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Abstract: Plated grillage with combined openings was susceptible to complex failure behaviors as
the main load-bearing structure of the superstructure on passenger ships subjected to deck loads.
Additionally, the deformation and stresses generated during the welding of the plated grillage
complicated the prediction of its failure behavior. In this case, a new partitioned inherent strain
method and nonlinear finite element method were used to simulate the welding and loading process,
and experiments were designed and carried out to make comparisons, unveiling the influence
regulations between the failure behavior of the structure and the loading condition, the initial
welding state. This research on the failure mode analysis of plated grillages could provide references
for the optimization of the structural form of plated grillages and the cargo loading scheme on the
deck of a real ship.

Keywords: combined opening plated grillage; initial welding state; ultimate bending strength;
failure behavior

1. Introduction

Large passenger ships are usually composed of multideck plated grillage structures
constructed from welded and assembled plates and sections. Differing from conventional
ships, to meet the requirements of dense pipeline and cable arrangement as well as accom-
modation layout, the plated grillage is structured with a large span, high stiffener web
height, and dense openings [1,2]. In addition, to reduce the weight, the plated grillage in
the accommodation area is made of numerous thin plates, causing significant deformation
during the welding process [3]. Structural specializations and welding deformations make
the deformation behavior of such plated grillage structures complicated when subjected to
vertical loads. Therefore, it is necessary to investigate the ultimate load-bearing capacity
and deformation characteristics of welded combined opening plated grillage under deck
load, taking into account the welding deformation and stress.

To investigate behaviors of the opening plate and girders, related scholars have made
numerous explorations. For opening plates, Brown [4] first solved for the stress distribution
around the perimeter of the opening using the conjugate load analysis method and inves-
tigated the effect of different opening shapes [5,6]. Later, with the evolution of computer
hardware and the iteration of algorithms, finite element calculation methods were widely
used. Shanmugam, Paik, and other scholars investigated the effects of opening shape,
size, location, and loading method on the deformation behavior and ultimate load-bearing
capacity with the aid of FEM, and summarized the designing equations [7–12]. As for the
experiment, Saad-Eldden systematically investigated the effects of opening shape, size,
reinforcement measure, cracking, and material corrosion on structural load-bearing capac-
ity, and found that when the opening size is constant, small-size dense openings could
alleviate the localized failure phenomenon occurring in large-size sparse openings [13–18].

For the structural and more complex combined opening girders, scholars mostly used
finite element simulation and experimental methods to explore deformation regulations
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and load-bearing characteristics. Sun et al. [19–21] used the FEM to investigate the failure
modes of opening girders made of concrete under torsion, bending, and shear loads, and
gave the corresponding reinforcement measures. Wang et al. [22] investigated the load-
bearing capacity of steel hexagonal opening girders under vertical shear loads, revealing
the deformation characteristics. As for the experiments, Zirakian et al. [23] carried out
a load-bearing capacity experiment on hexagonal opening girders, compared the results
with the Trahair formula [24], and gave suggestions for improvements for the formula
generalization. Zhao et al. [2,25] designed an experimental device to carry out the ultimate
load-bearing capacity of a ship’s opening girder structure under the combination of axial
and vertical loads, and suggested adding a guard plate around the opening to improve the
capacity of the opening region.

For marine combined opening plated grillage, owing to the structural complexity,
most investigations were still based on the finite element method. Li et al. [26] took the
opening plated grillage on a ro-ro ship as a research object, and used the FEM to explore
the influence regulations of the openings on the overall and local strength of the plated
grillage, and provided suggestions for the optimization of the structure. Gan et al. [27]
analyzed the effects of the initial defects and framing specifications on the ultimate bearing
capacity of the opening plated grillage under longitudinal compression loads, combining
the classical reinforced plate theory and the nonlinear finite element method. As for the
experiments, Liu et al. [28,29] conducted the design of the loading device to investigate
the failure behavior of the passenger ship opening plated grillage under axial compression
loads, revealing the influence regulations of the initial defects, opening sizes, and some
other parameters.

In the above-mentioned literature, there are relatively few experimental investigations
on the ultimate load-bearing capacity of high stiffener web plated grillage with combined
openings. For loading conditions, the action of the axial compression load was mainly
considered, and little consideration was given to the deck bending load. In addition,
regardless of the research on girders or plated grillages, most of the considerations for
the initial welding state in the simulation were still based on empirical formulas, and the
experiments were still dominated by corrective elimination. However, the passenger ship’s
plated grillage uses a large number of thin plates, which are prone to distinct deformation
at the welding joint. Due to the difference in welding parameters, the deformation and
residual stress values also differ greatly [30]. The use of empirical formulas to impose
a homogenized initial defect does not reflect the detailed manufacturing process and is
subjected to large errors. While using the inherent strain method, the deformation of
the plated grillage can be accurately and efficiently predicted considering the welding
parameters. Zhou et al. [31–34] used this approach to perform a deformation prediction of
offshore platform blocks and gave process optimization measures. Therefore, the welding
deformation and stress of the plated grillage can be predicted using the inherent strain
method and used as the initial state for the simulation of the failure behavior to improve
the accuracy of the numerical simulation.

In this study, the load-bearing capacity and failure behavior of combined opening
plated grillage were investigated using numerical simulations combined with static experi-
ments. An inhomogeneous inherent strain method was used to predict the initial stresses
and deformations of the plated grillage, as an initial state to study the effect of the initial
welding state on the failure behavior of the structure. Finally, the ultimate load-bearing ca-
pacity as well as the failure behavior were investigated via experimental methods combined
with simulated results.

2. Specimens

To satisfy the demand for space arrangement in the theater area of the large passenger
ship, a large-span combined opening plated grillage is used in conjunction with a pillar to
achieve structural support. The plated grillage between the two longitudinal girders in this
region was selected as the object to investigate its failure behavior under deck vertical loads.
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The plated grillage was assembled and welded from longitudinal girders and stringers,
transverses, and plates. The location of the plated grillage on the actual ship was shown
in Figure 1. Referring to the existing research findings [28,29] and the site equipment
conditions, the geometric and plate thickness scaling ratios were determined to be 1:4
and 1:2, respectively. The dimensions of the plated grillage and the parts were shown in
Figure 2.
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3. Simulation and Measurement of Initial Welding State

To better investigate the effect of the initial welding state in the manufacturing on the
failure behavior of the structure, an inhomogeneous inherent strain method was used in
this section to simulate the deformation and stress of the plated grillage concerning the
actual manufacturing process. The deformation values of the measured points on the deck
surface obtained from the simulation were compared with the measured values to verify
the accuracy of the numerical simulation.

3.1. The Actual Manufacturing Technique

The plated grillage was assembled and welded from an AH36 mild steel of 5 mm.
For the welding process, the structure was welded using CO2 gas-shielded welding. The
equipment used was an inverter-type semi-automatic CO2/MAG arc welding machine
with a gas flow rate of 15–20 L/min. The wire used was YC-YJ502 (Q) flux-cored wire with
a wire diameter of 1.2 mm. Due to the thin plate thickness, no bevels were needed before
welding. Welding joints were formed in one pass, with no need for multiple welds. The
weld was first completed on one side of the T connection, then the torch was flipped over
to the other side of the welding joint, followed by flipping the torch to weld the other side.
The current, voltage, and welding speed for the two welds were shown in Table 1. For the
welding sequence, the welding of the stringers with the plate was performed first, followed
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by the welding of the longitudinal girders with the plate, and finally the welding of the
transverse with the plate. The welding sequence was shown in Figure 3.

Table 1. Table of welding parameters.

No. Current (A) Voltage (V) Velocity (mm/s)

1 142–155 22–25 6.2
2 138–147 20–22 6.1
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3.2. Simulation of the Deformation and Stress of the Plated Grillage

Referring to actual welding data, the inherent deformation of the T connection was
evaluated using the thermo-elastic-plastic finite element method. On this basis, the welding
joint of the plated grillage was divided into parts, and the inherent deformation was applied
to obtain the overall deformation and stress distribution.

3.2.1. Calculation Method

Welding of the steel is a process of melting and re-solidification at the atomic level [33].
During the welding process, the presence of a large temperature gradient between the
weld region and surrounding base material leads to an uneven distribution of residual
plastic strain, which leads to the bending moment and out-of-plane welding deformation
of the structure.

Currently, the two main finite element simulation methods for the welding process
are the thermo-elastic-plastic finite element method and the inherent strain method. In this
case, the thermo-elastic-plastic element method is first used to calculate the thermal loads
applied to the mesh nodes from the heat source employing heat transfer and heat radiation.
Subsequently, the mesh nodes on the structure are subjected to thermal loads generating
displacements so that the stresses and deformations of the structure can be evaluated from
the material’s intrinsic relationship. This method can evaluate the stress and deformation
of each mesh node throughout the welding process, but it is computationally expensive
and takes a long time to compute for large structures [35].

To realize the rapid prediction of deformation and stress in large structures, Ueda
et al. [36] conducted a series of experiments and theoretical derivations, and proposed an
analysis method based on inherent strain, i.e., it is considered that the inherent strain is the
fundamental cause of welding deformation and residual stress. Inherent strains εinherent
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include thermal stress εthermal , plastic strains εplastic, creep strains εcreep, and transformation
strains εtrans f ormation, as shown in Equation (1).

εinherent = εthermal + εplastic + εcreep + εtrans f ormation (1)

Since thermal strains disappear when the structure is cooled, and creep and transfor-
mation strains occur in small quantities compared to plastic strains, it is approximated
in the calculations that the inherent strains are equal to the plastic strains. And due to
the inhomogeneity of the plastic strain distribution, some simplifications are made in
engineering applications. Due to the long length of the welding joint, the end effect is
usually ignored, and the welding joint region is sectioned into separate areas to apply the
inherent deformation to simulate the stresses and deformations generated in the whole
structure [37]. During the finite element simulation, the strain can be converted to a thermal
expansion coefficient according to Equation (2). The calculation of structural deformation
and stress can be achieved by applying a unit temperature difference to the region of the
welding joint where the inherent strain needs to be applied.

εT = α · ∆T (2)

where, εT is the inherent strain value, α is the thermal expansion coefficient, and ∆T is the
unit temperature difference.

3.2.2. Calculation of the Inherent Deformation Data of Joints

The solid element model of the T joint was established, with a length and width of
400 mm, and a height of 250 mm. The height of the weld foot was 3 mm. The melt pool
region was mesh-encrypted, and the number of elements and nodes were 24,950 and 34,218,
respectively. The boundary conditions were set, as shown in Figure 4.
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Based on the completion of the above setup and recorded actual welding parame-
ters (as Table 1), the thermo-elastic-plastic finite element calculation of the T-joint was
performed. In this section, the sequential coupling calculation method was adopted, i.e.,
the temperature field calculation was carried out first, and the stress and deformation
of the joint were obtained by applying the temperature load to the mesh nodes after the
calculation was completed. The material parameters of AH36 were shown in Figure 5.

For the computed temperature, the maximum temperature of the joint was 2075 ◦C.
As was shown in Figure 6, the region where the temperature was higher than the melting
point of the steel was essentially the same as the geometry of the melt pool. Then, the
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temperature load was applied to the structure and the computed deformation as well as
plastic strain distribution was shown in Figures 7 and 8. In Figures 7 and 8, NT11 is the
nodal temperature (◦C), U is the deformation (mm), and PE11, PE22, and PE33 are the
plastic strains in the x, y, and z directions, respectively.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 5. Diagram of the material parameters of AH36. 

For the computed temperature, the maximum temperature of the joint was 2075 °C. 
As was shown in Figure 6, the region where the temperature was higher than the melting 
point of the steel was essentially the same as the geometry of the melt pool. Then, the 
temperature load was applied to the structure and the computed deformation as well as 
plastic strain distribution was shown in Figures 7 and 8. In Figures 7 and 8, NT11 is the 
nodal temperature (°C), U is the deformation (mm), and PE11, PE22, and PE33 are the 
plastic strains in the x, y, and z directions, respectively. 

 
Figure 6. Diagram of the computed temperature distribution. 

Figure 5. Diagram of the material parameters of AH36.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 6 of 22 
 

 

 
Figure 5. Diagram of the material parameters of AH36. 

For the computed temperature, the maximum temperature of the joint was 2075 °C. 
As was shown in Figure 6, the region where the temperature was higher than the melting 
point of the steel was essentially the same as the geometry of the melt pool. Then, the 
temperature load was applied to the structure and the computed deformation as well as 
plastic strain distribution was shown in Figures 7 and 8. In Figures 7 and 8, NT11 is the 
nodal temperature (°C), U is the deformation (mm), and PE11, PE22, and PE33 are the 
plastic strains in the x, y, and z directions, respectively. 

 
Figure 6. Diagram of the computed temperature distribution. 
Figure 6. Diagram of the computed temperature distribution.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 7. Diagram of the computed deformation. 

 
(a) (b) 

 
(c) 

Figure 8. Diagram of the computed plastic strain distribution. (a) Longitudinal plastic strain, (b) 
transverse plastic strain, and (c) vertical plastic strain. 

As was shown in Figure 8, the plastic strain values around the welding joint were 
higher. In the following section, the plastic strain in this region was extracted and con-
verted to thermal expansion coefficients referring to Equation (2) to be assigned to the 
welding joint regions of the plated grillage for the calculation of its deformation and stress 
distribution. 

3.2.3. Welding Deformation and Stress Computation of Plated Grillage 
On the basis of the computation to obtain the joint inherent strain data in Section 

3.2.2, the application of the inherent strain on the plated grillage was carried out. After 
analyzing the results of the T joint computation, it was found that the plastic strain distri-
bution in the molten pool region was distinctly inhomogeneous in the Z-direction. 

Figure 7. Diagram of the computed deformation.



J. Mar. Sci. Eng. 2024, 12, 295 7 of 21

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 7. Diagram of the computed deformation. 

 
(a) (b) 

 
(c) 

Figure 8. Diagram of the computed plastic strain distribution. (a) Longitudinal plastic strain, (b) 
transverse plastic strain, and (c) vertical plastic strain. 

As was shown in Figure 8, the plastic strain values around the welding joint were 
higher. In the following section, the plastic strain in this region was extracted and con-
verted to thermal expansion coefficients referring to Equation (2) to be assigned to the 
welding joint regions of the plated grillage for the calculation of its deformation and stress 
distribution. 

3.2.3. Welding Deformation and Stress Computation of Plated Grillage 
On the basis of the computation to obtain the joint inherent strain data in Section 

3.2.2, the application of the inherent strain on the plated grillage was carried out. After 
analyzing the results of the T joint computation, it was found that the plastic strain distri-
bution in the molten pool region was distinctly inhomogeneous in the Z-direction. 

Figure 8. Diagram of the computed plastic strain distribution. (a) Longitudinal plastic strain,
(b) transverse plastic strain, and (c) vertical plastic strain.

As was shown in Figure 8, the plastic strain values around the welding joint were
higher. In the following section, the plastic strain in this region was extracted and converted
to thermal expansion coefficients referring to Equation (2) to be assigned to the welding joint
regions of the plated grillage for the calculation of its deformation and stress distribution.

3.2.3. Welding Deformation and Stress Computation of Plated Grillage

On the basis of the computation to obtain the joint inherent strain data in Section 3.2.2,
the application of the inherent strain on the plated grillage was carried out. After analyzing
the results of the T joint computation, it was found that the plastic strain distribution in
the molten pool region was distinctly inhomogeneous in the Z-direction. Particularly for
plastic strains in the Y- and Z-directions, there was a distinct difference between tensile and
compressive strains (as shown in Figure 9).

Due to the inhomogeneous distribution characteristics of the plastic strain at the weld
obtained from the joint calculations along the Z-direction, the plated grillage was subjected
to the operation of partitioning and applying different inherent deformations to obtain a
higher accuracy of calculation. The partitioning approach for the welding joints between the
plate and longitudinal girder, stringer, and transverse was shown in Figure 10. The thermal
expansion coefficients of the material corresponding to the unit temperature difference
obtained referring to Equation (2) were shown in Table 2.

Table 2. Table of the thermal expansion coefficients.

Direction
Thermal Expansion Coefficients

Region-A Region-B

Longitudinal −0.00233 −0.00248
Transverse −0.010 0.016

Vertical 0.0126 −0.0254
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After determining the partitioning of the welding joint and the inherent deformations
to be imposed, a solid element model was established. The deformation and stress distribu-
tion of the plated grillage were simulated using the ABAQUS (2022) software on an 8-core
(4.5 GHz) 16-threaded PC with 64 GB of RAM. The computational time for a single model
was about 55 min.

The model is meshed using hexahedral elements, with the element type C3D8R, and
the number of elements and nodes were 665,548 and 779,472, respectively. Encryption
of the mesh was conducted in the heat-affected region around the welding joints. The
boundary conditions were set not to unduly restrict the degrees of freedom of the structure
and to ensure that the constraints of the specimen were close to the actual assembly welding
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process [34]. The detailed boundary condition settings were shown in Figure 11. The stress
distribution and deformation of the plated grillage were shown in Figures 12 and 13.
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As shown in Figures 12 and 13, there are relatively high stresses in the welding joint
region that reached the yield strength of the material, causing plastic deformation. A certain
number of high-stress areas were also presented in the transverse due to the shrinkage of the
welding joint of the longitudinal stringers. For the deformation condition, the maximum
deformation on the plated grillage is about 3.1 mm. To verify the agreement between



J. Mar. Sci. Eng. 2024, 12, 295 10 of 21

the simulated and measured deformation of the plated grillage, two monitoring lines (as
Figure 13) were set up above the plate region connecting with the longitudinal stringer and
transverse, and the simulated and measured vertical deformation values were compared.
Deformation values were measured using an XTDIC 3D optical acquisition system with a
measurement accuracy of ±0.1 mm. Data collection was performed at 100 mm intervals
in the length and width directions of the specimen, with the number of collection points
being 20 and 16, respectively (as shown in Figure 14). Comparison results were shown in
Figure 15.
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As shown in Figure 15a,b, the deformation values of the monitoring lines fluctuated
significantly at the welding joint. The monitoring line 1 direction presented a large amount
of deformation due to the denser welding joint arrangement, and the maximum value
of the simulated vertical deformation results reached 2.58 mm. The measured values
corresponded well to the simulated values. The fluctuation of the deformation in the
monitoring line 2 direction was small, with only a small peak around the welding joint
region of the middle transverse. When the specimen was manufactured, there was a splice
weld in the middle of the deck due to the limitations of the available plate sizes. Although
the deck splicing was corrected after completion, it still resulted in a large error in the
measurements at the center. Measured values away from the splice seam region were in
good agreement with the simulated values.

4. Investigation of the Failure Buckling Behavior of Combined Opening Plated Grillage
Considering the Initial Welding State
4.1. Numerical and Experimental Basis

The nonlinear finite element method was applied to calculate the failure behavior of
the plated grillage. The welding deformation and residual stresses calculated in Section 3
were also applied as initial states to investigate their effect. On this basis, static load
experiments were designed and performed, and the experimental results were compared
with the simulated values to verify their reliability.
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4.1.1. Simulation Settings

The nonlinear finite element calculation of the plated grillage was also conducted using
ABAQUS (2022) software. The calculated welding deformations and stresses were applied
as the initial load to the plated grillage model for further failure analysis. The meshes were
divided in the same forms as used in the inherent strain calculation above, and the element
type is C3D8R. The material parameters of the specimen were kept the same as mentioned
in the welding simulation above. The Young’s modulus of the material was 206 GPa and
the yield strength was 380 MPa at 20 ◦C. The tangential modulus of the material was mostly
taken as 5–15%, and there it was taken as 10% in combination with the results of the tensile
experiments (as Figure 16). The specimen size for the tensile experiment was determined
according to the Chinese national standard (GB-T 228.1-2021) [38].
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In the previous experiments on the combined opening girders, it was found that the
structure would fail in a complex manner such as instability and local buckling under
the central vertical load applied from the plate [39]. Most of the existing plated grillage
experiments focused on the failure behavior under longitudinal and transverse compressive
loads, ignoring the effect of vertical bending loads from the plate [28,29]. Therefore, two
loading conditions were designed. One was to load an area with a 200 mm width in
the middle of the longitudinal direction. The other is to load an area with a 200 mm
width in the middle of the transverse and longitudinal directions in combination. For the
setting of boundary conditions, the main consideration is the support of the surrounding
pillars for the plated grillage, so the position of the plated grillage and pillar connections
were equivalently replaced by fixed constraints, and the failure behavior of the plated
grillage under bending loads was mainly investigated. The loading method and boundary
condition settings were shown in Figure 17.

In Figure 17, Rx, Ry, and Rz are the rotational degrees of freedom in the x-, y-, and
z-axis; and Ux, Uy, and Uz are the translational degrees of freedom.
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4.1.2. Experiment Design

The vertical loading of the specimen was applied using a 4000 kN thrust servo actuator.
To realize the two load conditions described in Section 4.1.1, the corresponding design of
the distribution girders was performed. The experiment scenario was shown in Figure 18.
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To collect the strain and stress in the plated grillage, displacement gauges were ar-
ranged at several typical points and strain gauges (rosettes) were attached to the steel
surface. The type of displacement gauge was YWD and the measurement accuracy was
±0.01 mm. The types of strain gauges and rosettes were BFH120-2CA-D150 and BFH120-
2AA-R-P300, respectively, with sensitivity coefficients of 2.0 ± 1%. The arrangement of
displacement gauges and strain gauges (rosettes) was shown in Figure 19.

During the conducting of the experiment, the force-controlled loading method was
first applied at the linear deformation stage of the plated grillage, with 20 kN per step.
When approaching the plastic deformation stage, the displacement-controlled loading
method was applied, with 1 mm per step. Then the loading was maintained until the value
of the vertical pressure recorded by the pressure transducer dropped to 50% of the peak
load value. At this point, the loading was stopped, and the experiment was completed.
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4.2. Experiment and Simulation Results
4.2.1. Load-Displacement Relationships

Due to the differences in the loading method, the two specimens exhibited different
deformation and failure behaviors. In this section, the values of three displacement gauges
(DP-1, DP-3, and DP-5) were selected for comparison. Meanwhile, the vertical displacement
values of the plate center point obtained from simulation and measurement (considering
the initial welding state) were compared. The load-displacement curves were shown in
Figure 20.
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For the first loading condition, the maximum load that the structure could bear was
about 430 kN. As shown in Figure 20a, as the loading region was an area of 200 mm width
in the middle of the longitudinal direction, and the middle of the front and back transverses
exhibited similar displacement regulations under vertical loads. The location of the middle
point of the plate also showed a similar displacement regulation to the DP-1 and DP-3
regions under the action of the distribution girder. For the values measured from DP-1,
since the region was far away from the loading region, less vertical displacement occurred.
As for the whole loading process, when the load is in the range of 0–300 kN, the structure
was in the stage of elastic deformation. With the increase in the external load, the vertical
displacements of all four measurement points increased linearly. When the external load
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exceeded 300 kN, the structure gradually entered the plastic deformation stage. The slopes
of the load-displacement curves at points DP-1, DP-5, and the plate center became smaller,
and the structure experienced a distinct vertical displacement. The position of measurement
point DP-3 was rotated around the X-axis due to the middle deformation of the structure;
the position of the displacement gauge was shifted, so the measured displacement values
appeared to decrease with the increase in the external load. Next, as the external load
further increased to reach the critical load of the structure, there was a sudden loss of the
load-bearing capacity of the structure. The loading device stopped loading for protection,
so the measured curve in the figure terminated at the highest load point and did not record
the post-buckling characteristics of the structure. The simulated load-displacement curve of
the plate middle point fitted well with the measured curves and reflected a certain degree
of post-buckling characteristics.

For the second loading condition, the maximum load the structure could bear was
about 660 kN, with an improvement of 53.49% compared to the loading condition 1. As
shown in Figure 20b, as the loading region was a combined area of 200 mm in the middle of
both the longitudinal and transverse directions, the middle of the left and right longitudinal
girders as well as front and back transverse exhibited similar displacement regulations for
the load applied by the distribution girder. For the loading process, when the load is in the
range of 0–600 kN, the structure was in the stage of elastic deformation. As the external
load increased, there was a slow linear increase in the vertical displacement of the structure.
When the external load reached 600 kN, the structure entered the plastic deformation stage,
the rise of the load slowed down, and the structure suffered distinct vertical displacement.
However, differing from the failure characteristics of the sudden loss of the load-bearing
capacity of the structure in loading condition 1, in loading condition 2, when the structure
entered into the plastic deformation stage, the external load remained stable with the dis-
tinct increase in displacement. The external load on the structure gradually decreased only
when the vertical displacement exceeded 50 mm. The structure exhibited a considerable
load-bearing capacity in the post-buckling phase.

4.2.2. Deformation

Combining the results of experiments and simulations, the failure behaviors of the
plated grillage were investigated. The deformation of the structure after failure was shown
in Figure 21.

As shown in Figure 21, the simulated failure behavior of the plate, longitudinal girders,
and transverses were basically consistent with the results obtained from the experiment.
For loading condition 1, owing to the vertical load applied to the area of a 200 mm width
in the middle of the longitudinal direction, the plated grillage exhibited a bending defor-
mation in the middle region. The transverses, which bore most of the loads as the main
transverse component, suffered distinct deformation. In contrast, the section modulus at the
opening region in the transverses was greatly reduced due to the presence of lumbar round
openings. The bending load experienced a transmission discontinuity at the lumbar round
opening regions, and the transmission path was shifted. Stress concentrations appeared
at the corners of openings, resulting in a localized plastic hinge failure phenomenon (as
Figure 21a). In addition, under this loading method, the longitudinal girders were arranged
parallel to the direction of the loading region in the center, and no distinct deformation
occurred. Only the rotation of the whole longitudinal girders along the X-axis direction
occurred with the increase in the external load.

For loading condition 2, owing to the loading region being an area of a 200 mm width
in the middle of the transverse and longitudinal directions, both longitudinal girders and
transverses participated in load-bearing. Subjected to external loads, the middle regions of
the left and right longitudinal girders as well as the front and back transverses exhibited
distinct vertical deformations. Due to the action of distributing girders, the vertical defor-
mation in the middle region of these major longitudinal and transverse components was
consistent. Similarly, the longitudinal girders and transverses showed a localized plastic
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hinge failure around the lumbar round opening regions in loading condition 1. As for the
longer length of the longitudinal girders, the plastic hinge deformation phenomena were
more pronounced at the lumbar round openings closer to the middle loading region than
at the distal end.
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For two loading conditions, the central region of the transverses presented a signif-
icant vertical deformation. In contrast, in the static load experiments of the girders in
the literature 39, the girder structures presented a phenomenon of instability due to the
occurrence of lateral slip in the middle region. It could be seen that the inclusion of the ribs
in the plated grillages could limit the local instability phenomenon of the structure and
improve the load-bearing characteristics.

In addition, to investigate the deformation regulations of the plate of the plated
grillages and verify the agreement between the simulation and experiment results, the
coordinates of the measuring points on the deformed plate surface were measured by the
XTDIC 3D optical acquisition system. The curved surfaces were formed based on the fitting
of coordinate values and compared with the results of simulations. The comparisons were
shown in Figure 22.
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As shown in Figure 22, the curved surface shapes obtained from the fitting of the
measured data were in good agreement with the results of the simulation. For loading
condition 1, the plate exhibited a buckling band similar to a hyperbolic symmetrical
arrangement on both sides of the longitudinal center of the plate (as Figure 22a). The
entire plate showed a vertical deformation approximating the shape of a cylinder in the
region between the two lumbar round openings along the X-axis. As for loading condition
2, there are significant differences in the deformation patterns of the plate. The vertical
displacement values of the central region in both the X and Y axes were approximately
equivalent. The plate exhibited a gradual increase in vertical displacement from the corners
to the middle region in both the X and Y directions. Both directions showed a localized
bending of the plate above the lumbar round openings, resulting in a significant change in
vertical displacement on both sides of the bend. From the corners toward the center of the
plate, buckling bands similar to the inverse function distribution appeared (as Figure 22b).

4.2.3. Stress and Strain

Due to the differences in the loading conditions, there were significant differences in
stress distribution in the plate frame at failure. For loading condition 1, the stress level on
the longitudinal girders was low and there was no significant stress concentration around
the opening regions. The transverses, due to bearing most of the external loads, showed a
high-stress region in the middle of the stiffener flange and a significant stress concentration
around the opening. For loading condition 2, both the longitudinal girders and transverses
were involved in bearing the external loads, so the stress levels were higher in the middle
of the stiffener flange. Meanwhile, there were stress concentrations at the corners of the
lumbar round openings. The stress distribution was shown in Figure 23.

Referring to the stress distribution, it could be seen that due to the difference in the
loading conditions, there was a significant difference in the stress level in the middle of
the stiffener flange of the longitudinal girders and transverses. The strain values measured
experimentally at this location are discussed next. The values on the surface of specimens
during the experiment could be measured by strain gauges (rosettes). The selected measur-
ing points were numbered B-S-4 and D-S-2. The strain values of the measuring points were
shown in Figure 24.
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As shown in Figure 24, for loading condition 1, since the main load in this loading
method was borne by the transverses, the strain measured from the location of the mea-
suring point on the longitudinal girder was small, less than 0.1%. The strain measured
from the location of the measuring point on the transverse was large, especially when the
external load reached 370 kN, the strain value increased rapidly, and the structure lost its
load-bearing capacity. For loading condition 2, since both the longitudinal girders as well as
the transverses were involved in load-bearing, the strain values measured at the locations
of the two measurement points were large. In the pre-loading stage, the transverses were
subjected to a large load, producing a more pronounced strain. When the external load
came to 450 kN, the longitudinal girders also participated in the load-bearing, and the strain
growth rate increased significantly. In this case, the increased rate of strain at the measuring
point on the longitudinal girder was larger than that on the transverse. When the external
load reached 610 kN, the strain values at the two measuring points gradually reached the
same and increased rapidly; at this time, the structure gradually lost its bearing capacity.

4.3. Influence of the Initial Welding State on Structural Load-Bearing Behaviors

The degree of congruence between the numerical results was verified above. With
the use of the inherent strain method, the distribution of stresses and deformations of
specimens generated during the welding process was also simulated. In this section, the
load-bearing behavior of the ideal model, the model considering initial deformation, and
the model considering initial deformation and stresses were compared for two loading
conditions using numerical means. The load-displacement relationship curves of the plate
center point for these conditions were shown in Figure 25.
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As shown in the Figure 25, considering the initial welding state of the specimens,
the ultimate load-bearing capacity decreased slightly compared to the ideal model and
had a better fit to the experimental load-displacement curves. For loading condition 1 in
the Figure 25a, the curve considering welding residual stresses and deformations almost
coincided with that only considering deformation. For the welding parameters used in this
structure, the welding residual stresses had almost no effect on the deformation structure in
the elastic phase. As the external load continued to increase, the residual stresses made the
structure more susceptible for plastic deformation while leading to a 2.5% reduction in the
ultimate load-bearing capacity. Next, comparing the curves considering only the welding
deformation with those of the ideal model, it was evident that the welding deformation has
a significant effect on the deformation behavior of the structure. In the elastic phase, the
welding deformation enabled the structure to generate a larger vertical displacement under
the same external load and entered the plastic phase earlier. The ultimate load-bearing
capacity showed a decrease of 8.6%.

For loading condition 2 in the Figure 25b, compared to welding deformation, the
effect of welding residual stresses on the deformation behavior of the structure remained
insignificant. The load-displacement curves for the two cases nearly overlapped, with
only a small difference in the position at which the structure entered the plastic phase.
Next, compared with the curve of the ideal model, the presence of welding deformation
accelerated the vertical displacement of the structure in the elastic phase, causing the
structure to yield earlier. However, the influence degree was less than that in loading
condition 1. When the structure failed, the ultimate load-bearing capacity of the structure
was essentially the same in all three cases. It may be seen that under this loading mode, the
welding residual stresses and deformations caused by the welding parameters used in this
specimen had basically no effect on the ultimate load-bearing capacity of the structure.

5. Conclusions

A simulation method that partitions the welding joint region to apply different inherent
strains was used to calculate the initial welding deformation and stress based on actual
welding parameters. Then the results obtained from the calculations were used as an
initial state for nonlinear finite element calculations, and the deformation behaviors of the
structure were simulated and compared with the results of the static load experiments.

The main findings are as follows:

(1) The method of partitioning the welding joint region to apply different inherent strains
could enable a more accurate prediction of welding deformation and stress distribu-
tion in the plated grillages. Referring to its simulation results, the welding deformation
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of the plated grillage was mainly angular deformation caused by welding shrinkage
at the connection of the longitudinal stringers, longitudinal girders, and transverses
with the plate.

(2) For the plated grillage, when the loads were carried by a combination of longitudinal
and transverse components, the structure had a high ultimate load-bearing capacity.
When the structure reached the ultimate load-bearing limit, the structure still had
a considerable load-bearing capacity in the post-buckling phase. For loading con-
ditions in which the load was applied to the components in a single direction, the
ultimate load-bearing capacity of the structure was greatly reduced. And there was a
phenomenon that the overall structure lost its load-bearing capacity due to localized
structural failures.

(3) The degree of influence of welding deformation and stress on the structural load-
bearing behavior was related to the method of applying the external loads. When the
vertical load was carried by a combination of longitudinal and transverse components,
the overall load-bearing state of the structure was more stable, and the influence
of welding factors on the ultimate load-bearing capacity of the structure was small.
When the transverse members were mainly involved in load-bearing, the structure
suffered from localized deflections of the whole longitudinal components. Welding
factors would exacerbate this phenomenon, resulting in a significant reduction in the
overall ultimate load-bearing capacity.

(4) Higher stiffener web heights could exacerbate the instability of the structure under
vertical loading, and lateral movement of the central parts of the structure occurred,
leading to localized instability. Meanwhile, the plastic hinge failure behavior at the
corners of the lumbar round openings was associated with a loss of the structural
load-bearing capacity. The addition of ribs could improve the local failure behavior of
the structure and increase the load-carrying capacity.
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