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Abstract: One key obstacle restricting the application of
fiber-reinforced polymer (FRP) bars from being used as
reinforcement in structural concrete is the significantly
reduced ductility because FRP under tension is linear
elastic up to brittle rupture at small strain. Recently, a
new structural concept, compression yielding (CY), has
been proposed as a way to overcome the insufficient duc-
tility of concrete structures reinforced with FRP bars or other
non-ductile materials. In the CY structural system, the com-
pression-zone of normal concrete is replaced by a ductile
material within the plastic hinge. This enables the flexural
deformation to be achieved by the compressive deformation
of CY material rather than a tensile deformation of longi-
tudinal reinforcing bars. To this end, an ideal CY material
requires strength to be maintained during the extraordinarily
large deformation process. This study tries to identify
methods for developing this kind of CY material by designing
and optimizing perforations inside a mild steel block. The
effects of key parameters, including ratio, diameter, and
arrangement of perforations on the stiffness, strength, and
ductility of CY materials were experimentally investigated.
In addition, a finite element (FE) model was developed to
predict the behavior of the proposed CY material.
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1 Introduction

The durability of reinforced concrete (RC) structures in
coastal environments has attracted the attention of the
research community [1], with special emphasis given to
the corrosion of steel reinforcement, which is one of the
most detrimental factors in the degradation of structural
performance [2-3]. Due to the advantages of corrosion
resistance, lightweight, high strength, fatigue resistant,
convenient construction, good chemical stability, and
low maintenance costs, fiber-reinforced polymers (FRPs)
have been adopted in terms of strengthening degraded RC
structures and reinforcing new RC structures [4-6]. How-
ever, using FRP bars as reinforcement in concrete struc-
tures is subjected to a significant drawback, namely, the
remarkably reduced ductility. This is because the tensile
strain capacity of FRP bars is low, and the linear elastic
stress—strain behavior up to rupture without yielding nor-
mally results in the failure mode of concrete crush [7].
Naaman [8] says that “unless ductility requirements are
satisfied, FRP materials cannot be used reliably in structural
engineering applications.”

Recently, though, the introduction of an innovative
structural concept, compression yielding (CY), is attempting
to counteract the ductility defects of RC structures with
FRP bars used as the main reinforcement [7,9]. In a CY
concrete beam, the CY block is made from extraordinary
ductile material and replaces the normal concrete on the
compression side within the plastic hinge zone, as shown in
Figure 1(a). In the CY structural system, the large ductile
flexural deformation comes from the compressive deforma-
tion of the CY zone rather than the tensile yielding of long-
itudinal reinforcement. Previous experiments have shown
the ability of this new structural system to significantly
enhance the ductility of members with non-ductile longitu-
dinal reinforcement, e.g., carbon FRP (CFRP), as depicted in
Figures 1(b) and (c). Because the ductile deformation of the
CY structure depends on the deformation capacity of the CY
block, the CY-material used must reach enormous ductility
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Figure 1: CY structural system [7,11]: (a) CY beam with non-ductile re
displacement.

while maintaining its strength. Much information about the
CY structural system can be found in the literature [7,9-11].

Generally, two methods can be used to develop the
CY material. The first is the cementitious-based approach,
which uses slurry infiltrated fiber concrete (SIFCON) to
replace the concrete in the plastic hinge zone to form the
so-called CY block. Although SIFCON can provide some
ductility for concrete beams with non-ductile longitudinal
reinforcement [12], SIFCON can hardly reach the level of
extraordinary ductility demanded by CY material in some
situations [11]. The second is the metallic-based method.
Using graphene to reinforce the metal matrix, which not
only enhances the strength of the composite materials but
also greatly improves the ductility [13]. However, when
proposed for large-scale applications, the metallic-based
method carries high costs and can be considered to be an
uneconomical and impractical CY structural system.

Wu et al. [11] and Liu et al. [14] noted that low carbon
steel blocks with well-designed perforations can be an ideal
material for the blocks used in a CY structural system. The
low carbon steel has high ductility, and the perforations can
further enhance the ductility as well as adjust the strength.
Wau et al. [11] confirmed this to be effective using perforated
SIFCON to reach the desired ductility of both CY material
and CY structural beams. Although the material properties
of steel are well known, knowledge of the design and mate-
rial properties of perforated steel blocks remain unknown,

inforcement, (b) responses of test specimens, and (c) load vs mid-span

especially when it comes to reaching extraordinary ductility
while maintaining strength simultaneously. Therefore, it is
necessary to develop and optimize the design of perforated
steel blocks by identifying the key parameters involved and
evaluating the resulting mechanical properties.

In this article, the perforated steel block is developed
to provide sufficient ductility and with the strength main-
tained (within a certain range) for the CY structural system.
To this end, first, critical parameters were identified by
experimentally examining their effects on the material prop-
erties and failure modes on the designed perforated steel
blocks. The parameters considered were hole arrangement,
void ratio, hole diameter, and hole arrangement shape at
specimen ends. Then, the finite element (FE) model was
developed to further understand the design and mechanical
behavior of the perforated steel blocks.

2 Experiment program

2.1 Specimen design

All the specimens involved in this test were made from
low-carbon steel Q235A (yield strength = 235 MPa), includ-
ing two solid cuboid specimens and 10 cuboid steel blocks
with perforations, as shown in Figure 2. The dimensions
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Figure 2: Test specimens: (a) CY block, (b) 3D view, and (c) dimensions.

(length x width x height) of the two solid cuboids (Figure
2(a)) were 25 mm? x 25 mm° x 50 mm’ and 25 mm> x 25 mm’>
x 100 mm?, corresponding to the aspect ratios of 2.0 and 4.0,
respectively. The main purpose of these reference specimens
was to obtain the yield strength of the material through the
compression test and to validate the FE model from a mate-
rial behavior point of view. The 10 perforated specimens
were designed with the same global geometrical dimensions
(Figure 2[a)), i.e., 50 mm in length, 50 mm in width, and
150 mm in height, corresponding to a height-to-width ratio
of 3.0. The main test variables were the diameter of a hole
(D), the horizontal distance of hole (C), the vertical distance
of hole (H), void ratio (r = D/C), hole pattern coefficient
(h = H/C), and wedge pattern of holes at the block’s end
(¢p = m/n), as illustrated in Figures 2(b) and (c). The details of
the test specimens are shown in Table 1. The two solid

Table 1: Specimen details

specimens were labeled as CB1 and CB2, respectively, and
the ten perforated specimens were named CY1-CY10.

2.2 Material properties

Figure 3 shows the uniaxial compressive test results of
two solid steel blocks, and the yield loads of CB1 and CB2
were both 173 kN. The yield strength of the two solid blocks
was consistent, and their average value (277 MPa) was
viewed as the (compressive) yield strength of the material
used in the FE simulation. For specimen CB1, loading was
terminated at 500 kN, corresponding to a compressive
displacement of 13 mm. A bulging segment was observed
near the center of the block at that time. For specimen CB2,
the applied load was terminated at 400 kN, corresponding

Spec. ID Dimensions® Hole diameter  Hole distance

Hole distance

Void ratio Hole layout Hole layout

(mm) D (mm) C (mm) H (mm) r(D/C) factor at end ¢  coefficient h (H/C)
(m/n)

CB1 25 x 25 x 50 - — — — —
CB2 25 x 25 x 100 - - - - -
(a%] 50 x 50 x 150 8.75 12.5 10.825 0.7 2/4 0.866
CcY2 50 x 50 x 150 8 10 10 0.8 2/5 1.0
CY3 50 x 50 x 150 5 6.25 6.25 0.8 3/8 1.0
CY4 50 x 50 x 150 17.5 25 21.65 0.7 2/2 0.866
CY5 50 x 50 x 150 20 25 21.65 0.8 2/2 0.866
CYeé 50 x 50 x 150 225 25 21.65 0.9 2/2 0.866
cYz7 50 x 50 x 150 10 12.5 10.825 0.8 14 0.866
cYs 50 x 50 x 150 10 12.5 10.825 0.8 2/4 0.866
cY9 50 x 50 x 150 10 12.5 10.825 0.8 3/4 0.866
CY10 50 x 50 x 150 10 12.5 10.825 0.8 4/4 0.866

Note: ® = length x width x height; C = hole distance in horizontal direction; H = hole distance in vertical direction; m = the hole number at

the first layer; n = maximum values of the hole number at one layer.
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to a compressive displacement of 18 mm. An obvious
bending was observed because of the uneven compressive
deformation indicating that, at a larger aspect ratio, the
load-carrying capacity would deteriorate because an instability
failure occurred.

2.3 Test setup and instrumentations

A 3,000 kN universal testing system was used to apply
the uniaxial compressive loading. The static compressive
load was applied in a displacement control mode at a rate
of 2mm-min~". In the whole loading process, a digital
image correlation (DIC) system monitored the strain fields,
and two linear variable differential transformers were used
to capture the global vertical compressive deformation.

Load (kN)

—a— CB1 Test
—o— CB2 Test

0 t
0 . 10 20
Displacement (mm)

Figure 3: Compression test curve of the solid test block.
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The compression load was measured and recorded by a
load cell. The test setup is shown in Figure 4.

3 Experimental results and
analyses

3.1 Failure modes and corresponding typical
stress—strain responses

For the 10 perforated steel blocks tested in this study,
three typical failure modes were observed, as shown in
Figure 5. For type I, type II, and type III failure modes,
corresponding typical stress—strain responses are seen in
Figures 6(a), (b), and (c), respectively.

Type I failure mode (Figure 5(a)) resulted in enor-
mous inelastic deformation (strain) with the stress fluc-
tuating around the first peak stress during the whole
loading process (Figure 6(a)), which was identified as
the high ductile mode and ideal for CY material. For the
stress—strain curve of failure mode type I, the elastic limit
reached point al, and the first peak stress after large
inelastic straining occurred at point a2. Afterward, from
points a2 to a3, the stress decreased moderately because
of the gradual compressive buckling of the thin-walled
steel skeleton after perforation. From there, a sudden and
sharp drop of stress occurred until point a4, caused by
the unstable buckling and squashed perforations at the
middle height of the specimen. After point a4, the stress
started to increase again because the squashed perfora-
tions could continue to carry the applied load. Although

Specimen
Load cell
(®)

Figure 4: Test setup: (a) loading protocol and DIC system and (b) schematic.
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(b)

Figure 5: Three typical failure modes: (a) Type I, (b) Type Il, and
(c) Type 11

smaller fluctuations occurred for the reasons stated pre-
viously, the increasing trend was maintained and termi-
nated at point a6 when the member failed. The stress level
at point a5 was almost the same as that at point a2.
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Specimens CY1, CY2, CY4, CY5, CY8, CY9, and CY10 all
followed this kind of stress—strain response and failure
mode classifications.

Type 1II failure mode, which involved a smaller per-
foration size and a wedge-shaped perforation layout at
the specimen’s end (Figure 5(b)), also showed a larger defor-
mation (straining) capacity. However, its stress increased
sharply with increasing strain (Figure 6[b]), which hindered
it to be the ideal CY material that requires maintained
strength under extraordinary ductility [11]. As shown in
Figure 6(b), points bl and b2 represented the limit of elasti-
city and the first peak stress, respectively. The gradual com-
pressive buckling and subsequent unstable and sudden
buckling and squashing of perforations resulted in the
curve portion from b2 to b3. The squashed perforations con-
tributed to the continued increase in stress, and the contact
of two wedge-shaped steel blocks after the squashed per-
forations further enabled the sharp increase in stress with
increase in straining. Finally, the specimen failed at point
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Figure 6: Three typical stress—strain curves corresponding to three failure modes: (a) stress—strain curve of failure mode type I,
(b) stress—strain curve of failure mode type Il, and (c) stress—strain curve of failure mode type lll.
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b4. Specimen CY7 followed this kind of stress—strain
response.

With the smallest perforation sizes and the denser
and multiple layouts of the perforations (Figure 5(c)),
the stress—strain response of failure mode type III also
experienced large straining. The extent of stress rate
increase fell between failure modes type I and type II,
as shown in Figure 6(c). After the elastic limit (point c1)
and the first peak stress (c2), many more perforations
and the multiple-layer layout of the perforations led to a
layer-by-layer compressive buckling, which in turn resulted
in the gradual increase in stress with frequent and small
fluctuations until final failure at point c4. The reasons
for these stress fluctuations were discussed previously.
Notably, the uneven compressive deformation of perfora-
tion layers caused the middle segment of the specimens
to buckle outward and eventually fail from the unstable
deformation (Figure 6(c)). Specimens CY3 followed this kind
of stress—strain response and failure mode classifications.

In general, the stress—strain behavior of failure mode
I agreed well with the concept of CY material, which
requires stress to be maintained within only slight increases
or decreases during the straining process until an extra-
ordinarily large strain level is reached [7,9-11].

3.2 Strength and ductility

Compressive strength is one of the mechanical properties
used to determine the resistance of engineering materials
until fracture or excessive deformation under loading. In
this study, following Wu et al. [11], compressive strength
was calculated based on the total cross-section area of
the material including the pores. The stress and strain
were calculated using the following equations ¢ = P/A
and € = AL/L, where P, A, AL, and L are applied load,
gross cross-section area, vertical deformation within gauge
length L, and gauge length, respectively. The vertical defor-
mation AL was monitored and recorded by DIC, as shown in
Figure 4(b).

Ductility refers to the ability of a material, an element
or a structure to withstand deformation without signifi-
cant reduction in its bearing capacity after entering non-
linear loading. In order to measure and compare the
ductility of a member, an explicit index is needed, which
is generally represented by the ductility ratio (ultimate
deformation/yield deformation). In this article, however,
the ductility ratio was expressed as y = €,/€y, where g,
and &, were ultimate and yielding strains, respectively,

DE GRUYTER

following Wu et al. [11]. The ductility ratio was subse-
quently presented and analyzed.

4 Discussion

4.1 Effect of hole arrangement

In this test, two kinds of hole layouts were investigated,
and the values of hole layout coefficient h were 0.866 and
1.0, respectively, as summarized in Table 1. The hole
layout coefficient h was defined as H/C, as shown in
Figures 2(c) and 7(a) and (b). Thus, h values of 0.866
and 1.0 represented the centers of three adjacent holes
when they formed an equilateral triangle and an isosceles
triangle, respectively. Specimens CY1 and CY8 corre-
sponded to h = 0.866, whereas CY2 and CY3 to h = 1.0,
as shown in Figure 7(c).

The void ratios of CY2 and CY8 were the same (r = 0.8).
The ultimate stress of specimen CY2 (with an h value of
1.0) was significantly larger than that of CY8 (with an h
value of 0.866), as shown in Figure 7(d). Additionally, the
ultimate stress of CY1 with a smaller void ratio (r = 0.7
and h = 0.886) was similar to that of CY2 with a larger
void ratio (r = 0.8 and h = 1.0). Both these observations
indicate that holes arranged in a manner of an isosceles
triangle (h = 1) resulted in larger ultimate stresses than
that of an equilateral triangle (h = 0.866). On the other
hand, though the specimens where h = 1 contributed to
larger yield stress than those where h = 0.886, the incre-
ment ratio was smaller than that of ultimate stress under
the same conditions. Thus, holes arranged in a manner of
an isosceles triangle (h = 1) will result in a much larger
ultimate stress to yield stress ratio. Using the concepts of
CY material [11] and structural fuse [15], holes arranged in
a manner of an isosceles triangle (h = 0.886) will be better
in terms of maintaining strength under an extraordinarily
large strain. In a CY structural system, if the stress con-
tinuously increases with strain in a CY material, though
the member deformation can be enhanced, the resultant
stresses in the longitudinal reinforcement and adjacent
area of the CY block will also increase. In this way, the
CY structural member will possibly fail from a tensile
rupture of longitudinal reinforcement, or from a failure
of an adjacent area of CY block. Thus, for an ideal CY
block, the ultimate stress to yield stress ratio should be
reasonably close to or around 1.0 during the process of
reaching a very large strain.
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Figure 7: Effect of hole arrangement: (a) h = 0.866, (b) h = 1.0, (c) hole arrangement, and (d) stress—strain curve.

4.2 Effect of void ratio

The void ratio r was defined as the diameter of a hole
divided by the central distance of two adjacent holes in
the horizontal direction (r = D/C), as shown in Figure 2(c).
The r values of specimens CY4, CY5, and CY6 were 0.7,
0.8, and 0.9 (Figure 8(a)), respectively, and the other
parameters of those specimens were identical, as sum-
marized in Table 1. The experimental results showed
that the void ratio significantly affected the yielding
strength, ultimate strength, and to a less extent, the
straining capacity, as illustrated in Figure 8(b). Gener-
ally, both the yielding strength and ultimate strength
were weakened with the increase in the void ratio. This
result is easy to understand in that the thickness of the
steel skeleton under relatively slight perforation was
thicker, which in turn contributed to the larger load-car-
rying capacity. The straining capacity of CY5 was the
best, and its stress changed only slightly during the
whole straining process, indicating it is a superior CY
material when compared with CY4 and CY6. When the
void ratio r < 0.7 (e.g., specimen CY4), the ultimate
strength will increase further after the yielding point,

because the hole walls contact each other under a certain
degree of compression enabling the specimen to resist a
much larger load, as depicted in Figures 8(b) and (c). For
the specimens with larger r values (e.g., greater than 0.9),
the excessively thin thickness of the remaining steel ske-
leton after perforations caused lateral instability and the
fracture of the hole wall to appear at the early stage of
loading (Figure 8[c]), which led to the poor performance
of both strength and straining capacity (Figure 8[b]).
Therefore, this study’s experimental evidence suggests
that the ultimate strength of a steel block at a very large
strain can be obtained with designs where the values of
void ratio r are near 0.8.

4.3 Effect of hole diameter

With a fixed transverse cross-section area, the more the
holes n that were arranged, the smaller the hole spacing C
became. The void ratio r of specimens CY5 and CY9 were
both 0.8, and the void area was also similar. The main
difference was the size of the hole diameter D, as shown
in Figure 9(a). The experimental results showed that the
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Figure 8: The effect of void ratio: (a) hole arrangement, (b) stress—strain curves, (c) failure mode in test, and (d) failure mode in FEM.

ultimate strength of a member with a larger pore diameter the decrease in the hole diameter D, it can be inferred that
(CY5) was much lower than that of a member with a small this influence will tend to be stable once the hole diameter
pore diameter (CY9), as illustrated in Figure 9(b). Addition- was smaller than a certain value under the same void ratio.
ally, those two specimens reached comparative straining In practical application, a larger aperture was preferred to
capacities. Although the ultimate strength increased with reduce the processing cost.
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Figure 9: The effect of void ratio: (a) hole arrangement and (b) stress—strain curves.



DE GRUYTER

4.4 Effect of hole arrangement shape at
specimen’s end

When using the same aspect ratio, the wedge-shaped
arrangement of holes at the two ends of the perforated
steel block enhanced the lateral stability. The wedge-
shaped ends also allowed the perforated steel block to
be anchored in a composite beam incorporating the CY
system, as shown in Figure 1(c). For specimens with four
holes in the transverse cross-section within the main
body of the perforated steel block, there were four pos-
sible arrangements of holes at the specimen’s end, corre-
sponding to the four kinds of wedge-shaped arrange-
ments, as shown in Figure 10(a). Figure 10(c) shows the
failure modes, which confirmed that a wedge-shaped
arrangement of holes did restrain the outward buckling
and instability of the specimens. Specimen CY10 showed
the worst outward buckling, and specimen CY8 exhibited
much less instability trend with specimen CY9 between
them. By comparing the stress—strain curves of speci-
mens CY7, CY8, CY9, and CY10, it can be found that the
wedge-shaped hole arrangements slightly increased the
elastic stiffness. The wedge-shaped hole patterns slightly
increased the value of the first peak stress but decreased

Perforated steel for realizing extraordinary ductility under compression
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the strain at this point, as shown in Figure 10(b). The
strength of CY7 was the largest because of the contact
of the hole walls and the support of the wedge-shaped
solids (Figure 10[c]). However, an excessively large ulti-
mate stress to yielding stress ratio prevented it from being
an ideal CY material. Instead, the mechanical properties
of CY8 and CY9 were much better at maintaining strength
(no sharp increases or decreases in stress under large
deformation) even at very large straining.

4.5 Ductility ratio

To ensure the high ductility of a beam in a CY system, the
ductility of CY material is required to be very large [7].
According to Wu [9], if the displacement ductility ratio of
a beam is designed to be 3.5, then the ductility ratio
required for the CY zone (with a length of 10% beam
span) is required to be between 20 and 40. Notably,
during the whole deformation process of the CY material,
the strength should be maintained or only fluctuate
within a small range. For a ductile CY block used as a
structural fuse, ductility performance is another impor-
tant index to evaluate [15].

160

Stress (MPa)

27

(b)

(d)

Figure 10: The effect of hole arrangement shape at specimen end: (a) hole arrangement, (b) stress—strain curves, (c) failure mode in test,

and (d) failure mode in FEM.
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The stress at the elastic limit is defined as oy, and the
strain corresponding to this point is ;. The stress at the
point where the first peak stress is reached is defined as
0p, and the corresponding strain at this point is repre-
sented by &,,. For the ultimate point, two cases were con-
sidered. First, after the first peak stress oy, as the member
deformation increases, the strain at the point where the
stress reached o, again is defined as the ultimate point
with the strain and stress represented by o, and &,
respectively. Second, if the stress continuously decreases
after the first peak o, and there is no point where the
stress recovered to o, again, then, the point where the
applied load dropped sharply is viewed as the ultimate
point. Thus, the yield stress to ultimate stress ratio is
defined as oy,0,, and the ductility ratio is expressed by
€u/€y [11]. Table 2 summarizes the yield-to-ultimate stress
ratios and ductility ratios of specimens tested in this
study. Generally, ductility ratios of perforated steel blocks
varied from 42 to 200 and were much larger than the value
(20-40) required for a CY beam to reach a displacement
ductility ratio of 3.5 [9]. The yield stress to ultimate stress
ratios fluctuated between 0.49 and 0.88, which were
affected by the hole arrangement, void ratio, hole dia-
meter, and hole arrangement at the specimen ends.

5 FE simulation and
implementation

In this section, the general FE software ABAQUS [16] was
used to analyze the mechanical behavior of the perfo-
rated steel block. The test results, i.e., the stress—strain
behaviors and failure modes, obtained in this study were
used to calibrate the applicability and accuracy of the
proposed FE model.

Table 2: Summaries of strength, strain, and ductility

DE GRUYTER

5.1 FE modeling

Compared with the three-dimensional (3D) model, the
two-dimensional (2D) model can greatly reduce the cost
of computation. Thus, the 2D modeling technique was
used in this study. For a specimen under axial compres-
sion, the displacements and rotations of the upper and
lower ends of the specimen were restrained with the
exception of the vertical movement of the upper end.
Therefore, in the FE model, the same boundary condi-
tions were used as those that occurred in tests. To improve
the efficiency in geometrical modeling, the computer-
aided design software was adopted to draw the 2D model,
which was then imported into ABAQUS to conduct FE
analysis.

Under continuous compression, the squashed holes
caused the internal and external hole walls to contact
each other, which were also clearly observed in the
experimental phenomenon. This occurred within one
hole and two adjacent holes, as shown in Figures 8(c)
and (d) and 10(c) and (d). Thus, to reasonably capture
key responses of the perforated steel block under com-
pression, the effects of surface contact were considered
in the FE model, including the normal and tangential
actions. For normal action, hard contact was used to
allow for the transfer of compression force only with
the tensile force ignored. For tangential action, certain
frictional force existed between the hole walls that con-
tacted each other during deformation, and the penalty
function of the Coulomb friction model in ABAQUS was
selected as the friction law. According to Xiao and Ma
[17], the frictional coefficient between the hole walls
that contacted each other was set as 0.1 in this analysis.
The CPS4R solid element was used in this simulation.
After careful comparison of simulations using various
mesh sizes, a mesh size of around 2 mm was eventually
chosen for the FE model, as shown in Figure 11.

Spec. ID oy (MPa) o, (MPa) &y (%) & (%) &y (%) Yield-to-peak stress ratio oy,0, Ductility ratio p = £,/¢,
CY1 70 130 0.13 8.1 11.5 0.54 62
CY2 70 143 0.09 7.2 15.5 0.49 172
CcY3 62 95 0.1 2.3 4.2 0.65 42
CY4 70 142 0.12 20 24 0.49 200
CY5 40 62 0.14 5.5 19.5 0.65 139
CYeé 12 16 0.13 3 18 0.88 138
cy7z 55 94 0.12 5.3 12 0.59 100
cYs 46 90 0.12 6 14 0.51 117
CcY9 45 85 0.13 6 12 0.53 92
CY10 44 85 0.13 7 24 0.52 185
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Figure 11: FE mesh.

5.2 FE model calibration using material
behavior

The model proposed by Han [18] was used to represent
the stress—strain relationship of steel, as shown in Figure 12.
The stress—strain curve can be divided into four stages: the
elastic portion with the stiffness of Es, the plastic section in a
strain varying from &, to 12¢,, the hardening segment that
went from 12¢, to 120e, with the stiffness of E,, and the
second plastic flow ending at a strain of 0.5. In the model,
fy and f, are the yield stress and tensile strength of the steel,
respectively.

The experimental results presented in Section 2.2
showed that the yield strength of the solid steel blocks
is 277 MPa. The initial modulus of elasticity (Es) and the
Poisson’s ratio (v) are 210 GPa and 0.27, respectively. The
density of steel is 7.85 x 10° kg-m~>. The ultimate stress f,
equals 2fy, and the fracture strain of steel is 0.5. Figure 13

A
f;z"‘ """"""""""""""
:
3 E,,=(f,/;)/1085,
sy :
0 e 12, 1206, 05

Strain

Figure 12: Constitutive relation of mild steel.
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shows the comparisons of the load-displacement curves
obtained through testing and FE simulations. As the
figure shows, the results of the FE simulation agree
with the experimental data, which provided a basis for
the subsequent simulations.

5.3 FE model calibration using perforated
steel block behavior

Figure 14 compares the stress—strain responses of the
experimental data and the simulation results. The stress
(opg) and strain (epg) in FE simulations were obtained
using the following equations org = Prp/Apg and &g =
ALgg/Lpg, Where Ppg, Apg, ALpg, and Lgg are load, gross
cross-section area, vertical deformation within, and spe-
cimen height in FE models, respectively. Notably, the
methods for determining Agg, ALpg, and Lpg are the
same as those in experimental tests. For each specimen,
it can be seen from the figure that the elastic stiffness
of the FE simulation was basically consistent with that
of the experimental one. For the inelastic behavior, although
certain differences existed between the FE simulations and
test results, their general variation trends were similar, and
the errors of ultimate strength for most of the specimens
were smaller than 10%. The simulated failure modes also
agreed well with the observed ones in tests, as shown in
Figures 8(c) and (d) and 10(c) and (d). The outward buckling
and local deformation of holes were reasonably captured by
the FE model. Thus, the FE model established in this study
can be used to predict the mechanical behaviors of the per-
forated steel blocks under uniaxial compression with rea-
sonable accuracy.

500
400 -
é 3001
2
S 200
—
1004 [ -+ -CBITest ——CB1FEM
- - -CB2 Test —e—CB2 FEM
0 }
0 10 20

Displacement (mm)

Figure 13: FE model verification using material behavior.
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Figure 14: Comparison between experimental results and simulations: (a) specimens CY1, CY2, and CY3, (b) specimens CY4, CY5, and CY6,

and (c) specimens CY7, CY8, CY9, and CY10.

6 Conclusion

Based on the concepts of the CY structural system, the
development of a CY material that can maintain its
strength under extraordinarily large straining is a key
issue to ensure the displacement ductility of a beam rein-
forced with nonductile reinforcement (e.g., FRP bars).
Well-distributed perforations combined with the ductile
steel blocks have been suggested as a method for satis-
fying this requirement. Thus, in this work, the ductility
and stress—strain behavior of perforated steel blocks con-
taining different kinds of perforations were experimentally
and numerically investigated. The effects of key para-
meters, including hole arrangement, void ratio, hole dia-
meter, and hole arrangement shape at the specimen’s end,
on the behaviors of the perforated steel block, were pre-
sented, compared, and analyzed. The following conclu-
sions can be drawn from this study:
1. The appropriate number of holes and hole arrange-
ment at the specimen’s end should be determined first

to ensure that the CY block can realize the required
ductility and failure mode.

A smaller h value can increase the yield stress to ulti-
mate stress ratio, while decreasing the strength and
stiffness of perforated steel blocks.

. The void ratio r is the most significant factor affecting

the performance of the perforated steel blocks because
it governs the expected strength and ductility of the
perforated steel blocks.

. Within a certain range, the strength of the perforated

steel blocks with large pore sizes is lower than that
of those with small pore sizes. Wedge-shaped hole
arrangements at the specimen’s end can facilitate
the lateral stability of the perforated steel blocks at
large deformation.

. The stress—strain behavior and failure mode predicted

by the developed FE models are in good agreement
with the experimental results.

. In addition to ensuring the displacement ductility of a

beam reinforced with nonductile reinforcement (e.g.,
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FRP bars), perforated steel blocks can also be used
as a structural fuse for early warnings of excessive
loading or deformation.
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