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Due to its efficient use of marine resources, seawater sea-sand concrete 
(SWSSC) has emerged as a promising sustainable building material and has 
garnered significant interest. At the same time, fiber reinforced polymer (FRP) 
materials show great potential for application in SWSSC structures owing to 
their excellent mechanical properties and corrosion resistance. However, the 
behavior of SWSSC is more uncertain compared to conventional concrete, 
which affects the reliability of structural members in terms of load-bearing 
capacity. To ensure the safety and reliability of FRP-SWSSC members, a 
database of 49 flexural tests on FRP-reinforced SWSSC beams was compiled 
to characterize the statistical distribution of the concrete material and the 
error associated with the computational model. Based on this data, a reliability 
analysis was conducted and a reliability model was developed. The partial 
factors were calibrated according to the target reliability index, resulting in 
recommended values of 1.4 for the Chinese code, 1.6 for ACI, 1.5 for CSA, and 1.3
for Eurocode.
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 1 Introduction

In recent years, the large-scale construction activities have led to a severe shortage of 
river sand resources, and the price of river sand has been continuously rising (Wang et al., 
2023). At the same time, the global consumption of fresh water for preparing concrete 
amounts to about 2 billion tons annually (Miller et al., 2018), which has become an 
increasingly serious issue. Therefore, the using of sea water and sea-sand have attracted the 
attention of scholars.

The chemical and physical properties of sea sand vary significantly due to geographical 
factors. Chemically, research by Dhondy et al. (2024) indicated that the chloride ion content 
in sea sand is generally higher than that in river sand. The silicon content in sea sand can vary 
due to the presence of shells and organic materials, but it typically exceeds that of river sand. 
In terms of physical properties, Supplementary Appendix 1 compiles fineness modulus data 
for sea sand from various regions. The particle size distribution of sea sand varies by 
region. However, it generally complies with the second-class sand standards outlined in the
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FIGURE 1
Difference between seawater sea sand concrete and river water river sand concrete.

FIGURE 2
Stress-strain distribution of the tensile failure section.

guideline (GB/T14684-2011, 2011). The fineness modulus and 
particle size distribution of second-class sand meet the requirements 
for concrete mixing, making it an ideal material for concrete 
production.

The research on seawater sea-sand concrete (SWSSC) primarily 
focuses on its mechanical properties, durability, and issues related 
to rebar corrosion. Figure 1 synthesizes findings from 29 previous 
studies, illustrating the differences between SWSSC and ordinary 
concrete (OPC) in terms of slump, setting time, early compressive 
strength, 28-day compressive strength, elastic modulus, water 
absorption, resistance to chloride ion penetration, resistance to 
sulfate ion attack, and freeze-thaw durability. In this figure, the 
blue bars indicate improvements of SWSSC over OPC in certain 
metrics, while the red bars denote declines in other areas. The 
numbers in parentheses next to the axis labels represent the number 
of references cited.

In studies of mechanical properties, numerous findings indicate 
that concrete made with seawater sea sand experiences a slight 

increase in compressive strength during the first 7 days compared 
to freshwater river sand concrete (Pan et al., 2021). However, after 
28 days of curing, its compressive strength typically falls below that 
of freshwater river sand concrete (Panchanathan and Paramasivam, 
2022). The initial and final setting times of concrete, as well as 
its workability, significantly affect the construction methods and 
timeline of concrete structures. Most studies indicated (Lu et al., 
2023a) that the initial and final setting times of SWSSC are shorter 
than those of freshwater river sand concrete.

Fiber-reinforced polymer (FRP) bars have been proposed 
as an ideal alternative. FRP bars, known for their lightweight, 
high strength, corrosion resistance, and fatigue resistance, are 
considered an ideal reinforcement material (Mai et al., 2023; 
Zeng et al., 2022). Their excellent corrosion resistance can effectively 
resist the erosion of chloride ions and moisture and oxygen 
in the air, thereby significantly improving the durability and 
reliability of concrete structures. Researchers had conducted various 
studies on FRP-reinforced concrete specimens, for examples, 
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FIGURE 3
Stress-strain distribution of the boundary failure section.

FIGURE 4
Stress-strain distribution of the compressive failure section.

TABLE 1  Environmental reduction factor for FRP, γe.

Environmental Conditions FRP type γe

Indoors

CFRP 1.00

BFRP 1.00

GFRP 1.25

Jafari et al. (2025) presented experimental and analytical insights 
into hybrid FRP systems and may provide useful comparative data 
or modeling strategies relevant to the current study’s treatment 
of FRP types (CFRP, GFRP, BFRP). Zeng et al. (2025) FRP-3D 
printed concrete analyzed the bond performance between FRP 
bars and 3D-printed high-performance concrete. In addition, 
there are some related studies, such as the bond-slip behavior 
of FRP bars (Fahmy et al., 2021), steel-FRP (SFCB) composite 
bar concrete columns (Han et al., 2023), FRP bar and steel bar 
hybrid-reinforced concrete beams (Hussein et al., 2022), FRP 
fabric-reinforced concrete beams (Liao et al., 2022), FRP and steel 
bar-reinforced concrete slabs (Wang et al., 2020), FRP-confined 
concrete cylinders (Wu et al., 2006), long-term bond performance 
of FRP- concrete (Zhang et al., 2025), FRP- UHPC foundation 

(Fan et al., 2025a), and FRP-UHPC beam (Fan et al., 2025b). 
The combination of FRP and SWSSC is of great significance 
for engineering construction and has attracted increasing
attention.

The bending effect of concrete structures under load is one 
of the most significant effects (Sun et al., 2025). Thus, numerous 
scholars had studied the flexural performance of FRP-reinforced 
concrete beams to explore the failure characteristics of FRP- concrete 
beams (Lu et al., 2023b; Younis et al., 2020). The properties and 
failure mode of FRP significantly differ from those of steel. FRP 
has a higher tensile strength than traditional steel reinforcement 
but a lower elastic modulus, and FRP does not exhibit plastic 
deformation, which means there are no obvious warning signs 
before its failure. Thus, FRP-reinforced concrete beams exhibit 
brittle failure characteristics under flexural action.

Concrete material is an artificially mixed material, and its 
performance inevitably has variability. In structural design, it is 
necessary to consider the impact of performance variability on 
structural safety, usually based on reliability indicators and the 
degree of material performance variability, to obtain the partial 
coefficients of the material performance. For example, in the 
specification (GB 50010-2010, 2010), the material safety factor for 
concrete strength is 1.40; The materials factor is suggested as 1.50 
in European standards; The American standard ACI 318 does not 
use partial factors, but instead uses strength reduction factors. 
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FIGURE 5
Distribution of database parameters. (a) Concrete compressive strength fcu (MPa). (b) FRP elastic modulus Ef (GPa). (c) FRP tensile zone area Af (mm2).
(d) FRP tensile strength ffd (MPa). (e) Longitudinal reinforcement ratio ρf (%). (f) FRP-type.

However, there are performance differences between SWSSC and 
RC, which pose new requirements for the reliability assessment of 
FRP-SWSSC beams, and it is necessary to conduct a more detailed 
reliability assessment of FRP-SWSSC beams to obtain the partial 
factor for SWSSC.

To this end, this paper first collected 49 groups of FRP-
SWSSC test data and analyzed the model uncertainty based on 

the bearing capacity calculation model provided by guideline (GB 
50608-2020, 2020); Secondly, statistical characteristics of SSSWC 
were collected, and the ultimate state function for the flexural 
bearing capacity of FRP-SWSSC beams was established, and the 
reliability index calculation method based on MCS L-moment was 
introduced. Thirdly, the analysis was conducted on the parameter 
sensitivity of the reliability of the flexural bearing capacity of FRP-
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FIGURE 6
Comparison between the experimental and the predicted results.

FIGURE 7
Distribution of model error.

TABLE 2  Results of Kolmogorov- Smirnov test.

Distribution h value p value

Normal 0 0.7182

Lognormal 0 0.9712

Extreme I 0 0.1739

SWSSC. Finally, the partial factor of SSSWC strength under a large 
number of conditions were calibrated, and reasonable partial factors 
were obtained. 

TABLE 3  Load statistical parameters.

Load type Bias COV Distribution References

Dead load SG 1.060 0.070 Normal GB 50009-2012 
(2012)

Live load SQ,O 0.524 0.288 Type I GB 50009-2012 
(2012)

Live load SQ,H 0.644 0.233 Type I GB 50009-2012 
(2012)

2 Flexural load capacity model of 
FRP-SWSSC

2.1 Prediction model

The flexural capacity prediction model recommended in the 
guideline (GB 50608-2020, 2020) was employed as the prediction 
model for the reliability analysis of FRP-SWSSC beams, and 
the model includes three types of failure modes for FRP-
RC beams, which are tension failure, compression failure, and
boundary failure.

In the case of tensile failure, the concrete has not yet reached 
its ultimate compressive strain, while the FRP reinforcement has 
already attained its ultimate tensile strain. The corresponding stress-
strain distribution is illustrated in Figure 2 During compressive 
failure, the concrete is crushed after reaching its ultimate 
compressive strain, even though the FRP reinforcement has 
not yet reached its ultimate tensile strain, and the stress-strain 
distribution is shown in Figure 3. In the boundary failure 
condition, both the concrete and the FRP reinforcement reach 
their ultimate compressive and tensile strains nearly simultaneously. 
The corresponding stress-strain distribution is depicted
in Figure 4.
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FIGURE 8
Strength of SSSWC samples from different region.

TABLE 4  Statistical parameters of SWSSC.

Material parameters Bias COV Distribution

fcu 1.2531 0.1228 Normal

According to the guideline (GB 50608-2020, 2020), the selection 
of different failure modes is based on the boundary reinforcement 
ratio ρfb, which is determined by Equation 1,

ρ fb =
α1 fc

f fd
·

β1εcu

εcu +
f fd

Ef

(1)

where α1 and β1 represent the coefficients for the equivalent 
rectangular stress distribution in the concrete compression zone, 
which are determined according to the (GB 50010-2010, 2010). 
Here, εcu is the ultimate compressive strain of the concrete, with a 
value of 0.0033. According to the guideline (GB 50068-2018, 2018), 
the design value for the axial compressive strength of concrete, 
denote as fc, is calculated using Equation 2.

fc =
fc,k

γ f
(2)

where γf  is the partial factor for SWSSC, which will be calibrated 
through reliability analysis described later. fc,k is the specified value 
for the axial compressive strength of concrete. The standard value 
for the cubic compressive strength of concrete fcu,k can be converted 
to fc,k.

The design value for the tensile strength of the FRP 
reinforcement, ffd, is determined by using Equation 3 as specified in 
the guideline (GB 50608-2020, 2020).

f fd =
f( fd,k)
γ feγe

(3)

where ffd,k is the standard value of the tensile strength of FRP 
bars, γfd is the partial factor for FRP bars, with a value of 

1.25. γe is the environmental influence factor for FRP bars. The 
factors γe for different FRP bars under indoor conditions are 
obtained from Table 1.

For tensile failure, the guideline (GB 50608-2020, 2020) 
proposes that when the reinforcement ratio ρf  < 1.5ρfb, the flexural 
member undergoes tensile failure, and the flexural capacity of the is 
calculated by using Equation 4,

Mu = A f f fd(h0 −
x
2
) (4)

where Af  is the cross-sectional area of longitudinal FRP 
reinforcement in the tensile zone; h0 is the distance from the 
FRP reinforcement resultant point to the edge of the concrete 
compression zone; x is the height of the equivalent rectangular stress 
block in the concrete compression zone, determined by Equation 5,

x = [[[

[

0.14

1+ 400(
f fd

Ef
)
+

ρ f f fd

fc

]]]

]

h0 (5)

where Ef  is the elastic modulus of FRP reinforcement.
For compression failure, the guideline (GB 50608-2020, 2020) 

states that when the reinforcement ratio ρf  > 1.5ρfb, the flexural 
member undergoes compression failure, and the flexural capacity 
can be calculated by the following formulas (Equations 6, 7),

Mu = A f(
ρ f

ρ fb
)
−0.55

f fd(h0 −
x
2
) (6)

with

x =
ρ f fc

αl fc
h0 (7)

 

2.2 Model error

The prediction model was obtained by the theory and 
the experimental experience, and it inevitably leads to errors 
in the model. To comprehensively evaluate the reliability 
of flexural capacity of FRP-SWSSC beams and obtain the 
appropriate partial factor of SWSSC, the experimental results of 
49 FRP-reinforced concrete beams were collected, as shown in 
Supplementary Appendix 2. The investigated parameters include 
concrete compressive strength fcu, area of FRP bars Af , elastic 
modulus Ef , tensile strength ffd, reinforcement ratio ρf , and type 
of FRP. The distribution of material properties in the database is 
illustrated in Figure 5. The prediction model introduced in the 
above section was used to calculate the results corresponding to 
these parameters, and the model error μ is defined as Equation 8,

μ =
M(u,exp)

M(u,pre)
(8)

where Mu,exp represents the experimental result, while Mu,pre is the 
predicted result.

The comparison between the experimental and predicted results 
is shown in Figure 6, the mean value of μ is 1.177, with a coefficient of 
variation (COV) of 0.210, and it means that the model’s predictions 
are slightly higher than the experimental values. The distribution 
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TABLE 5  Statistical parameters of FRP bars.

Material parameters Bias COV Distribution References

ffd 1.09 0.05 Normal Plevris et al. (1995)

Ef 1.0 0.05 Normal Ribeiro and Diniz (2013)

TABLE 6  Statistical parameters of geometric parameters.

Geometric features Bias COV Distribution References

b 1 0.02 Normal Guo et al. (2020)

h0 1 0.02 Normal Guo et al. (2020)

Af 1 0.03 Normal Zhang et al. (2022a)

TABLE 7  Partial factors.

Load type GB 50010-2010 (2010) ACI 318-19 (2019) European Committee for
Standardization (2002)

CSA A23.3:19 (2010)

γG 1.3 1.2 1.35 1.25

γQ 1.5 1.6 1.5 1.5

FIGURE 9
Resistance and load value distribution. (a) Resistance value distribution. (b) Load effect value distribution.

of the model error μ is illustrated in Figure 7. A hypothesis test 
using the Kolmogorov- Smirnov test was conducted to assess 
whether the data followed random distribution patterns, including 
normal, log-normal, and extreme value distributions. The results 
are presented in Table 2. The p-value is a probability measure used 
in hypothesis testing to determine whether to reject or fail to 
reject the null hypothesis. If the p-value is less than the chosen 
significance level (e.g., 0.05), the null hypothesis is rejected. An 
h-value of 1 indicates rejection of the null hypothesis (suggesting 
that the data do not follow the specified distribution), while an 
h-value of 0 indicates a failure to reject the null hypothesis. 

It can be seen that the sample does not reject the hypothesis, 
but from the distribution shape, its distribution state does not 
conform to the conventional distribution situation. Therefore, 
the L-moment statistical analysis method (Zhang W. et al., 2022) 
was used to characterize the distribution of model errors, and 
this method can be used to characterize random variables 
with atypical distribution patterns and generate more random 
samples. The first four linear moments of the model error 
were 1.1010, 0.1309, 0.0009956, and 0.0063, respectively, and 
more samples can be obtained by simulation according to these
four values. 
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TABLE 8  Range of values for sensitivity analysis of beam parameters.

Key parameters Retrieve value Range values

b (mm) 175 100:50:250

h0 (mm) 350 200:100:500

fcu (MPa) 52.5 30:15:75

ffd (MPa) 1,400 800:400:2000

Ef  (GPa) 70 40:20: 100

Af  (mm2) 175 100:50:250

3 Statistical parameters of random 
variables

In the design of concrete structures, two aspects of uncertainty 
need to be considered, namely, the uncertainty of effects and the 
uncertainty of resistance. Effects include internal forces (such as 
bending moments, shear forces, etc.) and deformation, mainly 
generated by load effects, and their uncertainty is also due to 
the uncertainty of loads. The uncertainty of resistance includes 
uncertainties in material properties, structural dimensions, and 
calculation models. 

3.1 Load factors

According to the GB 50068-2018 (2018), two combinations can 
be used for analyzing structural reliability, which are SG + SQ,O
and SG + SQ,H . SG represents the dead load and SQ denotes the 
live load, the subscription “O” and “H” denotes office and house 
environments respectively. Table 3 lists the statistical parameters for 
the combination of dead load and live load. 

3.2 Resistance factors

3.2.1 Material properties
Uncertainty in material properties mainly refers to the 

differences in material performance caused by factors such as 
process, loading, and environment. The reliability analysis in 
this paper involves material properties including the compressive 
strength of SWSSC, the elastic modulus of FRP bars, and the tensile 
strength of FRP bars.

In the work of Guo et al. (2020), 90 tests of SWSSC compressive 
performance were carried out, and the sea sands were from three 
regions in China (see Figure 8). The strength values ranged from 
32.06 to 55.53 MPa. The statistical data were subjected to the K-S 
test protocol, indicating a good fit to a normal distribution, with 
none of the data rejecting the normal distribution hypothesis. The 
variability in the material properties of SWSSC can be represented 
by Equation 9,

Ω f =
fs

fcu,k
(9)

where fs represents the measured material property value of the 
specimen, while fcu,k denotes the standard material property value 
of the specimen, and it is obtained by using Equation 10,

fcu,k = μ f − 1.645σ f (10)

where μ f  is the mean value of fs, and σ f  is the standard deviation of 
fs.

The mean value of Ωf , which is the bias, and the COV of fs can 
be obtained, as shown in Table 4.

The uncertainties of FRP bars were considered, including 
the uncertainties in the tensile strength and elastic modulus, 
and the statistical information of the two parameters can 
be found in Table 5. 

3.2.2 Geometric parameters
The uncertainties in geometric parameters refer to the deviations 

in the geometric dimensions of the component cross-section caused 
by manufacturing and installation, among other reasons. The 
uncertainties of section width b, effective section height h0, and FRP 
bar area Af  were considered, and the statistical information of these 
parameters can be found in Table 6. 

4 Reliability analysis

In analyzing structural reliability, the primary load effects are 
the dead load effect SG and live load effect SQ, which are typically 
calculated first. These can be expressed as Equation 11,

S = SG + SQ (11)

Due to the significant uncertainty associated with load 
effects, various design guidelines specify corresponding partial 
factors for dead load γG and live load γQ to ensure structural 
reliability, as shown in Table 7. The load effect can then be 
expressed as Equation 12,

S = γGSG + γQSQ (12)

Structural component parameters can be designed based on GB 
50608-2020 (2020), where the resistance, or bending capacity Mu of 
SWSSC beams, can be calculated using Equations 4, 6. The limit state 
function of SWSSC beam can be written as Equation 13,

Mu(γ0) ≥ SG(γG,γQ) (13)

The calculation model of structural resistance can be regarded as 
relatively accurate. From an economic perspective, the ideal scenario 
is for the load effects to be perfectly aligned with the resistance, and 
thus the actual load effects can be expressed as Equation 14,

S =Mu (14)

In the above equation, random variables are not taken into 
account. When considering the load partial factors, the actual 
resistance can be expressed as Equation 15,

Mu(γ0,γG,γQ) = γGMu,G(γ0) + γQMu,Q(γ0) (15)

Frontiers in Materials 08 frontiersin.org

https://doi.org/10.3389/fmats.2025.1677367
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Yi et al. 10.3389/fmats.2025.1677367

FIGURE 10
Reliability index with various parameter. (a) Section width b. (b) Effective height h0. (c) FRP tensile strength ffd. (d) FRP elastic modulus Ef. (e) FRP area
Af. (f) Concrete compressive strength fcu.

where Mu,G represents the portion of Mu that resists the dead load 
effects, while Mu,Q denotes the portion that resists the live load 
effects. Assuming the ratio of dead load to live load was k, the 
Equations 16, 17 can be drawn,

Mu,Q(γ0) =
Mu(γ0)

1+ k
(16)

Mu,G(γ0) =
kMu(γ0)

1+ k
(17)

Thus, Equation 18 can be rephrased as follows,

Mu(γ0,γG,γQ) =
γGMu(γ0)

1+ k
+

γQkMu(γ0)
1+ k

(18)
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TABLE 9  Parameters for sensitivity analysis of other factors.

Parameter Retrieve value

b (mm) 100

h0 (mm) 250

fcu (MPa) 30

ffd (MPa) 1800

Ef  (GPa) 80

Af  (mm2) 100

Furthermore, due to the discrepancies between the 
computational model and actual results, these errors need to be 
accounted for in the function, leading to the structural resistance 
equation being expressed as Equation 19,

Mu(γ0,γG,γQ) =
μγGMu(γ0)

1+ k
+

μγQkMu(γ0)
1+ k

(19)

According to reliability theory, the limit state function can be 
rewritten as Equation 20,

Z =
μγGMu(γ0)

1+ k
+

μγQkMu(γ0)
1+ k

−Mu (20)

When Z = 0, the system is in equilibrium. A positive Z (i.e., Z > 
0) indicates a safe state, whereas a negative Z (i.e., Z < 0) denotes an 
unsafe state. While the resistance carries inherent uncertainty, the 
load effects are treated as deterministic. Given that the resistance 
model is affected by multiple factors, the limit state function also 
displays uncertainty. The failure probability related to the limit state 
equation can be formulated as Equation 21,

P f = Pr (Z  <  0) (21)

The failure probability can be determined using the Monte Carlo 
simulation (MCS) method, and the failure probability pf  can be 
estimated using Equation 22,

p f =
n
N

(22)

where n denotes the number of failure samples, and N denotes 
the total number of samples, and in this study, 100,000 
samples were used.

To quantify the failure probability pf , the reliability index β was 
introduced, which had a direct mathematical relationship with the 
failure probability pf , and it can be written as Equation 23,

β =Φ−1(1− p f) (23)

where Φ−1 is the inverse function of the cumulative distribution 
function of the standard normal distribution.

Additionally, based on the error distribution discussed in 
Section 2.2 and illustrated in Figure 7, it was observed that the 
model error μ does not follow a clear distribution pattern. 
Therefore, the L-moment statistical analysis method was employed 

for simulation. L-moments, a variant of traditional moments, serve 
as a statistical tool for measuring the characteristics of probability 
distributions (Zhang F. et al., 2022).

The simulation was conducted using a section width b
of 150 mm, an effective height h0 of 300 mm, concrete cubic 
compressive strength fcu of 30 MPa, FRP tensile strength Ef  of 
1,200 MPa, FRP elastic modulus Ef  of 80 GPa, FRP area Af
of 150 mm2, partial factor γf  of 1.0, and a k of 0.1. In this 
case, the partial factor was 1.0. A significant number of beam 
response samples were generated based on the known probability 
distributions of these random variables. Figure 9a presents the 
histogram of the resistance samples, and Figure 9b shows the 
histogram of the generated samples of the load effects, it can be 
seen that the distribution range of resistance is broader than that 
of the load effects, with most values exceeding the load effects. By 
subtracting the load effects S from the resistance R, the frequency 
of failure indexes that are less than or equal to zero was analyzed, 
leading to a calculated failure probability of 0.1948 for the structure. 

5 Sensitivity analysis

Given that various variables in the computational space impact 
the reliability indexes of FRP-SWSSC beams to differing extents, 
a sensitivity analysis of these indexes is essential. This section will 
analyze the impact of the following factors on the reliability indexes 
section width b, effective section height h0, concrete compressive 
strength fcu, FRP bar tensile strength ffd, FRP bar elastic modulus Ef , 
FRP bar reinforcement ratio Af , national code load partial factors, 
FRP bar type, live load environment, SWSSC material partial factor 
γ f , and the value k. 

5.1 Sensitivity analysis of beam parameters

The parameters in the calculation model of flexural capacity 
of beam include b, h0, fcu, ffd, Ef , and Af . The sensitivity analysis 
parameter values are shown in Table 8. For the analysis, each 
parameter’s range was set to 50% of its initial value, while others 
were derived from the parameter information space. For example, 
for parameter b, the initial value is 100 mm, with a variation of 
50 mm, resulting in a range from 100 mm to 250 mm. The values for 
h0, fcu, ffd, Ef , and Af  are respectively 350 mm, 52.5 MPa, 1400 MPa, 
70 GPa, and 175 mm2.

As shown in Figure 10, data analysis indicates that as γf
increases, the reliability indexes also rise, and this is obvious because 
an increase in the material partial factor also means an increase 
in the material surplus, which further leads to an increase in the 
reliability index. Additionally, the effects of section width b, effective 
section height h0, FRP bar tensile strength ffd, FRP bar elastic 
modulus Ef , FRP bar reinforcement ratio Af , on the reliability index 
β are relatively minor. The compressive strength of concrete fcu has 
a significant impact on the reliability index, and the reliability index 
increases with the increase of concrete compressive strength. This 
is because the sensitivity of flexural bearing capacity to concrete 
compressive strength is relatively greater than other parameters. 
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FIGURE 11
Influence of different load partial factors on reliability index. (a) Different live load partial factors. (b) Different dead load partial factors.

FIGURE 12
Influence of different k values on reliability index with different 
guideline.

5.2 Other factors

5.2.1 Load partial factor
To compare the influence of different load partial factors on the 

reliability index, parameters were set as shown in Table 9, and k
values 1. The load partial factors were taken at intervals of 0.1 from 
1.0 to 1.4, and the results are shown in Figure 11 it can be observed 
that as the load partial factor increases, the reliability index also rises, 
and the rate of increase is similar, indicating that the load partial 
factor has a significant impact on the reliability index.

As illustrated in Figure 12, the Eurocode load partial factors 
benefit from a higher dead load partial factor, resulting in the 
highest overall reliability indexes. This indicates that, within the load 
partial factor values, this code provides the safest structural design, 

FIGURE 13
Influence of k value and FRP type on reliability index.

followed by the GB code and then the CSA code. Notably, as the 
live load proportion increases, the ACI code gradually surpasses 
the others in reliability indexes due to its higher live load partial 
factors, suggesting that under significant live-to-dead load effects, 
the structural design according to the ACI code is safer.

In addition, an increase in the ratio of dead load to live load 
significantly increases the reliability index. This is because the 
coefficient of variation of the dead load (0.070) is much smaller than 
that of the live load (0.288 or 0.233). As the proportion of the dead 
load increases, the dispersion of the load action becomes smaller, 
further leading to a larger reliability index. 

5.2.2 FRP type
The relationship between the reliability indexes β of different 

types of FRP and the k value was analyzed, and the results can 
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FIGURE 14
Influence of k value and environment type on reliability index.

TABLE 10  Calculation space.

Key parameters Range values

b (mm) 100:50:250

h0 (mm) 250:50:400

fcu (MPa) 30:5:60

ffd (MPa) 600:300:2400

Ef  (GPa) 40:40:160

Af  (mm2) 100:50:600

be found in Figure 13. Generally, the reliability indexes β for GFRP 
beam under various load effect ratios are lower than those for CFRP 
and BFRP beams. This phenomenon is attributed to differences in 
environmental impact coefficients between GFRP and CFRP/BFRP. 

5.2.3 Live load environment
The relationship between the reliability index β under 

different environments and k value was analyzed, and the results 
are shown in Figure 14. It can be observed that the reliability index 
β increases with the increase of the material partial factor, and the 
rate of increase gradually diminishes. Comparing residential loads 
with office loads, it is found that the reliability index for office loads 
is slightly higher at the same value of k. This is mainly due to the 
larger deviation coefficient of residential loads compared to office 
loads, while the variation coefficients of both are fairly similar. 
Consequently, the uncertainty of residential loads is higher, leading 
to an increased probability of failure and a lower reliability index. In 
contrast, the office load has a smaller deviation coefficient, and the 

load values are relatively stable and predictable, resulting in a lower 
probability of failure and a higher reliability index. 

6 Discussion of partial factor

6.1 Calculation space

Comprehensive structural reliability analysis requires designing 
a multi-dimensional calculation space. Therefore, this study 
considers the following parameters, concrete cube compressive 
strength fcu, FRP bar tensile strength ffd, FRP bar area Af , FRP 
bar elastic modulus Ef , section width b, effective section height h0, 
live load to dead load effect ratio k, and SWSSC material partial 
factor γf . Detailed information on the variation parameters for the 
FRP-SWSSC beam is provided in Table 10. There are six parameters 
in total, resulting in 29,568 design conditions based on the assigned 
values for each parameter. Additionally, the ratio k of live load to 
dead load significantly impacts the reliability of the beam, with k
values set at 0.1, 0.25, 0.5, 1.0, 1.5, 2.0, and 2.5. To determine the 
SWSSC material partial factor γf , γf  is varied from 1.0 to 1.8 with a 
step size of 0.05, resulting in 17 values. Consequently, 29,568 × 7 × 
17 = 3,518,592 reliability calculations must be considered. 

6.2 Calibration

In the process of calibrating the material partial factor γf
for SWSSC, the target reliability index βT  must first be defined. 
The target reliability index is used to reflect the acceptable 
probability of structural failure for people. Taking a large number 
of ordinary buildings as an example, the standard (GB 50068-
2018, 2018) stipulates that the target reliability index for ductile 
failure components is 3.2 (failure probability of 6.9 × 10−4), and the 
target reliability index for brittle failure components is 3.7 (failure 
probability of 1.1 × 10−4). Based on previous study (Zhang W. et al., 
2022), the failure mode of FRP concrete beams under bending 
is brittle failure. Therefore, the target reliability index of 3.7 was 
determined.

In such cases, the material partial factor can be calibrated using 
the reliability calculation results from the design space to obtain the 
optimal γf  value. To assess the closeness of the partial factor γf  to 
the target reliability index βT , the least squares method is employed. 
The formula is as follows,

H = 1
n

n

∑
i=1
(βi − βT)

2 (24)

where H is the deviation value, n represents the number of design 
instances; βi is the reliability index for the ith instance; βT  is the 
target reliability index. By using this method, the partial factor of 
SWSSC can be calibrated, that is, the smaller the H value, the more 
reasonable the partial factor.

Figures 15, 16 shown the deviation value of SWSSC partial factor 
with different type of FRP. It can be noted that when k = 0.5, 
1.0, 1.5, 2.0 and 2.5 respectively, the value of H increases with k, 
while the deviation H does not show a significant characteristic 
with the increase of the partial factor γf , resulting in a relatively flat 
curve. When k = 0.1 and 0.25, the deviation H initially decreases 
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FIGURE 15
Deviation of CFRP/BFRP SWSSC partial factors. (a) GB-House. (b) GB-Office. (c) ACI-House. (d) ACI-Office. (e) CSA-House. (f) CSA-Office.
(g) Eurocode -House. (h) Eurocode -Office.
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FIGURE 16
Deviation of GFRP SWSSC partial factors. (a) GB-House. (b) GB-Office. (c) ACI-House. (d) ACI-Office. (e) CSA-House. (f) CSA-Office. (g) Eurocode 
-House. (h) Eurocode -Office.
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TABLE 11  Partial factors of SWSSC.

Load 
specification

FRP type Live load 
environment

γf

GB

CFRP/BFRP

House 1.4

Office 1.35

ACI
House 1.6

Office 1.55

CSA
House 1.5

Office 1.45

Eurocode
House 1.25

Office 1.25

GB

GFRP

House 1.4

Office 1.4

ACI
House 1.6

Office 1.6

CSA
House 1.5

Office 1.5

Eurocode
House 1.3

Office 1.3

TABLE 12  Comprehensive recommendations for SWSSC partial factor.

Load specification GB ACI CSA Eurocode

γf 1.4 1.6 1.5 1.3

TABLE 13  Recommendations for SWSSC partial factor with various 
target reliability indexes.

Target 
reliability 

index

2.5 2.7 3.0 3.2 3.5 3.7 3.9

γf 1.15 1.20 1.25 1.30 1.35 1.4 1.45

and then increases with the increase of γf . For the condition k
= 0.1, the minimum H value occurs when γf  is 1.4, suggesting 
that the lowest deviation occurs when γf  is set around 1.4. As γf
increases beyond this point, the deviation also increases. Therefore, 
it is recommended that the load partial factor γf  be set to 1.4. On 
this basis, for k = 0.25, the optimal value for γf  is determined to 
be 1.2. The aforementioned method was applied to analyze other 
conditions, and the optimal material partial factors can be found in
Table 11.

The recommended values for the SWSSC partial factor γf  are 
listed under different load partial factor standards and varying 
live load environments. It can be observed that the recommended 
values are relatively close under different live load environments. In 
contrast, the influence of different load partial factor standards on 
the recommended values is significant. To facilitate the application 
of these analysis results in practical engineering, a comprehensive 
recommended value for the SWSSC partial factor γf  under various 
load partial factor standards is provided in Table 12. 

6.3 Partial factor with various target 
reliability index

The above analysis focuses on the situation where the target 
reliability index is 3.7. The target reliability index is artificially 
determined based on acceptable conditions and may vary in 
different periods and regions. Therefore, based on the above 
model, the material partial factor for different target reliability 
indexes (taking GB as an example) were calibrated. The target 
reliability indicators include 2.5, 2.7, 3.0, 3.2, 3.5, and 3.9. The 
recommended material partial factors for SWSSC after calibration 
are shown in Table 13. 

7 Conclusion

To calculate the partial factors for SWSSC materials, this 
study examines the dependability of FRP-reinforced SWSSC beams 
utilizing experimental data from 49 groups worldwide. Using a 
thorough testing database, the uncertainty of the guideline (GB 
50608-2020, 2020) model is evaluated. L-moments and Monte Carlo 
Simulation (MCS) are used in tandem to produce reliability indices. 
To assess how design variables affect average reliability indexes, a 
parameter analysis is carried out. Lastly, calibrated partial factors for 
SWSSC materials are suggested for two models using least squares 
averaging analysis in the design space. The following conclusions 
can be made in light of the results of this study and in-depth 
parameter studies: 

1. According to the analysis, the prediction model’s mean value is 
1.117, and its coefficient of variation is 0.210. Furthermore, an 
examination of the SWSSC samples reveals that the normalized 
compressive strength SWSSC mean compressive strength is 
1.2531 with a 0.1228 coefficient of variation.

2. Sensitivity analysis of the FRP-SWSSC beams indicates that 
factors such as the section width b, effective section height ℎ0, 
tensile strength of FRP bars ffd, elastic modulus of FRP bars 
Ef , FRP reinforcement ratio Af , and type of FRP have minimal 
impact on reliability.

3. During the sensitivity analysis, it was observed that when 
fcu < 50 MPa, the reliability index decreases as fcu increases. 
Conversely, when fcu > 50 MPa, the reliability index increases 
with fcu. A higher constant live load ratio k leads to greater 
reliability. Furthermore, under various load specifications, 
larger load partial factor corresponds to increased reliability. 
Additionally, under the same conditions in an office live load 
environment, reliability indexes are higher. Lastly, an increase
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in the partial factor for SWSSC materials results in higher 
reliability indexes, demonstrating a linear relationship.

4. The following partial factors for SWSSC materials are 
suggested by an investigation of reliability indexes for 
FRP-SWSSC beams under different conditions: 1.4 for GB 
standards, 1.6 for ACI standards, 1.5 for CSA standards, and 
1.3 for Eurocode standards.

This paper only discusses the reliability FRP SWSSC and and 
material partial factors of SWSSC under flexural effect, and the 
current model assumed a static condition. In addition, the structure 
is also subject to shear, torsion, serviceability (e.g., deflection, 
cracking), and long-term durability effect. The impact of these 
factors needs to be comprehensively considered in the design to 
determine reasonable material partial factors. Therefore, in future 
research, attention can be paid to this aspect to determine more 
comprehensive material partial factors. For static performance, the 
reliability model presented in this paper can be used for calculation. 
For long-term behavior, the degradation of concrete strength caused 
by factors such as carbonation can be considered. Due to the good 
durability of FRP reinforcement, its strength degradation does not 
need to be considered. However, if the structure is under fatigue 
load, the fatigue damage of FRP and concrete needs to be considered. 
It should be noted that the calibrated materials partial factor values 
were not validated against independent datasets or real-world case 
studies, and testing and verification can be conducted in practice in 
the future.
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