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Engineered Cementitious Composite (ECC) material, as a hybrid material, also has uncertainties. In addition, the shear failure mechanism of reinforced ECC (R-ECC) member is different from that of ordinary reinforced concrete (RC) member, and a new material partial factor of ECC is needed. This paper conducted experiments for the statistical mechanics of ECC strength. The shear failure test data of 36 R-ECC members were collected, and four representative bearing capacity calculation models were also collected and assessed. Then, the limit state function of the shear capacity of R-ECC beams was derived, and the reliability indexes were calculated. To evaluate the ECC material partial factor reasonably, it was calibrated. The results indicate that ECC strength obeys a normal distribution, and the coefficient of variation can be taken as 6.0%. The calculated reliability index will increase with the increase of the material partial factor and the increase of the ratio k between dead load and live load. Considering the different k values comprehensively, for the guidelines GB 50068-2018, CSA S806, ACI 440.2R, CIDAR, fIB TG 9.3 and UK TR 55, the recommended values for the material partial factor are 1.20, 1.10., 1.15, 1.55, 1.05, and 1.05, respectively.
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1 INTRODUCTION
Nowadays, the most often utilized material in engineering is concrete. It is very strong, but it is not very ductile. Consequently, a lot of researchers were thinking about incorporating fiber materials, like carbon, basalt, steel and plant fiber, into concrete. ECC material is a type of fiber-reinforced concrete. As demonstrated in Figure 1, when the initial crack forms, the load can still increase and a huge number of small cracks will emerge before the material ultimately fails. This significantly enhances the deformation performance of ECC. Its ultimate tensile strain is 300–1,000 times that of ordinary concrete and ordinary fiber reinforced concrete (Gu et al., 2022).
[image: Figure 1]FIGURE 1 | Typical tensile stress-strain curves of ECC, ordinary fiber concrete and ordinary concrete.
Therefore, many scholars have conducted researches on ECC components, for example, in the work of Kang et al. (2017), to describes the shear strength of engineered cementitious composites, twelve push-off tests were carried out on conventional concrete, mortar and ECC specimens. The creation and performance assessment of a new high performance composite flooring system featuring cutting-edge, environmentally friendly, and economically viable ECC was presented by Hossain et al. (2016). The seismic behavior of H-steel reinforced ECC short columns has been studied by the combined constant axial compression and lateral cyclic load, as Zhang et al. (2019) described.
Normal section bending failure and oblique section shear failure are the two primary forms of failure for reinforced concrete (RC) bending components in the final bearing capacity state. One of these is shear failure, which typically occurs abruptly and exhibits no failure indicators. Therefore, it is standard practice in structural design to ensure that the components have the capacity to support excess shear. When calculating the shear bearing capacity of diagonal sections of components, the plane section assumption is no longer applicable, which makes the shear problem difficult. Different guidelines from various countries have also provided completely different calculation methods, and the calculation methods are based on a combination of theory and experiment. To study the calculation method of shear bearing capacity of reinforced ECC (R-ECC) components, scholars have also conducted a series of studies. A well-designed testing strategy that included continuous strain quantification along the stirrups was employed in the work of Gu et al. (2022) to accurately estimate Vc and Vs. as well as their increase during the loading.
Arulanandam et al. (2022) used in-depth analytical and finite element (FE) methodologies to discuss the performance of R-ECC beams under shear, both with and without transverse reinforcements. The shear behavior of large-scale R-ECC beams reinforced with various fiber kinds was assessed by Ismail and Hassan (2021). Hossain et al.'s research (Hossain et al., 2020) examined the shear performances of hybrid composite beams, which are composed of two separate layers of self-consolidating concrete (SCC) and ECC. The findings of an experimental study on the flexural and shear behaviors of plain and reinforced polyvinyl alcohol-ECC beams were reported in Meng et al.'s research (Meng et al., 2017). An experimental evaluation of the shear behavior of beams made of steel R-ECC was reported by Paegle and Fischer (Paegle and Fischer, 2016). The shear behavior of reinforced ultrahigh toughness ECC beams without transverse reinforcement was examined by Xu et al. (2012).
Actual constructions and ideal approaches differ in a few ways, and these discrepancies can be attributed to several uncertainties such as material strength, computation mode, load, etc. In order to guarantee that the structure possesses adequate safety reliability, the majority of nations employ the Limit State Method for component design. The reliability index serves as an indicator for assessing the likelihood of component failure.
The high-strength steel reinforced concrete beam (HSSRCB) limit state design technique, which is practical for the adoption and popularization of HSSR, was proposed by Zhang et al. (2022) and is based on reliability analysis. Six design recommendations for concrete structures shear enhanced with fiber reinforced polymer (FRP) have been evaluated based on the load and resistance factor design approach philosophy, according to Huang et al. (2023) investigation into the dependability level of these guidelines. A statistical and reliable evaluation for designing hybrid FRP/steel-RC beams under flexure over a global experimental database was given by Tarawneh et al. (2024). The dependability of the flexural capacity prediction models for ultra-high performance concrete (UHPC) beams was examined by Feng et al. (2024).
Similarly, as a mixed material, ECC also has significant variability. To provide reasonable material partial factor for R-ECC beams, this paper collects and compares the uncertainties of various bearing capacity calculation models, thus, a computational model which is most suitable for reliability analysis will be selected. In order to solve the problem that the uncertainty of the calculation model does not obey the conventional distribution, the linear moment method is also used to generate random samples, and this method is simple and does not require distribution assumption. In addition, since the load partial factor has a great influence on the reliability index, the reliability index of the load partial factor given in different guidelines will be calculated separately. Finally, calibration method will be used to select the optimal material partial factor of ECC strength. The flowchart of this work can be seen in Figure 2. The research work in this paper will provide reference for the design and application of reinforced ECC structures.
[image: Figure 2]FIGURE 2 | Flowchart.
2 EXPERIMENTAL STUDY ON STATISTICAL CHARACTERISTICS OF ECC
ECC is a hybrid material with significant discreteness, which can affect the safety and reliability of R-ECC structures. The strength discreteness of ECC materials will be conducted. The raw materials used include P.O. 42.5 cement, Grade II fly ash, quartz sand, silica fume, high-efficiency water reducing agent and PVA short cut fibers. Among them, the length of PVA fiber was 12 mm, and its volume fraction was 2%. The mix proportion is shown in Table 1, which includes three kinds of mix proportion, and 30 test blocks were made for each mix proportion.
TABLE 1 | Mix of ECC materials.
[image: Table 1]The failure mode of ECC under compression is shown in Figure 3. The ECC concrete first experienced local cracking under compression, and finally experienced overall crushing, without obvious sudden brittle fracture throughout the process. From Figure 3B, it can be seen that there were a large number of fibers between the cracks, which can still play a bridging role after the concrete cracks, thereby improving the toughness of the concrete. The experimental research in this paper is mainly to obtain the statistical characteristics of strength of ECC material. More information about the macro and micro fracture mechanism of ECC materials can be found in these literature (Ismail and Hassan, 2021; Huang et al., 2020).
[image: Figure 3]FIGURE 3 | The failure mode of ECC: (A) Overall; (B) local.
The total compressive strength of the three ECC mix proportions is shown in Figure 4, where the upper and lower red lines represent a 95% guarantee rate, which is obtained using the mean ±2 times the standard deviation. It can be seen that the strength of ECC-1 mix is between 30 and 40 MPa, ECC-2 mix is between 35 and 45 MPa, and ECC-3 mix is between 38 and 52 MPa. Overall, there is a certain degree of variability in each mix proportion.
[image: Figure 4]FIGURE 4 | Compressive Strength of ECC samples: (A) ECC-1; (B) ECC-2; (C) ECC-3.
The Kolmogorov-Smirnow hypothesis (K-S) test was used to determine the distribution of the sample. It was assumed that the sample obeys a normal distribution, and its mean and standard deviation were consistent with the experimental samples. The test results are shown in Table 2. It can be seen that the coefficients of variation (COV) of three kinds of sample are 5.9%, 5.5%, and 6.7%, respectively. The hypothesis test results are all 0, indicating that all three kinds of sample do not reject the hypothesis, and can be considered to obey a normal distribution.
TABLE 2 | Results of Kolmogorov-Smirnow test.
[image: Table 2]The comparison between the cumulative distribution function (CDF) curves of the three mix proportions and the normal distribution is shown in Figure 5. It can be seen that the CDF curves of the experimental samples are close to those of the normal distribution samples, further proving that the experimental samples follow a normal distribution. The COV for the three mix proportions is 6.0%, and this is very close to the suggestion value in guideline JSCE (2008), and this COV will be used for subsequent reliability analysis.
[image: Figure 5]FIGURE 5 | Comparison of CDF between experimental samples and normal distribution: (A) ECC-1; (B) ECC-2; (C) ECC-3.
3 CALCULATION MODEL AND EVALUATION OF BEARING CAPACITY
3.1 Bearing capacity model
To provide a simple calculation method for the shear bearing capacity of beams, many countries and scholars have proposed calculation models. Four influential models were collected, including two types. The first type was the shear bearing capacity of ordinary RC members, including the Chinese standard GB20010-2010 (Code for design of concrete structures, 2010); The second type was the shear bearing capacity of R-ECC members, which includes Japanese standard JCSE 08 (JSCE Japan Society of Civil Engineers, 2008), Hou model (Hou et al., 2014), and Gu model (Gu et al., 2022).
3.1.1 GB20010-2010 model
The model suggested in Chinese standards GB20010-2010 (Code for design of concrete structures, 2010) considers the contribution of concrete tensile strength and stirrup reinforcement, as well as the influence of shear span ratio, and it can be written as Equation 1,
[image: image]
where ft denotes tensile strength of concrete; b and h0 denote width and effective height of section respectively; λ denotes shear span ratio; Av, fyv and s denotes the section area, strength and spacing of stirrup.
3.1.2 JCSE 08 model
JSCE 08 (JSCE Japan Society of Civil Engineers, 2008), a guideline for the design and construction of high performance fiber-reinforced cementation composites by the Japan Civil Engineering Society, adopts the classic 45-degree critical oblique crack assumption, and considers that all the hovers within the critical shear crack range yield, and the shear capacity of R-ECC concrete beams can be calculated according to Equations 2–5,
[image: image]
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where ρ1 denotes longitudinal reinforcement ratio, [image: image] = 45°.
3.1.3 Hou model
Hou et al. (2014) proposed an empirical model based on the test results, which believed that contribution of ECC to shear resistance would decrease with the increase of stirrup ratio, as follows Equations 6–11,
[image: image]
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3.1.4 Gu model
Gu et al. (2022) established a reasonable and accurate calculation model of shear capacity based on the truss-press bar shear transfer mechanism in R-ECC beams. At the same time, the shear test database of R/ECC beam was established, and the simple calculation formula of shear capacity of R/ECC beam was proposed through nonlinear regression analysis, and it can be written as Equation 12,
[image: image]
where ρt denotes stirrup ratio and fyv denote the strength of stirrup rebar.
3.2 Date collection
In order to assess the above models, 36 specimens in published literature were collected and sorted out, as shown in Table 3.
TABLE 3 | Experimental parameters and results in the literature.
[image: Table 3]3.3 Calculation model uncertainty and assessment
GB20010-2010 model, JCSE 08 model, Hou model and Gu model were respectively used to calculate the shear capacity of the components in Table 3. The calculation results of the model were compared with the test results as shown in Figure 6, where Vu,pre represents the calculation results of the model, and Vu,exp represents the test results. It can be seen that the calculated results of GB20010-2010 model are close to the experimental results. The calculation results of JCSE 08 model are generally greater than the experimental results, and only a few models are less than the experimental values, indicating that the calculation results of the model are relatively conservative. Most of the calculation results of Hou model are near the test value, and some of the calculation results are greater than the test value. Most of the calculated results of Gu model are near the test, and some of the calculated results are greater than the test values.
[image: Figure 6]FIGURE 6 | Comparison between the calculated results and the measured values: (A) GB50010-2010 model; (B) JCSE-08 model; (C) Hou model; (D) Gu model.
In order to better evaluate the model and apply its error in reliability analysis, the expression of model error μ was established as Equation 13,
[image: image]
The model errors were statistically analyzed, and the results are shown in Figure 7. It can be seen that the mean value of model error of GB20010-2010 model are 1.2553 and coefficient of variation (COV) is 0.0925, which approximate follows normal distribution on the whole. The mean value of error of the JCSE-08 model is 0.8233 and the COV is 0.0413, which follows the normal distribution. The mean value of error of Hou model is 0.9176 and COV is 0.0336, which did not follow normal distribution on the whole. The mean value of error of the Gu model is 0.9918 and the COV is 0.0200, which does not follow the normal distribution on the whole. On the whole, the mean value of the calculated results of Gu model is closest to 1.0, and its COV is the smallest. In other words, Gu model has the best accuracy and discreteness when used to evaluate the bearing capacity. Therefore, Gu model will be adopted in the subsequent reliability analysis.
[image: Figure 7]FIGURE 7 | Model error distributions: (A) GB50010-2010 model; (B) JCSE-08 model; (C) Hou model; (D) Gu model.
As can be seen from the statistical graph calculated by Gu model in Figure 7, model errors do not follow normal distribution and lognormal distribution, so it is unreasonable to regard them as normal distribution or lognormal distribution in reliability analysis. For such statistical data that do not conform to conventional random distribution, linear statistical moment method can be used to simulate data samples (Zhang et al., 2022; Tong et al., 2021). The first four linear moments of the model error were 0.9917, 0.796, −0.0155 and 0.0035, respectively. The sample of the model error can be obtained through numerical simulation, and the comparison the probability density function (PDF) of simulated sample actual sample is shown in Figure 8. As a whole, the simulation result is very close to the PDF curve of the actual sample, and the validity of the simulation results is proved.
[image: Figure 8]FIGURE 8 | Model error simulation results PDF and actual PDF.
4 RELIABILITY ANALYSIS METHOD AND RANDOM PARAMETERS
4.1 Analytical method
4.1.1 Design route of limit state method
Dead load effect (SG) and live load effect (SQ) are included in the load effect, which is often computed first in structural design. The design guidelines prescribe the corresponding dead load partial factor γG and live load partial factor γQ to ensure the reliability of the structure because the load effect is highly unknown. This can be expressed as Equation 14:
[image: image]
The structural member’s parameter design can then be completed in accordance with the load effect S, which takes into account the partial factor γm of the primary material parameters. For instance, in GB50010-2010, the material partial factor for ordinary concrete strength is 1.41, and the material partial factor for ordinary steel bar is 1.11.
After considering the partial factors of material and load, the structural component parameters can be designed. According to the findings in sub-section 2.3, the resistance (i.e., the shear capacity of R-ECC beam) can be calculated by using the Gu model, that is, the corresponding shear capacity Vu can be calculated using Equation 12. The bearing capacity of the structural member should meet the following formula,
[image: image]
4.1.2 Reliability index calculation
There was no specific load effect, and all the variables were assumed in this work. In this instance, the default calculation of the structural resistance could be precise. The most ideal situation from an economic standpoint is one in which the load effect and the resistance are totally constant, hence the actual load effect can be written as Equation 16,
[image: image]
It should be noted that there are no random variables in the above equation. Part of the Vu is used to resist the dead load effect, denoted Vu,G, and the other part is used to resist the live load effect, denoted Vu,Q. When the load partial factor is considered, the actual resistance can be represented as Equation 17,
[image: image]
Assuming the ratio of dead load to live load is k, and Equations 18, 19 can be obtained,
[image: image]
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Therefore, Equation 17 can be rewritten as Equation 20.
[image: image]
In addition, due to the errors between the calculation model and the actual results, the errors generated by the calculation model need to be considered in the function, then the resistance equation of the structure can be expressed as Equation 21,
[image: image]
According to the reliability theory, the limit state function can be written as Equation 22,
[image: image]
When Z = 0, it is the equilibrium state; when Z > 0, it is safe; when Z < 0, it is unsafe, that is, it is failure. The resistance is uncertain, and the load effect is deterministic. Since the resistance model contains uncertainties such as material, size, shear span ratio and calculation model, the limit state function is also uncertain, and the failure probability of the limit state equation can be written as Equation 23,
[image: image]
The calculation of failure probability can be carried out using the Monte Carlo simulation method. Monte Carlo simulation is a method of calculating a large number of samples to make the probability results tend to be. When the sample size is infinite, the simulated probability results are accurate solutions, while when the sample size is large enough, the simulated probability results are close to the exact solutions. Through trial calculations, it can be concluded that the calculation results are very stable when the simulated sample size is 100,000, and in subsequent calculations, the sample size will be positioned at 100,000. The reliability index can be calculated by Equation 24,
[image: image]
4.2 Uncertain parameter
As can be seen from Equation 12, the calculation of shear capacity of R-ECC beam is affected by factors such as reinforcement ratio, shear span ratio, concrete strength, stirrup ratio and stirrup strength, etc., and these factors also have uncertainties, which result in the uncertainty of R-ECC beam resistance. In addition to the above factors, the load also has great uncertainty, including dead load and live load, and the uncertainty of load will cause the effect to have uncertainty. In order to fully consider these uncertainties, the corresponding deviation, COV and distribution mode were collected from the literature, as shown in Table 4, which contains nine member parameters and two load parameters in total.
TABLE 4 | Uncertain parameters.
[image: Table 4]5 DISCUSSION
5.1 Reliability index
The primary focus of structural design is to determine the material partial factor and load partial factor in order to guarantee the dependability of the R-ECC members. The primary distinction between an R-ECC beam and a standard RC beam is the replacement of concrete with ECC. As a result, in order to construct a structure based on the limit state, the ECC material partial factor that corresponds to the dependability index must be found. Equation 12 indicates that the material partial factor of ECC strength is the ECC material partial factor.
According to the finding in the literature, the ratio k of dead load and live load has a great influence on the reliability index. Therefore, the influence of the ratio k on the reliability index of the shear capacity of R-ECC beams will be discussed below. The member parameter values are as follows: b = 200 mm, h0 = 400 mm, As = 628 mm2, Av = 100 mm2, s = 200, fy = 400 MPa, fc = 54 MPa, fty = 6.1 MPa, ftu = 7.5 MPa, shear span ratio = 2.5. In addition, the guidelines including GB 50068-2018 (2018), ACI 440.2R (2017), CSA S806 (2012), CIDAR (2006), FIB TG 9.3 (2001), UK TR 55 (2004) from different countries have different considerations for load partial factors, as shown in Table 5. Generally, the greater the load partial factor, the greater the reliability index, that is, the load partial factor has a great impact on the reliability index.
TABLE 5 | Load partial factors from different guidelines.
[image: Table 5]The range of ECC material partial factors that were taken into consideration was 1.0–1.60, with a 0.05 interval. The values of 0.5, 1.0, 1.5, 2.0, and 2.5 represent the dead load to live load ratio, or k. Figure 9 displays the reliability index results that were computed.
[image: Figure 9]FIGURE 9 | Reliability index: (A) GB model; (B) CSA model; (C) ACI model; (D) CIDAR model; (E) FIB model; (F) TR model.
The following conclusions can be drawn: (1) When the material partial factors are equal, the reliability index increases with the increase of the ratio k of dead load to live load because the dispersion of dead load is smaller than that of live load. However, it stops increasing after it reaches 4.26. This does not imply that the structure’s reliability will not increase further. This is primarily because the reliability index is derived from the failure probability and the function Φ(·) cannot obtain a greater reliability index when the failure probability is very small. The reliability index rises as the ratio k grows because the load effect’s dispersion is reduced; (3) Due to the biggest partial factors of both live load and dead load, guideline TR has the largest reliability index, whereas guideline CIDAR has the smallest reliability index. Numerous other dependability criteria are nearby.
5.2 Calibration of material partial factor
When the design parameters are different, the reliability index obtained by calculation is also different. In order to obtain the ECC material partial factor more reasonably, the reliability index of the shear bearing capacity of R-ECC beams under different parameters was calculated. The specific parameters are shown in Table 6, which is including five kinds of section width, five kinds of effective height of section, nine kinds of longitudinal reinforcement rate, five kinds of stirrup rate, five kinds of shear span ratio, five kinds of stirrup strength and five kinds of ECC strength, a total of 5*5*9*5*5*5*5 *5 = 140,625 kinds of design parameters. There were five kinds of ratio k of dead load to live load, including 0.5, 1.0, 1.5, 2.0 and 2.5. The ECC material partial factor considered range from 1.0 to 1.60, with an interval of 0.05.
TABLE 6 | Parameter ranges of cases.
[image: Table 6]According to the guide of GB 50068-2018 (2018) when the safety level of ductile members and brittle members is level II, the corresponding reliability index should be greater than 2.70 and 3.20, while the shear failure of R-ECC beam is brittle failure. Therefore, 3.20 was taken as the target reliability index in the subsequent discussion.
When the reliability index corresponding to the material partial factor is closer to the target reliability index, it indicates that the material partial factor is more reasonable. However, the reliability index obtained by different design parameters is different, which makes it difficult to accurately judge the rationality of the material partial factor. Therefore, the following methods was considered to calibrate the material partial factor, as shown in Equation 25,
[image: image]
where H is the deviation; βT is the target reliability index, which is 3.20; βi is the reliability index calculated under different cases, n is the number of cases calculated. Subsequently, the deviation values under different k values will be calculated and the deviation values corresponding to all k values will be calculated. According to the formula, the closer the calculation reliability index is to the target reliability index, the smaller the deviation value. In other words, the smaller the deviation value, the more reasonable the material partial factor.
Figure 10 shows the calibration of reliability indexes corresponding to different guidelines. Figure 10A shows the calibration results corresponding to GB 50068–2018. It can be seen that the deviation value decreases first and then increases with the increase of the material partial factor. The calibration value of the material partial factor (that is, the value of the material partial factor corresponding to the minimum deviation value) decreases with the increase of the k value, and the corresponding material partial factors for k = 0.5, 1.0, 1.5, 2.0 and 2.5 are 1.45, 1.30, 1.20, 1.15 and 1.10, respectively. The calibration material partial factor value for all k values is 1.20.
[image: Figure 10]FIGURE 10 | Calibration of material partial factor: (A) GB; (B) CSA; (C) ACI; (D) CIDAR; (E) FIB; (F) TRK.
Figure 10B shows the calibration results corresponding to guideline CSA. Similarly, the deviation value decreases first and then increases with the increase of the material partial factor. The calibrated material partial factor values decrease as k value increases, and the corresponding material partial factors for k = 0.5, 1.0, 1.5, 2.0 and 2.5 are 1.25, 1.15, 1.10, 1.05 and 1.00, respectively. The calibration material partial factor value for all k values is 1.10.
Figure 10C shows the calibration result corresponding to guideline ACI. Similarly, the deviation value decreases first and then increases with the increase of the material partial factor. The value of the calibrated material partial factor decreases with the increase of k value, and the corresponding material partial factors for k = 0.5, 1.0, 1.5, 2.0 and 2.5 are 1.30, 1.20, 1.15, 1.10 and 1.05, respectively. The calibration material partial factor value for all k values is 1.15.
Figure 10D shows the calibration result corresponding to guideline CIDAR. Similarly, the deviation value decreases first and then increases with the increase of the material partial factor, but the material partial factor corresponding to the minimum deviation value is larger. The value of the calibrated material partial factor decreases with the increase of k value, and the corresponding material partial factors for k = 0.5, 1.0, 1.5, 2.0 and 2.5 are 1.60, 1.55, 1.50, 1.45 and 1.45, respectively. The calibration material partial factor value for all k values is 1.55.
Figure 10E shows the calibration result corresponding to the guideline fib. The deviation value decreases first and then increases with the increase of the material partial factor. Obviously, the calibration material partial factor corresponding to fib is lower than the previous guideline. The value of the calibrated material partial factor decreases with the increase of k value, and the corresponding material partial factors for k = 0.5, 1.0, 1.5, 2.0 and 2.5 are 1.20, 1.10, 1.05, 1.00 and 1.00, respectively. The calibration material partial factor value for all k values is 1.05.
Figure 10F shows the calibration result corresponding to the guideline TRK, which is similar to the guideline fib. The calibrated material partial factor values decrease as k value increases, and the corresponding material partial factors for k = 0.5, 1.0, 1.5, 2.0 and 2.5 are 1.10, 1.00, 1.00, 1.00 and 1.00, respectively. The calibration material partial factor value for all k values is 1.05.
In the design, it is usually rare to distinguish the material partial factor corresponding to the ratio k of dead load and live load, but to comprehensively consider the calibration material partial factor under each ratio k, so as to facilitate the design. Therefore, it is recommended to adopt the corresponding calibration material partial factors for all k values in the shear capacity design of R-ECC beams, and the results are summarized as shown in Table 7.
TABLE 7 | Recommended material partial factors of ECC material strength.
[image: Table 7]It should be noted that the summarized partial factors were obtained in the shear failure state of R-ECC members. However, R-ECC members also have flexural failure, axial compression failure, compression-bending failure and other failure modes, and the partial factors obtained under these failure modes may be different. In future research, further discussion and comparison are needed.
6 CONCLUSION
In order to obtain the reasonable values of material partial coefficients for ECC materials in R-ECC shear members, experimental research was conducted on the strength statistical characteristics of ECC materials. Multiple shear performance test results of R-ECC beams were collected, and four capacity calculation models were evaluated. Subsequently, the expression of the limit state equation was derived, and a large number of calculations were conducted based on the Monte Carlo simulation method. Finally, the reasonable values of the material partial coefficients were calibrated based on the target reliability index. The main conclusions obtained are as follows.
(1) Compared GB50010-2010 model, JCSE 08 model, Hou model and Gu model, JCSE-08 model was the most conservative, its model error was 0.8233, the COV was 0.04; the errors of other models were all around 1.0, and the error of Gu model was 1.0 and the COV was the smallest (0.0200). Therefore, Gu model was recommended for reliability analysis. The error distribution of Gu model did not obey the conventional distribution, and the linear moment was used to simulate the random sample, which was in good agreement with the actual PDF.
(2) The reliability index of R-ECC increased with the increase of the material partial factor of ECC strength. When the ratio k of dead load and live load was the same, the reliability index increased with the increase of k value. This was because the uncertainty of the partial factor of dead load was smaller than that of live load, and the divergence of load effect was reduced by increasing the ratio k.
(3) In the range of material partial factor from 1.0 to 1.6, the deviation results of reliability of each guideline showed a trend of first decreasing and then increasing with the increase of the material partial factor. In general, the minimum deviation value decreased with the increase of the ratio k.
(4) Finally, the calibration results of the material partial factors corresponding to all k values were used, and the material partial factors of GB, CSA, ACI, CIDAR, fib and TRK were 1.20, 1.10, 1.15, 1.55, 1.05 and 1.05, respectively.
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