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The authors proposed using plain engineered cementitious composite (ECC) in construction without aligned reinforcement. In this study, ECC with a tensile strain capacity of up to 10% was produced, which has a comparable deformability level to steel reinforcement. To demonstrate the feasibility of plain ECC construction, five plain ECC beams and two steel reinforced concrete reference beams were prepared, and four-point bending reversed cyclic loading tests were conducted on the beam specimens. The experimental tests indicated that the plain ECC beams showed more stable hysteresis loops with improved energy dissipation capacity, deformation restoring capacity, and lower stiffness degradations than normal RC beams. Two categories of failure modes were observed, i.e., flexural failure mode and shear failure mode. With the increase in the shear span ratio, the failure mode of ECC beams changed from shear failure to flexural failure. Additionally, the increase in sectional dimension had a positive influence on the stiffness and energy dissipation capacity of ECC beams. It is experimentally verified that the plain ECC beams have sufficient load-bearing capacity under static and seismic loading.
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INTRODUCTION
Reinforced concrete (RC) structural systems have been widely used in civil engineering practices. Well-designed structures made of concrete and steel reinforcement are expected to be of economic efficiency and adequate reliability in their service lives. However, traditional RC construction costs huge but inefficient human labor. Due to the increasing global aging, labor shortage has become a burning problem for civil engineering construction. Engineers strive to address the issue by developing high-efficient construction technology. Some of them tried to achieve automated construction by using plain concrete. However, the natural weaknesses of concrete, such as brittleness and poor tensile strength, are the main causes of catastrophes when the structures are subjected to extremely impact, such as earthquakes (Sezen et al., 2003; Wang, 2008; Bikçe and Çelik, 2016). Moreover, the fragility of concrete prevents it from becoming a material free from steel reinforcement. To some extent, the application of automated construction is limited due to the absence of appropriate materials.
Fortunately, the brittleness and low tensile strength of concrete can be significantly alleviated by adding short-cut and discontinuous fibers (Sahoo et al., 2015; Liang et al., 2016; Jalasutram et al., 2017; Cai et al., 2021; Liao et al., 2022). Particularly, engineered cementitious composite (ECC) corresponds to the broad fiber-reinforced concrete (FRC) class, and it has emerged with special characteristics such as multiple cracking, strain-hardening behavior, and high tensile ductility. Compared with ordinary concrete or conventional FRC, ECC exhibits much superior tensile strain capacity (typically 2–8%) under increasing tension (Li et al., 2002; Ye et al., 2021; Huang et al., 2022). In recent studies, some investigators developed ECC with tensile strain capacity ranging from 8% to 12%, tensile strength ranging from 4 MPa to 20 Mpa, and a compressive strength ranging from 20 Mpa to 120 Mpa (Yu et al., 2017; Yu et al., 2018a; Yu et al., 2020a; Ding et al., 2020). For the first time, a cementitious material showed comparable ductility to steel reinforcement, and it has been first used to build a frame structure, which succeeded in surviving nine major earthquake impacts (Yu et al., 2018b).
Although a number of researchers have carried out experiments on the mechanical properties of ECC structures, most of the ECC structures were reinforced with longitudinal reinforcement, and very limited was concerned with plain ECC members. Yuan et al. Yuan et al. (2014) presented an experimental research on the mechanical behavior of steel-reinforced ECC beams subjected to reverse cyclic loading. The results indicated that steel-reinforced ECC beams show better seismic performance in terms of load carrying capacity, shear resistance, energy dissipation capacity, and damage tolerance than steel-reinforced concrete beams. Yaw et al. Yaw and Han (2014) conducted a series of experimental research studies on the mechanical properties of the polypropylene (PP) fiber reinforced ECC beams under reverse cyclic loading. The test results indicated that the PP-ECC beams can achieve multiple saturated cracking behavior, and the dissipated energy of the PP-ECC beam is 2.9 times that of the corresponding concrete beam. To verify the feasibility of using ultra-high ductility cementitious composites (ECCs) for construction without steel reinforcement, Yu et al. Yu et al. (2018b) carried out a series of experimental research studies on the mechanical properties of ECC at material, component, and structure levels, and the feasibility of non-steel reinforced ECC structure was preliminarily confirmed. In summary, as a material with high ductility and excellent energy dissipation capacity, ECC has the potential for automatic construction, but the seismic performance of plain ECC structures has never been fully studied.
This study presents an experimental research on the seismic performance of ECC flexural members without aligned reinforcement. The influence of shear span ratio and sectional dimension on the seismic performance of plain ECC beams is highlighted. Based on a series of cyclic loading tests on seven specimens, including five ECC beams and two corresponding RC beams subjected to reverse cyclic loading, investigation and analysis have been carried out on crack pattern, failure mode, hysteretic loops, skeleton curves, stiffness degradation, ductility, energy dissipation capacity, and deformation recovery ability.
MATERIAL AND TEST PROCEDURE
Material properties
The mixture of ECC used in this study is designed as follows. Ordinary Portland cement with a 28-day nominal compressive strength of 52.5 MPa was used as a binder material, and sand was adopted as the fine aggregate. Fly ash was chosen as a supplementary cementitious material to adjust the compressive strength and modulus of elasticity of the ECC. The material proportions of ECC are presented in Table 1. In this research, a 2.0% polyethylene (PE) fiber volume fraction used as a reinforcement material was added to the ECC matrix (Yoo and Banthia, 2022). The tensile strength and elastic modulus of the PE fiber are 2.9 Gpa and 116 Gpa, respectively. The properties of the PE fiber supplied by the manufacturer are given in Table 2.
TABLE 1 | ECC material mixing proportion (kg/m3).
[image: Table 1]TABLE 2 | Properties of PE fiber.
[image: Table 2]To further illustrate the properties of the ECC used in this study, especially for ductility, Figure 1 shows two typical curves, i.e., tensile stress–strain curves (Figure 1A) and compressive stress–strain curves (Figure 1B). Table 3 gives the mechanical properties obtained through the uniaxial tensile test and uniaxial compressive test of ECC. Clearly, ECC exhibits superior characteristics of tensile strain-hardening and multi-cracks. The average tensile strength of ECC is 5.69 MPa, and the average and maximum tensile strain capacities of ECC are 10.59% and 12.13%, respectively (Figure 1A), having the similar deformability level of steel. As shown in Figure 1B, at 8.0% compressive strain, ECC exhibits ductility at a high stress level. The average compressive strength is 20.79 MPa.
[image: Figure 1]FIGURE 1 | Typical tensile stress–strain and compressive stress–strain curves.
TABLE 3 | Mechanical properties of materials used in ECC and fine stone concrete.
[image: Table 3]Specimen design and fabrication
It is widely known that the shear span ratio is an important parameter for the design of structural safety. In addition, it was found that the geometry size had an obvious influence on the mechanical properties of ECC (Yu et al., 2020b). Therefore, five plain ECC beams with different section dimensions and shear span ratio were designed in this study. All five beams were cast utilizing the same mix proportion listed in Table 1. Two other reference RC beams were designed with the same dimensional size and shear span ratio as that of ECC for equal comparison. The yield tensile strength and the peak tensile strength of longitudinal steel reinforcement with a diameter of 8 mm are 280.35 MPa and 392.49MPa, respectively. The geometry and reinforcement details of beams are illustrated in Figure 2, and the longitudinal reinforcement ratio of RC beams is 1.0%. In this study, the ECC beams are marked UC-1, UC-2, UC-3, UC-4, and UC-5 and two corresponding RC beams are labeled RC-1 and RC-2. Detailed information about the specimens is given in Table 4.
[image: Figure 2]FIGURE 2 | Dimensions, size, and reinforcement details of specimens.
TABLE 4 | Design parameters of specimen.
[image: Table 4]Test setup and procedure
The test setup and details of instrumentation are shown in Figure 3. The cyclic loading tests were performed on a 300-kN hydraulic loading system. Four strain gauges were pasted on the side surfaces of each specimen, as shown in Figure 3, and three linear variable differential transformers (LVDTs) were employed to measure the vertical displacement of the specimens, which were installed at three equal points along the span.
[image: Figure 3]FIGURE 3 | Test setup. (A) Layout of the four-point loading. (B) Actual loading test
As shown in Figure 3, the loading span is 600 mm and the supporting boundary of the beam is articulated in the four-point bending test. The low cyclic loading was applied by controlled displacement. The loading procedure was divided into two stages. First, only one cycle was imposed at equal load intervals before yielding displacement ([image: image]), i.e., 0.2 [image: image], 0.4 [image: image], 0.6 [image: image], 0.8 [image: image], and [image: image]. Here, the yielding displacement ([image: image]) was calculated by the geometric drawing method. In the second stage, the loading increase amplitude was maintained at a constant of 0.5Δy and repeated for three times at one specific step. A low displacement loading rate of approximately 0.3 mm/s was used in the first stage, and a higher loading rate of 1 mm/s was applied in the second stage. When the bearing capacity of beams decreased to 85% of the peak load or the hysteresis loop was unstable, the test was terminated. During the loading process, the crack propagation and failure processes of the beams were observed carefully. Also, the test data (i.e., load force, displacement, and lateral deformation) were measured and recorded.
EXPERIMENTAL RESULTS AND DISCUSSION
Failure modes
Figure 4 shows the failure modes of all beams subjected to cyclic loading. From the test, two typical failure modes were observed: shear failure and flexural failure. The failure modes of each specimens are listed in Table 5.
[image: Figure 4]FIGURE 4 | Crack patterns and failure modes for all the test specimens. (A) Shear failure of UC-1. (B) Flexural failure of UC-2. (C) Flexural failure of UC-3. (D) Shear failure of UC-4. (E) Flexural failure of UC-5. (F) Shear failure of RC-1. (G) Shear failure of RC-2.
TABLE 5 | Failure modes of test specimens.
[image: Table 5]For ECC beams, the forward–backward deflection of beams increased linearly with the increase of load in the initial stage. The first crack appeared on the bottom surface of the beams when the tension side of the flexural section reached its cracking strength, and the bearing capacity of the section was reduced briefly. Soon after the fibers near the crack exhibited their bridging effect, the flexural bearing capacity of the cracking section would be enhanced with continuous crackle. When the load increased unceasingly, the flexural beam came into a multi-cracking stage, and a trend of fluctuating growth for the load was observed with cracks emerging in the bending–shearing zone of the beams. Along with deflection growth, the width and length of existing cracks increased with no new cracks emerging. Under forward load, the main existing cracks on the bottom surface gradually went through the whole height of the beam. In contrast, reverse loading would cause crack closure, and the deflection of the beams would increase dramatically with slowly increasing load.
Both RC beams failed in the shear-flexural region with large shear cracks. For specimen RC-2, flexural cracks initiated in the pure bending section. Then, cracks in the flexural zone propagated toward the shear-flexural side with an angle of approximately 45°. After that, the first diagonal cracks formed. As the load increased, there was no further propagation of cracks in the flexural zone, while the diagonal cracks in the shear-flexural zone expanded and further developed. During the ultimate load stage, the specimens experienced a sudden failure. Continuous diagonal cracks in the shear-flexural region were observed, as shown in Figure 4G. The cracking process for specimen RC-1 was similar to that of specimen RC-2 in the early stage of loading. However, the damage extent of specimen RC-1 was more intense. Upon further loading, the bottom concrete cover of the specimen bulged, and the concrete in the shear-flexural region spalled finally. Meanwhile, the longitudinal bars of the corresponding parts bent and bulged outward, as shown in Figure 4F.
Specimens UC-2, UC-3, and UC-5 designed with a higher relative shear span ratio were characterized by flexural failure, as shown in Figures 4B,C,E. For instance, the failure process for specimen UC-2 is given as follows: in the initial stage, several fine cracks appeared in the flexural zone. During the loading cycles, a few diagonal cracks could be found at the shear bending section, but no further propagation of these cracks was observed. Multiple tiny cracks formed and developed in the bending zone. As the deflection increased, the cracks expanded gradually, and eventually a major transverse crack developed and propagated from one bottom to the opposite top side at the mid-span. At that moment, the flexural strength of this side reached its peak strength. Finally, UC-2 failed in one-side flexure. It is noted that the opposite side loading did not reach its corresponding peak. Specimens UC-1 and UC-4 with a low shear span ratio failed in the shear mode in the flexural-shear zone. Different from specimen RC-1 and RC-2, several flexural cracks were still formed and developed because of the excellent shear performance of the ECC. Meanwhile, compared with RC beams, the great deformation capacity and the development of multi-cracks ensured that the shear failure of the ECC specimens became more gradual and exhibited more ductile behavior. As expected, there was no spalling occurrence on the ECC beams and the specimens still maintained good integrity, which is mainly attributed to the ECC’s superior multi-crack formation and strain-hardening capability.
Hysteretic loops
The hysteresis loops are the basis to analyze the nonlinear seismic response of the beams since they effectively reflect the ultimate bearing capacity, stiffness degradation, and energy dissipation of the beams subjected to low-cycle reversed loading. As plotted in Figure 5, observations could be inferred in analyzing the load-drift response as follows:
1) All specimens exhibited linear behavior before yielding, and the lateral stiffness has little change at this stage. After yielding, the hysteresis loops appeared in different shapes. The hysteresis loops of the RC beams were “inverted-S-type,” and a pinch effect appeared because of the opening and closing of cracks or the debonding of steel bars. In contrast, the hysteresis loops of the ECC beams presented a typical “Z-type.” Compared with RC beams, the ECC beams exhibited more pronounced pinching and flatter hysteretic curves, and the hysteretic response was more stable with full hysteresis loops.
2) Compared with RC-1 and RC-2 (Figures 5F,G), the hysteretic loops are plumper and more stable for the UC-2 (Figure 5B). Meanwhile, the ultimate drift of ECC beam is up to 10%, while the RC beam was only around 6%. The characteristics described previously indicated that the ECC beams represented much better deformation than RC beams. This is mainly due to the superior tensile and compressive strain capacities of the ECC, which improves the ductility of ECC members and avoids premature failure.
3) The ECC beams with higher shear span ratios (i.e., λ = 2.4, UC-3, Figure 5C) show a more ductile response than those with lower shear span ratios (i.e., λ = 1.6, UC-2, Figure 5B and λ = 1.0, UC-1, Figure 5A). With the increase in shear span ratio, the failure mode of specimens gradually converts from shear failure to flexural failure. Notably, although ECC-1 and RC beams experienced shear failure, the deformation capacity and ductility of ECC-1 were better than those of RC beams, and the multi-cracks in the ECC-1 ensured a more ductile failure. In summary, the ECC beams show better seismic performance than the RC rivals when the shear span ratio is equal.
4) For the specimens with different sectional dimension, the hysteretic loops for the specimens with smaller sectional dimension (i.e., Figures 5A,B) show relatively plumper and more stable hysteretic characteristics than those with larger dimension (i.e., Figures 5D,E).
[image: Figure 5]FIGURE 5 | Hysteretic curves. Drift vs. load force hysterestic curves.
Skeleton curves
The skeleton curves can reflect the strength degradation, stiffness degradation, and deformation characteristics of the beams. Figure 6 gives the skeleton curves of all specimens with different shear span ratios and section dimension, and the following is observed:
1) All the skeleton curves develop along a nearly linear line before reaching the yield point. The specimen exhibits plastic characteristics after that point at which the lateral stiffness begins to degrade gradually and the bearing capacity of the specimen reaches its peak. After the peak load, the deformation increases sharply, and the strength starts to degrade due to bulging or spalling of the bottom cover of the specimens. In addition, the ECC beams exhibit strain-hardening characteristics during the loading process.
2) As shown in Figure 6A, the ECC and RC beams behave completely differently. The yield load of the UC-2 was much smaller than that of the RC, whereas the peak load values have no obvious difference, which is mainly attributed to the strain-hardening of ECC beams after yielding. After the peak loading point, the skeleton curves of RC beams decrease earlier and faster than those of specimen UC-2. It indicated that the ECC beams exhibit a better ductility response.
3) In Figure 6B, the skeleton curves behave clear shift with the shear span ratio changing. The slopes for the ascent stage of the skeleton curves decrease with the increase of the shear span ratio, which denotes the lateral stiffness and the peak load decrease in a certain range. However, when reaching the peak load, the skeleton curves of the specimens with a higher shear span ratio decrease more slowly and stably. In addition, it can be seen from Figure 6C that there are similar observations between the UC-4 and UC-5. Therefore, it proves that the ductility performance is effectively improved by the increasing shear span ratio.
4) As illustrated in Figure 6D, by comparing the specimens, i.e., UC-1 and UC-4, it is found that specimens with a larger relatively sectional dimension showed much worse ductile behavior. Furthermore, specimens with a larger sectional dimension had a higher peak load but significantly lower ultimate displacement and deformation ability.
[image: Figure 6]FIGURE 6 | Skeleton curves. Drift vs. load force skeleton. (A) Difference induced by introducing ECC. (B) Influence of shear span ratio. (C) Influence of shear span ratio. (D) Influence of sectional dimension.
Stiffness degradation
The stiffness degradation reflects the cumulative damage level of the beams under reverse cyclic loading. In this study, as illustrated in Figure 7, secant stiffness is used to represent the stiffness of the specimen, which is defined as the slope of the straight line joining the peaks of the positive and negative cycles. Secant stiffness for each hysteresis loop is calculated with the following equation:
[image: image]
where [image: image] is the secant stiffness of the specimen at [image: image] cycle; [image: image] and [image: image] are the peak loads in positive and negative excursion, respectively; [image: image] and [image: image] are the corresponding imposed displacement at the [image: image] cycle.
[image: Figure 7]FIGURE 7 | Secant stiffness calculation model.
The stiffness degradation curves of all specimens considering the section dimension and shear span ratio are presented in Figure 8. All the stiffness degradation curves represented a remarkable characteristic as follows. During the initial stage of loading, the lateral stiffness decreased rapidly due to the appearance of many cracks. After 5% drift ratio, with the full development of cracks, the plastic deformation increases greatly, which contributes to the slow stiffness degradation of the specimen. Therefore, the stiffness degradation law can be described as “fast followed by slow”.
[image: Figure 8]FIGURE 8 | Stiffness degradation. (A) Difference induced by introducing ECC. (B) Influence of shear span ratio. (C) Influence of shear span ratio. (D) Influence of sectional dimension.
Figure 8A compares the stiffness degradation of the specimens with different matrix materials. Compared with RC-1 and RC-2, the initial stiffness of UC-2 was much smaller, mainly attributed to the fact that the elastic modulus of ECC is lower than that of ordinary concrete. However, the stiffness of UC-2 degrades more slowly, and the stiffness difference decreases. This may be explained that during the loading process, relatively wide and large cracks formed in the concrete beam, while small and slender cracks appeared in the ECC beam. These fine cracks made the ECC beams have a considerably higher effective moment of inertia than the RC beams, compensating for the lower elastic modulus.
The shear span ratio has a significant effect on the stiffness degradation of all ECC specimens. As shown in Figure 8B and Figure 8C, the initial stiffness of the specimens decreases significantly with the increase in shear span ratio, but with a more slower stiffness degradation with a higher shear span ratio (λ = 2.4). Hence, the stiffness degradation curves again demonstrate that a better ductile response is exhibited by the ECC beams with a higher shear span ratio.
As illustrated in Figure 8D, specimens with a larger sectional dimension showed a much higher initial stiffness and more gentle stiffness degradation.
Ductility and energy dissipation
Ductility is an important parameter that characterizes structural reliability, which refers to the ability of the beams to undergo amplitude cyclic deformations without a significant reduction in bearing capability.
The ductility factor, defined as Eq. 2, is used to quantitatively evaluate the ductility of specimens with different design parameters.
[image: image]
where [image: image] is the ultimate rotation of the beams and [image: image] is the yield rotation calculated by the geometric drawing method.
The ductility factor is calculated for all beams, including both positive and negative directions, as summarized in Table 6. Compared with the RC beams, the ECC beams show better ultimate rotation and yield rotation, and the ductility factor exhibits a slight increase, such as that the ductility factor of specimen UC-2 is 4.94, which is 1.2 times as much as that of RC-2. It indicates that the ECC beams without aligned reinforcement have good ductility, which is obviously different from the conventional concrete beams that exhibit more brittleness. The ductility factor increases significantly with the increase in of the shear span ratio. For example, the ductility factor of specimen UC-3 is 7.05, which is 1.5 times as much as that of specimen UC-1. It proves that the ductile performance of specimens with a higher shear span ratio is more excellent. In addition, a slight decrease in the ductility factor was observed with increasing sectional dimension. It was majorly because of the shearing effect.
TABLE 6 | Ductility factor of test specimens.
[image: Table 6]Energy dissipation is another basis parameter to estimate the seismic response of the beams. The energy dissipation capacity of the tested specimens is evaluated by the area enclosed by the hysteretic curve, which is usually measured by the cumulative energy consumption at a given displacement level. Figure 9 gives the cumulative energy dissipation curves.
[image: Figure 9]FIGURE 9 | Cumulative energy dissipation curves. (A) Difference induced by introducing ECC. (B) Influence of shear span ratio. (C) Influence of shear span ratio. (D) Influence of sectional dimension.
In general, the cumulative energy dissipation of each specimen increased with the increase in load level, and the beams showed good energy dissipation. In the same scenario, greater energy dissipation could be found in the ECC beams than in the RC beams. Meanwhile, weaker energy dissipation could be obtained in the ECC series with a lower shear span ratio. In addition, specimens with larger sectional dimensions, i.e., UC-4 and UC-5, exhibited much higher energy dissipation. This is reasonable because specimens with a large sectional dimension have a relatively high bearing capacity, which enlarged the areas of the hysteresis curves correspondingly.
Deformation recovery capability
The deformation recovery capacity has a significant impact on the post-earthquake performance of the beams. The deformation recovery capacity was evaluated by using the residual deformation rate, which was defined by the ratio of residual deformation to ultimate deformation. Also, the deformation recovery index of all beams is summarized in Table 7.
TABLE 7 | Deformation recovery index of test specimens.
[image: Table 7]By comparing specimens UC-1, and RC-2, the residual deformation rate of ECC beams was found to be very close to that of RC beams. Hence, the plain ECC beams exhibit a great deformation recovery ability, which was equivalent to that of RC beams with a unidirectional reinforcement ratio of 1%. It is worth nothing that the change in the shear span ratio and sectional dimension had little influence on the deformation recovery capability of the beams.
CONCLUSION
The objective of the present study is to explore the seismic performance of ECC beams without aligned reinforcement. Cycle-loading tests were conducted on seven beams with different shear span ratios and sectional dimensions. Based on experimental analysis, the following conclusions can be drawn:
1) ECC shows the characteristics of excellent strain-hardening and superior deformability under tension. The average tensile strain capacity of ECC reached 10.59%, and the maximum exceeded 12.0%. Even at high compressive strain, the ECC retained its ductility with high stress levels.
2) The plain ECC beams shows better ductility than RC beams. The tensile behavior of ECC enables ECC beam prone to flexural failure. When failure occurs in the bending region, the ductility of the ECC beams is 1.2 times that of RC beams.
3) Two typical failure modes of ECC beams were observed in the test, i.e., shear failure and flexural failure. With the increase of the shear span ratio, the failure mode of specimens gradually converts from shear failure to flexural failure. It proves that with proper design, ECC beams can avoid the formation of shear cracks in the shear-flexural region.
4) The increase in the shear span ratio and sectional dimension shows a positive effect on the seismic performance of the ECC beams. With a higher shear span ratio, the ECC beams show more ductile response and better energy dissipation capacity than the specimens with a lower shear span ratio. Specimens with larger sectional dimensions have higher bearing capacity and energy dissipation but relatively lower deflection and ductility at failure.
5) The initial stiffness of ECC beams was lesser than that of RC beams, but the stiffness of ECC beams degrades more slowly. During the loading process, specimens with a relatively large shear span ratio and small sectional dimension show a lower initial stiffness but slower stiffness degradation.
6) Cumulative energy dissipation of each specimen increases with the increase of load level, and the ECC beams show better energy dissipation. Specimens with a larger shear span ratio and sectional dimension exhibit much higher energy dissipation. Nevertheless, the changes in the shear span ratio and sectional dimension have little influence on the deformation recovery capability. The ECC beams without aligned reinforcement exhibit a great deformation recovery ability, which is equivalent to that of RC beams with a reinforcement ratio of 1.0%.
The emergence of ECC provides an option for plain concrete construction in the future, but the studies on the mechanical properties, calculation method, and design theory are just at the very beginning. More systematic studies are urgently needed for this category of structural style for the future potential engineering practice.
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Specimen Sectional dimension (mm) Loading method Shear span ratio

uc-1 125 x 125 Four-point bending 10
uc2 125 x 125 Four-point bending 16
uc-3 125 x 125 ‘Three-point bending 24
uC-4 1625 x 162.5 Four-point bending
uc-s 1625 x 162.5 Four-point bending
RC-1 125 x 125 Four-point bendmg 1.6

RC-2 125 x 125 Four-point bending 16
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Property Ultimate Ultimate tensile strength  Compressive modulus (GPa)  Compressive strength (MPa)
tensile strain (%) (MPa)

Fine stone concrete ~ — — 1938 1173

ECC 10.59 5.69 1071 2079
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Specimen Direction Yield rotation 0, (%) Ultimate rotation 0, (%) Ductility factor u
Measured value Average value

uC-1 Positive 156 1007 647 484
Negative 397 1271 321

uc2 Positive 173 1097 636 494
Negative 256 9.02 352

uc-3 Positive 097 7.36 7.61 7.05
Negative 127 826 649

UC-4 Positive 575 1401 244 224
Negative 364 7.40 204

uc-s Positive 201 1034 515 359
Negative 364 7.40 204

RC-1 Positive 113 242 215 293
Negative 071 264 372

RC-2 Positive 179 614 343 428
Negative 073 374 513
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Number

uc-1
uc-2
uc-3
uC-4
ucC-5
RC-1
RC-2

Section size (mm)

125 x 125
125 x 125
125 x 125
16255 x 1625
1625 x 162.5
125 x 125
125 x 125

Shear span ratio

10
16
24
077
123
16
16

Failure mode

Shear failure (Figure 4A)
Flexural failure (Figure 4B)
Flexural failure (Figure 4C)
Shear failure (Figure 4D)
Flexural failure (Figure 4E)
Shear failure (Figure 4F)
Shear failure (Figure 4G)
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Fiber Diameter (um) Strength (GPa) Elastic modulus (GPa) Rupture elongation (%) Density (g/cm”)

PE 24 29 116 26 0.97
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Composition Sand Cement Fly ash Lime Water W/ib ‘Water Fiber
powder ratio reducing
agent
Fine stone concrete 1,300 259 - 61 300 094 - -
ECC 8739 5924 710.8 - 4127 032 50 190
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Specimen Direction Residual deformation (mm) Ultimate deformation (mm) Residual deformation rate
uC-1 Positive 1165 1521 077
Negative -877 ~1369 0.64
uc2 Positive 1383 2135 0.65
Negative -16.08 -2238 072
uc3 Positive 1977 25.19 0.78
Negative ~16.69 -2157 077
UC-4 Positive 815 17.74 046
Negative -1232 -1835 0.67
uc-s Positive 1447 2137 0.68
Negative -1852 -2489 074
RC-1 Positive 617 9.02 0.68
Negative 663 -1129 059
RC-2 Positive 1218 16.37 074
Negative -8.02 -1229 065
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