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Abstract: On one hand, the nature of linear elastic up to
brittle rupture hinders the application of fiber-reinforced
polymer (FRP) bars as reinforcement in the concrete
member due to the displacement ductility demand of
structures. On the other hand, FRP bars are equipped
with many irreplaceable advantages as reinforcement in
concrete structures. To resolve this contradiction, a pos-
sible solution is to use the so-called compression yield
(CY) structural system and the ductility of a concrete
beam incorporating a CY system comes from the com-
pressive side rather than the tensile side. Thus, the devel-
opment of material in the compressive side (CY material)
with well-designed mechanical properties (strength, stiff-
ness, and ductility) is a key challenge. In this study, the
CY material is developed by perforating the mild steel
block and then substantiated by the test results. Then,

experimentally calibrated finite element models are used
to conduct systematic parametric studies, based on which
parametric equations are proposed to predict the stiffness
and ultimate strength of the CY material. Finally, theoret-
ical constitutive models are developed to predict the
stress–strain response of perforated steel block under
compression and a reasonably acceptable agreement is
reached between the model predictions and the test results.

Keywords: perforation, compression yield, stress–strain
model

1 Introduction

During the service life of reinforced concrete (RC) struc-
tures, their structural performances are likely to be dete-
riorated by corrosive medium [1,2], especially those
constructed in coastal environments decades ago. Thus,
the durability problem of such kinds of structures needs
special concern and coping strategy to reduce maintenance
costs and mitigate structural failure risks [3–5]. Recently,
fiber-reinforced polymer (FRP) has gained extensive atten-
tion due to its anti-corrosion nature and low maintenance
cost and has been widely used in strengthening or retro-
fitting existing RC structures by plating or jacketing [6–8].
However, for new structures, using FRP bars to replace
conventional steel bars as reinforcement in concrete struc-
tures remains a challenge due to the significantly reduced
ductility caused by the linear elastic up to brittle rupture
behavior of FRP bars. Naaman [9] summarized six methods
to improve the ductility of concrete members reinforced by
FRP bars, including providing confinement to concrete; pla-
cing prestressed FRP bars in layers with the well-designed
prestress to reach a progressive failure; combining FRP
bars with steel rebar to form the so-called hybrid reinforc-
ing system; using unbonded FRP tendons; designing the
FRP–concrete bonding interface to trigger bond failure at
certain stress level; and optimizing the reinforcement ratio
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to simultaneously use the full strain capacity of concrete and
FRP bars. Although the above-stated approaches are effec-
tive at certain levels, they are considered either too compli-
cated or not very effective [9,10]. To facilitate the use of FRP
bars (or othermaterial showing linear elastic behavior under
tension like high-strength steel) in concrete beams, the duc-
tility demand must be satisfied.

It is well known that for normal steel-concrete struc-
tural components, the ductility is contributed by the for-
mation of a plastic hinge due to the tensile elongation of
steel bars after yielding [11–13]. Thus, the FRP bar-con-
crete structures cannot reach satisfactory ductility using
the traditional structural concept. However, a new struc-
tural system called compression yield (CY) has been pro-
posed by Wu [10,14] to solve the ductility deficiency of
flexural members reinforced with non-ductile reinforcing
bars. The mechanism behind the CY concept is straight-
forward: the compression-zone concrete in the plastic
hinge is replaced by a kind of material that can reach
very large strain but with the strength maintained, which
makes it possible that the formation of the plastic hinge is
contributed by the compression yielding on the compres-
sion side rather than through the yielding of the reinfor-
cement on the tension side. The structural concept and
configuration of an RC beam with a CY system are illus-
trated in Figure 1. More systematic experimental and ana-
lytical investigations have been carried out elsewhere
[15–17].

The development of a CY material is the most crucial
part of implementing the CT structural system. The slurry
infiltrated fiber concrete [18] and specially treated metal
[19] are two kinds of materials that can reach enhanced
ductility and strength. However, both of them are far
away from meeting the requirements of a CY material.
Motivated by the technology of perforation [15], in this
work, a perforated mild steel block is developed to act as
the CY material. By optimizing the size and layouts
of perforations, the block can deform until it reaches

extraordinarily large strain capacity with the strength
maintained. Through experimental, numerical, and analy-
tical investigations, key parameters that influence the
stress–strain responses of perforated steel block are iden-
tified. Based on the database obtained via finite element
(FE) simulations and tests, theoretical formulae for the
predictions of modulus of elasticity, ultimate strength
and stress–strain curves are developed in the paper.

2 Experimental program

2.1 Test details

All the specimens in this test were made of the same
batch of low-carbon steel (Q235A, with a yield strength
of 235 MPa), including two solid cuboids and ten perfo-
rated cuboid specimens. The physical diagram of the spe-
cimens is shown in Figure 2. The main purpose of the two

Figure 1: RC beam incorporating CY system [19].

Figure 2: Test specimens (a) CY block (b) dimensions.
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solid blocks (with the dimensions [length × width ×
height] of 25 mm3 × 25 mm3 × 50mm3 and 25 mm3 ×
25mm3 × 100 mm3) is to measure the yield strength of the
material itself under compression. For the 10 perforated spe-
cimens, all with the dimensions (length × width × height)
of 25mm3 × 25mm3 × 50 mm3, the ratio of height-to-width
was 3.0. The test variables including the aperture D; the dis-
tance of two adjacent holes in the horizontal direction (C);
the perforation ratio r (r = D/C); the hole pattern coefficient h
(h = H/C); and the wedge pattern of the hole arrangement
(ϕ=m/n)were considered. The parameterm is the number of
holes at the first layer and the parameter n is the maximum
value of the hole number at one layer around the middle
height of a specimen. The two solid specimens were named
CB1 and CB2, and the 10 perforated specimens were simply
signified as CY1 to CY10 in sequence, as shown in Figure 2.
The details of the test specimens are summarized in Table 1.

The load–displacement responses of CB1 and CB2 are
shown in Figure 3, indicating that the yielding loads of
both specimens were around 173 kN, corresponding to a
yielding strength of about 277 MPa. The loading actions
for specimens CB1 and CB2 were terminated at loads
of 500 and 400 kN, respectively. A universal testing
machine with a loading capacity of 3,000 kN was utilized
to apply static axial compression load and a displace-
ment control loading manner was adopted with a loading
rate of 2 mm/min. For the instrumentations, the strain
fields of specimens were monitored and recorded by a
digital image correlation (DIC) system (Resolution: 5
mega-pixel; Camera type: Schneider-KREUZNACH 2.0/
28-0901; Digital correlation software: Vic-3D) which has
been demonstrated to be accurate in terms of measuring

strain fields of concrete [20–22], engineered cementitious
composite (ECC) [10], and FRP laminates [1,8]. The distance
between the DIC cameras and the specimen was around
1,000mm. In addition, two linear variable differential
transformers (LVDTs; Type: YWC-50; Precision: 0.01mm)
were adopted to measure the vertical deformation of a
specimen. The test setup and instrumentations are illu-
strated in Figure 4.

2.2 Test results and analyses

The stress–strain responses of all specimens are shown in
Figure 5. Some key points on stress–strain curves and
other typical indicators for performance evaluations are
summarized in Table 1. As expected, all the specimens

Table 1: Specimen details

Spec. ID D (mm) C (mm) H (mm) r ϕ h σy (MPa) σp (MPa) εy (%) εp (%) εu (%) λ μ

CB1 — — — — — — — — — — — — —
CB2 — — — — — — — — — — — — —
CY1 8.75 12.5 10.825 0.7 2/4 0.866 70 130 0.13 8.1 11.5 0.54 62
CY2 8 10 10 0.8 2/5 1.0 70 143 0.09 7.2 15.5 0.49 172
CY3 5 6.25 6.25 0.8 3/8 1.0 62 95 0.1 2.3 4.2 0.65 42
CY4 17.5 25 21.65 0.7 2/2 0.866 70 142 0.12 20 24 0.49 200
CY5 20 25 21.65 0.8 2/2 0.866 40 62 0.14 5.5 19.5 0.65 139
CY6 22.5 25 21.65 0.9 2/2 0.866 12 16 0.13 3 18 0.88 138
CY7 10 12.5 10.825 0.8 1/4 0.866 55 94 0.12 5.3 12 0.59 100
CY8 10 12.5 10.825 0.8 2/4 0.866 46 90 0.12 6 14 0.51 117
CY9 10 12.5 10.825 0.8 3/4 0.866 45 85 0.13 6 12 0.53 92
CY10 10 12.5 10.825 0.8 4/4 0.866 44 85 0.13 7 24 0.52 185

Note: D = aperture; C and H = hole distance in vertical direction and horizontal direction; r = D/C; ϕ =m/n;m = the hole number at the first
layer; n = maximum values of the hole number at one layer; h = H/C; σy and εy = yield strength and strain; σp and εp = peak strength and
corresponding strain; εu = ultimate strain; yield-to-peak stress ratio λ = σy/σp; ductility ratio μ = εu/εy.

Figure 3: Load–displacement curves of CB1 and CB2.
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showed a large post-yield strain (deformation) capacity,
indicating the effectiveness of perforation in terms of
increasing member ductility. Besides, compared with
the solid steel block, some perforated specimens (e.g.,

CY3, CY5, and CY6) are also characterized by relatively
large yield-to-peak stress ratio (λ), indicating that the
stress experienced a small increase at very large member
inelastic strain (deformation). For almost all the perforated
specimens, after the first peak stress, the stress experi-
enced a certain degree of fluctuation under increasing
strain. The decreased stress is due to the gradual compres-
sion of the void as well as the buckling of the thin-walled
steel skeleton after perforation and the squashed perfora-
tions enable the stress to start to increase again, as clearly
depicted in Figure 6.

The ductility ratio μ, defined by εu/εy, of each spe-
cimen is summarized in Table 1. The yield strain and
ultimate strain are represented by εy and εu, respectively.
Two situations were used for the determination of the
ultimate point. First, the point where the stress reached
the first peak stress σp for the second time can be viewed

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

Figure 5: Stress–strain responses: (a) specimens CY1, CY2, and CY3; (b) specimens CY4, CY5, and CY6; (c) specimens CY7, CY8, CY9,
and CY10.
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as the ultimate point. Second, the stress continuously
decreases after the first peak σp and the point where
the stress dropped sharply is taken as the ultimate point.
The ductility ratios of most specimens were close to or
larger than 100, which can be viewed as extraordinary
because a ductility demand of more than ten times the
ductility demand of a beam was required for the CY mate-
rial [14]. Typical failure modes include outward buckl-
ing, global squash, and local squash, as illustrated in
Figure 6(a)–(c), respectively. Outward buckling (spe-
cimen CY3) and global squash (specimen CY4) will result
in a relatively flat stress–strain curve after the first peak
stress whereas local squash (specimen CY7) can enable
the specimen to carry increased stress due to the direct
support of the wedge-shape solid steel at specimen ends.
Besides, the key variables including hole arrangement
(h), void ratio (r), hole diameter (D), and hole arrange-
ment shape at specimen ends (ϕ) exert influence on the
stress–strain responses and failure modes of perforated
steel blocks, which will be systematically investigated
using FE simulations subsequently.

3 FE simulation and model
calibration

The general FE software ABAQUS [23] is used in the cur-
rent work to conduct parametric studies and to form a
database of material responses. The two-dimensional FE
model, with the boundary conditions the same as that
occurring in tests, was adopted to simulate the behavior
of perforated steel blocks to enhance the understanding
of mechanical responses of perforated steel blocks under
a large range of parameters. The CPS4R solid elements

were used in the FE model. Surface contacting actions in
the normal and tangential directions were considered to
simulate the actual behaviors of squashed voids. Hard
contact was utilized to consider the normal action, which
transfers the compression force only with the tensile
force neglected. In tangential direction, interfacial fric-
tion force triggered between the squashed steel walls
once later uneven deformation occurs, the effects of
which are approximated as per the penalty function of
the Coulomb friction model in ABAQUS as the friction
law. The frictional coefficient is set as 0.1 in the FE simu-
lation, as suggested by Xiao and Ma [24]. The constitutive
law proposed by Han [25] was used to represent the
stress–strain relationship of steel, as shown in Figure 7.
The yield strength (σy), the initial modulus of elasticity
(Es), and the Poisson’s ratio (ν) are 277 MPa, 210 GPa, and
0.27, respectively. The ultimate stress σu equals 2σy, and
the fracture strain of steel is set as 0.5. After a comparison
of simulations adopting various mesh sizes, a mesh size
of around 2mmwas eventually adopted in the FE models.

Figure 6: Typical failure modes: (a) specimens CY3; (b) specimens CY4; and (c) specimens CY7.

Figure 7: Constitutive law of steel proposed by Han [31].
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The FE models are calibrated from three aspects, i.e.,
the material behavior (Figure 3), the stress–strain responses
of perforated steel blocks (Figure 5), and failure mode of a
steel block with perforations (Figure 6). Generally, the
load–displacement curves obtained in tests and FE simula-
tions agree well with each other, as shown in Figure 3.
As depicted in Figure 5, variation trends of stress–strain
responses obtained from simulations and tests are similar
and the errors of yield and ultimate strength are smaller
than 10%. With regard to the failure modes, outward buck-
ling, global squash, and local squash that are observed in
tests are well captured by the FE simulations, as illustrated
in Figure 6. Therefore, the FE models are reasonably accu-
rate in terms of predicting the mechanical performance of
perforated steel blocks and subsequently, these models will
be used to conduct parametric studies.

4 Parametric study

4.1 Effect of hole number per layer n

Under the same void ratio r, a larger n value results in a
smaller hole diameter (or more distributed holes) and
vice versa. In this section, five n values are selected,
namely 2, 3, 4, 5, and 6, and the other parameters r, h,
L0/L, and ϕ are set as 0.8, 0.866, 0.14–0.18, and 1.0,
respectively. The arrangement of holes under the above-
stated parameters is shown in Figure 8. It can be seen from
Figure 9 that the number of holes per layer exerts a certain
influence on the elastic stiffness E1 and the peak strength
σu. The E1 and σu values increase with increasing n values
until the n value reaches around 4. Further increase of

n exerts negligible influence on the stress–strain curve
of members. Therefore, in the subsequent parameterized
model of perforated steel block, the case with an n value of 4
is taken as the benchmark. For a member with an n value of
2, a coefficient of 0.85 is considered for both E1 and σu with
respect to that of a member with an n value of 4, and this
coefficient changes to 0.95 for the member with an n value
of 3. Formembers with n values greater than 4, no reduction
factors are considered.

4.2 Effect of wedge-shape coefficient ϕ at
member end

For anchor purposes in a perforated steel block in a CY
structural system, a certain length of anchoring solid area
is needed to be preserved, which will inevitably sacrifice

Figure 8: Specimens under different n values.

Figure 9: Effect of hole number per layer n.
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a certain deformation. In this case, the wedge-shaped
hole arrangement at the ends can provide a certain solid
area for allocating anchors and simultaneously compensate
for the deformation loss due to the partial perforations, as
shown in Figure 10. Besides, the wedge-shaped solid part
is able to provide side support, which in turn postpones
or even prevents the outward deformation to enhance
member stability. Four wedge-shaped coefficient ϕ values
are selected in this section, i.e., 0.25, 0.5, 0.75, and 1.0, and
the other parameters n, r, h, and L0/L are set as 4, 0.866,
0.8, and 0.106–0.219, respectively.

As depicted in Figure 11, for the member with a ϕ
value of 0.25, the stress increased greatly when it is
loaded to a strain level of about 10%. This increment in
stress is because of the wedge-shaped solid region con-
tacted at this strain level, which enables the member to
carry further increased applied load. However, this phe-
nomenon is not observed for the other three members
and the σu values of these three members (with ϕ values
of 0.5, 0.75, and 1.0) are close to each other. Thus, it
can be inferred that the effect of the wedge-shaped hole

arrangement on σu can be ignored ifϕ value is larger than
0.25. On the other hand, it can be seen from Figure 11 that
the wedge-shaped hole arrangement at the member ends
imposes a certain effect on E1. This effect can be equiva-
lently regarded as the change of the perforated length.
Thus, the wedge-shaped area at the end can be converted
into a solid area according to the area equivalent and the
length of the equivalent solid segment L0 can therefore be
obtained, as shown in Figure 12. Thus, different ϕ values
correspond to different L0 and the effect of the equivalent
solid segment length L0 on E1 will be discussed in detail
subsequently.

4.3 Effect of void ratio r

In this section, seven selected r values (i.e., 0.2, 0.4, 0.5,
0.6, 0.7, 0.8, and 0.9) are investigated, and the other
parameters (i.e., h = 0.866, ϕ = 1 and L0 ≈ 0.04) are
almost the same under varying r, as shown in Figure 13.
It can be seen from Figure 14 that void ratio r significantly
affects the elastic stiffness and strength. According to
best fitting results, the relationship between E0 and r
can be obtained:

= − + +

E
E

r r r1.858 2.998 0.128 1,0

s

3 2 (1)

where Es = elastic stiffness of solid steel block; E0 = elastic
stiffness of perforated steel block without wedge-shaped
solid ends. Theoretically speaking, when r equals zero,
the specimen is a solid steel block, and E0 equals Es. The
performance of equation (1) is illustrated in Figure 15(a).

As shown in Figure 13, with other parameters remaining
the same, the smaller the r is, the closer the specimen is to
the solid block. Thus, the yield strength-to-peak strength
ratio decreases sharply with increasing r values (Figure 14),
which in turn will significantly deteriorate the ductility

Figure 10: Specimens under different ϕ values.

Figure 11: Effect of wedge-shape coefficient ϕ. Figure 12: Equivalent conversion of end solid area.
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performance of the CY block and a beam (or column) incor-
porating the CY structural system [14]. Due to this concern,
the void ratio ranging from 0.6 to 0.9 was recommended in
the current work. The relationship between the peak stress σu

and void ratio r can be reached by using fitting the simulation
results (Figure 15(b)), which gives

( )/ = − +σ f r r3.2 0.55 1.59 1 .u y
2 (2)

Normally, the strength of a perforated block is related
to both the material property of steel itself and the geo-
metrical dimensions. Thus, introducing the yield strength
of steel fy (277 MPa) in equation (2) gives the following
formula:

( )= − +σ f r r3.2 0.55 1.59 1 .u y
2 (3)

4.4 The effect of solid segment length L0

The (equivalent) length of the solid segment at themember
end (L0) affects the overall stiffness of perforated steel
blocks. The larger the L0, the shorter the perforated part,
which results in reduced deformation capacity of perfo-
rated steel block, as depicted in Figure 16(a). This

Figure 13: Specimens under different void ratios.

Figure 14: Effect of void ratio r.

Figure 15: The polynomial fitting results of r on the stiffness and strength (a) effect of r on E0 (b) effect of r on σu.

228  Yingwu Zhou et al.



parameter has a negligible influence on the peak strength
due to the localized failure around member middle height
but shows a certain impact on the elastic stiffness. As
shown in Figure 16(b), the response of a perforated steel
block under compression can be regarded as a “spring”
series. For a spring, the stiffness can be calculated as K =
AE/L, where A, E and L are cross-section area, modulus
of elasticity, and member length, respectively. For two
springs located in series, the followingwell-known expres-
sion can be used to calculate the total stiffness K:

= +

K K K
1 1 1 ,

1 2
(4)

where K1 and K2 are the stiffness of two springs in series.
As shown in Figure 16(a), Es and E0 are modulus of elas-
ticity of the pure solid segment and the pure perforated
segment, respectively. Thus, in a perforated block with a
total length of L, two solid parts with a length of L0 for
each and a perforated part with a length of L – 2L0 exist.
Let K1 and K2 be the stiffness of the pure solid segment
and the pure perforated segment, which yields K1 = AES/
2L0 and K2 = AE0/(L – 2L0). Let E1 be the equivalent mod-
ulus of elasticity of the whole perforated block as shown
in Figure 16(a). Introducing a factor α (α = E1/Es), the
following relationship can be obtained:
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Substituting l0 = L0/L into equation (7) yields:

( )
=

−

−

E
E

α l
αl

1 2
1 2

.
s

0 0

0
(8)

The combination of equations (1) and (8) gives:

( )

( )
=

− + +

+ − +

α r r r
l r r r

1.858 2.998 0.128 1
1 2 1.858 2.998 0.128

.
3 2

0
3 2 (9)

When l0 equals 0.5, the value of equation (9) is 1.0, indi-
cating that E1 equals Es. On the other hand, l0 = 0.5 means
that the length of the perforated segment is zero and the
specimen is a solid steel block (Figure 16(a)), which natu-
rally results in the case of E1 = Es.

For two groups of specimens with different L0 and
r values with other parameters being the same, the cal-
culated α values as per equation (9) are compared with
that of the FE simulations (Figure 17). It is found that
equation (9) predicted values agree well with the FE
simulated ones.

4.5 Effect of hole arrangement coefficient h

In this section, the influence of five hole arrangement
coefficient h values (1, 0.886, 0.8, 0.75, and 0.7) are inves-
tigated under different r values (0.6, 0.7 and 0.8), and
Figure 18 shows the specimen details. It can be seen
from Figure 19 that under the same r, a CY block with a
larger h value can reach a much higher ultimate bearing
capacity compared with that of a CY block with a smaller
h, but the elastic limit of the two cases is close. For
example, it can be found that the CY block with h = 0.8
can obtain a larger yield strength-to-peak strength ratio
than the CY block with h = 1.0, which is more in line with
the ideal requirement of CY block used as the structural
fuse [26]. Thus, it can be inferred that a smaller h will

Figure 16: Conceptual model of member stiffness: (a) parameter
diagram and (b) conceptual model based on springs.

Figure 17: Comparison between equation (9) prediction and FE
simulation.
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further reduce the yield strength-to-peak strength ratio.
Besides, a relatively larger yield strength-to-peak strength
ratio needs a much smaller h value (Figure 19(c)) if the
r value is too small (e.g., lesser than 0.6).

Under the same r value, the peak stress σu is almost
linearly proportional to the value of h, as depicted in
Figure 20(a). To quantify the influence of the h value on
σu, the σu of all CY blocks is divided by the σu of the CY
block with the same r and an h value of 0.866, as shown
in Figure 20(b). Illustrated in Figure 20(c) is the slope k of
each curve shown in Figure 20(b). If the void ratio r
equals 0 and the h value exerts no influence on σu,
it means that the slope is zero. Thus, as shown in
Figure 20(c), the fitting of four points gives the expression
of k against r. Herein, assuming hσ to be the strength
adjustment coefficient of σu with respect to the member
with h value of 0.886, that is:

( )=
=

σ h σ ,σ hu u 0.866 (10)Figure 18: Specimens under different h.

Figure 19: Effect of h: (a) effect of h under an r value of 0.8; (b) effect of h under an r value of 0.7; and (c) effect of h under an r value of 0.6.
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where the expression of he can be obtained by fitting
results:

( )( )= − − +h h0.15 e 1 0.866 1.σ
r4.2377 (11)

The performance of equation (11) is shown in Figure 20(d),
and accurate predictions can be found.

As shown in Figure 21(a), under the same r value, the
E1/Es increases almost linearly with increasing h. To
model the influence of the h value on E1, under the
same r values, E1 of each CY block is divided by Es of
the CY block with an h value of 0.866 (E1/Es(h=0.886)), as
shown in Figure 21(b). The slope (k) values of the three
curves shown in Figure 21(b) can be calculated. Under the
case of r = 0, the specimen is a solid block and the E1
is a constant (E1 = Es), which results in k = 0. Fitting
these four points yields the expression of k, as shown in
Figure 21(c). Similar to σu, a modulus of elasticity adjust-
ment coefficient of he is introduced with respect to the
member with h value of 0.886, which gives:

( )=
=

E h E .h1 e 1 0.866 (12)

Similarly, the equation of he can be obtained by data
fitting, that is,

( )( )= − − +h h0.05 e 1 0.866 1.r
e

5.4037 (13)

The performance of equation (13) is shown in Figure 21(d),
wherein good agreement can be found between the simu-
lations and analytical equations. However, certain differ-
ences can be found for the cases where r value equals
0.8 and h values are smaller than 0.8, in which case, the
strength and stiffness (e.g., E1/Es smaller than 0.3) are too
small.

4.6 Yield strength-to-peak strength ratio λ

The yield strength-to-peak strength ratio is expressed as
λ = σy/σu. For an ideal CY block, it is hoped that the value

Figure 20: The strength adjustment coefficient he (a) effect of h on σu (b) effect of h on σu/σu(h=0.886) (c) effect of r on k (d) performance of
fitted results.
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of δ will be as close as possible to 1.0 [15]. It can be seen
from the stress–strain responses of CY blocks that the λ
are closely related to void ratio r and hole arrangement
coefficient h. With the increase of h, the stiffness and
strength increase but the λ decrease. With the increase of r,
the yield strength increases, while the strength decreases,
which results in the increase of λ. An inappropriate r value
contributes to negative effects on the yield strength-to-peak

strength ratio of a CY block. According to the statistics of test
data, it is suggested that the values of yield strength-to-peak
strength ratio λ can be determined according to Table 2. The
linear interpolation can be used for some cases where the h
and r values cannot be found in Table 2.

5 Stress–strain model of
perforated blocks

5.1 Model features

As shown in Figure 22, the most prominent feature of the
stress–strain curve of a typical CY block is that the curve
consists of a straight line segment with complete elasti-
city at the beginning and a curve segment with a large
plastic strain. The two most important mechanical

Figure 21: The strength adjustment coefficient he: (a) effect of h on E1/Es; (b) effect of h on E1/E1(h=0.886); (c) effect of r on k; and
(d) performance of fitted results.

Table 2: Values of λ

r
λ

0.6 0.7 0.8 0.9

H

1 0.43 0.47 0.5 0.7
0.866 0.48 0.52 0.63 0.75
0.8 0.49 0.53 0.67 0.8
0.75 0.5 0.54 0.76 0.85
0.7 0.51 0.58 0.9 0.95
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parameters of the curve are the stiffness at the elastic
stage and the peak strength at the plastic stage. There-
fore, in this section, the expressions of these two para-
meters (E1 and σu) will be obtained by combining data
statistics with theoretical derivations. Finally, based on
the developed equations for E1 and σu, a suitable mathema-
ticalmodel is selected to establish the complete stress–strain
model of the CY block under compression.

5.2 The expression of E1

Combining equations (9) and (13) gives the expression of
E1, which is

⎡

⎣⎢

( )

( )
⎤

⎦⎥

[ ( )( ) ]

( )=

=

− + +

+ − +

× − − +

=
E E α h

E r r r
l r r r

h

1.858 2.998 0.128 1
1 2 1.858 2.998 0.128

0.05 e 1 0.866 1 .

h

r

1 s 0.866 e

s
3 2

0
3 2

5.4037

(14)

Notably, in equation (14), only r and h are included in the
parametric formula, and the effect of hole number per
layer n on the E1 has been stated in Section 4.1. As
observed previously in both tests and simulations, at
the end of the elastic stage, there is a gently hardening
portion represented by a segment of a curve. The initial
slope of this hardening stage is denoted by E2 (Figure 22).
The relationship between E1 and E2 can be statistically
and empirically obtained according to the simulation
data and test results, and finally, a simple expression is
found to describe their relationship, which is

=E E0.015 .2 1 (15)

5.3 Expression of σu

As stated in Section 4.3, it is reasonably deduced that
the peak stress σu is related to both material properties
and geometrical dimensions. Herein, using a non-dimen-
sional factor β (related to member geometrical properties)
and material property fy to represent σu:

( )= =

=

σ f β f β h .h σu y y 0.866 (16)

A combination of equations (3) and (11) results in the
following expression:

( )

[ ( )( ) ]

= = − +

× − − +

σ f β f r r
h

3.2 0.55 1.59 1
0.15 e 1 0.866 1 .r

u y y
2

4.2377
(17)

Notably, only r and h are included in the parametric
equation (17) and the effect of hole number per layer n
on σu is discussed and presented in Section 4.1.

5.4 Parametric models

To facilitate the process of development of the stress–-
strain equations, three slopes are introduced, namely k1,
describing the slope of the elastic stage; k2, denoting the
initial slope of strain hardening part; and k3, representing
the slope of the curve at large (infinite) strain, as shown
in Figure 23. The first section is the straight-line part of
the elastic stage, the second section is the secondary
hardening, and thereafter yield platform stage.

For the elastic phase (ε ≤ ε0), the following simple
equation can be obtained:

( ) =σ ε k ε.1 (18)

For the inelastic stage (ε > ε0), a four-parameter
model [27] is adopted to describe the curve, which is

( )
( )( )

= + + −

− −σ ε A C Dεe 1 e ,ε
B

ε
B (19)

where A, B, C, and D will be determined subsequently. In
the following derivation, according to Figure 23, the point
(ε0, σy) is viewed as the original point of the local coor-
dinate system.

When ε approaches a large enough value, equation
(19) becomes

( ) = + = −σ ε ADε AC σ σ .u y (20)

According to Figure 23, at large enough strain value,
the following equations can be reached:

Figure 22: Typical stress–strain response.
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= =AD k 0,3 (21)

= −AC σ σ .u y (22)

Differentiating equation (19) with respect to ε and
letting ε = 0 yields:

( )∣ ( )′

=

= = +σ ε ε k A
B

C0 1 .2 (23)

The combination of equations (22) and (23) gives the
expressions of A and C:

= + −A k B σ σ ,2 y u (24)

=

−

+ −

C
σ σ

k B σ σ
.u y

2 y u
(25)

Figure 23: Schematic of the stress–strain model.

Figure 24: Calibration of the parametric model using test results and FE predictions: (a) CY1, (b) CY2, (c) CY4, (d) CY5, (e) CY7, (f) CY8,
(g) CY9, and (h) CY10.
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According to Zhou and Wu [27], the assumed shape
of the stress–strain curve necessitates C ≥ 1. Substituting
C ≥ 1 into equation (25) yields:

( )
≤

−

B
σ σ

k
2

.u y

2
(26)

Let B = εn = fε1 and ε1 = 2(σu − σy)/k2, equation (26) is
equivalent to f ≤ 2. Substituting B = εn and equations (21),
(22), and (24) into equation (19) gives:

( ) ⎡⎣
( ) ⎤⎦( )

= + − + − −

− −σ ε k B σ σ σ σe 1 e .2 y u u y
ε

εn
ε

εn (27)

Substituting B = εn = fε1 and ε1 = 2(σu − σy)/k2 into
equation (27) and offsetting the original point of the local
coordinate system to point (ε0, σy) in the global coordi-
nate system yields:
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(28)

When ε approaches a large enough value, it gives the
following equation:

( )∣
→∞

=+σ ε ε σ .u (29)

Thus, the stress–strain model of perforated steel blocks
can be described as follows:
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(30)

where f is a constant parameter that controls the curva-
ture of the curve after the elastic stage, and f is suggested
to be 0.3 according to Zhou and Wu [27].

5.5 Model verification

The comparisons of stress–strain curves obtained in tests
is shown in Figure 24 along with FE simulations and
parametric predictions. It should be noted that the shape
of stress–strain curves of specimens is shown in Figure 24
match the assumption made in Figure 22, and this kind of

stress–strain curve takes the ultimate strength, ductility,
and yield strength-to-peak strength ratio into considera-
tion. As can be seen in Figure 24, the stress–strain curve
obtained according to parametric models (equation 30)
matches well with both the experimental data and FE
simulations in terms of the elastic and inelastic stages.

6 Conclusion

In this study, the effects of different key parameters (i.e.,
hole number per layer n, wedge-shape coefficient ϕ, void
ratio r, solid segment length L0, and hole arrangement
coefficient h) on the stress–strain behavior of perforated
steel blocks are experimentally, numerically, and analy-
tically investigated. First, 12 compressive tests were con-
ducted with the purpose to calibrate the FE modeling
technique and the proposed stress–strain equations.
Then, using the verified FE models, systematic para-
metric studies were carried out for the perforated steel
block, and reasons for the mechanical performance
varying with each parameter were given. Finally, a
stress–strain model was proposed for the developed
CY material. The following conclusions can be drawn:
(1) Test results show that the ultimate compressive strain

of mild steel block is extraordinarily large (within a
range from 4.2 to 24%) under well-designed perfora-
tions, thus it can be used as CY material.

(2) Parametric studies based on verified FE models indi-
cated that void ratio (r) and hole arrangement coeffi-
cient (h) are the most critical parameters influencing
member stiffness, ultimate strength, and yield strength-
to-peak strength ratio (λ). Theoretically, the λ value that
is close to 1.0 is ideal for CY material. To reach a reason-
able λ value, r and h are the key parameters to be
considered.

(3) The test results and FE simulations form a dataset,
based on which parametric formulae that can be used
to predict the stiffness and the ultimate strength of
perforated block under compression are proposed
through regression analysis.

(4) A four-parameter theoretical model was used to develop
the stress–strain relationship of perforated steel block,
and the proposed models match well with both experi-
mental curves and FE simulations.

It should be noted that the formulae are developed
to predict the material response of perforated steel
blocks under limited parameter ranges. Further research
is needed to verify the model more concretely and extend
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the application scope (e.g., using another metallic mate-
rial) before they can be used in practice. The method of
perforation, FE modeling technique, and the framework
for developing stress–strain models for mild steel can
be extended to other metallic materials with certain
modifications.
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