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ABSTRACT

This work proposes a square concrete—filled steel tubular (CFST) joint system, in which
vertically placed diagonal plates help transfer the tensile load from the beam flanges. Then, a
variable density method is used to validate that the exterior—diaphragm of square CFST
connections can be largely reduced or even eliminated. Seven square CFST connections with
diagonal plate were experimentally and comparatively investigated under tension. Studied
parameters included the width and thickness of beam flange, length and thickness of diagonal
plate. The failure mode, initial stiffness, yield load, and peak load were analyzed based on the
test results. The failure modes of the tested specimens included fracture of the beam flanges,
fracture of welds—between the beam flange and the steel tube corner—after the beam yielding,
and fracture of welds at the corner of the steel tube column and fracture of the diagonal plate.
The failure mode of the connections depends on the strength of the beam and connection, and
varying thickness and width of beam flanges would change the strength of the beam, which
affects the failure mode. Finally, theoretical formulas are presented to predict the yield
capacities of the connections, and the predicted results agree well with the test results. The
diagonal-plate connection has the advantages of conveniently concrete pouring and not
occupying indoor space, and thus provides an alternative for CFST construction.

Keywords: Concrete filled steel tube; Beam to column joint; Exterior diaphragm; Composite
connection; Topology optimization; Tensile yield bearing capacity.

1. INTRUCTION

Composite construction with concrete—filled steel tubular (CFST) columns and steel beam
joints is widely used in building structures [1,2]. The commonly used joint types [3,4] include
interior—diaphragm joint (Fig. 1a), through—diaphragm joint (Fig. 1b), and exterior—diaphragm
joint (Fig. 1¢). Engineering practice and academic research show that all the three types of joints
have high load capacity, high stiffness, and good seismic behavior [5-9]. The interior—
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diaphragm joint is mainly used in joints with large column cross—sections due to the laborious
welding work of the diaphragm, which needs electro slag welding or to be conducted inside the
steel tube. The through—diaphragm joint can be seen as a compromise between the interior— and
exterior—diaphragm joint, and the column steel tube needs to be disconnected at the through—
diaphragm. The exterior—diaphragm joint is with simple construction process, and easy to
guarantee the quality of concrete pouring.

An exterior diaphragm has a non—direct force transfer path. If an exterior diaphragm has a small
dimension, stress concentration at the steel tube corners may lead to premature fracture failure
when subjected to earthquakes [10]. Therefore, exterior diaphragms, designed according to the
current code, account for a large proportion of steel (about 1/3) of the CFST column. In addition,
exterior diaphragms occupy the indoor building space and are aesthetically unappealing.

steel beam steel beam

inner

steel tube diaphragm

(a) Interior—diaphragm joint

diaphragm

steel tube through

(b) Through—diaphragm joint

diagonal plate

steel beam
steel beam

exterior

diaphragm

steel tube steel tube

(c) Exterior—diaphragm joint (d) Diagonal—plate joint

Fig. 1 CFST joints

In order to reduce the size of the exterior diaphragm or even eliminate it, this work proposes to
set diagonal plates in the joint region based on the research on stiffened CFST columns [11],
and the vertically placed diagonal plates also do not hinder concrete pouring. Subsequently, the
exterior—diaphragm connection stiffened with diagonal plate is optimized by using the variable
density method—the less stressed region of the exterior diaphragm is gradually removed [12].
Then, the CFST diagonal—plate connection is obtained (Fig. 1d).
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The diagonal—plate joint has a reasonable force transfer path. In the vertical direction, diagonal
plates act as shear connectors and effectively transfer the shear force from the steel beam to the
concrete. In the transverse direction, diagonal plates effectively transfer the tension or
compression force from the beam flange to the steel tube and concrete. Combined with the
extended flange, the diagonal-plate joint shown in Fig. 1d effectively relieves the stress
concentration at the steel tube corners and can relocate the plastic hinge or the failure position.

A beam—end moment is resisted by the force couple acting on beam flanges shown in Fig. 2,
i.e., a tensile force and a compressive force. The failure of CFST joints mainly depends on the
connection between the tensile flange and the column tube. Therefore, the tensile behavior of
connections is very important, which provides the basis for investigating the seismic behavior
of diagonal-plate joints. The tensile behavior of the joint can be equivalent to that of an
equivalent T—stub [13-15].
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Fig. 2 Schematic diagram of the force coupling of bending moment at the beam end

Most laboratory testing in the past mainly investigated the tensile behavior of a single type of
CFST connection. Park et al [16], Yu et al [17] and Qin et al [18] conducted tensile tests on the
exterior—diaphragm, interior—diaphragm, and through—diaphragm CFST connections,
respectively; the tensile properties and force transfer mechanism were investigated, and the
load—capacity predicting methods were proposed based on the yield line theory. Zhu et al [19]
conducted tensile tests on the CFST exterior—diaphragm connections stiffened with PBL, and
the improvement of the tensile behavior by the setting PBL and the effect of removing the
exterior diaphragm on the tensile behavior were investigated. The above investigations on the
load—resisting mechanism and design method of connections under tension can be used as a
reference for diagonal-plate connections.

In this work, tensile testing of seven square CFST column—to—steel beam connections were

carried out, the test parameters included the width and thickness of the beam flange and the
length and thickness of diagonal plates. Theoretical formulas are presented to predict the yield
capacities of the connections.
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2 TOPOLOGY OPTIMIZATION OF CONNECTION

Four CFST connection specimens with diagonal plate were designed and tested to evaluate the
tensile behavior (Fig. 3).

(b) Static analysis l

Contour Plot
Element Densities(Density)
1.000E+00

8.900E-01
7.800E-01
+6.700E-01
7-5.600E-01

(d) CFST diagonal—plate connection (c) Iterative optimization using variable density method
Fig. 3 Connection optimization process

The external diaphragm can be largely reduced when vertical diagonal plates are placed to help
transfer the bending moment from the beam end. Therefore, optimization was conducted, and

the optimization process for obtaining the diagonal—plate joints is as follows (see Fig. 3) [20,
217:

1) A 3D model of the connection was established using SolidWorks, which was input into the
OptiStruct solver module in Altair HyperWorks (Fig. 3a).

2) Finite element analysis was conducted to obtain the stress contour of the connection (Fig.
3b).

3) The optimization objective of the connection was stiffness maximization, the constraint was
40% structural volume fraction, and the design variable was cell mesh density. Then, the
variable density optimization algorithm was used to optimize the specified (yellow) region of
the exterior diaphragm. In addition, to reduce the number of cell meshes, a penalty factor (p=3.0)
was set within the OptiStruct module, thus forcing the cell meshes to tend to be retained or
removed. Finally, convergence results were obtained when the calculated values were changed
by less than a given convergence tolerance of 0.5% in any two consecutive iterations (Fig. 3c).

4) The surface feature points of the model after topology optimization were captured using
Rhino 5.0 to reconstruct the connection model. And the CFST diagonal—plate connection was
obtained by combining engineering experience (Fig. 3d).
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3 EXPERIMENTAL PROGRAM

3.1 Test specimens

The test matrix included beam flange width (bb), beam flange thickness (#), diagonal plate
length (/4) and diagonal plate thickness (#1), as shown in Table 1. CJD denotes diagonal plate
connection and CJE denotes exterior—diaphragm connection. Taking specimen CJD-100-8—
100-6 as an example, the Arabian numbers in the designation indicate the beam flange width
of 100 mm, beam flange thickness of 8 mm, diagonal—plate height of 100 mm and diagonal
plate thickness of 6 mm, respectively.

The reference exterior—diaphragm connection CJE—100-8—0-8 was un—optimized (Fig. 4), and
was designed according to the technical code for CFST structures (GB/T 50936-2014) [4] and
Wang’s work [10]. Specimen CJD-100-8-100-6 was the optimized counterpart (Fig. 5).
Specimen CJD-100-8-100—6, CJD-100-8-200-6, and CJE-100-8—0-8 were expected to be
failed at the beam, while the remaining specimens were expected to be failed at the welds at the
steel tube corners from preliminary finite element analysis.
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Fig. 4 Details and dimension of CJE-100-8-0-8
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Fig. 5 Details and dimensions of CJD-100-8-100-6
Table 1. Parameters of test specimens
Specimens by (mm) tp (mm) l4 (mm) t4 (mm)
CJE-100-8-0-8 100 8 - -
CJD-100-8-100-6 100 8 100 6
CJD-100-8-200-6 100 8 200 6
CJD-100-8-100-2 100 8 100 2
CJD-130-8-100-6 130 8 100 6
CID-130-8-100-8 130 8 100 8
CID-100-12-100-6 100 8 100 6

The installation method of the diagonal plate is shown in Fig. 6. Firstly, cut openings in the wall
of a structural steel tube, and then insert diagonal plates into the openings and weld them. A full
penetration butt weld was used to connect the beam flange plate or exterior diaphragm to the
steel tube.
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Cut opening weld diagonal plates

Fig. 6 Installation of diagonal plates

3.2 Material properties

The concrete compressive strength (feu) was measured by six 150x150%150 mm cubes cured
under the same conditions as the test specimens [22-25]. The average value of the measured
strength was 50.2 MPa. The material properties of the steel tube, exterior diaphragm, beam
flange and diagonal plate were obtained by testing three coupons [26-28], and the results are

shown in Table 2.

Table 2. Material properties of steel

Nominal Measured Yield strength Ultimate Elastic modulus Elongation
thickness (mm) thickness (mm) (MPa) strength (MPa) (MPa) (%)
2 1.9 179.0 315.5 180911 46.5
6 55 298.2 443.2 186 982 31.5
8 7.4 289.1 430.3 185 768 35.0
12 11.6 238.2 381.8 174 349 345

3.3 Test procedure

The loading device is shown in Fig. 7. The tensile testing was conducted by using a 600 kN
electro—hydraulic servo testing machine, which adopted a displacement control loading method.
Both flanges of the specimen were clamped, and the upper flange was fixed and the tension

displacement was applied at the lower flange.
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Fig. 7 Test setup

The deformation of the joint region of the specimen was measured by two Linear Variable
Displacement Transducers (LVDT1 and LVDT?2), and the overall deformation of the specimen
was measured by LVDT3. The longitudinal strains of the beam were measured by strain gauges,
which were located at the extended flange or the exterior—diaphragm and 20 mm away from the
edge of the column steel tube.

4 TEST RESULT
4.1 Failure modes

4.1.1 Fracturing at the beam

As shown in Figs. 8(a)—(c), exterior—diaphragm connection CJE-100—-8—0-8, and diagonal—
plate connections CJD—100-8-100-6 and CJD—-100-8-200-6 fractured at the end of the beam
flange. They showed similar failure pattern. Before reaching the yield load of each specimen,
there were no obvious test observations in all specimens. When the loading was closed to the
ultimate load, the crack first appeared at the end of the flange and rapidly developed towards
the center, and the displacement increased rapidly until the steel fractured. After the testing, the
steel tube was cut, and it was found that the welds between the steel tube and diagonal plate
were intact, and the joint region was not damaged during the loading process.

Steel cracking Steel cracking Steel cracking

(a) CTE-100-8-0-8 (b) CJD-100-8-100-6 (¢) CID-100-8-200-6
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Fig. 8 Failure modes of specimens

4.1.1 Fracturing at weld

The weld between the extended flange and the steel tube corners of diagonal—plate connection
CJD-100-8-100-2 fractured, as shown in Fig. 9(a). At the initial stage of loading, a slight
outward deformation of the steel tube flange was observed. When the load approached the
ultimate load, cracks occurred at the welds of the corners. Subsequently, the load carrying
capacity of the specimen decreased dramatically, which eventually led to the termination of the
test. The steel tube showed large out—of—plane deformation, but the beam flanges did not yield.
After the testing, the steel tube was cut open and found that the weld between a diagonal plate
and the column steel tube fractured, as shown in Fig. 9(a).

The welds between the extended flange and the steel tube corners of diagonal—plate connections
CJD-130-8-100-6, CJD-100-12—-100-6 and CJD-130-8-100-8 fractured after the beam
flange yielded, as shown in Fig. 9(b)—(d). The observations during the test were similar to the
failure mode of the weld fractured before the beam flange yielded, except that he out—of—plane
deformation of the steel tube was not obvious during the loading process since the restraint of
the diagonal plates. That the beam flange yielded first led to a yielding platform showing in the
load displacement curve. After the test, the steel tube was cut open, and it was found the weld
between the diagonal plate and the steel tube was intact.

Weld cracking Weld cracking

(b) CID-130-8-100-6 (¢) CID-130-8-100-8 (d) CID-100-12-100-6

Fig. 9 Failure modes of specimens
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4.2 Comparative analysis of load—displacement curves

The measured tensile load (P) versus deformation (4) curves for all the specimens are shown
in Fig. 10. For a quantitative comparison of the curve characteristics, the measured initial
stiffness (Ko), yield load (Py), peak load (Pu) and limit displacement (4.) are listed in Table 3.
Ko is defined as the slope of the P-4 curves. Py is the test measured yield load. All specimens
except specimen CJD-100-8-100-2 had a yield plateau. The yield load for specimen CJD—
100-8-100-2 was determined based on the geometric graphic method [29]. The theoretical
yield load Fy is also given in Table 3, which is defined as the product of the measured cross—
sectional area of the steel beam and the measured yield strength. The average ratio of Py to Fy
was 0.93, and the difference was due to the specimen machining error and the systematic error
of the loading device (minor eccentricity during loading). The measured peak load Pu is defined
as the maximum load, and the ultimate displacement Au is defined as the displacement
corresponding to Pu.

350 450
300 4001 R
350 - e
2 o
>0 300F
é 200 é 250
=150 <200
i —— CJD-100-8-100-6
100 —— CJE-100-8-0-8 150 - - - CID-100-8-100-2
- = CJD-100-8-100-6 100 CJD-130-8-100-6
50 . . . . CJD-100-8-200-6 --—--CJD-130-8-100-8
0F - - CID-100-12-100-6
0 1 1 1 1 0 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
A(mm) A(mm)
Fig. 10 Comparison of load—displacement curves
Table 3. Tensile mechanical property parameters
M ield 1
. e Theoretical easure'd yield load and Limit .
Test piece initial stiffness . ultimate load . Failure
yield load - - displacement
number Ko(kN-mm-1) Yield load Ultimate mode
Fy(kN) Ay(mm)
Py(kN) load Py(kN)
C;E__OI_ZO_ 228.9 213.9 200.3 293.9 23.8 F1
CID-100-
81006 199.3 2139 218.1 308.3 429 F1
CJD-100-
8-200-6 205.2 213.9 213.3 300.5 40.9 Fl
CJD-100-
81002 172.1 2139 180.4 228.5 13.7 F2
CID-130-
81006 228.0 278.1 256.3 341.6 22.0 F3
CID-130-
8-100-8 233.8 278.1 273.7 373.7 30.7 F3
CJD-100-
12-100-6 258.3 276.3 274.2 334.0 10.9 F3
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Note: F1 refers to the fracture of the beam flange; F2 refers to the fracture of welds at the corner of the steel tube column and
fracture of the diagonal plate; F3 refers to the fracture of welds at the corner of the steel tube column after steel beam yielding.

4.2.1 Tensile properties of the optimized connection compared to the original exterior—
diaphragm connection

Diagonal—plate connection CJD—100—8—100-6 realized the same failure mode of beam—flange
fracture as reference exterior—diaphragm connection CJE-100-8—0—8, which indicates diagonal
plates effectively transfer the beam—end load into the joint region and improve the composite
effect of the steel tube and concrete. However, the initial stiffness of specimen CJD—100-8—
100-6 was slightly lower (10.96%) than that of specimen CJE-100-8—0-8, indicating the
vertical diagonal plates were a little lower effective in restraining the out—of—plane deformation.

4.2.2 Diagonal plate height l4

CJD-100-8-200—6 with 200-mm height of diagonal plates, had similar values of the initial
stiffness, yield load, ultimate load and ultimate displacement as CJD—100-8—100—6 with 100—
mm height of diagonal plates. It can be inferred that the diagonal plate with a height of half of
the steel tube width (100 mm) was appropriate.

4.2.3 Beam flange width bb and thickness to

Increasing the width (CJD-130-8-100-6) and thickness (CJD—100-12—-100—6) of beam
flanges increased the initial stiffness, yield load, and ultimate load when compared with
specimen CJD—-100-8-100-6, and led to a greater load capacity of the beam than that of the
joint, which changed the failure mode, so reduced the ultimate displacement.

4.2.4 Diagonal plate thickness td

Reducing the thickness (CJD-100-8-100-2) of diagonal plates reduced the initial stiffness,
yield load, and ultimate load compared to specimen CJD—100-8-100—6. Combined with the
test observation, it is inferred that during the loading process, due to the cracking of the diagonal
plate, the tensile force originally transmitted by the diagonal plate can only be transmitted
through the corner of the steel tube column, where a stress concentration occurs, thus changing
the failure mode and decreasing the tensile stiffness and strength.

Increasing the thickness (CJD-130-8-100-8) of diagonal plates increased the initial stiffness,
yield load, and ultimate load when compared with specimen CJD—130-8-100-6, Their failure
modes were all weld fracture at the corner of the steel tube. This indicates that in this failure
mode, increasing the thickness of the diagonal plate enhances the restraining effect on the steel
tube and reduces the out—of—plane deformation of the tube, thus improving the tensile properties
of the connection.

5. CALCULATION OF TENSILE YIELD BEARING CAPACITY OF THE
CONNECTION

As shown in Fig. 22, the horizontal load (Py) transmitted from the beam flange in the diagonal—
plate connection is shared by the column wall and the diagonal plate. The horizontal load on
the column wall is defined as Py, and the horizontal load on the diagonal plate as Py,d. Therefore,
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the tensile capacity of the joint can be obtained by calculating the capacity of these two parts

separately.
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Fig. 22 Connection tension transmission path

The stiffening effect of the diagonal plate under tensile load will limit the bending deformation
of'the steel tube flange. Fig. 22 indicates that the diagonal plate serves as a longitudinal stiffener,
thus limiting the force transmission length of the plate along the longitudinal direction of the
steel tube. When the load reaches the yield load capacity, the length of the diagonal plate when
it reaches the yield stress is defined as its transfer length (/eu). According to the validated finite
element model, the transfer length (/eu) of each specimen is shown in Table 4.

Table 4. Transfer length of the diagonal plate (connection yield capacity state)

Specimens ley (mm)
CJD-100-8-100-6 35
CJD-100-8-200-6 35
CJD-130-8-100-6 42

CJD-100-12-100-6 40
CJD-130-8-100-8 37
CJD-100-8-100-2 100

Based on static equilibrium, the horizontal load borne by the diagonal plate is:

Py,d = thleufy,d (1)

Where: t4 is the thickness of the diagonal plate. fy.4 is the yield strength of the diagonal plate.

Since the expanded flange of the diagonal—plate connection is of equal width to the column, for
the case of equal width of the beam and column, the following equations are proposed in the
literature [30] to calculate the tensile yield capacity of the steel tube:

Py,c =2(tp, + tc)fy,ctc 2)
Where: fy. is the yield strength of steel tube; # is the thickness of the column wall.
In summary, the tensile yield capacity of the diagonal—plate connection can be calculated as:

Py=P g+ P, = thleufy,d +2(t, + tc)fy,ctc 3)

The theoretical value of the tensile bearing capacity of the diagonal plate is calculated by
equation (1), the theoretical value of the tensile bearing capacity of the steel tube wall is
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calculated by equation (2), and the theoretical value of the tensile yield—bearing capacity of the

connection calculated by equation (3) are statistically compared with those in Table 5. Table 5
also lists the tensile yield capacity of the beam flange end, and its calculated value is the product
of the cross—sectional area of the beam flange and the yield strength.

It can be seen that the failure modes of specimens CJD—100-8-100—6 and CJD-100-8-200—6
are fractures of the beam flange or stress concentration at the end of the beam flange. Their test
values of tensile yielding capacity are close to the calculated values of steel beam flange
capacity and smaller than the calculated values of the theoretical capacity in the joint region.
The failure modes of the rest of the specimens were weld fracture at the corner of the column,
and their test values of tensile yielding capacity were generally in good agreement with the
theoretical capacity in the joint region. The results show that the theoretical formulation is able
to accurately estimate the tensile yield capacity of the connection.

Table 5 Comparison of experimental value and theoretical calculation value

Test value/theoretical

Test value Theoretical value
value
Test ] ] Steel Test
number Joint region results
PE(kN) beam Pg/P,
Pya(kN) P, (kN) P,(kN) P,(kN)

CJD-100—

2_100-6 218.1 114.7 114.4 229.1 2139 1.02 F1
CJD-100-

8-200-6 213.3 114.7 114.4 229.1 213.9 1.00 F1
CJD-130-

- 100-6 256.3 137.7 114.4 252.1 278.0 1.02 F3
CJD-100—

12-100-6 274.2 131.1 128.2 259.3 276.3 1.06 F3
CJD-130-

8 100-8 273.7 158.3 114.4 272.7 278.0 1.00 F3
CJD-100-

8-100-2 180.4 68.0 114.4 182.4 213.9 0.99 F2
Average . o o o - Lo2 .

value

Standard — — — — — 0.03 —

deviation

Note: F1 refers to the fracture of the beam flange; F2 refers to the fracture of welds at the corner of the steel tube column and
fracture of the diagonal plate; F3 refers to the fracture of welds at the corner of the steel tube column after steel beam yielding.

6. CONCLUSION

1. The diagonal-plate connection proposed by combining the topology optimization method
has the characteristics of clear force transmission, simple construction, convenient
construction, does not affect the concrete casting, and does not occupy the space outside the
column. The tensile test results show that the tensile mechanical properties of the diagonal—
plate connection are similar to those of the exterior—diaphragm connection, and the expected
beam end failure mode can be realized.
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2.

The failure modes of the specimens were categorized into three main types: fracture of the
beam flanges, fracture of welds—between the beam flange and the steel tube corner—after
the beam yielding, and fracture of welds at the corner of the steel tube column and fracture
of the diagonal plate. Within the parameters of the experimental study, an increase in the
thickness and width of the beam flange leads to a shift in the failure mode of the specimen,
and an increase in the length and thickness of the diagonal plate has no effect on the failure
mode of the specimen.

The increase in the thickness and width of the beam flange and the thickness of the diagonal
plate resulted in an upward trend in the tensile stiffness and strength of the connection over
the range of parameters tested. A too thin diagonal plate would fracture during loading,
resulting in a significant reduction in the tensile capacity of the connection.

A formula for calculating the tensile yielding capacity of the diagonal—plate connection is
presented. The calculation results of the formula were compared with the experimental and
finite element results, and the results are in good agreement, which can predict the tensile
yielding capacity of this type of connection.
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ABSTRACT

Steel staggered truss framing (SSTF) structures, with high load-carrying capacity and good
economic benefits, have been adopted in low intensity areas. The traditional seismic design of
SSTF structure is that plastic hinges appear at chords at the end of the Vierendeel to realize the
ductility of the structure. However, this requires a high cost to strengthen the rest of the member
and repair after earthquake. The seismic force of SSTF structure is transferred to the foundation
by slabs, shear connectors, and trusses sequentially floor by floor. The shear connector plays a
key role in the shear path, and transfers lateral seismic force from truss to slab. Therefore,
suitable designed shear connectors behave as both seismic isolation and energy dissipation.
Therefore, two finite element (FE) models were established and verified: one with the weld
element to simulate the rigid shear connector (RSSTF), and the other with the translator
element to simulate the flexible shear connector (FSSTF) with appropriate plastic properties.
The results of time-history analysis in five earthquakes proved that FSSTF has less seismic
response and seismic design requirements. The damage to the truss during earthquakes has
significantly decreased, and the stress level of the truss components has decreased by more
than half. The floor shear force was more distributed to the columns, resulting in an 11.9%
increase in stress at the end of the columns, which will be considered in the design.

Keywords: Steel staggered truss framing structure, flexible shear connector, seismic
performance, finite element method, seismic time history analysis.
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INTRODUCTION

Steel staggered truss framing (SSTF) structures are composed of slabs, trusses, columns, beams
and the connections between them (Fig. 1), have been widely used in hotels and office buildings
in low seismic areas [1]. The characteristic of SSTF structures lies in the horizontal direction,
where the trusses with the same height as the floor are arranged staggered, and the lateral load-
resisting system is formed with the slab and the shear connectors between them. This
characteristic brings SSTF structures more flexible internal space, less material and foundation
cost, larger lateral stiffness, and fast construction speed [2].

Column Beam  Slab

0 v i,
IO 1
“lll ] - -

Truss

Longitudinal

Figure 1. Steel staggered truss frame.

Truss

<= Lateral force acting
on the floor slab
of the schematic floor

Lateral force transmitted
through the upper truss of
the schematic floor

The path of shear force
—
transmission

Figure 2. Shear force transfer path.

The horizontal shear force of each floor of a SSTF structure is mainly transferred to the
foundation alternately by truss and floor slab[3] (Fig. 2). And because of that, the truss member
is the key to earthquake resistance in SSTF structure. The test results in previous years indicated
that SSTF structure has high bearing capacity and lateral stiffness, but poor ductility,
deformation capacity and energy dissipation capacity[4]. The diagonal web member of the truss
was prone to buckling, resulting in rapid stiffness degradation and poor seismic performance
of the structure[5]. Therefore, efforts to improve the seismic performance of SSTF structures
through design methods, structural measures, and energy dissipation components are
important.

“Steel design guide series 14: staggered truss framing systems”[6] issued by AISC proposes
that the chords at the end of the Vierendeel of the truss can be used as energy dissipation

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024

Singapore

Aug 14-16, 2024

members, and the rest of the members remain elastic. Chen et al.[7] also proposed the concept
of ductile SSTF structure and corresponding energy-based plastic design method. Zhou et al.[8]
also adopted the same design idea and design SSTF by magnifying the design requirements of
elastic segment, and achieved satisfactory results.

However, the strengthening of the chord by the slab will significantly reduce the bending
deformation of the chord at the end of the Vierendeel and prevent the formation of the expected
failure mode mentioned above. On the one hand, the realization of the failure mode requires a
high design cost, because scholars suggest enlarging the design requirements of protected
components by 1.5-2 times[7][8], on the other hand, the chords and slabs rotate greatly, which
is difficult to repair and will result in a decrease in the lateral and vertical bearing capacity of
the structure.

Kim et al.[9] proposed a variety of structural schemes, such as adding internal columns,
suspenders, oblique braces at the end of the story without trusses and buckling restrained
braces. Simasathien et al.[10] proposed the use of multi-Vierendeel trusses, which improved
the ductility of the structure to a certain extent. Yang[11] proposed a plastic design method for
three-Vierendeel SSTF structure based on energy balance. The story drift of the designed three-
Vierendeel SSTF structure was more uniform and the ductility was better. In addition, Y-
shaped eccentrically web members[12] and the two-side connecting steel plate (TSCSP)[13]
were also used to improve the seismic performance of SSTF structures (Fig. 3), but these
measures have relatively complex construction details.

. Energy .|
dissipation

segment Stiﬁ‘enelv' ‘
R E— r 47 */;’l;igliiilj.j

T B * Hinged ~

] ]

‘ ‘ Failure

‘ ‘ mode

| | |

F—— g ——

(a) Y-shaped eccentrically web members (b) two-side connecting steel plate

Figure 3. Structural measures.

Zhao et al.[14] and Kim et al.[15] adopted friction dampers at the diagonal web members and
the chords at the end of the Vierendeel of the truss, respectively; Zhou et al.[16] adopted
dampers with low yield point at the end of the web members adjacent to the Vierendeel, so that
the structures showed a satisfactory damage controllable behaviour, but its lateral stiffness
decreased. Liu[17] introduced the energy dissipation column[18] into SSTF structure, designed
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the connecting rod to yielded and dissipated energy before the main structure. The energy
dissipation column made the story drift more uniform.

Generally speaking, the above methods can effectively improve the seismic performance of
SSTF structures and reduce the failure probability. However, there are still the following
problems more or less: the expected yield model is difficult to achieve, the amount of steel
used and the difficulty of construction may increase, the presupposition chord damage leads to
a decrease in the vertical bearing capacity of the truss, and the difficulty of repairing after the
earthquake increase.

In a SSTF structure, the shear connector between the slab and the chord plays two roles in the
earthquake: transfer seismic energy from the truss to slab, and transfer the horizontal force
from the slab to truss. Therefore, the shear connector could be endowed with the function of
seismic isolation and energy dissipation. This would not only reduce the seismic action, but
also participate in energy dissipation initially, thereby enhancing the seismic performance of
SSTF structures. A suitable shear connector can prevent the formation of plastic hinges at the
end of the chord, reduce the demand of deformation and energy dissipation of the main
structure, and reduce the damage to structural and non-structural members caused by
earthquakes.

In this work, two SSTF structures were analysed: one designed based on the code[19], and the
other differing only in the use of a flexible connector. Through the verified finite element (FE)
model, the seismic time history analysis of the two structures was conducted. The modal
characteristics, acceleration response, displacement response, base shear, structural damage,
and stress states of the two structures were compared in detail, which demonstrated the
advantages of flexible connectors in SSTF structures. The lateral deformation mode and the
transfer path of the lateral shear force of the SSTF structure with flexible shear connectors were
analysed, which facilitates put forward the corresponding design method in subsequent
research work.

METHOD OF STRUCTURAL DESIGN AND ANALYSIS

Structural design

An eight-story SSTF structure with fixed shear connectors between the slab and the chord
(RSSTF) was designed according to the code[19], and its design conditions are shown in Table
1. The story height was 2.8 m, there were 5 trusses distributed longitudinally with a horizontal
spacing of 6.6 m. The transverse hybrid truss consisted of five panels with a width of 2.4 m,
including a middle Vierendeel (see Fig. 4b and c). The structural layout and the dimensions of
the members were shown in Fig. 4 and Table 2, respectively. The structural steel was Q355
grade with a yield strength of 355 MPa; the thickness of the slab was 200 mm, using C30 grade
concrete and HRB400 grade reinforcement [20].
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On the basis of RSSTF, a SSTF structure with flexible connections (referred to as FSSTF) was
designed, which allows the slab and the chord to move relative to each other along the direction
of A to B axis shown in Fig. 4.

Table 1. Design Conditions.

Design information Values
Permanent load (Variable load) 5kN/m? (2kN/m?)
Site category Class IT

Ground roughness Category B
Seismic intensity 8 degrees (0.2 g)

Classification of design earthquake Group 1

Table 2. Section of the members.

Members Sections

Columns H500x450x25%25 (F1-F4) H450x400%25%25 (F5-F8)
Beams H300%x250x15%15

Chords H180x180x10%10 (FO-F5) H160x160x10x10 (F6-F8)
Oblique web members F160x12 (F1-F5) F140x12 (F6-F8)

Vertical web members F160x10 (F1-F3) F140x10 (F4-F5) F140x8 (F6-F8)

(A— b e b e |

| | N A S
| | < Vierendeel | £ 2
| | N
! ! " hybrid truss { \ ’ \ }
(Br—++ _ - - — ' ‘
6600 J_ 6600 ‘L 6600 J’. 6600 vZ77 ‘ ‘ V772 — :! 7772 —
26400 2400+5=12000 2400%5=12000
®» @ 6 @ 6 @ B @ B
(a) Plane drawing (b) Elevation 1 (Axis 1, 3, 5) (c) Elevation 2 (Axis 2, 4)

Figure 4. Layout diagram of the structures. (mm)

Establishment of nonlinear finite element model

In the model established by using ABAQUS [21], the structural plane consists of five staggered
trusses, of which the first, third, and fifth are called odd trusses, and the second and fourth are
called even trusses, as shown in the annotations Fig. 5. All degrees of freedom of the bottom
end of the 10 columns were constrained. All the steel structural members were simulated by
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line (beam) elements, which are divided into integral elements with 300 mm length, and
different members were merge to simulate welding. The slab was simulated by a 7-layer
composite shell element, as shown in Table 3.

Table 3. Parameters of composite shell.

Layers Materials Thickness (mm) Rotation (°) Integral points
1 C30 20 0 3
2 Reinforcement 15 0 3
3 Reinforcement 15 90 3
4 C30 100 0 3
5 Reinforcement 15 90 3
6 Reinforcement 15 0 3
7 C30 20 0 3

Figure 5. The FE model.

The materials in the model included concrete, steel and reinforcement. The stress-strain curve
of concrete in compression is shown in Fig. 6(a). The elastic modulus, Poisson's ratio and
density were taken as 20289.4 MPa, 0.2 and 2.5x10° t/mm?, respectively. The plastic damage
parameters were listed in Table 4. The stress-strain curves of steel and reinforcement are shown
in Fig. 6(b). Their elastic modulus, Poisson's ratio and density were taken as 206000 MPa, 0.3,
and 7.85x107 t/mm?, respectively.
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Figure 6. Stress-strain curves of materials

Table 4. Plastic damage parameters of concrete.

Parameters Values
Joolfe’ 1.16
Flow potential eccentricity (e) 0.1
Dilation angle () 30°
Compressive meridian (K.) 2/3
Viscosity parameter 0.0005

Eleven groups of connections were set between the slabs and chords on each floor, and were
assigned different connection properties, i.e., weld element and translator element were
adopted to simulate the rigid and flexible connections in the RSSTF model and the FSSTF
model, respectively. The weld element, used in the RSSTF, constrains all degrees of freedom
at both ends of the connecting pair, thus not allowing the two ends to move relative to each
other in any direction.

Translator element was used in FSSTF as the flexible connection, which only allows both ends
of the connecting pair to move in a specified way in one direction (that is, the truss direction)
while completely constrains the remaining degrees of freedom. The prototype of the flexible
connection between the slab and the chord is a metal shear connector specially designed based
on the lateral yield bearing capacity of each layer of truss for the SSTF structure. Additionally,
the translator element, whose free direction was not constrained at all, was also set between the

slabs and the frame beams in order to prevent the beam from impeding the movement of the
slab.

Modal analysis
The modal information of the first five orders of RSSTF and FSSTF is summarized in Table 5.
The two structures had no difference in frame direction (Z), their effective mass coefficients of
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the first five orders in truss direction (X) were 0.98 and 0.94, respectively, both exceeding the

minimum value (0.9) specified by the code[22].

Table 5. Modal information.

Period (s) Effective mass coefficient (%)

Mode order RSSTF FSSTF
RSSTF FSSTF
X V4 R X V4 R

1.322 1.323 0.00 0.81 0.10 0.00 0.81 0.10
0.668  0.800 0.87 0.00 0.54 0.83 0.00 0.52
0.625  0.718 0.00 0.00 0.22 0.00 0.00 0.21
0418 0418 0.00 0.11 0.01 0.00 0.11 0.01
0.229 0301 0.11 0.00 0.07 0.11 0.00 0.07
Summation 098 092 094 094 0.92 0.92

wn AW N =

The ratio of the periodic value of the first-order torsion to the first order translation of the two
structures was 0.47 and 0.54, respectively, both being less than the limit value of 0.9. FSSTF
exhibited greater flexibility than RSSTF in truss direction, resulting in a 20% increase in the
second natural vibration period. The reason is that the flexible connection makes the slabs lose
the ability to coordinate the two adjacent trusses, and the upper and lower chords in a same
floor no longer move in coordination with the slab.

Selection of seismic wave and time history analysis

A total of five seismic waves were selected for time-history analysis of structures under rare
earthquakes. The basic information is shown in Table 6, the response spectra compared with
the designed response spectra are as shown in Fig.7. Before the time history analysis, the peak
acceleration of each seismic wave was adjusted to 70cm/s? and 400cm/s? for different seismic
conditions, and the modal analysis of the structure was carried out to obtain the natural
frequency, and the Rayleigh damping coefficient was calculated and given to the material of
the structure.

The results verified that the two structures showed a similar trend under the action of all of the
five seismic waves, so this work took the analysis results of seismic wave KGS as an example.

Table 6. Basic information of seismic waves.

Seismic waves Duration (s) Peak acceleration (mm/s?) Magnification factor

AOM 31.02 514 13.62 (77.81)
HKD 22.02 609.5 1.15 (6.56)

WITH 23.02 97.1 7.21 (41.21)
KGS 24.04 416 16.83 (96.21)
MYZ 21.04 61.9 11.31 (64.58)
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Figure 7. response spectrum of seismic waves.

RESULTS OF TIME HISTORY ANALYSIS

Acceleration response

The two seismic designed structures had no damage in frequent earthquakes (70cm/s?). The
sensation during the earthquake deserved attention. The slab and structural acceleration time-
history curves of the top and fifth floors of the two structures were shown in Fig. 8. The data
revealed that the slab acceleration of FSSTF was significantly lower than that of RSSTF, and
the higher the floor was, the more obvious it was. The maximum acceleration of the slab in top
floor and the fifth floor of FSSTF was 1006.8 mm/s? and 1220.8 mm/s? respectively, which
was 60.3% and 26.0% less than that of RSSTF (the corresponding values were 2538.7 mm/s?
and 1649.6 mm/s?, respectively). This phenomenon indicates that the flexible connection
between the slab and the chord can reduce the felt during the earthquake on the one hand and
greatly reduce the inertia force of the slab on the other hand.

The acceleration of each slab of RSSTF was consistent with that of the structure of the
corresponding floor. The acceleration of the structure of FSSTF was greater than that of the
corresponding slab, but the acceleration of the structure did not determine the damage degree
of the structure, so it would not cause harm to the structure.

6000 6000 6000

—— FSSTF-SLAB —— RSSTF-SLAB(STRUCTURE) ~———FSSTF-STRUCTURE 5620.7
4500 4 4500 1 45001 '
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= = )
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) ) 2
515001 -1006.8 1 51500 1 "g-1500 -
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Figure 8. Acceleration response.

Displacement response

The story drift of FSSTF in the empty part was larger than that of RSSTF, but smaller in the
truss part (Fig. 9(a)). The reason is that the two parts of FSSTF cannot coordinate to resist the
lateral force, resulting in a low overall lateral stiffness. This phenomenon depends on the
distribution of the shear force of the empty part and truss part in the structure, i.e., based on the
stiffness of both. The stiffness ratio of the empty part to truss’ part of RSSTF remains
unchanged until the structure enters plasticity, while the flexible shear connectors of FSSTF
enters the plasticity in advance due to a large force, which leads to a great decrease in the
stiffness of the shear path of the truss part, and finally increases the shear force and deformation
of the empty part.

However, on the whole, the displacement of FSSTF with flexible connections was smaller than
that of RSSTF (Fig. 9(b)). The maximum top displacement of FSSTF was 82.5 mm, which was
24.6% less than that of RSSTF (109.4 mm). This effect will predictably reduce structural
damage effectively.
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Figure 9. Displacement time history curves.
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Lateral deformation of structure

RSSTF showed the lateral deformation mode of the traditional SSTF, that is, each floor
presented an overall deformation along with the slab in the X direction (Fig. 10(a)). However,
in structure-FSSTF, the lateral deformation of the empty part of each floor was larger than that
of the truss part (That's why the interlayer displacement shown in Fig. 9(a) appears.), showing
the lateral deformation shown in Fig. 10(b).

Based on the above results and reasons, the demand for lateral resistance of trusses of FSSTF
decreased while the demand for moment-bearing capacity of column ends increased. In
addition, the frame beam ends exhibited a bending moment around the vertical axis (Y) with
the lateral deformation of the structure (see the beams in F5 and F6 in Fig. 10(b)), which should
be paid attention to in design.

N N L UAA
5y
v \\\\‘ -V j—> X
ODD EVEN | | Integral deformation F4 }
(2) RSSTF
+ = ’
ODD EVEN | Integral deformation F6 ! F5
(b) FSSTF

Figure 10. Overall deformation mode of structures.

Base shear

The base shear time history curves of the two structures in frequent and rare earthquakes were
extracted as shown in Fig. 11. The maximum base shear of FSSTF were 1947.8 kN and 5161.4
kN, which were 33.2% and 63.8% lower than those of RSSTF (corresponding values of 2914.5
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kN and 14256.5 kN, respectively). The flexible connection in FSSTF played a role of isolation
bearing and reduced the energy transfer from the truss to the slab, so the seismic action was
significantly reduced, which also means that the seismic demand of the members was reduced.
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Figure 11. Time history curves of base shear.

Structural damage and stress

In rare earthquakes, some damage and local plasticity of the structure are allowed, so as to
prevent collapse or other brittle failures. The bottom of the columns of RSSTF and the diagonal
web members of the lower truss yielded, which indicating the seismic demand of the structure
depends on the trusses; while the position of the maximum stress of FSSTF shifted from the
trusses member to the column ends, and no member yielded, which showed the advantage of
flexible connections in the seismic resistance of SSTF structure (see Fig. 12).

The von Mises stress time history curve of the representative web member and column (the
marked member in Fig. 12) is shown in Fig. 13. It can be found that the stress of the truss
member in FSSTF was exceedingly small (the maximum value was about 200 MPa, half of the
maximum value of RSSTF in the same position), but the stress of the column was somewhat
larger (the maximum value was 347 MPa, less than yield strength, and 11.9% larger than that
of 310 MPa in the same position of RSSTF). Such a stress situation was consistent with the
overall deformation mode of the structure. Therefore, the redundancy of the columns should
be considered in the design, but the cross-section of the truss member can be greatly reduced.
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Figure 12. Damage of two structures.
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Figure 13. Stress time history curves of members.

CONCLUSIONS

The seismic time history analysis of a traditional SSTF structure (RSSTF) and a SSTF structure
with flexible connection between slab and chord (FSSTF) was conducted. The advantages and
characteristics of FSSTF in earthquake resistance were evident, which were summarized as
follows:

1. In frequent earthquakes, intensity of the felt during the earthquake is a factor of concern,
which is determined by the acceleration of the slab. The slab acceleration of FSSTF was much
smaller than that of RSSTF under the same conditions (Top floor: 1006.8 mm/s? vs 2538.7
mm/s?, fifth floor: 1220.8 mm/s? vs 1649.6 mm/s?), which undoubtedly results in a slighter
shock.

2. The flexible shear connectors made the structure appear a unique lateral deformation mode:
the empty part and the truss part in a same floor were not deformed due to the cooperation of
the slab, but independently. As a result, the demand of the structure for the truss was obviously
reduced, but the bending moment at the end of the column and the bending moment at the end
of the beam around the vertical axis should be taken into account in the design.

3. The top displacement and base shear and other seismic responses of FSSTF were
significantly lower than those of RSSTF (Top displacement: 82.5 mm vs 109.4 mm, Base shear:
5161.4 kN vs 14256.5 kN). These improvements mean the reduction of structural damage and
the improvement of seismic performance. The structural members of FSSTF did not yield in
rare earthquakes, while the plastic hinges appeared in many truss web members of RSSTF
under the same design conditions.
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ABSTRACT

The study aims to improve the damage resistance of high-strength concrete (HSC) under penetration by
applying the multilayer concept. The designed layered HSC consists of three layers, i.e., crack-resistant
layers at the top and bottom of the sample (concentrating steel fibers), and a penetration-resistant layer
in the middle (containing coarse basalt aggregates). A series of penetration experiments were carried
out and influencing factors such as aggregate size and fiber shape were discussed. The study reveals
that the designed layered HSC provides superior damage resistance compared to the single-layered
reference HSC, with a 66% reduction in the crater diameter and a crater volume about 13% of that of
the reference group. The improved damage resistance of the layered HSC is associated with the
synergistic effect of the aggregate size and the fibers shape. It is exhibited that straight fibers produce
smaller crater sizes when the penetration-resistant layer consists of smaller aggregates, i.e., 10 mm to
30 mm; conversely, hooked-end fibers produce better damage resistance when the aggregate size is
between 50 mm and 80 mm. The results of this study contribute to the understanding of the ballistic
properties of layered HSC, and promote its application in protective structures.

Keywords: High-strength Concrete, Layered-structure Concept, Preplaced, Steel Fiber,
Coarse Aggregate, Penetration Impact.
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INTRODUCTION

Improving the performance of structures under impact load is important for ensuring the safety
of people and reducing casualties caused by violent conflicts or terrorist attacks, especially for
buildings such as nuclear power plants, government buildings and protective constructions.
The study of structural impact resistance is also a reflection of the continuous progress and
development of engineering technology, which promotes the application of new materials,
technologies and design concepts. Concrete is the most commonly used building material, but
its brittle damage pattern seriously affects the impact resistance of the structure, and the
spalling of concrete on the back side of the impacted structure can cause secondary injuries to
people inside the building [1]. The addition of steel fibers helps to improve the toughness of
concrete and changes the damage pattern from brittle to ductile [2,3]. Due to the relatively high
carbon emission of steel fiber and cement in their production processes, for massive concrete
structures, the reasonable reduction of cement dosage and effective utilization of steel fiber are
of great practical significance for energy saving, emission reduction and sustainable
development.

An innovative approach to achieve this goal is designing concrete target with a layered-
structure concept, i.e., producing multi-layered prepacked aggregate fibrous concrete
(MLPAFC) [4]. MLPAFC is manufactured by prepacking coarse aggregates and fibers in
multilayers and then injecting cement slurry to fill the voids. With this special casting method,
the proportion of aggregates in MLPAFC is typically much higher than that in conventional
single-layered concrete, and therefore, much less cement is required in MLPAFC. Moreover,
fibers can be prepacked in relatively concentrated areas where they really need, which helps to
maximize fiber utilization. In addition to the benefits of being more material efficient,
MLPAFC also has the potential to provide a better impact resistance. For example, Murali and
Ramprasad [5] produced a MLPAFC and their study shows that this three-layered specimen
has a superior impact strength under falling weight collision. A similar research is done by
Ramkumar et al., [6] which further confirms the advantage of MLPAFC under impact. It is
worth noting that in the above studies, the coarse aggregate and the steel fibers are pre-mixed
together and then prepacked in the molds, i.e., fibers are incorporated throughout the specimen
while the types of fibers are different in each layer. However, consider the failure mode of
concrete under impact, especially under ballistic penetration (see Figure 1 [7]), the distribution
of steel fibers can be further improved to achieve a better fiber utilization [8].

Cracking Crush

Impact-region

Tunnel region

Rearregion

O/oo

Cracking  scabbing o

Figure 1. [llustration of a concrete target under penetration [7].
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In this study, high-strength concrete (HSC) protective element is developed by an optimized
layered-structure concept to enhance its damage resistance under ballistic impact. The
protective element has three layers: the top and bottom layers are designed to resist cracking
under penetration, while the middle layer utilizes the high strength of coarse aggregates to stop
the bullet. Therefore, steel fibers are preplaced at the top and bottom of the mold (crack-
resistant layers), whereas the middle is filled with a large amount of coarse basalt aggregates
(penetration-resistant layer). These three layers are combined together by injecting HSC slurry
to form an integral protective element. The damage of the designed protective element under
penetration is evaluated and compared with conventional single-layered HSC. The layered
HSC protective element proposed in this study contributes to the sustainable development of
cementitious materials and deepens the understanding of impact resistance of layered
structures.

EXPERIMENTAL METHODS

Materials and mix design

Table 1 lists the raw materials of the HSC slurry, including CEM I 52.5 R cement, micro silica,
limestone powder, very fine sand, PCE superplasticizer and tap water, and their amounts are
also listed in the table. Coarse basalt aggregates of three diameter groups are considered,
namely 10-30 mm, 30-50 mm and 50-80 mm. Straight steel fiber and hooked-end fiber are used
in the protective element, as shown in Figure 2. The diameter and length of the straight fiber
are 0.2 mm and 13 mm, respectively, while those of the hooked-end fiber are approximately
0.22 mm and 14 mm. The tensile strengths of the two types of fibers are more than 2300 MPa.

Table 1. HSC slurry composition

Cement Micro silica Limestone powder  Sand  Superplasticizer =~ Water
[kg/m?]  [kg/m?] [kg/m3] [kg/m?] [kg/m3] [kg/m3]
900 60 240 780 23 276

(b) Hooked-end fiber
Figure 2. Steel fibers.
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Design of the layered protective elements

The designed layered protective elements are listed in Table 2, in which No.1-7 are the three-
layered specimens and No. 8-9 are single-layered ones. In the identification, the letters T and
O indicate that the sample has three layers or one layer, respectively. The letters S and H
represent the straight steel fiber and the hooked-end fiber, respectively. The numbers following
the letters T and O indicate the aggregate size range (in mm), and those following S and H give
the volume fractions of the straight and hooked-end fibers, respectively. For example, T13-
S1HI1 is a three-layered protective element with 10-30 mm basalt aggregates in the middle layer
and a mixture of 1% straight fibers and 1% hooked-end fibers in both the top and bottom layers.

Table 2. Design of layered protective elements

Variables
No. Identification Agg.regate Straight steel Hooked-end
size fiber steel fiber
[mm] (%] (%]
1 T13-S2 10-30 2 0
2 T35-S2 30-50 2 0
3 T58-S2 50-80 2 0
4 T13-S1H1 10-30 1 1
5 T13-H2 10-30 0 2
6 T58-S1H1 50-80 1 1
7 T58-H2 50-80 0 2
8 013-S2 10-30 2 0
9 035-S2 30-50 2 0

Casting procedure

The steel mold used to cast the protective element has a length of 400 mm, a height of 300 mm
and a tube thickness of 5.5 mm. The casting procedure of the three-layered samples generally
includes three main stages. (1) Materials are preplaced in the mold in the designed amounts in
the order of steel fibers, coarse aggregates and steel fibers. (2) HSC slurry is mixed as follows:
mix all powders and fine sand for around 3 minutes; add 70% water and mix for approximately
2 minutes; add the superplasticizer and the remaining water and mix for an additional 3 minutes.
(3) A funnel is used to inject the HSC slurry into the mold so that it gradually submerges the
fibers and aggregates from the bottom of the specimen upwards (see Figure 3). This casting
method provides a denser structure and avoids the problem of possible honeycomb voids inside
the protective element, in comparison to pouring the HSC slurry directly from the top of the
sample downwards to the bottom by gravity effect [9]. In the designed three-layered sample,
the thickness of the crack-resistant layers at the top and bottom is around 30 mm to 35 mm,
depending on the type of steel fibers and their random distribution. Correspondingly, the
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thickness of the penetration-resistant layer in the middle of the sample is about 230 mm to 240
mm. Two samples are casted for the ballistic experiments in each group. The compressive and
tensile strengths of the designed protective elements are also casted using 150 mm cubes, as
shown in Figure 4. Moreover, cubes of the HSC slurry are also casted in order to evaluate the
strengths of the substrate. For the compressive and tensile experiments, three samples are
casted in each group.

1ISC slurry

Funnel

Cragk-resistant layer

Steel fiber (V= 1%)

Coarse aggregate
300mm

Steel mold

Penetration-

resistanl layer|

Steel fiber (V)= 1%)

Crack-resistant layer

Figure 3. Illustration of the casting procedure.

Figure 4. Cube casting procedure.

Testing methods

The compressive and tensile strengths of the designed protective elements as well as the HSC
slurry are tested with a universal testing machine according to GB/ T 50081- 2002. For the
penetration tests, 7.62 mm projectile is utilized and the impact velocity is around 820 m/s. The
protective element is fixed by a steel frame to prevent its movement under the ballistic impact.
More information about the test setup can be found in [10]. Damage of the protective element
is measured after the test, including the equivalent diameter Deg, height He and volume Ve of
the impact crater and the total penetration depth P, as illustrated in Figure 5. The equivalent

diameter D,q = /D1D,. The volume of the crater is measured by filling the crater with sand
and calculating the amount of sand used.
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(a) Top view (b) Section view
Figure 5. Diagram of damage parameters

RESULTS AND DISCUSSIONS

Compressive and tensile strengths

The 28d compressive and tensile strengths are given in Table 3, which are the averaged values
of three samples in each group. It can be obtained from the table that the tensile strengths of
both the three-layered and one-layered cubes are higher than that of the HSC slurry thanks to
the addition of steel fibers. Moreover, the particle size of the coarse aggregate has almost no
effect on the tensile strength of the three-layered cube, while the strength of the one-layered
cube deceases with the increase of the aggregate size. This is due to the fact that the fibers and
aggregates are mixed together in the one-layered cube, and the relatively large aggregate size
affects the homogeneous distribution of the fibers, therefore, the tensile strength is weakened.

Table 3. Compressive and tension strengths

Variables
No. Identification Compressive strength Tensile strength
[MPa] [MPa]
1 T13-S2 80.9 8.6
2 T35-S2 85.8 8.2
3 T58-S2 87.5 8.3
4 T13-S1H1 85.7 11.5
5 T13-H2 81.1 10.1
6 T58-S1H1 81.4 8.5
7 T58-H2 78.7 9.5
8 013-S2 87.0 11.1
9 035-S2 84.6 8.8
10 HSC slurry 91.3 6.4
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In addition, the compressive strengths of the three-layered cubes are smaller than that of the
HSC slurry, which is consistent with the conclusion in [11]. This is because the three-layered
cubes consist mainly of coarse basalt aggregates and steel fibers, leaving only a few of voids
to be filled with the HSC slurry. When the three-layered cube is under compression, the stresses
are transferred though the fiber layer to the HSC and then to the aggregates, causing the
aggregate to detach the HSC grout [11]. Consequently, the compressive strength of the three-
layered cube depends mainly on the bond between the aggregate and the HSC grout, which is
usually weaker than the material strength of the HSC itself due to the higher porosity of the
aggregate-HSC interfacial transition zone. Furthermore, larger aggregates are found to increase
the compressive strength of the three-layered cube. This may be attributed to the larger contact
area between the larger aggregate and the HSC, which enhances the adhesion between them
and hence improves the compressive strength.

Damage after penetration

The equivalent diameter Deg, height He and volume Ve of the crater and the total penetration
depth P are given in Figure 6, which are the average results of two specimens in each group. It
can be obtained from the figure that the three-layered protective element T58-S2 achieves the
smallest penetration depth, followed by the one-layered sample O13-S2, thanks to their
relatively high compressive strengths. However, compared to the damage level of the impact
crater, namely De.q, Hc and V., the penetration depth P of all tested protective elements have no
significant difference and the value of P is more dependent on the compressive strength of the
specimen rather than the layered-structure.
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Figure 6. Damage parameters
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In contrast, the crater dimensions are remarkably different between the three-layered and one-
layered protective elements. The layered-structure, in particular, contributes to obvious
reductions of the equivalent diameter D., and the volume of crater V.. To specify, De; and Ve
of group T35-S2 are around 52.1 mm and 40 mm?, respectively, while those of group 035-S2
are approximately 100.8 mm and130.0 mm?. Comparisons between groups T13-S2 and O13-
S2 further confirm the effectiveness of applying the layered-structure concept to reduce Deg
and Ve, with T13-S2 showing a 66% reduction in the crater diameter and a crater volume
approximately 13% of that of O13-S2 (see Figure 7). The improved damage resistance of the
layered protective element is associated with the synergistic effect of the aggregate size and the
fibers shape.

(c)O13-82 (d)O035-S2

Figure 7. Damage after penetration

Moreover, it is exhibited that when the penetration-resistant layer consists of smaller
aggregates, namely 10 mm to 30 mm, using the straight fibers in the crack-resistant layer
benefits the reduction of the crater size. For example, D.q; and Ve of group T13-S2 are around
11% and 33% smaller than those of T13-H2. Conversely, when the aggregate size is 50-80 mm,
the hooked-end fibers produce better resistance with respect to the impact crater dimensions.
The crater volumes of groups T58-S2, T58-S1H1 and T58-H2 are 52.5 mm?, 25 mm? and 20
mm?, respectively, and the equivalent diameters are around 56.2 mm, 50.3 mm and 40.9 mm,
suggesting that increasing the proportion of the hooked-end fibers contributes to an obvious
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reduction in the crater size. This different optimum fiber shapes suitable for different aggregate
sizes may be caused by the reflection of impact waves in the protective elements. When the
coarse aggregates are relatively large, more waves are reflected from the penetration-resistant
layer to the crack-resistant layer, and since the hooked-end fibers are more difficult to pull out
from the HSC grout, they can better resist the effects of the reflected waves and provide better
damage resistance. On the other hand, when the aggregates are relatively small, the intensity
of the reflected wave is also smaller, and the straight fibers are sufficient to resist the waves. In
this case, under a certain fiber volume, the use of straight fibers in the crack-resistant layer
yields a greater number of fibers than the use of hook-ended fibers, and therefore the straight
fibers result in smaller crater sizes under ballistic impacts.

CONCLUSIONS

In the present study, three-layered HSC protective elements containing coarse basalt aggregates
and steel fibers are developed using a prepackaged casting method. The mechanical properties
and ballistic performances of the protective elements are evaluated experimentally. Some
specific conclusions can be drawn from the study:

(1 The compressive strength of the three-layered HSC is smaller than that of the HSC
slurry because it depends mainly on the aggregate-HSC bond, which is weaker than the HSC
material strength due to the higher porosity of the aggregate-HSC interfacial transition zone.
2) For the three-layered HSC, the use of larger aggregates increases the compressive
strength thanks to the larger contact area between the aggregates and the HSC grout, which
enhances the adhesion between them.

3) The layered-structure contributes to obvious reductions of the equivalent diameter and
volume of the impact crater. However, the penetration depth is more dependent on the
compressive strength of the protective element rather than the layered-structure.

4) The suitable fiber shape varies with the size of the aggregate, which is mainly related
to the reflection of impact waves inside the protective element. The straight fibers results in
smaller crater sizes when the penetration-resistant layer consists of 10-30 mm aggregates. In
contrast, when the aggregate size is 50-80 mm, the hooked-end fibers are preferred.
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ABSTRACT

A computational fluid-structure interaction (FSI) approach was employed to assess the structural
integrity of sandwich panels under air-backed underwater explosion (UNDEX) loading conditions.
Square honeycomb core sandwich panels (300%250 mm) with a core relative density ranging from 3 —
10 % were developed using mild steel, with identical 2 mm front and back face sheets. Two sandwich
configurations were developed: (i) with varying core relative density and (ii) with varying core height
with equivalent relative density. All simulations utilized the Finite Element (FE) Explicit Solver and a
UNDEX algorithm, with shock factor variations from 0.42 to 0.73 at a constant standoff distance of 150
mm. Simulations revealed that the core relative density of the sandwich panels served as a predominant
design variable. Dominant failure modes included front face sheet stretching, and core crushing,
alongside front face sheet midpoint deflection. This numerical analysis demonstrates the potential of
computational simulations to accurately predict the structural response of sandwich panels under
extreme events like underwater explosions.

Keywords: Fluid-structure interaction, structural integrity, underwater explosion, honeycomb
sandwich panel, Abaqus CAE

INTRODUCTION

Shock loading poses critical challenges to both civil and marine structures, demanding robust
design against sudden, intense forces to ensure structural integrity and safety [1, 2]. Sandwich
structures incorporating periodic and metallic cellular cores have demonstrated exceptional
crushing characteristics when subjected to dynamic loading conditions. Over the past few
decades, researchers have favored the utilization of sandwich panels as protective barriers,
owing to their ability to mitigate structural damage resulting from extreme load cases, such as
impact and blast events The simplistic yet efficient design of these sandwich panels,
comprising metallic face sheets and periodic cores, exhibits progressive crushing behavior and
remarkable load-bearing capabilities [3,4].
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The functional performance of sandwich panels can be further augmented through the
integration of novel core topologies inspired by biomimetic concepts, metallic foams,
corrugated structures, functionally graded materials, and hybrid face sheet configurations [5—
9]. Pioneering studies by Zhu et al., [10] and Fan et al., [11] have investigated the structural
integrity of sandwich panels by varying parameters such as face sheet thickness, unit cell size,
core wall thickness, standoff distance (SoD), and charge mass.

Experimental investigations involving underwater explosions typically require the detonation
of an explosive charge, a process that poses significant risks to research personnel, disrupts
marine ecosystems, and contributes to environmental pollution. To circumvent these
challenges, researchers [12,13] have established safer and more economical lab-scale
underwater shock generator facilities, enabling controlled experimental conditions.

Sandwich panels exhibit enhanced damage mitigation capabilities during underwater
explosions due to the intricate fluid-structure interactions (FSI) [6]. When subjected to an air-
backed underwater explosion, these sandwich panels undergo distinct phases: (i) FSI, (ii) front
face sheet deformation, (iii) core compression, and (iv) back face sheet deformation and panel
bending [14].

The present study aims to numerically investigate the effects of shockwaves on metallic
sandwich panels subjected to underwater explosions of varying magnitudes. To this end, a
series of simulations were performed using validated finite element analysis (FEA) models to
establish FSI on the sandwich panels and evaluate their mechanical properties. Two distinct
core designs were developed by varying the core relative density and core height. The influence
of these core design variables is evaluated and presented.

COMPUTATIONAL MODELING
Underwater explosion (UNDEX)

Underwater explosions generate shock waves that release immense quantities of energy over
an extremely short duration, typically lasting between 1073 to 10~ seconds. The decay of the
blast pressure induced by these shock waves can be approximated as a function of two key
parameters: the mass of the explosive charge and the standoff distance from the explosion
source. The pressure profile resulting from an underwater explosion event can be evaluated
using the following empirical equation [17]:

P(t) = P.x €xp [—(t_e—td)]; 0<t< o (1)

This empirical formulation provides a means to estimate the pressure characteristics based on
the explosive mass and standoff distance, enabling researchers to predict and analyze the
effects of underwater blast loading on structures and materials.

P4 18 determined by,
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w3 A
Pmax:Kl( R J (2)

the decay constant 6 is determined by,

s w3 4
o=w Kz[ / ] G)
The impulse (I) and the total energy (E) is determined by
w3 4
I = W”3K3[ 7 j 4
173\
E= W”3K4(W; j )

Fluid-structure interaction (FSI) during underwater explosions (UNDEX) gives rise to
nonlinearities stemming from the cavitation phenomenon. It is crucial to account for these
nonlinearities in computational analyses using a continuum approach to accurately predict the
deformation behavior of structures subjected to UNDEX events. The total pressure evolving
after FSI must be incorporated into the analysis, which can be determined using Taylor's theory.

Table 1 lists the values of the constants present in Equations (2) to (5) for the tri-nitro toluene
(TNT) explosive, providing the necessary parameters related to the weight (W) of the explosive
charge and the standoff distance (SoD) from the explosion source.

Incorporating these nonlinearities and the total pressure resulting from FSI, along with the
empirical constants specific to the explosive material, enables researchers to conduct accurate
computational simulations and analyses to predict the structural response and deformation
characteristics during UNDEX scenarios.

Table 1. Constants for TNT explosives [15]

Parameter Constant ~ Value
Peak Pressure Ki 52.4
(PmaX) A1 1 . 13
Decay Constant K, 0.084
) As -0.23
Impulse Ks 5.75
) A 0.89
Total Energy K4 84.4
(E) Ay 2.04
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The severity of an underwater explosion (UNDEX) event can be quantified using the shock
factor (SF), which is a function of the TNT weight, standoff distance (SoD), and the angle of
the underwater explosion. In this computational analysis, a range of SFs was considered,
varying from 0.42 to 0.73, by modulating the TNT mass while maintaining a constant standoff
distance. The specific values of SFs employed in the present analysis are presented in Table 2.
The shock factor can be evaluated using the following expression:

1+cosp) Vw

G (6)
This shock factor parameter serves as a measure of the intensity of the UNDEX event,
considering the explosive charge mass, standoff distance, and the angular orientation of the
explosion. By considering a range of shock factor values, the computational analysis can
investigate the structural response and deformation behavior under varying intensities of
underwater blast loading.

SF =

Table 2. Shock Factors for Underwater Explosion (UNDEX) [16]

SL. . Charge Weight Shock Factor SF Peak Pressure
No. Standoff distance W (ke) (kg"*/m) (MPa)
1 0.020 0.42 202.0
2 0.040 0.6 268.0
—_— 0.150
3 0.050 0.67 302.6
4 0.060 0.73 313.0

Johnson-Cook (J-C) constitutive material model

In the present fluid-structure interaction analysis for underwater explosions (UNDEX), the all-
metallic honeycomb panel is constructed using mild steel. The selection of mild steel is
consistent with the material employed by Ramajeyathilagam and Vendhan [16] in their
experimental evaluation of deformation in rectangular plates subjected to underwater
explosions. To ensure accurate computational modeling, an elasto-viscoplastic material model,
known as the Johnson-Cook (J-C) model, is employed. This model incorporates the effects of
thermo-elasticity, strain rate hardening, and adiabatic softening, making it widely preferred for
computational analyses involving intense impulse loading scenarios, such as those encountered
during detonation of explosives [17]. Table 3 and Table 4 list the J-C material and damage
parameters for mild steel, summarized from [18,19]. The employed J-C plastic model can be

expressed as (eq. 7), where A, B, C, n, and m are material constants, and &, &, represent the

equivalent plastic strain rate and reference strain rate, respectively. To account for temperature
effects, the model incorporates parameters such as the normal temperature (T ), the melting
temperature (7, ), and the transition temperature ( 7,) of the material.

o, =[A+B(§p,)n] {HCh{%H k(g:?) -

m t
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Table 3. J-C material parameters of mild steel [ 18,19]

p E v A B C n m & Tt Tm

kg/m®>  GPa MPa  MPa s K K

7850 210 0.3 460 1227  0.723  0.068 1.89 0.06 298 1798

Table 4. Damage parameters of mild steel [18,19]

D1 D2 D3 D4 D5

0.1152 1.0116 -1.7684  -0.05279 0.5262

Validation of the UNDEX model

The numerical simulation of fluid-structure interaction (FSI) established in the present work
for a mild steel plate with dimensions of 300 x 250 x 2 mm under varying shock factors (SFs)
is validated against the experimental results reported in Ramajeyathilagam and Vendhan [16].
The permanent midpoint deformation of the target plates subjected to underwater explosion
(UNDEX) loading is presented and compared with the experimental values in Figure 1. The
deformed plates under UNDEX loading are visualized through multi-view cuts to represent the
depth of deformation, as shown in Figure 2. Table 5 summarizes the validated results of the
present simulation and their comparison with the experimental values. The accuracy of the
present numerical FSI scheme exhibited an error of less than 5% for SFs up to 0.67. However,
an error of 8.48% was observed for SF 0.73. Consequently, the validated numerical FSI scheme
was employed to further analyze the structural integrity of sandwich targets subjected to
underwater explosions.

The validation process involved comparing the numerical simulations of FSI for a mild steel
plate under varying shock factors with experimental data from Ramajeyathilagam and Vendhan
[16]. The key comparison metric was the permanent midpoint deformation of the target plates
under UNDEX loading. Visualization of the deformed plates and tabulated results confirmed
the accuracy of the numerical scheme, with errors within an acceptable range for most shock
factors considered, enabling its application to sandwich panel analyses under underwater blast
loading.
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Figure 1. Comparison of present numerical and experimental data [16] of front face midpoint deflection for
varying SFs

U, Magnitude

0.00E+00

U, Magnitude

7.523E-03
0.000E+00

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024

Singapore

Aug 14-16, 2024

U, Magnitude
104.097E-03
95.422E-03
86.748E-03
78.073E-03
69.398E-03
60.723E-03
52.049E-03
43.374E-03
34.699E-03
26.024E-03
17.350E-03

8.675E-03
0.000E+00

U, Magnitude
114.439E-03
104,903E-03
95.366E-03
85.830E-03

76.293E-03
66.756E-03

47.683E-03
38.146E-03
28.610E-03
19.073E-03
9.537E-03
0.000E+00

Figure 2. Contours of permanent deformation of mild steel plates subjected to UNDEX loading in the present

simulations (a) SF 0.42 (b) SF 0.6 (c) SF 0.67 (d) SF 0.73

Table 5. Summary of numerical results validated with the experiments.

Front face midpoint deformation

Standoff ~ Shock Factor SF
Sl. - 2 (mm) Error
No distance R (kg'*/m) %)
: (mm) Experimental Numerical °
[16] [Present Work]
1 0.42 57.8 59.3 2.59
2 0.60 86.4 90.2 4.39
E— 150
3 0.67 107.8 104.0 3.52
4 0.73 125.0 114.4 8.48

Target geometry, mesh, and constraints

A sandwich panel is composed of three main components: the front face sheet, the core, and
the back face sheet. In the present numerical investigation of all-metallic honeycomb sandwich
panels, the inner core dimensions were 300 x 250 x 15 mm. Both the front and back face plates
had dimensions of 300 x 250 x 2 mm, resulting in an overall panel height of 19 mm. The cell
walls of the square honeycomb core were evenly spaced at 15 mm. The relative density (RD)
of the core can be tailored by varying the cell height and cell wall thickness. Figure 3 provides
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a clear illustration of the sandwich panel configuration used in this analysis. Table 6 presents

the different sandwich configurations with varying RD values.

The sandwich panel targets were categorized into two groups based on their RD values. Group
A sandwich panels had increasing RD values achieved by incrementing the cell wall thickness
while maintaining a constant core height. In contrast, Group B sandwich panels had an
increased core height but with identical RD values, achieved by decreasing the cell wall
thickness.

This systematic variation in core parameters allowed for the investigation of the influence of
relative density and core geometry on the structural response and deformation behavior of the
sandwich panels under underwater explosion loading.

Core E]

Face Sheet [

Cell size 15 x 15x 15 mm

Figure 3. Sandwich geometry with square honeycombs of dimensions 300 x 250 x 19 mm (face sheet thick 2
mm)

Table 6. Sandwich Configurations

Group Tareet ID Core height  Core cell wall ~ Relative density ~ Core mass
D & (mm) thickness (mm) of core (%) (kg)
SW-RD3.2 0.25 32 0.289
Group
A SW-RD6.5 15 0.50 6.5 0.578
SW-RD9.7 0.75 9.7 0.867
SW-CHI15 15 0.25 32 0.289
Grg“p SW-CH20 20 0.18 32 0.285
SW-CH25 25 0.15 32 0.289

The top and bottom face sheets, as well as the core of the sandwich panel, were discretized
using 8400 linear quadrilateral elements with reduced integration linear shell elements of type
S4R. These S4R elements incorporate hourglass control to prevent element distortion. The core

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024

Singapore

Aug 14-16, 2024

was meshed with 16365 linear quadrilateral elements of the same type (S4R). To represent a

permanent connection between the core and face sheets, the top and bottom edges of the core
were tied to the respective top and bottom face sheet surfaces using a tie constraint.

All sides of the front and back face sheets were constrained, and the source of the underwater
explosion was located 150 mm away from the midpoint of the front face sheet. The fluid-
structure interaction (FSI) of the incident shock wave on the front face sheet, induced by the
underwater detonation of varying TNT masses ranging from 20 to 60 grams, was established
using the UNDEX definition in the numerical model.

This discretization approach, along with the appropriate boundary conditions and FSI
modeling, enabled the numerical investigation of the sandwich panel's response to underwater
explosion loading of varying intensities, facilitated by the detonation of different TNT charge
masses.

RESULTS AND DISCUSSION

Effects of Core Relative Density

The influence of core relative density (RD) on front face deformation and core energy
absorption was investigated through mechanical analysis of metallic sandwich panels SW-
RD3.2, SW-RD6.5, and SW-RD9.7 subjected to underwater explosion (UNDEX) loading
conditions. These panels exhibited varying masses due to differences in core wall thickness,
with SW-RD3.2 having the lowest mass (0.289 kg) and SW-RD?9.7 the highest (0.867 kg),
attributed to variations in core cell thickness. Notably, this change in core mass significantly
influenced panel behavior.

Underwater explosions established shock wave-sandwich front face sheet interaction, resulting
in permanent dimple deformation of the face sheet. However, as the face sheet is permanently
connected to the core, deformation is constrained by the core. Core yielding initiates core
crushing, followed by back face deformation until the incident shock wave effects dissipate.

Error! Reference source not found.4 (a) illustrates the maximum deformation in SW-RD3.2,
SW-RD6.5, and SW-RD9.7 for varying SFs. Front face midpoint deflection increased with SF
but decreased with core RD due to higher core stiffness achieved through increased cell wall
thickness. Lesser deformation was observed in cores with higher RD, indicating their enhanced
resistance to bending and crushing.

Energy absorption by square honeycomb cores with varying RDs for SFs ranging from 0.4 to
0.73 is depicted in 4 (b) and (c). Energy absorption increased with SF due to greater plastic
deformation, while a decrease was recorded with increasing RD due to enhanced core stiffness,
resulting in minimal permanent deformation. However, noteworthy increments in core energy
absorption were observed for SF 0.67 and 0.73 across all panels exhibiting higher blast-
resistant potential.

Permanent deformations induced in Group A sandwich panels SW-RD3.2, SW-RD6.5, and
SW-RD9.7 for varying shock factors (SFs) are depicted in Figure 5. Despite experiencing
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higher damage at the center due to TNT positioning, the degree of damage varied significantly
with SF magnitude. For SF 0.42, all panels exhibited out-of-plane permanent deformation
without significant core crushing. However, as SF increased to 0.6 and 0.73, SW-RD3.2
underwent complete core crushing for all SFs, whereas SW-RD9.7 resisted core crushing
across all SFs with lesser deformation compared to other panels.

100 15
[ SF0.60 I SF0.60
80+ I SF0.67 124 e SF0.67
I SFO.73 mm SF0.73
601

IS
=)
!

20+

Front face midpoint deflection (mm)
Core energy absorption (kJ)

0-
SW-RD3.2 SW-RD6.5 SW-RD9.7 SW-RD3.2 SW-RD6.5 SW-RD?9.7

Figure 4. (a) Peak midpoint deformation on the front face of sandwich panel (b) Core energy absorption against
varying SFs

15

—A—RD3.2 SF0.42 SF0.60
—©—RD6.2
124 —=—RD9.7

N
!

w2
L

(=]

Core energy absorption (kJ)
¥

0.0 02 0.4 0.6 0.8 0.0 02 0.4 0.6 0.8 1.0
Time (ms)

(¢) Core energy absorption vs Time plots for varying SFs
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Effects of core height for identical RD

The influence of core height on sandwich panels with equivalent relative densities (RD)
subjected to varying shock factors (SFs) was investigated using Group B sandwich panels SW-
CH15, SW-CH20, and SW-CH25. Cores with equivalent RD were achieved by varying core
cell wall thickness. Front face deformation contours and peak front face midpoint deflections
for different SFs were analyzed (Figure (a) and Figure respectively), along with peak core
energy absorption (Figure 6 (b) & (¢).
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Figure 6. (a) Peak midpoint deformation on the front face of sandwich panel (b) Core energy absorption against
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(¢) Core energy absorption vs Time plots for varying SFs

Observations revealed that front face sheet deflection and core energy absorption increased
with rising SFs, with a notable increase observed at low SF 0.42 for SW-CH15, while variations
were minimal for higher SF magnitudes. As core height increased, cell wall thickness decreased
to maintain equivalent core mass. For example, SW-CH15 had a core thickness of 0.25 mm,
while SW-CH20 and SW-CH25 had reduced thicknesses of 0.18 mm and 0.15 mm,
respectively, representing decreases of 28% and 40% compared to SW-CH15, and 16.6%
compared to SW-CH20. This design modification directly impacted core stiffness, thereby
influencing panel deformation and energy absorption behavior.
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CONCLUSIONS

This study assessed the impact of design parameters such as core relative density and core
height on the deformation and energy absorption characteristics of metallic sandwich panels
subjected to underwater explosions with varying shock magnitudes. The key findings are
outlined below:

e Across all cases, an increase in shock factor (SF) led to a corresponding rise in
permanent deformation on the front face, accompanied by increased core energy
absorption.

e Higher core relative density resulted in reduced front-face midpoint deflections and
decreased core energy absorption. Conversely, an increase in core height was associated
with an escalating trend in front-face sheet deflection.

e For SF 0.4, predominant failure modes included front face sheet deformation and core
cell wall buckling across all cases. As SF increased, a transition to front-face deflection
followed by core crushing was observed.

Future scope

Following an extensive review of existing literature, it is evident that research on the blast
mitigation capabilities of sandwich panels incorporating bio-inspired core designs is scarce.
Previous studies primarily focus on conventional core geometries such as circular, hexagonal,
and square. Furthermore, investigations into the use of composite materials and fiber metal
laminates (FMLs) in sandwich panels for explosion resistance are limited.

Therefore, it is recommended to explore the potential of bio-inspired core designs to enhance
the blast mitigation effectiveness of sandwich panels, both for surface and underwater
applications. Additionally, the utilization of FMLs and hybrid materials presents an
opportunity to develop lightweight sandwich panels for blast mitigation applications.
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ABSTRACT

Concrete-filled steel tubular (CFST) columns have been widely utilized in the field of ocean construction
in recent years, while the degradation induced by localized pitting corrosion is becoming increasingly
prominent. Considering their random nature in terms of the distribution patterns and the geometric
characteristics of corrosion pits, refined finite element analysis models are developed in the authors’
recent studies, which take into account the strain rate effects on concrete and steel materials.
Comprehensive investigations are then presented on the static and lateral impact behaviour of CFST
with no corrosion, uniform corrosion, and localized pitting corrosion. The obtained analytical results
reveal that the influence of localized pitting corrosion damage can be categorized as the stress
concentration around the corrosion pits along the steel tube, the increased susceptibility to local buckling
of the steel tube, the weakened confinement towards concrete, together with the reduction in the bearing
capacity and energy absorption. On this basis, an extended parametric study is carried out to determine
the key parameters of pitted CFST. Finally, simplified design models for the residual strength prediction
are introduced through modifying the methods in existing design standards.

Keywords: Concrete-filled steel tube (CFST), Localized pitting corrosion, Static loading,
Impact loading, Residual strength prediction.
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1. INTRODUCTION

Concrete-filled steel tubes (CFST) have been utilized as the prominent load-bearing
components of modernized infrastructure due to their favourable structural behaviour, excellent
constructability, and remarkable energy absorption capacity [1,2], which have been widely
explored in offshore and ocean engineering [3,4]. Figure 1 and Table 1 show three typical
loading scenarios of CFST in an offshore structure, i.e., the axial compression scenario, the
combined compression-bending scenario, and the lateral loading scenario.

Pitting corrosion is considered the primary corrosion form for structural steel in practice [5],
the complex process of which is affected by multiple factors such as temperature,
microorganisms, bacteria, pH, etc [6,7]. For simplicity, existing design methods normally treat
localized pitting corrosion as uniform corrosion with equivalent thickness losses. If poorly
designed, the residual capacity of steel-related components with localized pitting corrosion
tends to be overestimated. Therefore, it is necessary to quantitatively reveal the effect of
localized pitting corrosion on the behavior of CFST in typical service scenarios.

M g1 CST
N gy i ;
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Zi D
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Table 1.Typical loading scenarios
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Figure 1. Typical loading scenarios and the FEA modelling for CFST with localized pitting corrosion

2. FINITE ELEMENT MODELLING TECHNIQUE

2.1. General description of the FEA modelling
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In the authors’ recent studies, numerical models considering CFST with localized pitting
corrosion are established using the finite element platform ABAQUS [8], which are shown to
be able to predict the performance of CFST with localized pitting corrosion under the axial
compression scenario [9], the combined compression-bending scenario [10], and the lateral
loading scenario [11].

A typical CFST prototype is adopted for the benchmark member, with a degree of volume loss
DoV of 7.5% (DoV=V/Vs, where Vpand Vs represent the gross volume of corrosion pits and
that of the steel tube, respectively). The corrosion region is set as a single patch with a half-
column length encircling the mid-height of the column, as shown in Figure 1. For the sake of
simplicity, the shape of each corrosion pit, which is found to have a moderate effect on the
strength deterioration [12], is set as a cylinder. Individual corrosion pits can be described by
these four variables shown in Figure 1, randomly generated based on their statistical
characteristics in the modelling process [9] as described in Figure 2. Shape-related variables of
geometric characteristics include the diameter [d:] and depth [4:] of the pit. Distribution-related
variables of distribution patterns include the radius angle [6;] and the height [zi] along the
column. The overlap of pits is not considered for simplicity. A targeted corrosion state is
benchmarked against the index DoV, i.e., if the current DoV is less than the target value, the
current pit is recorded as a valid one and the pit-generation process is repeated. This pit-
generation process is terminated when the current DoV is close enough to the target value,
namely, within a 0.1% tolerance.

Input

[L, D, ts, DoVo]| - poy, = % x 100% = !

[D2— (D - 2t)7]-L

Overlapped

. Count |_
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Figure 2. Illustration of the modelling process for random localized pitting corrosion
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According to the mesh convergence study, the mesh size from the corrosion region to the end
of the column is gradually increased from the average pit depth to D/15, where D is the outer
diameter of the steel tube [2]. In order to reflect the geometric characteristics of the corrosion
pits and better explain the stress concentration around them, solid elements are used to simulate
the steel tube [13]. The stress-strain models introduced by Han et al. [14] are utilized to
determine the constitutive relation of the steel and the concrete components, which describe
the composite action through a proposed confinement factor on concrete.

2.2. Verification of the FEA modelling
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Verification of the proposed FEA modelling technique is conducted in terms of failure patterns,

ultimate strength predictions, and strain development predictions. The simulated and observed
failure patterns for pitted hollow steel tubes can be clearly observed, as shown in Figure 3. With
the comparison between the predicted and measured strengths, the mean value and the standard
deviation of the ratio indicate good agreement. Further details of model verification can be
obtained from Li et al. [9,10,11]. The proposed FEA model is therefore considered capable of
simulating steel tubular members subjected to localized pitting corrosion damage under the
three typical scenarios.

(bl) Observed [10] (b2) Simulated
(b) Bending moment

(al) Observed [9] (a2) Simulated (c1) Observed [11]  (c2) Simulated

(a) Axial compression (c) Lateral impact
Figure 3.
Model verification in terms of the observed and simulated failure modes

3. NUMERICAL INVESTIGATION

The above FEA models are adopted to conduct numerical investigations on the performance of
pitted CFST. On the basis of numerical simulations, the influence of localized pitting corrosion
on CFST under the three different loading scenarios is discussed in the following aspects.

3.1. Bearing capacity and energy absorption

As presented in Figure 4a, the decrease in the ultimate strength of the corroded steel-based
columns is 12.6% and 20.5% for the CFST and hollow steel tube, respectively. According to
Figure 4b, under compression-controlled failure, i.e., e/D = 0.1, the moment for pitted CFST is
52.8 kNm, 8.9% and 1.6% lower than its uncorroded and uniformly corroded counterparts,
respectively. Under tension-controlled failure, i.e., e/D = 3, the moment for pitted CFST is
100.4 kNm, 26.2% and 15.5% lower than its uncorroded and uniformly corroded counterparts,
respectively. Figure 4c presents the typical impact force history of CFST subjected to the lateral

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024

Singapore

Aug 14-16, 2024

impact load. During the peak stage OA, there is an obvious decrease, i.e., 15.7% in the peak
load Fp for pitted CFST. During the stable stage AB, the plateau load Fo can be obtained, i.e.,
701.1, 642.4, and 610.7 kN for CFST with no corrosion, uniform, and localized pitting
corrosion, respectively. During the unloading stage BC, the duration time ¢ increases by 12.6%
when localized pitting corrosion is considered.

5000 3500
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———— CFS i sion
—— Hollow steel tube-uncorroded 3000
4000 - Hollow steel tube-pitting corrosion

2500 f 70

A?O(H\ é 2000
z =
< 1500
p 2000
1000 Uncorroded BREN
1000 H/ — —«— — Uniform corrosion (DoV=7.5%) N\
f 500k Pitting comrosion (DoV=7.5%) " )
0 0 Lt
0 10 20 . (mf;‘Ol) 40 50 60 0 20 40 60 80 100 120 140
¢ M (kNm)
(a) N-u relations under axial compression [9] (b) N-M interactions under combined

compression-bending [10]

1400

No corrosion
1200
= = = = Uniform corrosio
1000 b B A —— Pitting corrosion
800 b

600 F

100

Impact force F (kN)

200

0 0.005 0.010 0.015 0.020 0.025 0.030
Time 1 (s)

(c) F-trelations under later impact [11]

Figure 4. Typical static and lateral impact behavior diagrams of CFST with localized pitting corrosion

3.2. Stress concentration and local buckling

As shown in Figure 3, stress concentration and local buckling can be found on all hollow steel
tubes under different typical scenarios. Corrosion pits along the uneven surface of steel tubes
not only reduce the effective steel tube thickness but also intensify the stress concentration
around the pits [15]. For CFST columns subjected to localized pitting corrosion, stress
concentration can result in early local buckling within the corrosion region, which can refer to
Li et al. [9]. On the pitted steel tube with an eccentricity ratio of 0.1, the longitudinal stress
distributes unevenly, while the maximum value corresponding to the ultimate state is 10.1%
higher than that of the uncorroded counterpart [10].

3.3. Contact stress (p) between steel tube and concrete

The structural performance of CFST is highly correlated with contact behaviors of the steel-
concrete interaction. The developments of the contact stress (p) in the compressive zone at the
mid-height section for CFST are exhibited in Figure 5. The contact stress within the uncorroded
and uniformly corroded counterparts is also shown in Figure 5.

As seen from Figure Sa, steel tubes with localized pitting corrosion begin to contact the core
concrete when the axial displacement u reaches 3.50 mm, which is 25.7% and 23.9% smaller
than that of uncorroded and uniformly corroded counterpart, respectively. For CFST with an
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eccentricity ratio of 0.5, displayed in Figure 5b, the contact stress is obtained when the lateral
displacement reaches 5.38 mm, 49.5%, and 32.6% smaller than that of uncorroded and
uniformly corroded counterparts, respectively. As exhibited in Figure 5c, as for the contact
pressure at the impact loading area, the peak value is apparently lower than that of other
counterparts. During the stable stage, significantly larger contact stress between the pitted steel
tube and the concrete infill can be observed. More details regarding the development of contact
stress can refer to Li et al. [9,10,11].

o Uncorroded 12 TR E—r— -
———- U::::;r; corrosion (DoV=7.5%) 10 MP? ~ A ! |_ DoV = .7_'5% !
------ Pitting corrosion (DoV=7.5%) (T 1 Uncorroded
< I
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(a) p-u curves under axial compression [9] (b) p-tim curves under combined

compression-bending [10]

(c) p-t curves under later impact [11]

Figure 5. Contact stress (p) at the mid-height section of CFST under typical loading scenarios

4. SIMPLIFIED DESIGN METHODS

On the basis of parametric analysis, the following factors evidently affect the behavior of pitted
CFST, including the mean pit depth Am, the confinement factor &, the steel ratio as, etc. By
modifying existing design formulas in standards, two simplified design methods are proposed
as follows,

a. The statistics-based method: As shown in Figure 6, equivalent uniform corrosion is defined
for the localized pitting corrosion as usual, where the effective tube thickness #e is obtained
based on the statistical characteristics of the corrosion pits instead of the DoV, followed by Ase.
Considering both precision and economic efficiency, the minimum pit depth for a 95%
confidence interval is recognized as the equivalent tube thickness loss through trial-and-error
learning. Thus, the statistics-based effective tube thickness e and section modules Wsee of a
pitted CFST can be calculated as Eq. (2) and Eq. (3),
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tse = ts - At-s = ts - (hm - 20) (2)
Wyee =1+ D,3/32 = (D — 2At,)3/32 3)

where # and Afs stand for the original tube thickness and the equivalent tube thickness loss due
to localized pitting corrosion, respectively; im and ¢ stand for the mean value and the standard
deviation of the normal distribution features adopted for corrosion pits, respectively.

Equivalent thickness loss
’ due to volume loss

Equivalent
uniform corrosion §

Steel tube

AN
Concrete Ase (DoV-based) tse (DoV-based)

Equivalent thickness loss
| considering the statistical
___ minimum pit depth

/
e 7“8 Equivalent
Corrosion pits _2#% uniform corrosion . s:
tse (Statistics-based) Ase (Statistics-based)

Figure 6. Schematic view of the DoV-based method and statistics-based method [9]

b. The confinement-specified method: To address the reduced steel tube cross-sectional area
and the weakened confinement on concrete infill separately, the reduced effective steel tube
cross-sectional area is determined using the degree of volume loss as expressed in Eq. (4). The
above recognized statistics-based At is utilized to calculate the decreased section modulus.
Taking code GB/T 51446 (2021) for example, the predicted dynamic flexural capacity of CFST
with localized pitting corrosion can be evaluated as Eq. (5) and Eq. (6).

Ase = (1 —DoV) x A 4)
Mge = RyeMye = 149 f(fys)  f(@se) - f(De) * (V) - Mye (5)
M, = [1.1 4 0.48[n(&, + 0.1)] - [(1.14 + 1.02&,) for] - Wice (6)

where As is the original cross-sectional area of steel tube; Mde and Mue are the dynamic and
static flexural capacity of CFST, respectively; fe is the characteristic compression strength of
concrete infill; Rde is the dynamic coefficient related to steel yield strength fys, steel ratio ose,
diameter De and the impact velocity Vo.

Figure 7 exhibits the comparison of the dynamic flexural capacity of localized pitted CFST
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subjected to lateral impact load between the calculated and simulated results. The statistics-

based method provides the average prediction of 0.710 and the standard deviation of 0.05,
which are 0.882 and 0.04 as for the confinement-specified method. The latter method is testified
to be effective in dynamic flexural capacity prediction.
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Figure 7. Comparison between predicted and calculated results of CFST with localized pitting corrosion [11]

5. CONCLUSION

The paper summarizes the static and lateral impact behaviour of CFST with no corrosion,
uniform corrosion, and localized pitting corrosion, verified by reported test data. The analytical
results reveal that compared with uniform corrosion, the deterioration of bearing capacity and
energy absorption caused by localized pitting corrosion is more significant, which can be
attributed to the stress concentration around corrosion pits, the increased susceptibility to local
buckling, and the weakened confinement towards concrete. The proposed confinement-
specified method can estimate the residual capacity with reasonable accuracy.
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ABSTRACT

Cable clamp systems play an essential role in force transferring and stability of suspension bridges by
linking various key elements such as main cables and vertical hangers. Cable clamps consist of multiple
high-strength bolts, steel clamps, main cable, hanger rope, and a bolted pin connection linking the
clamps and hanger. Failure in one of these may cause the stability of suspension bridges to deteriorate,
especially in fire accidents. This study numerically investigates the performance of cable clamp systems
adopted from a real suspension bridge under vehicle fire. The structural and heat transfer analysis is
performed in Abaqus considering ductile fracture of the bolts at elevated temperatures. The effects of
fire intensity and tension load in the cables on the fire performance are investigated by adopting
different fire locations in the longitudinal direction of the suspension bridge. The findings are discussed
from the points of local performance of the connection and the overall behavior of the suspension
bridge.

Keywords: Fire, Suspension Bridge, Cable Clamp, Ductile Fracture, Abaqus, Finite Element
Method.

INTRODUCTION

Fire accidents significantly endanger the stability of not only residential buildings but also
bridges [1]. Among different types of bridges, cable-stayed and suspension bridges are
particularly important in modern transportation networks. Due to rapid industrialization
worldwide, the possibility of fire accidents on these types of bridges caused by transporting
hazardous petrochemicals has been increasing progressively. Recent fire accidents on
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suspension bridges [2,3] have shown that the main cable and suspenders, as well as the

suspender anchorages that provide force transfer between these members, can be damaged or
even collapse under high temperatures. Cable clamp systems play an essential role in force
transferring and stability of suspension bridges by linking main cable and suspenders. Since
the clamp systems consist of multiple pre-tensioned high-strength bolts, pin connection,
clamps, main cable, suspender, and suspender anchorages, the failure in one of these may cause
the stability of suspension bridges to deteriorate, especially in fire accidents. In this study, a
sequentially coupled thermo-mechanical analysis was performed to examine the performance
of cable clamp systems under a tanker fire accident.

CASE STUDY

Engineering Background

The investigated bridge has a main span of 2,300 m. A total of 142 suspenders providing the
connection between the deck and two main cables are located with 16 m intervals in the main
span. The deck consists of a total of 8 lanes in two ways with two emergency lanes. The total
width of the deck is 39.5.

Fig. 1 illustrates the details of cable clamp, main cable, the fork socket, and suspenders. The
upper and lower parts clamp the main cable with the help of pre-tensioning Grade 10.9 high-
strength bolts. The main cable has a 1106 mm diameter. Grade 2060 and 1770 wires are used
to constitute parallel wire strands in the main and suspender cable sections, respectively. The
vertical loads from the deck are transmitted by hot-cast fork sockets to the lower clamp by two
high-strength bolts having diameters of 150 mm. The cables of the suspenders are embedded
in zinc copper alloy.
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Figure 1. Cable clamp system details, dimensions in mm.

DETERMINATION OF CRITICAL CLAMP SYSTEMS

Bridge fire scenario and parameters
A tanker-induced fire scenario was considered in the lanes closest to the cable clamp systems.
The tanker fire parameters were adopted from Ma et al. [4] without considering the wind effect.
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The tanker fire dimensions were considered as 10.4 m x 12 m in transverse and longitudinal
directions of the suspension bridge, respectively with the burning time of 120 min. The
temperature-time curves with respect to different heights and normalized maximum
temperature values are given in Fig. 2.

Heat transfer between tanker fire and plane surface

A heat transfer analysis was performed between the fire source and the plane in Abaqus as
adopted before [5,6]. Two parts were modelled in Abaqus as shell parts for the tanker fire part
and the affected plane surface at the level of the suspenders and main cable. The tanker fire
was modelled in a cuboid shape that have the dimensions of 10.4m x 12 m x 40 m. The
dimensions of the affected plane surface are as 2 and 1.5 times larger than the tanker dimension
in width and height of the tanker flame, respectively. The model is shown in Fig. 3a. DS4
element type was assigned to both part with the global mesh size of 0.8 m [7]. The idealized
temperature-time curves with respect to fire height (Fig.2) were defined in the tanker part.
Convective and open cavity radiation transfer modes were defined in the heat transfer with
surface emissivity coefficients of 1.0 and 0.85 [6,8] for the flame and affected surface,
respectively. A convective heat transfer coefficient of 50 W/m2°C was assigned for the fire-
exposed surface as per EN 1991-1-2 [9]. Fig. 3b illustrates the temperature distribution on the
plane surface after 120 min of burning. While the maximum temperature is 1045 °C on the
tanker fire model, the maximum resultant temperature on the affected plane surface is about
570 °C.

o FDS
= == Amalytical Distribution in FEN

Temperature (°C)
Normalized Temperatures
d
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a) b)
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Figure 2. a) Time-temperature curves and b) normalized maximum temperatures with respect to fire heights for
tanker fire.

Critical cable clamps

Critical temperature has been determined as 300°C based on the strength reduction change of
the used materials, recommendation (300°C) by PTI DC45.1-12 [10], and the melting
temperatures of HDPE (330-350°C), and zinc-copper alloy (420-460°C). The strength
reductions for Grade 10.9 bolts, Grade 2060 wires for the main cable, Grade 1770 wires for
suspenders, and structural steel were adopted from Saglik et al. [11], Chen et al. [12], Zheng et
al. [13], and EN 1993-1-2 [14], respectively. The grey area in the Fig.3b shows the critical
temperature area in which the temperature is larger than 300 °C. The critical temperature of the
tanker fire reached 15 m in the vertical direction. Accordingly, 26 cable clamps can be
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attributed as critical in the suspension bridge examined as shown in Fig. 4. Three cable clamps

were selected to investigate further.
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Figure 3. Finite element model of the heat transfer analysis between tanker fire and plane surface.
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Figure 4. Critical clamp area and chosen clamp systems to be investigated.

FINITE ELEMENT MODEL

The analysis was simply divided into two main stages: heat transfer and structural analysis.
Structural analysis was divided into three steps: pre-loading of the high-strength bolts, tension
loading of the cables, and thermal loading. C3D8R elements were used to mesh all parts. The
densities of 0.01 m, 0.02 m, and 0.05 m were assigned to high-strength bolts, suspenders, and
main cables, respectively, with the general density of 0.04 m. The general assembly of the cable
clamp system is given in Fig. 5. The interaction between zinc-copper alloy and suspender was
ensured by defining ‘embedded constraint’ to reflect the realistic behaviour. In the first step,
pre-tension loads (0.7Fu) were applied to the high-strength bolts connecting the upper and
lower clamps. In the second step, tension forces of 5.94x108 N and 2.51x10° N were applied
to reference nodes belonging to the main cable and suspenders, respectively. In the thermal
step, the nodal temperatures obtained from heat transfer analysis were transferred to the
structural analysis while all loads and boundary conditions were kept same as previous step. In
heat transfer analysis, DC3D8R elements were used to mesh the parts. The nodal temperature-
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time changes have been adopted from plane surface temperature distributions and applied to

the half of the clamp system surface.

Material properties

Stress-strain relationships for Grade 10.9 bolts were adopted from [11] and [15] before and
after necking. Ductile fracture definitions were defined from [15]. Stress-strain curves until
ultimate stress for Grade 2060 wires (main cable), Grade 1770 (suspender), and zinc-copper
alloy were adopted from [12], [13], and [16], respectively, at elevated temperatures. An elastic
perfectly-plastic model was used for clamps and fork sockets, ZG20Mn steel. After ultimate
stress, true curves were defined as the lower bound proposed by Ling et al. [17]. The
fundamental mechanical properties at ambient temperature are presented in Table 1. The
density of steel and zinc-copper alloy was adopted as 7850 kg/m? and 6930 kg/m? [18]. Thermal
properties of steel and zinc-copper alloy were taken in accordance with [14] and [18],
respectively. A thermal expansion coefficient of 1.4 x10- [19] was used for steel members.

Main cable Upper clamp

Figure 5. Cable clamp system assembly in Abaqus.

Table 1. Mechanical properties of the all parts in clamp system at ambient temperature.

Zinc-copper

Material Grade 10.9 Grade 2060 Grade 1770 alloy ZG20Mn
E (GPa) 210 197 204 14 210
Fy (MPa) 900 2058 1634 125 295
Fu (MPa) 1000 2156 1803 175 -

RESULTS

Results of the heat transfer analysis

Heat transfer results are given for only hot-cast fork socket since the melting temperature can
be reached for zinc-copper alloy which can cause the loss of bonding with suspenders. For the
sake of brevity, the temperature distribution for C-1 is investigated herein. The general
temperature distribution pattern is similar in all cases.
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Temperature distribution on hot-cast fork socket

Here, the temperature distribution of the hot-cast fork socket is investigated including zinc-
copper alloy. As mentioned before, the melting temperature of the alloy is approximately 440
°C. Since the melting of the alloy was not explicitly modelled here, it is assumed that the
melting, consequently the failure of the bonding occurs when the temperature of any section of
the alloy reaches the value of 440 °C. Fig. 6 shows the temperature distribution of the socket
and alloy part with respect to time. Since the hot-cast socket is closer to the tanker fire source
compared to the other shown parts, higher temperatures are observed for this part. The
temperature gradient between the two sides of the socket is considerable during the fire which
can cause different thermal expansion. After an hour, the maximum temperature of the alloy
reaches about 400 °C. The critical time when the critical alloy section attains melting
temperature is between 60-90 min, specifically about 75 min for C-1. The time when the
melting alloy occurs is found as 100 min for C-2. In C-3, the temperature distribution did not
reach the melting temperature of the alloy. It is expected that the bonding between the alloy
and suspender can deteriorate completely within the obtained times.
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Figure 6. Temperature distribution change on the socket and zin-copper alloy for C-1 with respect to time.

Results of the structural analysis

Structural response under pre-tension and cable tension loads at ambient temperature

The first two steps of the structural analysis, pre-tension, and cable tension load steps, are the
same for all cases. The pre-tension load was sufficiently achieved at the end of pre-tension
step. The stresses on the upper and lower surfaces of the clamps are higher than the other parts
due to the pre-tension effect. The stress exceeds about 120 MPa which is well below the yield
strength of steel material. Under cable tension and gravity loads, the stress distribution as well
as the interaction of the components become more sophisticated. The Mises stress of the main
cable is around 620 MPa under tension load while the maximum Mises stress of high-strength
pin bolts is 220 MPa, which is well below the yield stress. The maximum Mises stress in the
suspenders under tension loads is found as 770 MPa. The design stress corresponds to 50% of
the suspender yield stress at ambient temperature. The suspender is highly suspicious of failure
considering the obtained maximum temperature in heat transfer analysis.

Structural response under tanker fire

Here, the structural response of only Case-1 is evaluated at the failure time for the page
limitation. However, the stress distributions are similar for other cases.
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Case-1

Fig. 7a shows the Mises stress distribution on the clamp system at about 63 min after tanker
fire initiation. In 63 min of tanker fire, the necking of the suspender cable was observed and
the analysis stopped. The necking area of the suspender is seen in Fig. 7b. The failure of the
suspender is expected based on the high-temperature field and higher stress distribution under
tensile load to yield strength ratio comparing other components shown in previous steps. Also,
it is seen that plastic deformation occurs in the alloy section. In the previous section, the
estimated time of alloy melting was found as about 75 min. The first hour of the tanker fire
seems highly important for the structural safety of suspension bridges based on the obtained
failure times for suspender necking and the alloy melting. Small inelastic deformations are seen
in clamps, bolt heads, and zinc copper alloy.

a) b)

Figure 7. a) Stress distribution of the clamp system, and b) Equivalent plastic strain of each component at about
63 min for C-1.

Case-2

Even though the general pattern is similar to the C-1, the plastic deformations are smaller due
to lower temperatures. No plastic strain is observed in pre-tensioned bolts and pinned bolts.
The failure occurred as suspender cable necking within about 80 min of the fire. From the
previous section, the alloy melting was estimated to occur within 100 min. Therefore, the
failure of melting alloy and suspender necking is also found as a predicted failure of the clamp
system.

Case-3

In C-3, no failure in the components has been detected. However, localized small inelastic
deformations have been observed in suspension cable and zinc-copper alloy.

Investigation of tension force change in high-strength bolts

The pre-tension load changes in bolt mid-sections are illustrated in Fig. 8 by extracting the
tensile force from two bolts chosen at both fire-exposed and unexposed sides. the tension load
decreases by almost 40 percent to about 500 kN due to the transverse deflection of the main
cable under tensile load caused by Poisson’s rule. During tanker fire, the tensile load begins to
be different depending on the location of the cable system and bolts with respect to fire. In
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general, the tension loads obtained from the bolts located on the side not exposed to fire
increase over time due to load transfer shifts. Also, thermal expansion contributes to the pre-
tension loss at the exposed face. The tension loads in C-1 and C-2 are very similar for the bolts
on both sides. While the tension loads decrease approximately by 58 percent for the bolt located
at the side exposed to fire, the tension loads of the bolts at the unexposed side increase about
by 30 percent in C-1 and C-2. The force changes for C-3 are slighter than the other cases due
to lesser fire exposure. The decrease in pretension load can cause the decrease the friction
between clamps and main cables. It can further cause sliding of the clamps and should be
investigated further.
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Figure 8. Bolt tension force change with respect to time.

CONCLUSION

The following conclusions can be drawn from the study:

e The necking of the suspender and melting of the zinc-copper alloy are found as the
dominant failure modes. The failure can occur within an hour.

e There are some localized plastic deformations observed in upper and lower clamps and
pre-tensioned bolts.

e The fire performance of the components, except for the alloy, highly depends on the
loading level at ambient temperature. However, the melting of the alloy can be
considered as unavoidable so the appropriate thermal insulations should be
implemented.

e The pre-tension of the high-strength bolts can decrease with tensile load application
and during the fire. A further study should be conducted.

The suspension bridge is further evaluated by the importance factor approach developed by
Kodur and Naser [20]. The importance factor matches the current study. As also authors
suggested, fire protection systems would be beneficial to improve the fire safety.

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024
Singapore
Aug 14-16, 2024

ACKNOWLEDGMENTS

R. Ma, H. Saglik, and A. Chen and acknowledge financial support from the Key Projects of
the National Natural Science Foundation of China (grant 52238005).

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

Saglik, H., Chen, A., & Ma, R. (2022). Performance of bolted splice connection in I-girder
composite bridges under tanker fire. Journal of Constructional Steel Research, 199,
107590.

Giuliani, L., Crosti, C., & Gentili, F. (2012, July). Vulnerability of bridges to fire. In
Proceedings of the 6th International Conference on Bridge Maintenance, Safety and
Management (pp. 8-12).

Yuan, A., Yang, T., Xia, Y., Qian, L., Dong, L., & Jin, X. (2022). Replacement of the fire-
damaged long suspenders of the Runyang Suspension Bridge. Structural Engineering
International, 32(4), 484-490.

Ma, R., Cui, C., Ma, M., & Chen, A. (2021). Numerical simulation and simplified model
of vehicle-induced bridge deck fire in the full-open environment considering wind effect.
Structure and Infrastructure Engineering, 17(12), 1698-1709.

Quiel, S. E., Yokoyama, T., Bregman, L. S., Mueller, K. A., & Marjanishvili, S. M. (2015).
A streamlined framework for calculating the response of steel-supported bridges to open-
air tanker truck fires. Fire Safety Journal, 73, 63-75.

Ma, R., Cui, C., Ma, M., & Chen, A. (2019). Performance-based design of bridge
structures under vehicle-induced fire accidents: basic framework and a case study.
Engineering Structures, 197, 109390.

da Silva Santos, F., & Landesmann, A. (2014). Thermal performance-based analysis of
minimum safe distances between fuel storage tanks exposed to fire. Fire safety journal, 69,
57-68.

Cui, C., Chen, A., & Ma, R. (2020). Stability assessment of a suspension bridge
considering the tanker fire nearby steel-pylon. Journal of Constructional Steel Research,
172, 106186.

EN 1991-1-2. (2002). Eurocode 1: Actions on Structures - Part 1-2: General Actions -
Actions on Structures Exposed to Fire, European Committee for Standardization (CEN),
Brussels.

[10]PTI (Post-Tensioning Institute). (2012). PTI DC45.1-12: Recommendations for stay-cable

design, testing, and installation. Phoenix, AZ: PTI.

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



PROTECT 2024

Singapore

Aug 14-16, 2024

[11]Saglik, H., Etemadi, A., Chen, A., & Ma, R. (2024). Constitutive model and mechanical

properties of grade 8.8 and 10.9 high-strength bolts at elevated temperatures, Journal of
Structural Engineering, DOI: 10.1061/JSENDH/STENG-12629

[12]Chen, W., Shen, R., Chen, X., Qi, D., & Yang, J. (2024). High-temperature mechanical
properties and failure modes of UHSS wire for cable-supported bridge. Journal of
Constructional Steel Research, 212, 108292.

[13]Zheng, W., Hu, Q., & Zhang, H. (2007). Experimental research on the mechanical property
of prestressing steel wire during and after heating. Frontiers of Architecture and Civil
Engineering in China, 1, 247-254.

[14]EN 1993-1-2. (2005). Eurocode 3: Design of Steel Structures - Part 1-2: General Rules -
Structural Fire Design. European Committee for Standardization (CEN), Brussels.

[15]Saglik, H., Chen, A., & Ma, R. (2024). Ductile fracture of high-strength bolts under
combined actions at elevated temperatures. Journal of Constructional Steel Research, 213,
108437.

[16]Huang, L., Du, Y., Qi, H. H., & Wang, Y. (2023). Mechanical properties and constitutive
model of filling medium in hot casting socket at elevated temperatures. Construction and
Building Materials, 408, 133791.

[17]Ling, Y. (1996). Uniaxial true stress-strain after necking. AMP Journal of technology,
5(1), 37-48.

[18]Du, Y., Zhu, Y., Jiang, J., & Li, G. Q. (2019). Transient temperature distribution in pre-
tensioned anchors of cable-supported structures under ISO834 fire. Thin-Walled
Structures, 138, 231-242.

[19]GB 51249-2017. (2017). Code for fire safety of steel structures in buildings,
Standardization Association Professional Committee of Steel, China Planning Press.

[20] Kodur, V. K. R., & Naser, M. Z. (2013). Importance factor for design of bridges against
fire hazard. Engineering Structures, 54, 207-220.

9th International Colloquium on Performance, Protection & Strengthening of Structures Under Extreme Loading
& Events August 14-16, 2024, Singapore



SEISMIC PERFORMANCE OF A HYBRID SYSTEM OF
HOT-ROLLED STEEL FRAME AND STEEL SHEATHED
COLD-FORMED STEEL SHEAR WALL
Shen Liu!

! Assistant professor, Xi’an University of Architecture and Technology, liushen(@xauat.edu.cn

Corresponding Author: Shen Liu, PhD.
Xi’an, Shaanxi Province, China, 710055

Email: liushen@xauat.edu.cn

ABSTRACT

A novel hybrid system consisting of the steel frame and the steel-sheathed cold-formed steel
(CFS) shear wall is proposed to improve the seismic performance of CFS shear walls. The
cyclic test was carried out on three full-size specimens. First, the hysteretic curves, energy
dissipation, ductility coefficient, and column strain were obtained. Then, the effects of
vertical load and screw spacing on the seismic performance of the specimens were analysed.
The results show that: The connection between the frame and the shear wall is reliable, and
both systems exhibit coordinated deformation under loading. The shear capacity of the
proposed system ranges from 121.3kN to 136.7kN, with a ductility coefficient between 1.99
and 2.75. Decreasing the screw spacing of the central stud in CFS shear walls and increasing
vertical loads can enhance the specimen shear capacity. The hybrid system of frame and
steel-sheathed CFS shear wall exhibits excellent seismic performance, making it applicable
for multi-story steel residential housings.

Keywords: Seismic performance, Cold-formed steel, Hot-rolled steel, Numerical modelling.

1. INTRODUCTION

Cold-formed steel (CFS) structures are extensively used across many countries and are well-
supported by various design specifications [1]. With the progression of urbanization, the
construction of mid-rise CFS structures has significantly increased in the 21st century. This
trend towards taller buildings demands higher shear and compressive capacities. To meet
these requirements, several innovative solutions have been proposed, including steel-sheathed
CFS shear walls, strap-braced CFS shear walls, and reinforced concrete CFS shear walls.

The steel-sheathed CFS shear wall system has been extensively applied and studied due to its
superior shear performance. Balh et al. [2] enhanced the design of steel-sheathed CFS framed
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shear walls for inclusion in North American standards, utilizing a database of monotonic and
reversed cyclic shear wall tests from research programs in Canada and the US. Yu [3][4]
conducted a series of tests on steel sheet-sheathed CFS shear walls, considering variables
such as steel sheathing thickness, aspect ratio, and framing web depth. These studies
established the nominal and seismic shear strengths of CFS shear walls for design purposes.
Mohebbi et al. [5] compared the performance of CFS shear walls with single and double-
sided steel sheathing. The results indicated that walls with double-sided sheathing exhibited
greater energy dissipation, shear strength, and elastic stiffness compared to those with single-
sided sheathing. However, the use of sheathing on both sides necessitates precautions to
avoid chord stud failure. Iman Shamim modeled dynamic tests of steel-sheathed CFS framing
in OpenSees using Pinching 04 hysteretic material [6]. The results demonstrated that these
advanced models could accurately reproduce the shear strength, displacement time history,
and hysteretic response of the structures.

In addition, some scholars have adopted steel columns to strengthen CFS systems. Sharafi et
al. [7] proposed a hybrid solution for CFS structures, which replaces some studs with hot-
rolled steel (HRS) frame in order to achieve higher capacity. The CFS part resists the major
portion of gravity loads, while the HRS frame bears most of the lateral load, results in an
improved performance. A new hybrid CFS shear wall system with an HRS truss skeleton is
proposed by Ronagh et al. [8] in order to improve the lateral behavior of lightweight steel
frames, the results showed that employing the truss configuration for one side of the light
steel walls can significantly enhance the energy absorption, compared to the traditional CFS
walls. The low strength-to-weight ratio of hybrid walls makes them a practical solution for
mid-rise lightweight constructions. Ye et al. [9-10] proposed shear walls with concrete-filled
rectangular steel tube columns as end studs and conducted cyclic loading tests. The results
indicated that the shear strength of the wall was improved due to the concrete core in the
reinforced end studs, which reduced screw tilting. Dao et al. [11] investigated the seismic
performance of a new CFS system. This system includes floor trusses, open panels, V-braced
panels, columns, and connections. Both test results and numerical analysis showed that the
system exhibits good ductility and performs well at four stories, making it a viable option for
mid-rise construction in seismic regions.

Referring to existing systems, a novel steel-sheathed cold-formed steel shear wall system
reinforced by the steel moment frame was proposed. The moment frame can constrain the
shear wall and enhance its lateral performance. Both the moment frame and CFS shear wall
bear vertical and horizontal load so that the section size of columns is smaller than the normal
moment frame. The smaller column dimension will increase the interior space, especially in
residential buildings. Furthermore, the proposed system features dual lateral-resisting
mechanisms, offering improved safety and resilience in the face of seismic events.

In this paper, a cyclic test of the proposed system was conducted. The failure modes,
hysteretic curves, and strain of the specimens were obtained. The effects of screw spacing
and vertical load were analyzed, and the strengthening effect of this novel system was
compared to that of the traditional CFS shear wall system.
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2. EXPERIMENTAL PROGRAM

2.1 Test specimens

Three prototypes were developed for the hybrid system, comprising steel frames and CFS
shear walls with steel sheathing. These prototypes were dimensioned in accordance with
typical requirements for multi-story residential buildings, as illustrated in Figure 1. The CFS
shear walls with steel sheathing measure 2.4 meters in width and 3.3 meters in height. The
framing utilizes C-shaped CFS channels for studs, characterized by Q345 grade strength and
a 1.8 mm thickness. The channels' cross-sections measure 150 mm x 51 mm X 12 mm (web
length x flange length x lip length), while the tracks' cross-sections are 152 mm x 51 mm
(web length x flange length). Each wall is sheathed on one side with two steel sheets, each
measuring 3500 mm % 1200 mm x 0.8 mm (length x width x thickness). The design features
back-to-back double studs at the boundaries and single studs as standard wall studs, spaced
600 mm apart. Connections within the wall are secured with self-tapping screws, with a 300
mm spacing for back-to-back studs and a 100 mm spacing for attaching the steel sheet edges
to the wall framing.
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Figure 1. Dimensions of the frame and steel sheathed CFS shear wall.

The steel frame comprises columns, beams, and beam-column joints. The columns are
fabricated from hot-rolled Q345 square steel tubes with a cross-section of 200mm % 200mm
x Smm. The beams, made of hot-rolled Q345 steel in a U-shape and positioned on both sides,
have a cross-sectional dimension of 300mm X% 60mm X% 4mm. The beam-column joints
feature a symmetrical U-shaped design, with one end welded to the square tube and the other
connected to the frame beam via M12 bolts. The details of the beam-column joint are
depicted in Figure 2.
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Figure 2. Dimensions and details of the column-beam joint.
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The design parameters of the steel frame-steel sheathed CFS shear wall specimens are
delineated in Table 1, incorporating two primary variables: the minimum screw spacing and
the applied vertical load. The specimens are designated according to the format "S-(minimum
screw spacing)-(vertical load)." Specifically, a vertical load of 120kN indicates the first floor
in low-rise residential structures, whereas a vertical load of 240kN corresponds to the first

floor of multi-story residential structures.

Table 1. Design parameters of the specimens

Frame Shear wall Minimum )
dimensions dimensions Beam Column Vertical
Name thickness thickness screw Load
spacing
H x L (m) H x L (m) (mm) (mm) (kN)
(mm)
S-100-120 3.5%3.0 3.3x2.4 4 5 100 120
S-50-120 3.5x3.0 3.3x2.4 4 5 50 120
S-50-240 3.5x3.0 3.3x2.4 4 5 50 240

2.2 Materials properties

The steel material properties were obtained through the coupon test according to the
requirements of the specifications [12]. Three specimens were tested for each member, and

the average results are provided in Table 2.

Table 2. Properties of steel

. 0.2% proof Tensile The initial elastic Fracture
Thickness .
Name stress strength modulus strain
(mm) (MPa) (MPa) (GPa) (%)
Steel sheathing 0.8 423.14 451.02 212.17 24.95
Stud and track 1.8 342.33 493.07 178.49 25.34
Column 5 403.75 428.32 228.93 25.04
Beam 3 274.70 389.78 171.43 22.93
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The sheathing and CFS framing are connected with cross-recessed countersunk head tapping

screws with a diameter of 3.2mm. The single overlap shear test was conducted to obtain the
load-deformation relationship of the CFS stud-sheet connection according to the specification
(AISI TS-4-02) [13], and the test result is shown in Figure 3.
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Figure 3. Shear load-deformation curve of the connection.

2.3 Test setup

The CFS shear wall and frame column were bolted to the steel base beam, which was fixed to
the concrete floor slab with anchor bolts. The testing specimens were equipped with a 500 kN
hydraulic actuator with +250 mm stroke, and the movement of the hydraulic actuator was
controlled electrically. The specimen was connected to the actuator with two loading plates
and four long threaded rods. The horizontal loading was applied on the top of the specimen
via the loading plate and threaded rods. Lateral supports with rollers were installed on both
sides of the specimen to avoid out-of-plane displacement as shown in Figure 4.

Displ
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(a) Test setup (b) Measuring points

Figure 4. The test setup and measuring points.

The test data were collected through the transducers. The measuring point arrangement of the
specimen is shown in Figure 4(b). The displacement transducers D1 and D2 measured the
horizontal displacement of the top and bottom of the specimen, respectively. Strain gauges
S1~S6 were used to measure the vertical strain of the frame column at different heights, and
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gauges S7~S10 measured the vertical strain of the boundary studs of the CFS shear wall. The

measuring frequency of the data acquisition system was 1Hz.
2.4. Loading protocol

The loading scheme followed the Chinese Specification [14]. A preload was conducted first
which is taken as 10% of the ultimate load. According to the numerical prediction of the
specimens, a preload of 10kN was applied to the specimens. The official loading started with
a load-control mode, the amplitude for the first cycle is also selected as 10kN. After yielding,
the displacement-control loading scheme was adopted, and the amplitudes of each cycle were
shown in Figure 5. The loading speed is Smm/min, and the test stopped when the load was
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Figure 5. Loading scheme.
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3. RESULTS AND DISCUSSIONS

3.1 Failure modes

The observed failure phenomena of the three specimens, as illustrated in Figures 6 and 7,
reveal that the frame system sustained no significant damage throughout the cyclic test.
Notably, the frame columns, frame beams, and their joints remained free from plastic
deformation and damage. The degradation in strength and failure were exclusively noted in
the steel-sheathed CFS shear walls, attributable primarily to buckling of the steel sheets,
failure of the screw connections, and torsion of the studs.

(a) Initial loading (b) After loading (c) Connections failure (d) Corner failure

Figure 6. Failure phenomenon of specimen S-100-120.
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The specimens featured a dual lateral force resistance system, comprising the frame system
and the shear wall system. Post-testing examination indicated that the bolted connections
within the specimens were intact, suggesting a robust and reliable linkage between the frame
and the shear wall, capable of cooperative performance under seismic conditions. During the
loading process, the shear wall emerged as the principal component for energy dissipation
and lateral resistance. Upon the shear wall's failure, the frame system preserved its elastic
state, thereby significantly enhancing the structure's collapse resistance and overall safety
performance.

(a) Specimen S-50-120 (b) Specimen S-50-240

Figure 7. Failure phenomenon of specimen S-50-120 and S-50-240.

3.2 Hysteretic curves

The total lateral displacement at the top of the CFS shear walls is the sum of the displacement
due to shear deformation, overall horizontal movement, and rotation of the walls. Given the
steel frame's constraining effect on the test specimen, rotation is negligible compared to that
observed in unrestrained CFS shear walls. Consequently, the specimen's horizontal
displacement is determined by subtracting the overall horizontal displacement (D2) from the
total displacement at the top (D1), as measured by the LVDTs. The load-displacement
hysteresis curves of the specimens, depicted in Figure 8, show characteristics similar to those
of bare CFS shear walls, including a pinching effect and suboptimal energy dissipation.
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Figure 8. Hysteretic curves of the specimens.

Initially, the specimens exhibit fusiform hysteresis loops, indicative of better energy
dissipation. However, as loading progresses, failure of screw connections and buckling of the
steel sheets were observed, and slip deformation increases. Towards the late stages of loading,
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the screw connections at the shear wall's four corners predominantly fail, undermining the
stressed skin action. This leads to a continuous decrease in specimen stiffness and a reduction

in the energy dissipation capacity of the hysteresis loops.
3.3 Envelope curves and ductility

The main results of the test are shown in Table 3, and the envelope curves of the specimens
are shown in Figure 9. Fy and Ay is the yield strength and the corresponding displacement; F},
and A, is the peak load and the corresponding displacement; Fy is the ultimate load which is
0.85 Fp, and Ay is the ultimate displacement. The yield limit was calculated using the
equivalent energy elastic-plastic model (EEEP) [15]. The secant line was chosen so that the
bilinear curve dissipates an identical amount of energy as the original curve as illustrated in
Figure 10. The ductility factor is determined as follows: u=AJ/Ay, where A, and Ay can be
obtained from Figure 10.

Table 3. Test results

Yield point Peak point Ultimate point
Specimens  Direction u
Aymm  FykN Apmm Fy/kN Aymm Fy/kN

Positive 373 98.5 543 1158 739 985 2.0
S-100-120  Negative  42.3 107.8 593 126.7 845 107.7 2.0

Average 39.8 1032 56.8 1213 792  103.1 2.0

Positive 352 1075 786 1248 946 106.1 2.7
S-50-120  Negative  47.7 119.8  77.1 1353 999 1150 2.1

Average 41.5 113.7 779 130.1 97.3 110.6 24

Positive 359 114.5 78.1 1329 1009 113.0 2.8
S-50-240  Negative  36.8 120.0  60.0 1404 978 1193 2.7

Average 364 1173 69.1 136.7 994 1162 2.7

Overall, the load-displacement curves of the three specimens exhibit similar trends.
Specifically, the average load-carrying capacities in the push-pull direction for specimens S-
100-120, S-50-120, and S-50-240 are 121.3kN, 130.1kN, and 136.7kN, respectively; while
the displacement ductility coefficients are 1.99, 2.34, and 2.75, respectively. Comparison
reveals that reducing the screw spacing in the shear wall studs and increasing the vertical load
on the specimens both enhance the load-carrying capacity and ductility coefficient. Observing
the rate of load decrease in the final two loading cycles of the specimens' skeleton curves,
specimen S-50-240 exhibited the fastest rate of decrease, yet its displacement ductility
coefficient was higher than those of the specimens subjected to lower vertical loads. This
phenomenon is attributed to the rapid load decline of specimen S-50-240 occurring after
reaching an ultimate displacement corresponding to 85% of the load, with an average
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ultimate displacement of 99.4mm, which is greater than that of the other two specimens.
Furthermore, its average yield displacement was 69.1mm, less than those of the other

specimens, resulting in a higher ductility coefficient.
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Figure 9. Envelope curves of specimens. Figure 10. Definition of yielding and failure.

3.4. Energy dissipation

Figure 11 depicts the energy dissipation characteristics of the specimens throughout the
loading process. Initially, the energy dissipation patterns of all three specimens were
comparable. However, upon reaching a horizontal displacement of 60mm, a notable decline
in energy dissipation was observed in specimen S-100-120, distinguishing it from the others.
At a horizontal displacement of 100mm, the energy dissipation of specimen S-100-120
amounted to 7356.57 kN-mm, approximately 80% of that observed in the benchmark
specimen S-50-120. This reduction can be attributed to the extensive failure of connections
between the studs and steel sheets in specimen S-100-120, where the screwed connections
serve as the primary contributors to the specimen's energy dissipation. Moreover, the
specimen S-50-240 did not exhibit an increase in energy dissipation during the final loading
cycle, aligning with the significant decrease in horizontal load observed for specimen S-50-
240, a consequence of the substantial vertical load applied in the last cycle.

3.5. Stiffness degradation

The secant stiffness of the hysteresis curve was used to draw the stiffness degradation curve
of the specimen, as shown in Figure 12.

The calculation method of secant stiffhess K; is

-F)|

B |+F |+
X X M

Where +F; and —F; denote the peak load in the positive and negative directions of the ith
stage loading, respectively, and +X; and —X; represent the peak displacement corresponding to
the positive and negative directions of the ith stage loading.
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Figure 11. Energy dissipation of specimens.  Figure 12. Stiffness degradation of specimens.

The stiffness degradation trend of the three specimens is similar, and the curves are generally
smooth. The initial secant stiffness of specimens S-100-120 and S-50-120 is about 7.0kN/mm,
and the initial stiffness of specimens S-50-240 with large vertical load is higher, about
8.3kN/mm. The stiffness of the specimen decreases rapidly with the increase of horizontal
displacement. Before 40mm, the stiffness of specimen S-100-120 and S-50-120 is similar.
After 40mm, the stiffness of specimen S-50-120 is higher than that of S-100-120, which
corresponds to the fact that specimen S-50-120 reduces the screw spacing of the central stud,
avoiding the failure of the stud-sheet connections in that region.

3.6. Strain analysis

Figure 13 presents the strain envelopes for frame columns in specimens S-100-120 and S-50-
120, derived from data collected via strain gauges S1-S3. The envelopes exhibit a near-
symmetrical behavior, with significant strain amplitudes observed at both the top and bottom
of the column, escalating with the horizontal displacement of the specimen. The peak strain
recorded in the columns approximated 1200 microstrain during testing, approaching the yield
strain of the material. Conversely, the strain at the column's midpoint remained minimal and
relatively constant, aligning with the expectation that the bending moment at the column's
inflection point is zero.
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Figure 13. Strain envelopes of columns and corresponding material property.
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4. CONCLUSIONS

The experimental investigation presented in this research focuses on a hybrid system
comprising a HRS frame and a steel-sheathed CFS shear wall. Based on the findings of this
experimental study, the following conclusions can be drawn:

1. Throughout the loading process, the bolted connections between the U-shaped steel beams
and studs remained intact, indicating the reliability of the connection between the frame and
shear wall. Both systems exhibited coordinated deformation under load, demonstrating their
ability to function in tandem.

2. The specimens feature a dual lateral force resistance system comprising the frame and
shear wall systems. During loading, the shear wall primarily dissipates energy and resists
lateral forces. Even after the shear wall's failure, the frame system retains its elastic state,
effectively enhancing the structure's collapse resistance and safety performance.

3. The shear bearing capacities of the hybrid structures were 121.3 kN, 130.1 kN, and 136.7
kN, with corresponding ductility coefficients of 1.99, 2.34, and 2.75, respectively. Adjusting
the screw spacing of connections and the vertical load of the shear wall can enhance both the
shear capacity and displacement ductility coefficient of the specimens. However, when the
specimen's bearing capacity falls below 85% of its peak capacity, specimens subjected to
higher vertical loads experience a faster decrease in bearing capacity.
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