INTRODUCTION
The masonry structure is one of the oldest forms of building structure. Few examples are the Great Wall of China, the Imperial Palace, the Egyptian pyramids, and the Zhaozhou Bridge (selected by the American Society of Civil Engineers as a milestone in civil engineering) (Yang and Cheng, 2013; Wang et al., 2020). It has been a remarkable achievement during the evolution of human society. In recent decades, strengthening of the most existing masonry structures has become challenging owing to the degradation of masonry materials and functional changes of masonry structures, whilst masonry removal and reconstitution are time-consuming and expensive (Fayala et al., 2016; Li et al., 2021). Conventional methods used for strengthening masonry columns can be divided into direct strengthening methods (i.e., mesh reinforcement, mortar joint treatment, and surface treatment) and indirect strengthening methods (post-tension and external steel reinforcement) (Wang et al., 2018). Nevertheless, numerous shortcomings were observed for traditional strengthening methods, including increased weight, low durability of structures and impact on the sizes, and the appearance of original structures. In particular, the fiber-reinforced polymer (FRP) is the most commonly used strengthening material for masonry columns to enhance the axial compression and deformation capacity (Vincent and Ozbakkaloglu, 2013; Witzany et al., 2014; Babatunde, 2017; Alotaibi and Galal, 2018). It has been confirmed (through numerous investigations) that FRP, with its advantages of light weight, high strength, good corrosion resistance, and design capability, has the ability to replace most traditional strengthening methods (Corradi et al., 2007; Alotaibi and Galal, 2018). However, the combination with an organic matrix (epoxy resin) is needed for FRP applications, which leads to several weaknesses being exhibited in FRP, including poor fire resistance, stringent external environmental requirements at the interface between old and new structures, and poor permeability (Cevallos et al., 2015; Ombres and Verre, 2015; Deng and Li, 2020; Wan et al., 2021). In addition, FRP, which has brittle damage characteristics, exhibits poor ductility under load (Zou et al., 2023a). Thus, an effective strengthening material or strengthening method for repairing masonry columns is urgently needed. The shortcomings of FRP-strengthened masonry columns can be compensated by using ultra-high performance concrete (UHPC) (Zhang et al., 2023).
UHPC is a new class of cementitious composite material proposed by de Larrard and Sedran (1994). Its compressive strength was demonstrated to be more than 150 MPa. Moreover, the fracture energy and Young’s modulus were within the range of 1,200–40,000 J/m2 and 50–60 MPa, respectively. It achieved a major span in the performance of engineering materials (Richard and Cheyrezy, 1994; Richard and Cheyrezy, 1995; AFGC-SETRA, 2002; Schmidt and Fehling, 2005; Yazıcı et al., 2009). Compared to normal concrete (NC), UHPC has significant advantages in terms of corrosion resistance, toughness, and impermeability (Guan et al., 2022). Meanwhile, owing to the high density and compactness of UHPC materials, superior mechanical and physical performance can prevent the ingress of dangerous substances, resulting in enhanced durability of structures (Lee et al., 2007; Yang et al., 2022; Yang et al., 2023). Furthermore, UHPC is characterized with an excellent self-healing ability (Beglarigale et al., 2021). Therefore, UHPC has been broadly adopted in practical engineering applications, such as high-rise buildings, structural rehabilitation, and large-span bridges (Azmee and Shafiq, 2018; Haber et al., 2018; Zhou et al., 2018; Zou et al., 2023b). The strengthening effectiveness of UHPC layers on masonry walls under horizontal cyclic force and continuous axial compression was investigated by Peng et al. (2019). The results indicated that the in-plane shear resistance and cracking load of masonry walls can be enhanced to 193% and 127%, respectively, by UHPC. Wang et al., 2022 applied UHPC to repair damaged stone arch bridges. The results discovered that the stiffness and bearing capacity of strengthened structures were significantly improved and pointed to the reliability of application in stone arch bridges with UHPC. To determine the shear strength of the interface between UHPC and unreinforced masonry (URM) structures, an experimental study and finite element analysis were carried out by Lampropoulos et al. (2017). It was demonstrated that UHPC was extremely effective in enhancing the stiffness and strength of URM structures. Experimental parameters including grade of masonry mortar, method of strengthening, and thickness of strengthening were (Chen, 2021) considered during compressive tests of UHPC-strengthened masonry columns. The results revealed that the strength of masonry mortar was an essential factor influencing the compressive load-bearing capacity of structures. Under two-sided strengthening, the cracking loads were increased by 95%, 65.6%, and 270% and ultimate loads were increased by 58.7%, 82.7%, and 196.6%, respectively, with mortar strengths of M1, M2.5, and M5.
In conclusion, current research studies indicated that the strengthening of masonry structures using UHPC was effective, especially in terms of enhancing strength and stiffness. In theory, UHPC-strengthened masonry columns are expected to shine brightly in terms of the whole life cycle, durability, and low-carbonization. Nevertheless, the influence of eccentric loading on UHPC-strengthened structures was poorly recorded. There is a lack of experimental investigation and theoretical predictions for masonry columns strengthened with UHPC under eccentric loading. Therefore, the objective of this paper is to investigate the compressive performance of masonry columns strengthened with UHPC jackets under eccentric loads. Six columns, including four masonry columns without UHPC strengthening and two masonry columns strengthened with UHPC, were subjected to eccentric loading experiments, considering the influence of loading eccentricity. The compressive performance of masonry columns strengthened with UHPC was analyzed in terms of failure mode, peak load, load–displacement curves, and load–strain curves. Based on the calculation method of the normal section capacity of composite structures, a theoretical prediction method for determining load-carrying capacity was suggested for eccentrically compressed masonry columns strengthened with UHPC jackets.
2 EXPERIMENTAL PROGRAM
2.1 Mechanical properties of the materials
In this study, the mechanical properties of stone, mortar, and UHPC were determined using standard tests.
2.1.1 Stone
All stones used in the paper were sandstones collected from Chongqing, China. The major mineral types in the sandstones were albite and quartz. In addition, they also consisted of illite, chlorite, and mica. To evaluate the compressive strength of stones, 12 specimens, with a dimension of 70 mm × 70 mm × 70 mm, were made according to the test methods of rock for highway engineering (JTG E41-2005) (JTG E41-2005, 2005), as shown in Figure 1. The average compression strength was 128.6 MPa, and the same batch of stone was used for the material and formal tests.
[image: Figure 1]FIGURE 1 | Testing of mechanical properties of stone.
2.1.2 Mortar
A cement mortar (with a cement: sand: water ratio of 1: 6.3: 1.17 by weight) was applied as a binder to construct the masonry columns. To determine the compressive strength of the mortar, the uniaxial compression test was carried out on six cubic specimens with a dimension of 70.7 mm × 70.7 mm × 70.7 mm as per the code for design of highway masonry bridges and culverts (JTG D61-2005) (JTG D61-2005, 2005). The test results of specimens are listed in Table 1, which shows that the average 28-day compressive strength of the mortar was 7.1 MPa under room temperature.
TABLE 1 | Results of the mortar compressive test.
[image: Table 1]2.1.3 UHPC
Mix proportions of UHPC are shown in Table 2. Steel micro-fibers, i.e., copper-plated steel fibers were used at 2% volume fractions, with a diameter of 0.2 mm and a length of 12 mm. The basic material properties of UHPC are reflected in the mechanical tests. The compressive strength, elastic modulus, and tensile strength of UHPC were carried out at the ages of 1, 3, 7, 14, and 28 days. According to the reactive powder concrete (GB/T 31,387-2015) (GB/T 31387-2015, 2015), five cubic and five prismatic specimens of sizes 100 mm × 100 mm × 100 mm and 100 mm × 100 mm × 300 mm were prepared for testing the compressive strength and elastic modulus of UHPC, respectively. In order to determine the tensile strength of UHPC, five dog-bone specimens were constructed in accordance with the fundamental characteristics and test methods of UHPC (T/CBMF 37-2018) (T/CBMF 37-2018, 2018). The mechanical properties of UHPC are summarized in Table 3.
TABLE 2 | Mixture design for the preparation of UHPC.
[image: Table 2]TABLE 3 | Mechanical properties of UHPC at various ages.
[image: Table 3]2.2 Characteristics of column specimens
The strengthening details for the six columns are shown in Figure 2 and summarized in Table 3. For the nomenclature displayed in Table 4, U indicates unstrengthened, S indicates strengthened, E indicates eccentricity, the first subscript is strengthening thickness, and the second subscript is loading eccentricity. For example, “S-UHPC30-E30” represents masonry columns with a 30 mm UHPC strengthening layer subjected to 30 mm eccentric loading.
[image: Figure 2]FIGURE 2 | Strengthening details of the specimen (unit: mm). (A) Unstrengthened. (B) Hoop.
TABLE 4 | Details of test specimens.
[image: Table 4]All of the masonry columns had a 200 × 200 mm2 cross section and a height of 870 mm, composed of eight rows of two stones (200 × 95 × 100 mm3). All stones were connected by mortar joints with an average thickness of 10 mm. Additionally, in order to avoid structural deformation, the vertical joints of adjacent layers were positioned in separate locations. After all unstrengthened columns had been cured at room temperature for 14 days, the strengthening of UHPC jackets was carried out according to the following steps: (a) a wooden formwork was prepared for the columns strengthened with UHPC and fixed; (b) the UHPC layer was poured and cured for 7 days; and (c) the wooden formwork was removed. The process of fabricating the experimental columns is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Preparation of experimental columns. (A) Construction and fixing of the wooden formwork. (B) Pouring of strengthening layers. (C) Removal of the wooden formwork.
2.3 Test procedure and instrumentations
In this experiment, the positive surface of the load was defined as the A surface, and the B, C, and D surfaces in clockwise order.
The schematic test setups for unstrengthened and strengthened columns are displayed in Figures 4A,B, respectively. The compression tests were conducted on the specimens using hydraulic jacks of 2000 kN grade. In addition, the central line was marked on the specimen beforehand, thus aligning the center of the tooling with the loading point. To confirm the proper functioning of the whole test system, the specimens were pre-loaded with 20 kN before formal loading. Then, the experimental columns were subjected to compression testing until failure by a displacement control at a rate of 0.1 mm/min.
[image: Figure 4]FIGURE 4 | Test setup and instrumentation of the compressive test. (A) Unstrengthened columns. (B) Strengthened columns.
Two dial gauges were placed, respectively, at 3/8 H and 6/8 H of the B surface to record the transverse displacements. One dial gauge was placed at the middle height on the C surface to measure the vertical displacement. Strain gauges were mounted at the middle height on the A, B, and D surfaces of the columns to measure transverse and vertical strains. The arrangement is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Arrangement of dial and strain gauges (unit: mm). (A) Concentric loading. (B) Eccentric loading.
3 RESULTS AND DISCUSSION
3.1 US-UHPC0-E0 group
3.1.1 Failure mode
The failure mode of group US-UHPC0-E0 specimens is shown in Figure 6. It can be seen that the cracks extended along the block from the middle to the ends when the specimens were destroyed. Meanwhile, the failure of specimens started after the crack penetrated, and the block lost its bearing capacity and collapsed. For US-UHPC0-E0-1, when the load was increased to 56% Pu, the crack was observed in the middle of the stones. With the further increase in load, the mortar joints were slagged but not cracked under compression. As the load was increased to 78% Pu, the cracks in the middle of the stones continued to extend and expand toward the ends. However, the cracks did not extend completely along the mortar layer. In addition, tiny cracks were found in other parts of the stone. A visible vertical through crack was noticeable in the middle of the specimen at failure, and, subsequently, the masonry column was broken into two parts and destroyed. The failure process of specimen US-UHPC0-E0-2 was approximately similar to US-UHPC0-E0-1. Owing to the short damage process of the specimen, the failure behavior of masonry columns was not thoroughly recorded (the damage mode had certain features of brittle damage). Overall, the failure mode of unstrengthened columns was the crushing failure of mid-masonry.
[image: Figure 6]FIGURE 6 | Failure modes of specimens. (A) US-UHPC0-E0-1. (B) US-UHPC0-E0-2.
3.1.2 Load–displacement behavior
The load–displacement curve of the axially loaded unstrengthened column is depicted in Figure 7. The mechanical properties of the control specimens (i.e., US-UHPC0-E0 group) were very weak, with poor stiffness and deformability. For US-UHPC0-E0-1, transverse and vertical displacements rapidly increased when the load was above 120 kN, corresponding to the mortar joints dropping slag during the test. With the further increase in load to 450 kN, the displacement sharply increased at this moment owing to the spalling of stones caused by the expansion of masonry cracks. Following the peak load, the sudden drop in load-carrying capacity of the specimen can be seen, exhibiting obvious brittle failure of the unstrengthened masonry column. For US-UHPC0-E0-2, the construction technique of masonry was better, and the structure as a whole was deformed in a coordinated way. Its displacement increased steadily with the increase in load, and the phenomenon of stone and masonry debonding was not observed during the experiment. Therefore, the bearing capacity of US-UHPC0-E0-2 was also superior. It is noteworthy that the ultimate loads of specimens were highly variable. The ultimate loads of specimens US-UHPC0-E0-1 and US-UHPC0-E0-2 were 581.47 kN and 797.58 kN, respectively. It can be attributed to the differences in construction techniques of masonry structures and damage differences caused during handling.
[image: Figure 7]FIGURE 7 | Load–displacement curves. (A) US-UHPC0-E0-1. (B) US-UHPC0-E0-2.
3.2 US-UHPC0-E30 group
3.2.1 Failure mode
Damage to unstrengthened columns under 30 mm eccentric loading is shown in Figure 8. No significant phenomena were observed in the specimens when the load was low. For US-UHPC0-E30-1, the masonry joints were observed to be debonded when the load was 60% Pu. As the load was further increased to 80% Pu, a number of stones were broken and slagged, and minor cracks appeared in stones on the A, C, and D surfaces. With the further increase in load, the cracks in the stones on the C and D surfaces approached penetration. The cracks were penetrated when the ultimate load was reached, and the specimen collapsed due to the loss of load-bearing capacity. For US-UHPC0-E30-2, the phenomena of specimen during the experiment were approximately similar to US-UHPC0-E30-1. When the specimen was destroyed, part of the masonry joints near the D surface had been peeled off under pressure, but it was not completely dehollowed. Meanwhile, the main crack was also observed on the D surface. With the increase in the load, the main cracks expanded to the A and C surfaces, while only some stones on the B surface displayed minor cracks. It is worth noting that the cracks on the C surface were more widely expanded when US-UHPC0-E30-1 was destroyed. Meanwhile, the blocks were also crushed. In contrast, when US-UHPC0-E30-2 was destroyed, there were only a few minor cracks on the C surface and the cracks were not penetrated. In general, the failure mode of specimens in group US-UHPC0-E30 was mainly crushing damage to masonry near the D surface.
[image: Figure 8]FIGURE 8 | Failure modes of specimens. (A) US-UHPC0-E30-1. (B) US-UHPC0-E30-2.
3.2.2 Load–displacement behavior
The load–displacement curve of the eccentrically loaded unstrengthened masonry column is shown in Figure 9. The data on S-UHPC0-E30-2 were lost due to the accidental damage to equipment. The T1, T2, and V displacements of specimen S-UHPC0-E30-1 corresponding to the peak load were 3.7, 2.18, and 3.22 mm, respectively. The variation in displacement of specimen S-UHPC0-E30-1 at T1 and T2 was consistent with its damage mode. The displacement T1 was more than T2, and the slope of the load–displacement curve was greater. This was consistent with the upper part of UHPC0-E30-1 inclined during the actual eccentric loading. The displacement V was low, which can be analyzed by the damage mode of the C surface in Figure 8. The damage on the C surface was mainly observed on the top of V, while only a few minor cracks were observed on V and its lower part. Meanwhile, the masonry joints were not detached such that the values measured by V were small.
[image: Figure 9]FIGURE 9 | Load–displacement curve.
3.3 S-UHPC30-E30 group
3.3.1 Failure mode
The failure mode of the strengthened masonry column is shown in Figure 10. For S-UHPC30-E30-1, when the load reached 56% Pu, the sound of steel fibers being pulled off was observed. This observation demonstrated that UHPC was participating in the common loading of masonry columns. With the further increase in the eccentric load, the top of A, C, and D surfaces were all subjected to vertical cracks. When the load was increased to 82% Pu, the UHPC strengthening layer separated gradually from masonry forming cracks on the C surface, and UHPC peeling was observed on the A surface. Horizontal cracks appeared on the A and B surfaces when the specimens were loaded to 94% Pu. Eventually, with a loud noise, the UHPC strengthening layer was destroyed and the specimen failed. For S-UHPC30-E30-2, the sound of steel fibers being pulled off was noted when the specimen was loaded up to 59% Pu. As the load was increased to 79% Pu, vertical cracks appeared on the top of the D surface. When the load was further increased, the top of the C surface was cracked and the UHPC strengthening layer appeared to be peeled off. Then, the specimen was destroyed with a loud noise when the ultimate load was reached.
[image: Figure 10]FIGURE 10 | Failure modes of specimens. (A) S-UHPC30-E30-1. (B) S-UHPC30-E30-2.
3.3.2 Load–displacement behavior
The load–displacement curve of columns strengthened under the eccentric load is shown in Figure 11. The T1, T2, and V displacements of specimen S-UHPC30-E30-1 corresponding to the peak load were 6.51, 4.14, and 2.9 mm, respectively. The T1, T2, and V displacements of specimen S-UHPC30-E30-2 corresponding to the peak load were 5.78, 3.71, and 3.08 mm, respectively. Compared to the US-UHPC0-E30 group, the peak load of group S-UHPC30-E30 was increased by 757.31 kN (129%), which demonstrated the effectiveness of the masonry columns strengthened with UHPC under eccentric loading. It is worth noting that the displacements at T1 and T2 were increased by 2.45 (66%) and 1.73 mm (79%), respectively, while the displacements at V were decreased by 0.23 mm (7.7%). This indicated that UHPC can improve the transverse deformation of masonry columns and can confine the vertical deformation of masonry columns. Compared to the US-UHPC0-E0 and US-UHPC0-E30 groups, the load–displacement curves of masonry columns strengthened with UHPC exhibited non-linear characteristics near the peak loads, which showed better elastic–plastic deformability. It is interesting that the load-carrying capacity of the strengthened columns was more slowly degraded after the peak load, exhibiting a certain ductile failure characteristic. This can be explained by the bridging effect of steel fibers in the UHPC jacket, which restrained the crack expansion and lateral expansion of masonry columns. This indicated that using UHPC jacketing for masonry column strengthening was a reliable technique to enhance the load-bearing capacity and deformation of masonry columns, preventing brittle failure of masonry columns under compressive loads.
[image: Figure 11]FIGURE 11 | Load–displacement curves. (A) S-UHPC30-E30-1. (B) S-UHPC30-E30-2.
3.3.3 Load–strain curves
Based on experimental data, the load–strain curves for masonry columns strengthened with UHPC under the eccentric load were drawn. The load–strain curves for specimens strengthened with UHPC jackets are depicted in Figure 12. Positive values stand for tensile strain, and negative values stand for compressive strain.
[image: Figure 12]FIGURE 12 | Load–strain curves. Note: VA is the vertical strain in the A surface, TA is the transverse strain in the A surface, VB is the vertical strain in the B surface, and VD is the vertical strain in the D surface. (A) S-UHPC30-E30-1. (B) S-UHPC30-E30-2.
As can be seen from Figure 12, the masonry columns are subjected to tension in the transverse direction and compression in the vertical direction under compression. It can be observed that when the load was small, the relationship between the load and strain was linear provided that the masonry column was in the elastic stage. With a further increase in load, the strain in masonry columns exhibited a non-linear development. At this moment, the specimen was in the plastic stage and the strain started to increase rapidly. The experimental results indicated that the masonry columns generated high compressive strains under peak loads, but most of the A surface strains did not pass the yield value.
For specimen S-UHPC30-E30-1, the strains of VA, TA, VB, and VD corresponding to the peak load were 1,042.92 με, 375.15 με, 382.79 με, and 1,643.51 με, respectively. For specimen S-UHPC30-E30-2, the strains of VA, TA, VB, and VD corresponding to the peak load were 849.15 με, 238.56 με, 533.87 με, and 2246.29 με, respectively. It can be seen that the strain at VD corresponding to the peak load was the highest and reached the yield state. This indicates that the performance of the UHPC layer on the D surface was adequately utilized at this point. In addition, it is notable that the strain in the near eccentric surface (D surface) was considerably higher than that in the opposite eccentric surface (B surface) under the same load. This can be attributed to the fact that the eccentric loads can lead to eccentric deformation of specimens, which, in turn, can induce their inhomogeneous strains.
3.4 Comparison of results
In this section, a comparison analysis of the results obtained in axial or eccentric compression tests for unstrengthened columns and columns strengthened with UHPC is presented. The failure modes and key results of all the specimens are shown in Table 5. In Table 5, both transverse and vertical displacements correspond to the peak load, εh is the ultimate constrained axial strain, and εcc is the ultimate constrained hoop strain.
TABLE 5 | Details of masonry columns and key results.
[image: Table 5]Brittle failure characteristics were observed in the unstrengthened columns. Due to the expansion of the masonry core, a very rapid destruction process was observed. On the contrary, the damage pattern for masonry columns constrained with UHPC was characterized by transverse cracks in the middle or upper part of specimens, with a relatively slow crack progression process. In terms of load-carrying capacity, the area of the compression zone of structures can be weakened by the eccentricity distance, which consequently decreased the load-carrying capacity of structures, with US-UHPC0-E30 being smaller than US-UHPC0-E0 by 103.53 kN (17.67%). However, the specimen strengthened by UHPC (S-UHPC30-E30) showed an increase in bearing capacity by 607.31 kN (103.64%). This demonstrated the effectiveness of UHPC in strengthening the eccentric members. Masonry columns strengthened with UHPC exhibited a greater transverse buckling deformation. The transverse displacements increased by 2.04 mm (68%) and 2.1 mm (71.43%), respectively, compared to US-UHPC0-E0 and US-UHPC0-E30. In contrast, the vertical displacements of strengthened masonry columns were constrained, and the vertical displacements of S-UHPC30-E30 declined by 0.6 mm (20%) and 0.22 mm (6.83%) compared to US-UHPC0-E0 and US-UHPC0-E30, respectively. When the specimen reached the ultimate load, the tensile and compressive strains on the A surface of the UHPC layer were 306.86 and 946.04 με, respectively. It is interesting to note that the strain values were extremely small. This can be attributed to the fact that the masonry interior has been destructed under ultimate loading, while UHPC has not completely cracked yet.
4 THEORETICAL PREDICTIONS
4.1 Strengthening mechanism of UHPC jackets
Based on the aforementioned analysis of experimental results, it can be seen that the bearing capacity and failure modes of masonry columns strengthened with UHPC are extremely different from unstrengthened masonry columns. For hoop-strengthened masonry columns, an excellent bond between masonry and the UHPC layer exists, where both were subjected to forces and destroyed at the time of final failure. In the calculations, it is taken into account that masonry columns are subjected to practical forces with constant loads and corresponding initial strains. Hence, the effect of an initial stress level was considered theoretically. In addition, the influence of strengthening materials with various characteristics and hoop effects on the increase in load-bearing capacity of structures was comprehensively considered in the calculations.
4.2 Basic assumptions
Although masonry strengthening and UHPC strengthening have been studied in the literature, little research has been performed on the application of UHPC to masonry structures. In this paper, the code for the design of strengthening masonry column (GB 50702-2011) (GB 50702-2011, 2011), the code for the design of highway masonry bridges and culverts (JTG D61-2005) (JTG D61-2005, 2005), and the code for the design of strengthening concrete structure (GB 50367-013) (GB 50367-2013, 2013) are treated as the principles, and other materials are comprehensively considered for the study on masonry column strengthening. In order to simplify the calculation process, the following basic assumptions are used in the process of analysis:
(1) No relevant slips were observed between the UHPC layer and masonry column at the capacity limit state.
(2) The strain distribution on the column section conforms to the plane cross-section assumption. The variation in the vertical strain in the UHPC layer and masonry core under compression is equivalent.
(3) The impact of the UHPC layer constraining the masonry will be maintained before it is peeled away.
(4) The damage mode of masonry columns strengthened with UHPC is compression damage to the normal section.
4.3 Load-carrying prediction of strengthened masonry columns
4.3.1 Analysis of failure modes of UHPC-strengthened masonry columns
The calculation of masonry columns strengthened with UHPC is similar to the section-enlarging reinforced method of reinforced concrete. In practical strengthening, the upper part of the structure is subjected to non-unloadable constant loads (N1), resulting in a certain initial strain ([image: image]) on the structure. The UHPC layer, however, does not participate in the original structural loading until the strengthening is finished. The strain lag was observed in the structure. Hence, the normal section limit-state forces of the specimen strengthened are shown in Figure 13, and the cross-sectional strain is shown in Figure 14.
[image: Figure 13]FIGURE 13 | Analytical model of the ultimate bearing capacity.
[image: Figure 14]FIGURE 14 | Strain distribution on the cross section.
As shown in Figure 14, the failure of the structure after strengthening can be divided into the following three main types:
(1) The edge of the UHPC layer first reached the maximum strain when the structure was damaged. The failure of the structure began with the cracking of the UHPC layer. For this case, the strain at the edge of the UHPC layer was [image: image] and that at the masonry edge was [image: image] (where [image: image] is the ultimate strain of masonry). The masonry section failed to reach its ultimate strain, as shown in Figure 15A.
(2) The edge of masonry first reached the ultimate strain when the specimen was damaged. The failure of the structure began with the cracking of masonry. For this case, the strain at the edge of the masonry column was [image: image] and that at the edge of the UHPC layer was [image: image], as shown in Figure 15B.
(3) The edges of UHPC layer and masonry simultaneously reached the maximum stress and ultimate strain when the structure was damaged, i.e., [image: image] and [image: image].
[image: Figure 15]FIGURE 15 | Strain distribution on the cross section. (A) First type of failure. (B) Second type of failure.
4.3.2 Calculation of the relative depth of the compression zone
Corresponding to the three failure types of the structure, there exist three types of relative depth of the compression zone.
(1) The UHPC layer edge in the compression zone reached its maximum strain when the first type of failure occurred in the structure. Meanwhile, UHPC in the tension zone reached its maximum tensile strain. The relative depth of the compression zone ([image: image]) corresponding to the first type of failure can be calculated using Eq. 1:
[image: image]
It can be seen that [image: image] was unrelated to masonry properties and initial stresses under the first failure type.
(2) The masonry edge in the compression zone reached its maximum strain when the second type of failure occurred in the structure. Meanwhile, UHPC in the tension zone reached its maximum tensile strain. The relative depth of the compression zone ([image: image]) corresponding to the second type of failure can be calculated using Eq. 2:
[image: image]
It can be seen that [image: image] was affected by the initial strain in the case where the material and section size were the same.
(3) When the third type of failure occurred in the structure, [image: image] = [image: image]. In this case, the maximum and ultimate strains in the converging section were simultaneously reached at the edges of the UHPC layer and masonry.
4.3.3 Calculation of the ultimate bearing capacity of the normal section
By analyzing the failure type and relative depth of the compression zone for the strengthened structure, the corresponding formulas for calculating the ultimate bearing capacity can be obtained.
Based on the section equilibrium equation, the axial forces and bending moments on the cross section were calculated. The equilibrium equation can be expressed as follows:
[image: image]
where [image: image] and [image: image] are the cross-sectional areas of the masonry and UHPC in the compressive area, respectively; [image: image] and [image: image] are the compressive stress on the masonry and UHPC, respectively; [image: image] is the cross-sectional area of the UHPC layer in the tensile area; and [image: image] is defined as the tensile strength in the unit area of steel fibers.
According to Orange et al. (2013) and Hussein and Amleh (2015), [image: image] can be calculated as follows:
[image: image]
where [image: image] is the volume dosage of steel fibers. [image: image] is the cross-sectional area of single steel fibers. [image: image] is the random orientation coefficient of steel fibers, [image: image]. [image: image] is the bond strength between steel fibers and substrate, [image: image]. [image: image] and [image: image] are the diameter and length of steel fibers, respectively.
(1) The first type of failure
When [image: image], the equilibrium of forces in the cross section is given by Eq. 5:
[image: image]
The bending moment equilibrium of cross sections can be expressed using Eq. 6:
[image: image]
where [image: image] and [image: image] are the axial compressive ultimate strengths of UHPC and masonry, respectively. [image: image] is the strength enhancement factor of hoop strengthening, and its value is in the range of 1.1–1.5. Both [image: image] and [image: image] were graphical coefficients of the equivalent rectangular stress blocks, which were the ratio of the maximum stress of curve stress blocks to the axial compressive strength of concrete and masonry, respectively. They can be calculated using Eq. 7 and Eq. 8, respectively.
[image: image]
[image: image]
In Eq. 7, [image: image], [image: image] is 0.0035, and n is 1.19. In Eq. 8, [image: image] is the initial elastic modulus of masonry, [image: image] is 0.001, and [image: image] is 0.005.
When [image: image], the equilibrium of forces in the cross section is given by Eq. 9:
[image: image]
The bending moment equilibrium of point N can be expressed as shown in Eq. 10:
[image: image]
(2) The second type of failure
When [image: image], the equilibrium of forces in the cross section is given by Eq. 11:
[image: image]
The bending moment equilibrium of point N can be given by Eq. 12:
[image: image]
When [image: image], the equilibrium of forces in the cross section is given by Eq. 13:
[image: image]
The bending moment equilibrium of point N can be expressed as shown in Eq. 14:
[image: image]
4.4 Comparison between experimental and theoretical predictions
In this section, the strength increases obtained in the current experimental study were compared with those deduced from the equations derived previously and those derived from the analytical expressions existing in the literature. Owing to the lack of codes and models for UHPC-constrained masonry, BMHDC- and FRP-constrained models were chosen in this paper. Based on the work in Ref., two models were selected to predict the strength gain in this study, i.e., the second-order analysis model proposed by Li et al. (2021) and the Italian guidelines CNR model (CNR-DT 200 R1 2013, 2013).
The second-order analysis model was used for masonry columns with the confinement of BMHDC, which is formulated as follows:
[image: image]
[image: image]
[image: image]
where [image: image] is the ratio of the stresses of equivalent rectangular stress graphs to the average value of the masonry compressive strength, and [image: image] is 0.8755. [image: image] is the ratio of the height of the equivalent rectangular stress graph to the height of the actual stress graph, and [image: image] is 0.7731. [image: image] is the height–thickness ratio of the strengthened specimen.
Referring to the CNR model and literature (El-Sokkary and Khaled, 2019), the expression for the compressive strength of the eccentric specimen in this experiment is given as follows:
[image: image]
[image: image]
[image: image]
where [image: image] is the compressive strength of constrained masonry. [image: image] is the compressive strength of unconstrained masonry. [image: image] is the cross-section length of side in the direction of eccentric compression.
The theoretical and test results of the ultimate bearing capacity are given in Table 6. It can be found that the ratio of the calculated values to experimental values was 1.09–1.14, which indicates that the accuracy of this formula in predicting masonry columns strengthened with UHPC was high. It is also worth noting that the calculated values were higher than the experimental values. This can be explained by the fact that the formula was proposed on the assumption that UHPC is well bonded to the masonry in this paper. In contrast, the bonding of specimens was weakened in the laboratory due to fabrication and handling. Hence, the calculation method proposed in this paper can provide a reference for strengthening calculations involving better bonding between UHPC and masonry structures. However, it can be observed that the final results for using both second-order and CNR models were larger relative to the experimental results. This can be explained in two aspects: (a) the existence of initial strains in the structure was not considered, resulting in oversized predictions; (b) the high ductility of steel fibers in UHPC, which will generate a tensile effect on the structure.
TABLE 6 | Comparison of compressive strength between test results and theoretical values.
[image: Table 6]5 CONCLUSION
The force behavior of masonry columns strengthened with UHPC jackets under eccentric compressive loading was investigated by means of six masonry columns subjected to compressive experimental studies and theoretical analyses. The influence of initial stress on the bearing capacity of strengthened columns was discussed, and the following conclusions are drawn.
(1) The damage mode of masonry columns strengthened with UHPC jackets under compressive conditions was modified. Certain brittle damage characteristics were exhibited in unstrengthened masonry columns. The masonry columns strengthened with UHPC jackets showed excellent elastic–plastic deformation capacity after peak loading, with a ductile failure mode.
(2) The peak load and deformation capacity of masonry columns strengthened with UHPC jackets were significantly increased. Compared with the US-UHPC0-E30 group, the peak load of masonry columns strengthened with UHPC increased by 103.64%. The transverse displacement of the S-UHPC30-E30 masonry column increased by 71.43% and the vertical displacement increased by −6.83%. This phenomenon demonstrated the effectiveness of masonry columns strengthened with UHPC under eccentric loading.
(3) Non-uniform distribution of the vertical strain was observed in the UHPC composite masonry columns. Meanwhile, the strain growth rate in the near-eccentric side was much higher than that in any other side. The inconsistency of the strain growth rate may be attributed to the complex deformation of masonry columns under eccentric loading.
(4) Based on the experimental results, the equation for predicting the ultimate bearing capacity of UHPC-strengthened masonry columns was proposed. With good bonding of the UHPC layer to the masonry section, the experimental values were in good agreement with the calculated values.
In conclusion, the aforementioned experimental and theoretical studies proved that UHPC jacketing was an effective strengthening technology in enhancing the bearing capacity of eccentric compressed masonry columns. However, the number of samples in this study was too small owing to time and field conditions. In future experiments, more tests on masonry structures strengthened by UHPC should be carried out, including the thickness of UHPC, the interface treatment type, and the masonry material. Meanwhile, further research on the size effect on full-size members should be conducted to obtain general conclusions.
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