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A finite element (FE) analysis of corroded circular hollow section T-joints repaired using grouted clamps is presented in this study.
To ensure an accurate simulation, experiments on a T-joint with uniform corrosion and an intact T-joint with grouted clamp
Deleted are reproduced separately using an FE model. The experimental and FE modeling results correlate closely, displaying
similar failure behaviors and load–displacement responses. Subsequently, a total of 56 FE T-joint models with varying degrees of
corrosion on the chord, repaired by grouted clamp, were then analyzed numerically. The corrosion was artificially applied to the
chord’s outer surface at depths of 10%, 20%, and 30% of the chord’s thickness. The models also account for variations in joint
geometry, dictated by parameters β and γ, which range from 0.565 to 0.678 and from 21 to 28, respectively. Furthermore, grouted
clamp’s properties were examined, including sleeve length, thickness, strength, as well as the thickness and strength of the grout, in
relation to the complexity of the repair. The grouted clamp demonstrated significant repair capability, increasing the ultimate strength
of the corroded joint by up to 2.23 times. Reinforcements that are both thicker and longer substantially enhance the joint’s ultimate
strength. However, inappropriate repair construction results in an abrupt termination of the load–displacement curve and a brittle
failure phenomenon outside reinforced chord region. Additional weight from the grouted clamp requires reasonable control, and
sleeve overlapping ratio should be guaranteed to be greater than 0.7. The joint bearing capacity can be efficiently increased by thicker
grouts and sleeves only in ductile failure cases. The confinement effect and mechanism of the grouted clamp in joint deformation were
visually analyzed as stress distribution fromFE analysis results. Finally, a prediction equation is proposed to estimate the static strength
of the repaired joint through regression analysis.

1. Introduction

Circular hollow section structures are prevalent in offshore
engineering platforms owing to their favorable strength-to-
weight ratio and low fluid drag coefficients [1]. However,
these steel structures are highly susceptible to corrosion in
marine environments, with offshore jackets experiencing
general corrosion rates that lead to wall thickness loss rang-
ing from 0.04 to 1.2mm/year [2]. Anticorrosion coatings,
guided by standards, such as DNV-OS-J101 [3] and ISO-
19902 [4], are mandated to mitigate this issue. However,
traditional protection methods [5] tend to fail after 15 years
or less, leading to joint damage after extended periods of

operation. To address this, reinforcement techniques have
gained recognition as cost-effective methods for prolonging
the lifespan of existing tubular structures, particularly given
the high risks associated with the complete replacement of
damaged members in marine settings. Conventional reinforce-
mentmethods for tubular joints typically involve weldingmetal
stiffeners, such as collar plates [6–9], double plates [10, 11], or
external rings [12]. Additionally, the use of fiber-reinforced
polymer (FRP) has emerged as an excellent alternative for
combating environmental corrosion and improving structural
performance in terms of joint strength and stress distribution
[13–19]. Current design guidelines, including GB-50017 [20],
CIDECT [21], and EC3 [22], incorporate numerous provisions
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for the reinforcement of joints, reflecting the advances and
industry acceptance of these technologies.

Accident surveys [23] on offshore platforms revealed that
corrosion can significantly degrade the stiffness and strength
of structures, leading to structural failure at damage-prone
locations. Wang and Shenoi [24] reported that pitting corro-
sion can lead to stress concentrations near affected areas.
Additionally, Xu et al. [25] observed that corrosion at welds
can cause a transition from ductile to brittle failure over time.
The pattern of corrosion damage is often elusive, varying
with both environmental conditions and time. Soares and
Garbatov [26] established a correlation between the remain-
ing strength of a structure and extent of corrosion loss,
although the findings were specific to certain types of corro-
sion. To contend with the complexities of corrosion damage,
the American Society of Mechanical Engineers has issued a
manual [27] addressing corroded pipelines, which presup-
poses that long-term corrosion manifests as having an aver-
age maximum depth. Building on these widely accepted
principles, researchers [28–30] have simulated uniform cor-
rosion on tubular structures to study the mechanical impacts
on damaged joints.

To address the issue of reinforcing joints that have been
compromised by damage, grouted clamps have been consid-
ered as a viable solution. As illustrated in Figure 1, this type
of stiffener is constructed from two or more half-precast
clamp sleeves, customized to the joint’s configuration, fol-
lowed by the injection of grout into the space that is reserved
for this purpose. Since its initial use in the mid-1970s, the
technology of external grout reinforcement has become prev-
alent in offshore structures. Notably, in Europe, offshore
wind platforms that utilize sleeve-grouted technology with
large diameters represent 60% of the industry [31]. A grouted
clamp that has been reinforced can bridge loads over the
compromised area, mitigate fatigue sensitivity, and offer a
relatively straightforward installation process. The stiffness
of the confined grout surpasses that of conventional grout [32],
and the structural capacity to withstand cracks in T-joints
is heightened in correlation with the grout’s compressive
strength [33]. In comparison to other reinforcement methods
using metal or FRP, grout serves as an ideal addition to coun-
teract wall thickness lost to corrosion, averts potential damage
from welding, and maintains the desirable strength-to-weight
ratio of tubular structures through partial reinforcement. Jiang

et al. [34] noted that adjusting the size of the sleeve can alter the
joint’s failure mode and increase resistance to deformation.
However, Chilvers [35] observed that lengthening the sleeve
might not significantly enhance the contribution of the grout.
CIDECT [21] offered a standard strength equation for the
long-term examination and usage of grout-filled joints. How-
ever, the theoretical model provided by CIDECT [21] does not
account for the effects of corrosion, which could substantially
compromise joint integrity.

In this study, the static behavior of uniformly corroded
tubular joints repaired using grouted clamps is comprehen-
sively investigated both numerically and analytically. Exper-
imental tests were performed using a finite element (FE)
model to validate the applicability of the simulation, and
56 numerical models of corroded joints with grouted clamps
were employed. A parametric analysis was performed to
investigate the effects of the joint geometry, corrosion degree,
and grout clamp parameters on the ultimate strength and
failure modes.

2. Modeling and Verification Method

2.1. FE Verification Strategy and Model Producing. Owing to
a scarcity of experiments on corrosion-affected T-joints
repaired with grouted clamps, FE verification was conducted
based on relevant experimental studies. Specifically, a uni-
formly corroded joint (T-1) fabricated as reported by Shao et
al. [29], along with a reinforced intact joint equipped with a
grouted clamp (ZHU2) as produced by Jiang et al. [34], was
selected for the verification process discussed in this paper.
The rationale behind the selection of these experimental
specimens was twofold: both specimens underwent identical
testing procedures to assess the compressive performance of
the T-joint, and they shared similar material properties.

Specimens were replicated to validate their load–
displacement trajectories and failure modes, thereby con-
firming the effectiveness of the FE simulation. Subsequently,
FE models for corroded T-joints repaired with grouted clamps
were developed. The commercial software package Abaqus
[36] was utilized for all modeling activities.

Table 1 presents the measured geometric dimensions for
specimens T-1 and ZHU2. Owing to T-1’s perfect symmetry,
a half-model with symmetric boundary conditions was adopted
to decrease computational demand of time. The geometry of the
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FIGURE 1: Configuration of grouted clamp [31]. (a) Practical clamp component. (b) Sketch of grout clamp for T-joint.
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weld was acknowledged to significantly influence the yield line
[37] and resistance capacity of the joint [37]. A weld model
conformed to the GB-50017 standard [20] was incorporated
into all models within this study.

For ease of application, the reference point (RP) control
method [38] was employed, with the specific boundary condi-
tions depicted in Figure 2. The cut surface of T-1 was arranged
on a symmetric boundary rather than at an RP. The interaction
between the grouted clamp and joint surface was modeled
using the Coulomb friction model [39], assuming a friction
coefficient of 0.6 for tangential behavior and characterizing
the normal contact as hard.

2.2. Material Properties of the Verification Model. The mate-
rial properties of the steel components are summarized in
Table 2. The vonMises plastic criterion and bilinear isotropic
strain-hardening plasticity model [36] were adopted for the
steel chords, braces, and clamps. The nonlinear concrete dam-
age plasticity (CDP) constitutive model [36] combined with
plasticity theory and damage mechanics allows the prediction
of inelastic concrete behavior via simulation. Specifically, the

CDP model is ideal for damage analysis based on scalar dam-
age elasticity. Furthermore, it allows for a precise definition of
the fracture performance of the grout [40, 41]. The dilation
angle for themajor plasticity parameter was set to 30°, whereas
default values were used for other parameters [36].

2.3. Elements and Mesh of the Verification Model. Shell ele-
ments have been widely used in tubular joint analysis [37] to
achieve efficient computations. Previously, the application of
a solid element was advocated to reflect the realistic weld
interface. An eight-node brick element with reduced integra-
tion (C3D8R) [36] was selected to build all members.

The meshing strategy strikes a balance between compu-
tational efficiency and the need for convergence in the study.
To ensure the accuracy of the simulations, the mesh was
partitioned into subzones, each with a tailored mesh size.
The employed meshing approach is detailed in Figure 3. In
the area where the members intersect, a mesh with dimen-
sions of 5mm× 5mm (length×width) was utilized. For the
transitional area between the corroded and intact sections of
the chord, a finer mesh of 5× 1mm was applied. Other areas,
not specifically mentioned, were assigned a coarser mesh size
to expedite computational processes. The chord’s wall thick-
ness direction necessitated a three-layer mesh to stabilize the
through-thickness stress, as indicated by previous findings
[42]. The mesh across the model was generated with a pre-
dominance of hexahedral elements, employing a structured
meshing technique for global mesh development.

2.4. Modeling Result and Verified Process. According to
Lu et al. [43], the joint ultimate strength is related to the
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FIGURE 2: Geometrical properties and boundary conditions of verification models used in the present study: (a) T-1 and (b) ZHU2.

TABLE 2: Material properties of T-1 [29] and ZHU2 [34].

Specimen Part E (MPa) fy (MPa) fu (MPa)

T-1
Chord 200,000 386.00 –

Brace 200,000 345.00 –

ZHU2
Chord 220,543 302.18 457.48
Brace 207,869 348.43 565.87

TABLE 1: Geometry properties of T-1 [29] and ZHU2 [34] (unit: mm).

Specimen
Brace Chord Corrosion Grouted clamp

b1 t1 L1 b0 t0 L0 Length Depth tc ts α

T-1 95 4 536 168 5 1,960 520 1.5 – – –

ZHU2 114 6 750 168 8 1,500 – – 7 6 1
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load–displacement curve. The most significant peak load is
regarded as the value of the ultimate strength; however, if it is
not reflected in the load–displacement curve, then the load
value corresponding to a displacement of 3% of the chord
thickness is used as the deformation serviceability limit. Spe-
cifically, the repaired chord thickness is ambiguous because it
can be altered by corrosion or reinforcement. The original
chord wall thickness d0 is typically applied and adopted for
this type of investigation.

The contrasting failure modes of the model and speci-
men are shown in Figure 4. The simulation results show a
postfailure appearance analogous to that of the experiment.
T-1 and ZHU2 exhibited a typical failure process under
compression. For T-1, the compressive force from the brace
led to increased concavity in the chord, culminating in the
formation of a plastic hinge line around the intersection
area (Figure 4(a)), in alignment with the zones of high-stress
concentration. In the ZHU2 model, minimal bending of
the chord was observed under brace compression until it
approached 95% of the maximum load, beyond which
noticeable deformation appeared at the sleeve’s end. The
final deformation of the ZHU2 model at the peak of the
load–displacement curve closely resembled that of the corre-
sponding experimental specimen. The load–displacement
curves are presented in Figure 5, with “EX” denoting experi-
mental data and “FE” indicating simulation data. During the
elastic phase, the load–displacement responses of T-1 and
ZHU2 models mirrored those of the corresponding speci-
mens. Although the models showed slightly less deflection in

the plastic phase when compared to the experiments, the
discrepancies were within an acceptable range. The ultimate
strength of the T-1 model attained 98.30% of the experimen-
tal specimen’s value (Figure 5(a)), and the ZHU2 model
reached 94.19% of its experimental counterpart’s strength
(Figure 5(b)). Accounting for potential sources of error, the
models corresponded closely with the experimental data,
rendering the results credible. Consequently, the validation
confirms the capability of the FE models to accurately simu-
late the mechanical behavior of corroded T-joints reinforced
with grouted clamps.

3. Numerical Modeling Program

3.1. Scope. In this study, three types of joint models were created
(i.e., original (U), corroded (D), and corrosion-reinforced (DR)
joint). Four original T-joints (U) with different geometric prop-
erties were designed. The geometries of the corroded and
repaired joints differed from those of the original joints. The
models of the repaired joint were cut into circumferential
grooves [27] on the chord surface (Figure 6(a)) and a grouted
clamp [44] was fabricated (Figure 6(b)) to fill the corroded
thickness. The corrosion length of all models was 600mm along
the chord axial direction, and the uniform depth of the groove
became a variable reflecting the corrosion degree of the
repaired joints. Corrosion joints (D) were carved in a groove
with 10% chord thickness (Per= 0.1). Various parameters
associated with the geometry and material properties were
investigated (i.e., the original T-joint geometry, corrosion
degree, grouted clamp geometry, and grouted clampmaterial).

ðaÞ ðbÞ
FIGURE 3: Mesh arrangement of verified models: (a) T-1 and (b) ZHU2.

ðaÞ ðbÞ
FIGURE 4: Comparison of failure modes between models and experiments. (a) Failure status verification of T-1. (b) Failure status verification of
ZHU2.
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To ensure a credible simulation results, the investigated
scope of joint sizes was based on ZHU2 [34], which was
scaled down from a practical offshore platform. The govern-
ing geometrical parameters of β and γ were conservatively
extended (i.e., β and γ were varied from 0.565 to 0.678 and 21
to 28, respectively). The chord and brace lengths of all the
models were set as fixed values, as shown in Figure 6. Fur-
thermore, d0 and t1 values of all models were set to 168 and 6
mm, respectively. Moreover, T1 and T2 indicated the same t0
value of 6mm, whereas T3 and T4 indicated a t0 of 8mm.
Additionally, T1 and T3 indicated the same b1 value of 95
mm, whereas the other joints indicated a b1 value of 117mm.

The material characteristics for the chord and brace repli-
cated those utilized in the ZHU2model [34]. The reinforcement
effectiveness of a tubular joint is substantially reliant on the

material strength of the grouted clamp [45]. Consequently, var-
ious commonly employed material categories were examined.
Multiple grades of grout [46]—specifically C15, C20, andC30—
alongside steel sleeves conforming to the standards of Q235 and
Q345 [20] were employed in the analysis. The material specifi-
cations for the grout were derived from the concrete damaged
plasticity (CDP)model and related research by Costa and Gidro
[47]. The data for the clamp materials encompassed Young’s
modulus, yield strength, and tensile strength; for clamp Q235
[48] and Q345 [49], these parameters were 210, 334, and 480
MPa and 210, 499, and 596MPa, respectively.

3.2. Numerical Model Information. Fifty-six FE models were
developed, with their design parameters listed in Table 3.
The analysis delved into six variations of the DR joint, which
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FIGURE 5: Comparison of load–displacement curves between models and experiments: (a) T-1 and (b) ZHU2.
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FIGURE 6: Dimensions and monitor arrangement of the numerical model (units: mm): (a) corroded joint and (b) repaired joint.
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were distinguished based on aspects of the grouted clamp
complexity. These aspects included the compressive strength
of the grout (C), thickness of the grout (tc), thickness of the
sleeve (ts), tensile strength of the sleeve (Q), and sleeve length
coefficient (α). Additionally, three different levels of chord
thickness corrosion percentage (P¼ 0:1, 0.2, and 0.3) were
examined. The models of the repaired joints were categorized
into eight series (DR-P, DR-C, DR-CT, DR-ST, DR-Q, DR-L,
DR-LCT, and DR-LST), where LCT and LST signify the
variations in the thickness of the grout and sleeve for the
elongated sleeve (α= 1). In the nomenclature for the repaired
model variants, the suffixes denote the specific characteristics
of the grouted clamp. For instance, the term T1-DR-P0.1
denotes a model where the corrosion depth is 10%d0.

3.3. Strain Measurements. Twenty monitors, labeled S1–S20,
were distributed (Figure 6) to analyze the equivalent plastic
strain. In particular, S1–S10 were assigned to the surface of
the chord, and S11–S20 were used to measure the strain

development on the clamp surface. The monitors were posi-
tioned on only one-quarter of the model owing to the model
symmetry. The distribution near the weld was 20mm from
the edge of the weld model. The chord indentation value on
the load–displacement curve was obtained by subtracting the
chord bend deflection from the downward displacement of
the brace [50].

4. Results

4.1. Original and Corroded Joints. As the axial load increased,
chord indentation occurred and the sidewall gradually
bulged outward. The ultimate strengths [43] of the original
and corroded joints were determined when the chord inden-
tation reached 3%d0. The stress concentration (Figure 7(a))
was high near the intersection line and gradually dissipated
within the effective chord length [51]. The maximum value
of the equivalent plastic strain (Figure 7(b)) was observed at
the crown (S1) and saddle (S2) points; however, the strain

TABLE 3: Geometry property arrangement of numerical models.

Model Corrosion degree
Grout construction Sleeve construction

C tc (mm) Q ts (mm) α

T1/T2/T3/T4-U – – – – – –

T1/T2/T3/T4-D 0.1 – – – – –

T1/T2/T3/T4-DR-P 0.1/0.2/0.3 C30 7 Q345 6 0.5
T1/T2/T3/T4-DR-L 0.1 C30 7 Q345 6 0.5/0.7/1
T1/T2/T3/T4-DR-C 0.1 C15/C20/C30 7 Q345 6 0.5
T1/T2/T3/T4-DR-CT 0.1 C30 7/14 Q345 6 0.5
T1/T2/T3/T4-DR-LCT 0.1 C30 7/14 Q345 6 1
T1/T2/T3/T4-DR-Q 0.1 C30 7 Q235/Q345 6 0.5
T1/T2/T3/T4-DR-ST 0.1 C30 7 Q345 6/8 0.5
T1/T2/T3/T4-DR-LST 0.1 C30 7 Q345 6/8 1
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FIGURE 7: Stress contours and equivalent plastic strain of original joints. (a) Stress contours of original joints. (b) Equivalent plastic strain of
original joints.

6 Advances in Civil Engineering



values at the other locations did not exceed the chord yield
strain. The progressive plastic evolution revealed local char-
acteristics in the vicinity of the intersection area, which is
consistent with the observations of Zhao et al.’s [52] study.

The joint appearance and stress contours (Figure 8(a)) of
the corroded joints were similar to those of the dependent
intact joints at the ultimate strength. However, the chord
indentation in the intersection region of the corroded joints
was magnified when the chord thickness was reduced. Addi-
tionally, the thickness reduction resulted in a lower equiva-
lent plastic strain (Figure 8(b)) at the crown point (S1) than
at the dependent intact joint. For T1-U, the strain value of S1
was 31.5% higher than that of T1-D. However, other moni-
tors did not show results that were significantly different
from those of T1-D. The failure modes of the original and
corroded joints were controlled by the local indentation of
the chord in the intersecting area (LIC) [21]. This is consis-
tent with the findings of Benjamin and Andrade [27], who
noted that a slightly reduced t0 does not significantly affect
the failure mode.

4.2. Reinforced Joint. Based on the simulation results for all
repaired joints, three distinct typical failure phenomena
occurred on the joint surface: LIC, plastic hinge at the sleeve
end (PHSE), and elliptical deformation of the chord in the
intersecting area (EDC). Extensive ductile compression
(EDC) and LIC were both induced by chord indentation
but at different deformation levels in the ring section. Fur-
thermore, EDC typically appears in compound mode with
PHSE (EDC+PHSE). In addition to the failure of the joint
surface, the grout section exhibited clear destruction. Grout
failure may encompass compressive destruction around the
sleeve end, compressive destruction around the intersection
region, and separation between the grout and joint surface.
The failure of the joint and grout exerts a significant effect
because of the synergy between the joint and grouted clamp.

The failure of the joint surface with the PHSE was followed
by the aforementioned three grout destruction modes. The
LIC and EDCunderwent grout destruction only near the inter-
section region. Therefore, the failure modes of the repaired
joint were dominated by joint surface failure (LIC, PHSE,
EDC, and EDC+PHSE).

After a meticulous examination, three representative
models, T1-DR-P0.1, T4-DR-P0.1, and T1-DR-L1, which corre-
spond to the joint failure modes of PHSE, EDC+PHSE, and
LIC, respectively, were selected for investigation. A chord
indentation value corresponding to 3%d0 was adopted as
the ultimate strength of the repaired joints [43]. The stress
contours and equivalent plastic strains were extracted based
on the ultimate strengths of representative models. The com-
pressive damage (damage) of the grout in three progressive
stages (grout destruction at the first moment, midtransition
stage, and the stage corresponding to the ultimate strength of
the joint) was investigated.

4.3. T1-DR-P0.1. In the elastic stage of the load–displacement
curve (Figure 9(a)), the joint with the grout clamp exhibited
higher stiffness than the unrepaired joint. The peak load of
T1-DR-P0.1 was greater than that of the corroded specimen;
however, the chord indentation did not reach 3%d0 during
the loading process. For the joint failure mode of the PHSE, a
specific rotation abruptly substituted the chord indentation,
which caused an abrupt decrease in the load–displacement
curve after the peak point. Given that the subsequent load
response of the joint is transferred to the sleeve end, the
chord indentation value remains constant, and the further
development of the curve, as shown in Figure 9(a), is termi-
nated. The equivalent plastic strain (Figure 9(b)) on the
chord surface primarily developed at the saddle point (S2)
and end of the sleeve (S8, S10). The strain development in
the intersection region was less significant than that in the
unrepaired region. The maximum value of S10 corresponds
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FIGURE 8: Stress contours and equivalent plastic strain of corroded joints. (a) Stress contours of corroded joints. (b) Equivalent plastic strain of
corroded joints.
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to the rotation at the sleeve end. The major effect of the grout
clamp was the lateral restraint on the joint sidewall bulge
[34]. The strain distribution on the clamp surface exhibited
a primarily stable increasing trend with a marked peak at the
saddle point (S12).

Plastic deformation is predominantly concentrated in the
chord adjacent to the sleeve end, as depicted in Figure 9(c).
Owing to the composite bending and rotation occurring at
the sleeve end, detachment of the chord from the lower grout
layer was observed. Once this rotation was initiated, the
confined joint, reinforced by the grouted clamp and func-
tioning as a rigid body, displayed increased brittleness. Con-
sequently, the resultant chord indentation exceeded the
allowable service limit of 3%d0, and no discernible ovaliza-
tion was apparent in the ring section. The progression of
grout damage, as shown in Figure 9(d), originates from the

intersection region, extending mainly along the chord side-
wall, with the upper grout near the sleeve end experiencing
significant deterioration. Although the application of the
grouted clamp resulted in a heightened peak load, the grout
demonstrated a sudden brittle failure. Hence, the observed
PHSE failure mode is considered to be impractical for engi-
neering applications.

4.4. T4-DR-P0.1. A plastic hinge and rotation were observed
in the vicinity of the sleeve end; meanwhile, the joint defor-
mation of T4-DR-P0.1 was affected more clearly around the
intersection region. The enlarged β of T4-DR-P0.1, when
compared with that of T1-DR-P0.1, resulted in a lower chord
stiffness [37]. The load–displacement curves in the elastic
stage (Figure 10(a)) were similar to that of T1-DR-P0.1. Although
the load–displacement curves indicated sudden joint failure, the
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FIGURE 9: Load–displacement curve, equivalent plastic strain, stress contours, and grout damage of T1-DR-P0.1. (a) Load–displacement curves
comparison to T1-U, T1-D. (b) Equivalent plastic strain on ultimate strength status. (c) Stress contours on ultimate strength status. (d) Grout
damage evolution.
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chord resisted a greater load than T1-DR-P0.1, with deformation
surpassing the 3%b0 benchmark. As illustrated in Figure 10(b),
the global strain of T4-DR-P0.1 was significantly more pro-
nounced than that of T1-DR-P0.1. The maximum equivalent
plastic strain was observed at S10 owing to considerable rota-
tion near the sleeve end. In the intersection region, the strain
at saddle points (S2, S12) for T4-DR-P0.1 was nearly double
that observed for T1-DR-P0.1, while the strain at the crown
point (S1) of T4-DR-P0.1 was virtually nil. When compared to
T1-DR-P0.1, the strain development of T4-DR-P0.1 showed
marked improvement in areas, such as S4 and S7, within
the confined space. Despite the significant rotation at the
sleeve end causing noticeable strain at S19 and S20, the strain
in the middle of the chord sidewall remained zero.

The geometric alteration of T4-DR-P0.1 resulted in more
evident ovalization than that exhibited by T1-DR-P0.1 in
the ring section, as shown in Figure 10(c). Given the joint

lateral expansion in the vicinity of the intersection region, the
grouted clamp tended to swell outward. In terms of the brace
root, a slight separation between the joint and grout appeared
in this severe joint bulge. Furthermore, the grout exhibited a
high degree of damage, as shown in Figure 10(d). However,
in the vicinity of the sleeve end, the bottom area of the grout
did not contribute to the load resistance because the separation
from the joint was similar to that exhibited by T1-DR-P0.1.

The plastic behavior of T4-DR-P0.1 under (EDC+PHSE)
improved significantly when compared with that under
PHSE, and the grout contributed more to the load resistance.
However, the PHSE resulted in brittle failure.

4.5. T1-DR-L1. The failure mode of the LIC on the repaired
joint exhibited ductile and predictable plastic features [53]. A
gentle plastic stage emerged in the load–displacement curve
(Figure 11(a)), and the curve characteristics of T1-DR-L1
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curves comparison to T4-U, T4-D. (b) Equivalent plastic strain on ultimate strength status. (c) Stress contours on ultimate strength status. (d)
Grout damage evolution.
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were similar to those of T1-U. The repair efficiency of
T1-DR-L1 was the highest among the three representative
models, in which the ultimate strength of T1-DR-L1 increased
by 129.2% when compared with that of T1-D. In terms of
the equivalent plastic strain (Figure 11(b)), only the saddle
(S2 and S12) and crown (S11) regions exhibited significant
development. Apart from the intersection region, other loca-
tions including the sleeve end area exhibited extremely low
strain values.

Owing to the absence of rotation at the sleeve end,
joint deformation occurred at the intersection region. Clear
global bend and chord indentation are observed, as shown in
Figure 11(c). Stress concentration (Figure 11(c)) and grout
damage occurred primarily in the area around the intersec-
tion region. Owing to the concentrated load response and
longer reinforcement length of T1-DR-L1, a smaller damage
range is observed, as shown in Figure 11(d).

The threatened yield hinge for joint failure under the LIC
was dispersed, and the destruction phenomenon revealed
localized ductility. The failure mode of the EDC exhibited
ductile behavior in the intersection region; however, the
deformed ring section approached ovalization much earlier
than the LIC. In general, the LIC and EDC are attractive
failure modes for repaired joints, and their mechanisms are
discussed in the following section.

4.6. Analysis of Failure Mode. The simulation results for
the original and corroded joints supported the failure crite-
rion of chord plastification proposed by CIDECT [21] and
EC3 [22]. However, a joint with a grouted clamp allows another
destruction path [34]. If a plastic hinge emerges on the chord at
the sleeve end, then joint failure is determined by the partial
chord material strength [54] instead of the reinforced section.
In engineering applications, failure involving a PHSE should be
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FIGURE 11: Load–displacement curves, equivalent plastic strains, stress contours, and grout damage of T1-DR-L1. (a) Load–displacement
curves comparison to T1-U, T1-D. (b) Equivalent plastic strain on ultimate strength status. (c) Stress contours on ultimate strength status. (d)
Grout damage evolution.
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avoided in repaired joints, i.e., only LIC and EDC are acceptable
failure modes.

The destruction of the grout was initiated at the intersec-
tion of the joint subjected to loading from joint deformation.
The damage aggravation of the grout in all failure modes
continued to the sidewall via the chord bulge and expanded
marginally along the direction of the chord axis. Regarding
the PHSE, the bottom grout separated from the joint and did
not participate in the process.

The compressive load on the brace resulted in a global
bend in the chord [55], and a joint with additional weight
from the grouted clamp intensified the deflection. The bend-
ing of the reinforced chord region was primarily limited [44]
because of the deformation restraint of the gout clamp. How-
ever, the use of a bare chord to ensure the locality of the
reinforcement resulted in an uncoordinated deflection trend
[44]. Hence, rotation and plastic hinges appeared on the
chord at the sleeve end, causing the accumulation of brittle
failure. As part of the deflection incompatibility region, the
end sleeve of the chord should exhibit a relatively small
bending magnitude. The grouted clamp weight was main-
tained within a controlled range. In terms of the complexity

parameters of the grouted clamp, a more precise relationship
should be derived between the repaired construction and
failure modes.

5. Discussion

5.1. Effect of Construct Parameter. Figure 12 shows the rela-
tionship between the repaired joint ultimate (Pu) strength
and parameters investigated. The grouted clamp significantly
enhanced the load-carrying capacity of the joint. For exam-
ple, the strength of T3-DR-LCT14 was 2.23 times higher than
that of T3-D. Given that the side wall of the grouted clamp
can take more load [43], a bare joint with a larger β would
yield better reinforcement results. A joint with a smaller γ
or d0 is more susceptible to corrosion [56]. As shown in
Figure 12(a), a more severe degree of corrosion leads to a
lower repair efficiency for the joint strength.

The primary contribution of a longer sleeve length is the
prevention of plastic hinge generation at the sleeve end [34].
If the joint failure is induced by the intersection region, then
the extension of the sleeve length will not significantly affect
the joint strength (Figure 12(b)). The strength of T3-DR-L0.7
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(EDC) was enhanced by only 1.57% as α increased from
0.7 to 1. The sleeve strength imposed a finite effect on Pu
(Figure 12(c)), in which the joint strength increased by an
average of 7.58% when the sleeve material was changed from
Q235 to Q345.

In particular, the effect of the effective thickness of
the grouted clamp on the joint strength is related to the
failure mode. Instead of facilitating repair, the PHSE caused
the grouted clamp to hinder the functioning of the joints.
The thicker grout and sleeve did not contribute to the joint
strength during brittle failure, as indicated by the proximate
flat curves in Figures 12(d) and 12(e). For example, the fluctu-
ation ranges of T4-DR-ST6 and T4-DR-ST8 were only 1.77%Pu.

In the case of ductile failure of the joint, enhancing the
thickness of the grouted clamp had a favorable impact on
joint strength [44]. For example, the Pu of T2-DR-CT7 closely
matched that of T2-DR-CT14, with both experiencing failure
because of PHSE. The extension of the sleeve length in T2-
DR-LCT14 yielded a 19.40% increase in Pu when compared
to T2-DR-CT7, which led to a transition to EDC as the failure
mode. Moreover, elevating the grout strength from grade
C15 to C30 did not significantly alter the joint strength, as
depicted by the nearly flat progression observed in Figure 12(f).

5.2. Ductile FailureMechanism of Repaired Joint.As a double-
skin member, repaired grout compensates for the insufficient
chord thickness, and repaired joints have been proven effec-
tive based on their load-carrying ability [57] and flexural
behavior [58]. The failure modes of the LIC and EDC revealed
a joint ductile collapse, which warrants further investigation
into the failure mechanism. To the best of the authors’ knowl-
edge, a comprehensive theoretical approach for T-joints with
grouted clamps has not been developed to date. Zuo [59]
proposed an improved theoretical model for a grout-filled
GFRP T-joint (Figure 13(a)–13(c)) based on a typical ring
model [50].

As shown in Figure 13(a), the confined joint was simpli-
fied as a half-section on the sliding support. The saddle point
was assumed to be a yield hinge directly affected by a concen-
trated load. This simplification is consistent with the basic the-
oretical concept of van der Vegte’s [50] study. Under a specific
assumption regarding the grouted clamp, the surrounding

restriction on the joint surface was resolved into uniform
tangential and normal forces (Figure 13(b)). The restriction
on the lateral bulge of the chord is replaced by an elastic
support (ϕ2= 1/2π), as shown in Figure 13(c).

The confinement effect of the grouted clamp on T1-DR-
L1 (Figure 13(d)) was investigated at its ultimate strength.
The contact force of the joint surface element (5mm×
5mm) was extracted to reflect the behavior in the normal
direction. The grouted clamp did not offer a uniform
restraint force, and the chord indentation resulted in a com-
pound distribution. Restraint to the chord bulge was pro-
vided by the confinement of the entire interaction surface
of the grouted clamp. The failure mechanism of the repaired
joint was complex, and the numerical simulation results did
not confirm the simplified mechanism proposed by Zuo [59].
Numerical analysis offers a more comprehensive understand-
ing of grouted clamps; however, their actual failure mecha-
nism requires further investigation.

5.3. Predicted Strength Equation. To facilitate the convenient
repair of corroded T-joints with grouted clamps, in this
study, the proposed strength equation for the repaired joint
is discussed. To the best of the authors’ knowledge, no exist-
ing publication has proposed a strength equation specifically
for the reinforcement method involving grouted clamps. In
reviewing related research on concrete-filled double skin
joints, Hou [60–62] suggested strength prediction models,
such as Equations (1)–(3), which consider the confinement
effect of the grout and circular cross-section of tubular struc-
tures:

NCFST ¼ 2fck
A1

sinθ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
A2=A1

p
; ð1Þ

A1 ¼
πd2w
4

; ð2Þ

A2 ¼
A1

sinθ
þ 2b0b1; ð3Þ

where NCFST represents the load-bearing capacity of the
concrete-filled double skin joint, A1 denotes the contact
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bearing area, A2 denotes the dispersed bearing area, fck
denotes the characteristic compressive strength of the con-
crete, and θ denotes the angle between the chord and brace in
the tubular joint.

The aforementioned equations were derived and modi-
fied from those proposed by CIDECT [21], which offer a
notable extension to the strength calculation equation for
an original joint under brace compression, as presented in
Equation (4). The equation can be applied conveniently to
grouted members by substituting t0 with the effective chord
thickness (te), as shown in Equation (5), where fy0 refers to
the chord coupon yield stress and ti denotes the reinforce-
ment thickness:

Pu ¼ 2:6 × 1þ 6:8β2ð Þ × γ0:2 × fy0 × t20 ; ð4Þ

te ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
t20 þ t2i

p
: ð5Þ

This calculation model is related to the joint failure of
chord plastification under brace compression. The repaired
joint models that succumbed to failure via LIC or EDC con-
formed to the specified failure criteria. Despite the discrep-
ancy between the actual corrosion defects and reinforcement
from the assumed joint geometry, the abovementioned equations
were utilized to estimate the strength of the repaired joints in
this study. Figure 14 presents a comparison of the predicted
equation’s results against those of the numerical models,
where the diagonal represents the ultimate strength as deter-
mined by the models. The chord thickness within the cor-
roded area was factored into the calculations as t0. The
standard equation yielded results that deviated, often predict-
ing strengths higher than those observed in simulations. This
discrepancy arises because Equations (4) and (5) were origi-
nally intended for joints with fully grouted chords, which
leads to overestimated results for joints with grouted clamps.

Consequently, there is a clear need for a predictive equation
that accurately reflects the characteristics of grouted clamps.

Considering the more convenient expression of corroded
thickness, tμ was introduced (Equation (6)), wherein μ refers
to corrosion degree corresponding to the specimen label.
Additionally, the usage of tμ could imply an intact joint if
μ corresponds to zero:

tμ ¼ 1 − μð Þt0: ð6Þ

Furthermore, the conceptual simplification method of te
to grouted chord ignores the material strength and structure
characteristic of grouted clamp. Hou [60–62] supposed the
insufficiency of standard equations for a grouted double-skin
joint. Based on the aforementioned analysis results, a modi-
fied resistance equation was developed for a joint with
grouted clamp, as indicated in Equation (7), which elimi-
nated the inadequate function of te:

Pu ¼ 1þ k1β2ð Þ × γk2 × k3 × t2μ × fy0 þ 1þ αð Þk4Â

× k5 × t2s × fs þ k6 × t2c × fcð Þ�;
ð7Þ

where fs denotes the sleeve yield strength and fc denotes the
grout compressive strength. k1–k6 refer to the regression
factor. The installation of the grouted clamp modified the
joint’s primary nondimensional parameters (β and γ), which
were adjusted by the coefficients k1 and k2. It is noteworthy
that this refined formulaic model also considered the failure
criteria associated with chord plastification. The capacity for
plastic deformation of the chord, grouted layer, and sleeve
was encapsulated in the model in a unified manner. Never-
theless, the constants k3, k5, and k6 should not be construed
as weighting coefficients for joint resistance, as they pertain
specifically to the sleeve length coefficient’s influence.

SPSS [63] was chosen to evaluate the fitness and applica-
bility, resulting in the derivation of a comprehensive practi-
cal equation presented in Equation (8). The data used for
this analysis excluded joint models that failed in PHSE. The
applicability of Equation (8) is limited to joints failing in LIC
or EDC, with the validity of structural parameters specified
as follows: 0≤ μ≤ 0.3, 0.4≤ β≤ 0.8, 10≤ 2γ≤ 30, μ≤ 30%, a
≥ 1, 4mm ≤ ts≤ 6mm, 235MPa ≤ fs≤ 460MPa, 7mm ≤ tc
≤ 14mm, fc≥ 22MPa, and 235MPa ≤ fy≤ 460MPa:

Pu ¼ 1þ 0:2β2ð Þ × γ0:473 × 2:986 × t2μ × fy0 þ 1þ αð Þ0:1Â

× 2:12 × t2s × fs þ 3:788 × t2c × fcð Þ�:
ð8Þ

The fitting and simulation results presented as scatter
diagrams in Figure 14 indicate a good agreement. The ratios
of the calculated results to the modeling results, variance, and
R2 were 0.995, 0.003, and 0.973, respectively. The calculation
error was confined to (−10%, 15%), which confirms that the
results yielded by the modified equation are suitable for the
current study.
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6. Conclusions

In this study, FE analysis was employed to investigate the
reinforcement effectiveness of grouted clamps on uniformly
corroded T-joints. The fidelity of the FE simulations was
confirmed by comparison with actual experimental results.
A total of 56 numerical models were developed, incorporat-
ing variations in joint geometry, corrosion depth, and the
construction of the grouted clamp. The study analyzed
the failure modes and assessed the ultimate strength of the
repaired joints. Stress distribution patterns were scrutinized
to understand the reinforcement mechanism provided by the
grouted clamp. Drawing on the CIDECT [9] standards for
tubular joints, a revised strength prediction equation was
introduced. The key findings of this research are summarized
as follows:

(i) The failure of the repaired specimens was initiated
by a gradual progression of plasticity in the intersec-
tion region, resulting in acceptable ductile failure
modes. A moderate corrosion depth, not exceeding
30%d0, did not alter the failure mode of the repaired
joint. However, improper fabrication of the grouted
clamp could lead to the formation of a plastic hinge
at the end of the sleeve, causing the joint to fail in a
brittle manner and the load–displacement curve to
end abruptly.

(ii) For preventing the brittle failure of repaired T-joint
using grouted clamp, the weight and thickness of
reinforcement should be limited, and the overlap-
ping ratio of the sleeve on the chord should exceed
0.7.

(iii) The grouted clamp effectively enhanced the static
performance of the corroded joint, with the ultimate
strength of the repaired joint reaching up to 2.23
times that of the corroded joint. In the case of ductile
failure of the repaired joint, increasing the thickness
of the grouted sleeve substantially increased the
joint’s strength.

(iv) The existing ring model of the outer grouted rein-
forcement could conceptually explain the similar
confinement action of the grouted clamp to the cor-
roded joint. However, the numerical results demon-
strated more complex restraint conditions of the
grouted clamp.

(v) A new modified equation for repaired joint strength
was proposed for engineering application, and a good
agreement was observed between the calculated and
test results within the scope of the parameters.

Nomenclature

b1: Chord outer diameter
t1: Chord wall thickness
L1: Chord length
b0: Brace outer diameter
t0: Brace wall thickness

L0: Brace length
β: Brace width-to-chord width ratio (b1/b0)
γ: Chord width-to-twice chord thickness (b0/2t0)
E: Yong’s modulus of steel material
fy: Yield stress of steel material
fu: Ultimate stress of steel material
C: Strength degree of grout
Q: Strength degree of sleeve
fs: Yield stress of sleeve
tc: Grout thickness
ts: Sleeve thickness
α: Ratio of the sleeve overlapping length to the diameter of

the corresponding components length
fy0: Yield stress of chord
ti: Reinforcement thickness
μ: Corrosion degree to chord thickness
tμ: Function of corroded thickness.
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