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Abstract. Grouted sleeves have become the most widely used connection 

method in prefabricated bridge substructures due to their reliable performance, 

broad applicability, and ease of installation. Consequently, the mechanical per-

formance of grouted sleeves is critical to the safety of prefabricated bridge sub-

structures. In this study, high-stress cyclic loading tests were conducted on four 

groups of grouted sleeve connectors with varying corrosion rates to investigate 

the influence of corrosion on their mechanical properties. The results indicate 

that increased corrosion rates lead to varying degrees of degradation in mechan-

ical performance, including load-displacement response, stiffness, ductility, and 

energy dissipation. 
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1 Introduction 

Prefabricated structures are inevitably subjected to environmental corrosion during 

service. As critical components of prefabricated systems, grouted sleeve connectors 

are no exception. Progressive corrosion can lead to degradation in structural perfor-

mance. Yuan et al. [1] analyzed the three-dimensional corrosion characteristics and 

corrosion distribution of sleeves under static loading. Their findings demonstrated that 

surface roughness parameters (Sz, Sa, Sq) of the sleeves increased with corrosion 

severity, accompanied by elevated longitudinal and circumferential strains, as well as 

reduced strength, deformation capacity, and energy dissipation. Haber et al. [2] inves-

tigated the effects of anchorage length and rebar diameter on the ultimate bearing 

capacity of two sleeve types. They revealed that the ultimate bearing capacity increas-

es with anchorage length within a specific range. Haider et al. [3] studied the mechan-

ical behavior of semi-grouted and fully-grouted sleeves under uniaxial tension, con-

sidering variables such as anchorage length and rebar eccentricity. Their results indi-

cated that sleeves with an anchorage length of 8d exhibited optimal seismic perfor-

mance. Joel E. Parks et al. [4] analyzed acoustic emission parameters during uniaxial 

tensile tests of grouted sleeve connectors, demonstrating that acoustic emission events  
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and event rates can distinguish between rebar fracture and pull-out failure modes. Wu 
et al. [5] investigated the impact of sleeve corrosion on the seismic performance of 
bridge piers by subjecting three piers with grouted sleeves to varying corrosion levels. 
Cyclic loading tests revealed an inverse correlation between corrosion rate and the 
piers’ ultimate bearing capacity, ductility, stiffness, and energy dissipation capacity. 
While extensive research has been conducted globally on the mechanical behavior of 
grouted sleeve connectors, this study builds upon existing findings to explore the 
mechanical performance of four groups of grouted sleeve connectors with different 
corrosion rates under high-stress cyclic loading. 

2 Experimental Program 

2.1 Specimen Design and Properties 

The test utilized 22-mm ductile cast iron fully-grouted sleeves produced by Jiangsu 
Wantong Building Materials Co., Ltd. (Jiangsu Province, China), as illustrated in Fig. 
1, the detailed parameters are provided in Table 1 and Fig. 2. To investigate the me-
chanical performance of grouted sleeve connectors under corrosion, a total of 12 ful-
ly-grouted sleeve specimens were fabricated, corresponding to four corrosion rates 
(0%, 3%, 6%, and 9%), with three specimens per corrosion level. The corrosion rate 
of the sleeves was calculated using the mass loss ratio formula, see Table 2. Acceler-
ated corrosion was induced via the wet-electrified method, as shown in Fig. 3 , Corro-
sion characteristics are illustrated in Fig. 4. During the test, a corrosion current densi-
ty of 3 mA/cm²and a total corrosion current of 1 A were applied. The corrosion dura-
tion was determined using a modified Faraday’s law formula: 

2 2F R r
t

MiR
η ρ −

=
       (1) 

Where M is the molar mass of the sleeve, taken as 56 g/mol; η is the corrosion rate; F 
is Faraday’s constant; i is the corrosion current density; ρ is the density of the grouted 
sleeve; R and r are the outer and inner radii of the grouted sleeve, respectively. 

 
Figure 1. Grouting Sleeve for Testing 
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Figure 2. Schematic diagram of grouting sleeve parameters 

Table 1. Basic parameters of grouting sleeve specimens 

Specifi-
cation Material gravimet-

ric (kg) 
L 
 (mm) 

L1 
 (mm) 

L2 
 (mm) 

AP 
 (mm) 

AZ 
(mm)

φ22 45# 1.537 407 352 φ35 275 275

Table 2. Measured corrosion rate of grouting sleeve 

Specimen 
number 

Pre-rust 
quality (g) 

Quality after 
rust (g) 

Theoretical cor-
rosion rate (%) 

Actual corrosion rate
(%) 

1 1523.75 1523.75 0 0 
2 1531.21 1531.21 0 0 
3 1522.63 1522.63 0 0 
4 1523.82 1472.14 3 3.39 
5 1531.86 1472.85 3 3.85 
6 1533.87 1477.28 3 3.69 
7 1522.43 1422.55 6 6.56 
8 1524.22 1433.04 6 5.98 
9 1537.74 1436.00 6 6.62 
10 1521.58 1379.85 9 9.31 
11 1517.24 1380.84 9 8.99 
12 1525.75 1378.07 9 9.68 
     

 

Figure 3. Corrosion of grouting sleeve 
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Figure 4. Rusted grouting sleeve 

 
Figure 5. Flowability test of grouting material 

 
Figure 6. Flexural Strength Test of Grouting Material 

 
Figure 7. Compressive Strength Test of Grouting Material 
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Tests on the grout’s material properties indicated an initial fluidity of 342 mm, as 
shown in Fig. 5. For prismatic specimens (40 mm×40 mm×160 mm), the 28-day 
compressive strength and flexural strength were measured as 98.7 MPa and 11.14 
MPa, respectively. The testing procedure is illustrated in Fig. 6 and 7. 

2.2 Loading Protocol 

The tests were conducted using an electro-hydraulic servo fatigue testing machine. 
Both ends of the steel rebars were secured by the upper and lower grips of the testing 
machine, as shown in Fig. 8. 

The test protocol involved subjecting the steel rebar to cyclic loading under high 
stress. Specifically, the rebar was first stretched vertically to 0.9 times its standard 
yield strength, then reversely compressed to -0.5 times its standard yield strength. 
This tension-compression cycle was repeated for a total of 20 cycles. Following the 
cyclic loading phase, the grouted sleeve connector was statically loaded until speci-
men failure occurred, at which point the test was terminated. 

 

Figure 8. Electro hydraulic servo testing machine 

3 Test Results 

3.1 Load-Displacement Curves 

The load-displacement curves of grouted sleeve specimens without grouting defects 
under high-stress cyclic loading were analyzed for different corrosion rates (0%, 3%, 
6%, and 9%). Fig. 9 present the post-20-cycle load-displacement curves for speci-
mens with varying corrosion rates (0%, 3%, 6%, and 9%), as well as a comparative 
analysis of the curves across the four corrosion levels. After 20 cycles, the displace-
ments of specimens with corrosion rates of 0%, 3%, 6%, and 9% were 2.474 mm, 
2.579 mm, 2.889 mm, and 3.192 mm, respectively. The elastic modulus of the speci-
mens decreased progressively with increasing corrosion rates. Due to the non-elastic 
properties of the grout and interfacial slip deformation, the curves exhibited a slight 
inverse S-shape. In the initial loading stage, the displacement under all corrosion rates 
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(0%, 3%, 6%, and 9%) increased proportionally with the load, demonstrating linear 
elastic behavior. After the first cycle, the specimen displacement increased signifi-
cantly. However, the displacement variation during the subsequent 19 cycles showed 
negligible changes compared to the first cycle. Notably, the overall slopes of the load-
displacement curves remained nearly identical across all corrosion rates, indicating 
that the grouted sleeve specimens retained a certain level of stiffness and maintained 
satisfactory structural integrity. 

As shown in Fig. 9, compared to the uncorroded specimen (0% corrosion rate), the 
specimen with 9% corrosion rate displayed more pronounced degradation in its load-
displacement curve, reflecting a reduction in load-bearing capacity. Additionally, as 
the corrosion rate increased, the interfacial bonding force between the sleeve inner 
wall and the grout decreased, leading to increased cumulative displacement during 
cyclic loading. 

 
Figure 9. Comparison of load-displacement curves of sleeves under different corrosion rates 

3.2 Stiffness Degradation 

During cyclic loading, as the number of cycles increases, the plastic strain in the 
grouted sleeve accumulates, leading to continuous changes in sleeve stiffness. In this 
study, stiffness K is used to characterize the stiffness variation during cyclic loading. 
For each cycle, K is defined as the secant slope of the load-displacement curve within 
that cycle. Since the cyclic loading protocol in this study involves unidirectional load-
ing and unloading only, the calculation of stiffness K follows the formula below: 

max min

max min

i i
i

i i

P PPk
D D D

−Δ= =
Δ −      (2) 

where Pimax and Pimin are the maximum and minimum load values during the i-th cy-
cle, and Pimax and Pimin are the corresponding maximum and minimum displacement 
values during the i-th cycle. 

Fig. 10 illustrate the variation of secant stiffness with cycle number for specimens 
with varying corrosion rates (0%, 3%, 6%, and 9%) under high-stress cyclic loading. 
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As shown in the Fig. 10, the secant stiffness of specimens with 0% and 3% corro-
sion rates exhibited a convex-shaped decreasing trend with cycle number. Notably, 
the secant stiffness increased during the second cycle compared to the first cycle. This 
phenomenon may be attributed to microcrack behavior during early loading stages. 
During unloading phases, microcracks  tended to close due to residual compressive 
stress or contact with the grouted sleeve surface. In subsequent loading phases, higher 
tensile stress was required to reopen these closed microcracks, resulting in an appar-
ent increase in secant stiffness.  

In contrast, specimens with higher corrosion rates (6% and 9%)  demonstrated a 
gradual reduction in secant stiffness as the number of cycles increased. The stiffness 
degradation rates of the grouted sleeve connectors were calculated by comparing the 
secant stiffness between the first cycle and the twentieth cycle. The degradation rates 
for specimens with 0%, 3%, 6%, and 9% corrosion rates were determined as 5.15%, 
0.60%, 10.50%, and 10.51%, respectively. These results indicate that the stiffness 
degradation rate increases with higher corrosion rates. 

  
 (a)corrosion rates: 0%  (b)corrosion rates: 3% 

  
 (c)corrosion rates: 6%  (d)corrosion rates: 9% 

Figure 10. Changes in stiffness of each corrosion specimen 

3.3 Ductility 

Ductility generally refers to the ability of a structure or component to maintain a cer-
tain load-bearing capacity after entering the plastic stage, undergo significant plastic 
deformation without sudden failure. For grouted sleeves, ductility serves as a critical 
indicator for evaluating their mechanical performance. In this study, the ductility of 
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the specimens is represented by the plastic deformation capacity of the grouted sleeve 
connectors. The calculation formula for the ductility ratio is shown in (3): 

 

u
u

y

δ Δ=
Δ           (3) 

Where Δu is the ultimate displacement at failure, and Δy is the displacement corre-
sponding to the yield strength of the specimen. 

As shown in the fig. 11, it can be observed that the ductility of specimens with var-
ying corrosion rates exhibits an overall declining trend. Under high-stress cyclic load-
ing, as the corrosion rate increases from 0% to 3%, 6%, and 9%, the ductility of the 
specimens decreases by 26.46%, 28.39%, and 34.65%, respectively. Notably, the 
ductility ratio of grouted sleeve connectors under high-stress cyclic loading in this 
study exceeded the requirements of ACI 318-19 [6] by a factor of 1.74–5.98. 

 
Figure 11. Variation of Ductility with Corrosion Rates  

3.4 Energy Dissipation 

The energy dissipation under cyclic loading is calculated as the cumulative area of all 
hysteretic loops, with the computational formula given in (4): 

,1

n
total d ii

E E
=

=          (4) 

The energy dissipation of grouted sleeve connectors under high-stress cyclic load-
ing was calculated based on their load-displacement curves. Fig. 12 compares the 
energy dissipation of specimens with varying corrosion rates (0%, 3%, 6%, 9%). The 
energy dissipation values for these specimens were 175.382 kN·mm, 151.159 
kN·mm, 120.342 kN·mm, and 112.828 kN·mm, respectively. When the corrosion rate 
increased from 0% to 9%, the energy dissipation decreased by 35.66%. As the corro-
sion rate increased, the material properties of the grouted sleeve connectors degraded, 
and the interfacial bond performance deteriorated, leading to a progressive reduction 
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in the hysteretic loop area. Consequently, the energy dissipation of the connectors 
exhibited a declining trend, indicating that increased corrosion rates significantly 
impair their mechanical performance. 

 
Figure 12. Comparison of energy dissipation of specimens with different corrosion rates 

  

 (a) corrosion rates: 0%  (b) corrosion rates: 3% 

  

 (c) corrosion rates: 6%  (d) corrosion rates: 9% 

Figure 13. Number of cycles and energy dissipation of specimens with different corrosion rates 

Fig. 13 illustrates the relationship between the number of cycles and energy dissi-
pation for specimens at different corrosion rates. It can be observed that the energy 
dissipation during the first cycle was substantially higher than that of the subsequent 
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19 cycles, with pronounced "pinching" phenomena in the hysteretic loops of the load-
displacement curves. As the cumulative number of cycles increased, internal damage 
within the specimens intensified, resulting in progressively smaller energy dissipation. 

4 Conclusions 

This study investigated the effects of varying corrosion rates on the mechanical per-
formance of grouted sleeve connectors through high-stress cyclic loading tests on four 
groups of specimens with different corrosion rates. The main conclusions are as fol-
lows: 

• Analysis of the load-displacement curves revealed that under identical cyclic load-
ing, specimens with higher corrosion rates exhibited larger displacements. The me-
chanical performance of the grouted sleeve connectors decreased correspondingly 
as the corrosion rate increased. 

• As the cumulative number of cycles increased, the stiffness, ductility, and energy 
dissipation of the specimens generally exhibited a declining trend. Furthermore, 
higher corrosion rates exacerbated the degradation of these performance metrics 
(stiffness, ductility, and energy dissipation). 
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