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A B S T R A C T

It has been shown that as concrete strength increases, the size effect becomes more pronounced in both samples
and members. However, the effect of section size on the seismic performance of high-strength reinforced con-
crete columns requires further confirmation. For this purpose, six high-strength reinforced concrete columns
were subjected to monotonic and cyclic loading in this study. The experimental results indicate that the relative
nominal flexural strength, average energy dissipation coefficient, factor of safety, and local factor of safety all
exhibited a strong size effect by decreasing as the column size increased. Moreover, the size effect on the factor
of safety was stronger for high-strength columns than for conventional columns. The observed changes in the
factor of safety were in good agreement with the Type 2 size effect model proposed by Bažant; so, using the local
factor of safety and Bažant’s Type 2 model, the code equation for moment capacity was modified to provide a
constant factor of safety regardless of column size.

1. Introduction

As the scale of engineering structures increases, the safety of their
larger components has become one of the primary topics of concern,
especially when taking into account the use of high-strength concrete
[1]. The size effect, defined as the change in structural behavior with
changing size rather than material, though not yet captured by the
conventional design process, is increasingly accepted in theory [2–10].
Indeed, a large number of experimental results have demonstrated that
the size effect exists in plain concrete samples and structural concrete
components, such as plain concrete columns [11,12], reinforced con-
crete (RC) beams [13–15], RC columns [16–18], and RC beam-column
joints [19–20]. Moreover, the size effect has been found to be more
significant in high-strength concrete than in conventional concrete
[1,12,21,22], but the size effect on the seismic performance of high-
strength RC columns remains to be determined.

In this study, the classical model of the size effect law was first in-
vestigated so that the correct theoretical model could be applied to a
structural design. The scaling problem of primary interest is the effect
of a structure’s size on its nominal strength [2]. The structural ultimate
load predicted by any deterministic strength theory (e.g. the elastic,
plastic, or elastoplastic strength criteria) applied to ductile materials
exhibits no size effect. In 1921, Griffith [3] proposed linear elastic
fracture mechanics (LFEM) and introduced fracture mechanics into the

study of size effect. For brittle, geometrically similar structures, linear
elastic fracture mechanics shows that nominal strength decreases as
structure size increases, following the trend of an inclined asymptote
with a slope of −1/2. Then Weibull [4,5] derived an equation cap-
turing the size effect on mean structural strength based on the Weibull
distribution. This approach is certainly valid for various fine-grain
ceramics and for metal structures embrittled by fatigue. Bažant iden-
tified the Type 1 size effect [2,8], the Type 2 size effect [6], and the
universal size effect law [9]. These laws are suitable for quasi-brittle
materials, such as plain concrete samples and components, whose
properties are between those of ductile and brittle materials. In recent
research, Hoover and Bažant [10] established an improved universal
size effect model. Considering the absence or presence of a statistical
size effect, the improved universal size effect model is divided into two
types: the Type 1 size effect is used for failures at crack initiation [2],
such as in beams without stirrups, while the Type 2 size effect occurs in
notched fracture specimens or in structures that fail only after the stable
growth of large cracks [2]. However, when a crack is no longer than the
length of the fracture process zone (FPZ), an improved universal size
effect law between Type 1 and Type 2 can be applied, as the length of a
macroscopic crack can’t be neglected, and should not reach the length
of the FPZ [23]. The relationship between these various size effect
models has been described in the literature [23]. The applicable con-
ditions for the different types of size effect models are shown in Fig. 1.
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Under earthquake loading, flexural failure, shear failure, and
flexure-shear failure occur in a large number of larger-sized compo-
nents, such as piers, frame columns at the bottom of a story, and short
columns. The Wenchuan earthquake in China (2008) demonstrated all
of these phenomena [24,25]. Accordingly, Li et al. [26,27] and Xie et al.
[28] investigated the effect of different member sizes on the seismic
performance of conventional RC columns subjected to monotonic and
cyclic loading. It was found that the relative nominal flexural strength,
average energy dissipation coefficient, and factor of safety all decreased
as the section size increased, suggesting a strong size effect. However,
less work has been done to systematically assess the impact of the size
effect on the seismic performance of high-strength RC columns. Li et al.
[1], Su et al. [12], and Koç et al. [21] found that the nominal strength of
plain concrete samples and members decreased with the increase in
section size, and that with increasing concrete strength, the size effect
became more pronounced, which suggests that high-strength concrete
would exhibit a pronounced size effect. Indeed, El-Sayed [22] found
that the size effect in high-strength concrete deep beams was greater
than that in conventional concrete deep beams.

Several studies have analyzed the factors affecting the seismic per-
formance of high-strength reinforced concrete columns. These factors
were mainly the concrete strength, yield strength of the stirrups, ap-
plied axial load, volume-stirrup ratio, and confinement. Results in-
dicated that increasing the concrete compressive strength resulted in a
reduction in ductility [29]. Others [30,31] have found that increasing
the yield strength of the stirrups had little influence on the ductility and
dissipated energy at axial loads below 30% of capacity. However, use of
high yield-strength steel as stirrups has been found to be beneficial
when the applied axial loads are relatively high—above 40% of capa-
city [32]. Additionally, the ductility and dissipated energy have been
observed to increase as the volume-stirrup ratio increased, but they
decreased as the applied axial load increased [33–35]. With respect to
the effects of confinement, Wang et al. [36] found that bonded carbon
fiber-reinforced polymer (CFRP) wraps placed at potential hinge re-
gions could improve the ductility and energy dissipation capacity of
high-strength concrete columns subjected to high axial loads. Notably,
however, little work on the seismic performance of concrete columns
has accounted for the size effect. Indeed, the size effect in high-strength
RC columns under seismic action has been rarely reported.

In this study, high-strength RC columns were subjected to mono-
tonic and cyclic loading. Based on a combined experimental analysis,
the failure mechanisms of these columns when constructed in different
structural sizes were studied, the size effect rule for different mechan-
ical parameters was obtained, and the impact of the size effect on the
seismic behavior of high-strength RC columns was determined. In total,
six high-strength RC columns were investigated experimentally, in
which the sizes of the materials and components were kept

geometrically proportional. The section sizes of the tested specimens
were 300, 500, and 700mm, and the column lengths were 1092, 1820,
and 2548mm.

2. Experimental program

2.1. Material properties

The mixture proportions of the concrete used in this study are
summarized in Table 1. The type of cement was P42.5 Portland cement,
and the mix consisted of medium sand as the fine aggregate (an average
diameter of 2.7 mm) and crushed pebble stones as the coarse aggregate
(an average diameter between 5mm and 25mm). The slump of the
concrete was 160 ± 20mm. The material properties of concrete are
listed in Table 2. When tested according to the Chinese standards for
the mechanical properties of concrete (GB/T 50081-2002) [37], the
average compressive strength of the standard 150-mm cubic concrete
samples was 67.98MPa, the average compressive strength of the stan-
dard 150×150×300mm prismatic concrete samples was 49.67MPa,
and the average tensile strength of the standard 150-mm cubic concrete
samples was 3.76MPa.

The material properties of the steel rebar used in the test specimens
are listed in Table 3. The material properties, including yield strength,
ultimate tensile strength, and modulus of elasticity, were determined by
rebar tests according to the Chinese standard for determining the me-
chanical properties of steel (GB/T 228.1-2010) [38].

2.2. Specimen description

The selected column cross sections were 300, 500, and 700mm
square, and the longitudinal bar size and spacing, stirrup size, and
thickness of concrete cover of each specimen were scaled proportionally
to the column cross section. The details of the specimens and bars are
provided in Table 4, along with an explanation of test specimen no-
menclature. Reinforcement details and column dimensions are shown
in Fig. 2.

2.3. Loading apparatus and loading scheme

2.3.1. Loading apparatus
A total of six high-strength RC columns of three different structural

sizes were investigated experimentally. The 300-mm specimens were
tested using small range actuators (shown in Fig. 3(a)) that provided
vertical and horizontal maximum loads of 2000 kN and 500 kN, re-
spectively. However, because the axial compressive strengths of the
other specimens were considerably larger, the loading apparatus in
Fig. 3(a) could not provide sufficient axial load. As a result, the 500-
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a 0
lFPZ 0

Type 1 size effect

a 0
lFPZ 0

Type 2 size effect

a lFPZ

Improved universal size effect law
a 0
lFPZ 0
0 a lFPZ

P

lF
PZ

a

Fig. 1. Applicable conditions for different types of size effect models.

Table 1
Mix proportions of concrete.

Grade number Water [kg/
m3]

Cement [kg/
m3]

Sand [kg/
m3]

Gravel [kg/m3]

C60 158 395 672 1051

Table 2
Material properties of concrete.

Grade number Prismatic specimen size [mm3] ftk [MPa] fck [MPa]

C60 150×150×300 3.67 49.67
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and 700-mm specimens were tested in a slightly different configuration
using more powerful small range actuators (as shown in Fig. 3(b)) that
provided vertical and horizontal maximum loads of 40,000 kN and
4000 kN, respectively. The axial load was provided by the vertical ac-
tuator, and the horizontal load was provided by the horizontal actuator.
Displacement was measured using an LVDT in the locations shown in
Fig. 3, and the indicated H0 was used as the theoretical height of the
column in later calculations. Fig. 4 depicts the application of force and
the resulting deformation characteristics of the specimens, in which F is
the horizontal force; N is the vertical force; fy and ′f y are the yield
strengths of the longitudinal tensile and compressive rebar, respec-
tively; σs and ′σs are the stresses in the longitudinal tensile and com-
pressive rebar, respectively; and σc is the concrete compressive stress at
the edge of the column. Fig. 5 depicts the geometry of all column
specimens subjected to axial compression and shear loads.

2.3.2. Loading scheme
The column specimens were subjected to a combination of vertical

and horizontal loading. The horizontal load simulated the effect of
seismic action in the form of monotonic and cyclic loading, while the
vertical load applied by the actuator was held constant at an axial load
ratio of 0.4 for the entire test as the specimen was loaded horizontally
until failure. The load-displacement hybrid control method was
adopted in the loading system: prior to specimen yielding, the load was
applied in load increments, while after yielding, the load was applied in
displacement increments. The development of various failure modes of
the specimens was intermittently recorded during the entire loading
process.

For the columns subjected to monotonic and cyclic loading, the
horizontal load was applied to the columns at 20, 40, 60, 80, and 100%
of the yield load. After reaching the yield load, the displacement at
yield, Δy, was used to set the applied horizontal displacement control
load in multiples, i.e. Δy, 1.5Δy, 2Δy, 2.5Δy……nΔy, until failure, defined
as the decrease in the apparent load capacity to 85% of the maximum
supported load [39]. For specimens subjected to cyclic loading, one
cycle was applied at each pre-yield load level and two cycles were

applied at each post-yield displacement level. The loading scheme is
plotted in Fig. 6.

2.3.3. Arrangement of strain gages
The strains in the longitudinal bars and stirrups were measured with

strain gages at the locations shown in Fig. 7. Then the stress-strain re-
lationship of the steel was used to compute the bar stresses to verify the
force in and deformation of the specimens. For longitudinal bars, there
were five levels of strain gages along the column height, and for stir-
rups, there were two levels.

3. Test results and discussion

3.1. Failure modes

(1) Monotonic specimens
The development of the failure modes of the monotonic specimens

are shown in Fig. 8 at three stages: yield load, maximum load, and
failure load. First of all, note that the characteristics of the flexure-shear
cracks of different size specimens are similar. A horizontal crack occurs
in the position of the maximum moment when the yield load is reached.
Meanwhile, there are flexure-shear cracks with shallow angles in the
upper portion of the specimens. The angle of the flexure-shear cracks
reaches its maximum of 45 degrees when the maximum load is reached.
At the failure load, the flexure-shear cracks continue to extend and
widen, but their general shape and number no longer change. After
failure, there were generally between four and five flexure-shear cracks
on each specimen, each with a horizontally projected length approxi-
mately equal to half the column width. Similarly, the development of
vertical splitting cracks in different size specimens was similar. A ver-
tical splitting crack was first produced in the compression zone when
the yield load was reached. Once the maximum load was reached, more
obvious vertical splitting cracks were produced. Then, when the failure
load was reached, the vertical splitting cracks widened, extended up-
ward, and developed into the neutral axis. Finally, crushing of the
concrete was observed in compressive zone at failure.

(2) Cyclic specimens
The development of the failure modes of the cyclic specimens are

shown in Fig. 9, also for three stages: yield load, maximum load, and
failure load. As the applied load increased, the angle of the flexure-
shear cracks increased. When the load reached its maximum value, the
angle of the flexure-shear cracks was also approximately 45 degrees.
Once the failure load was reached, the horizontally projected lengths of
the curved shear cracks were approximately equal to half the column
width. At the same time, the positive and negative flexure-shear crack
geometries were symmetrical. There were roughly four or five flexure-
shear cracks at failure, the same as in the monotonic specimens. The
vertical splitting cracks also developed in a fashion similar to the
monotonic specimens: with the increase in load, the length and number
of vertical splitting cracks increased. Finally, the concrete in the

Table 3
Material properties of steel reinforcing bar.

Bar size
[mm]

Bar grade Yield
strength
[MPa]

Ultimate
strength
[MPa]

Modulus of
elasticity
[MPa]

Yield strain
(×10−6)

6 HPB300 441 690 251,657 1752
10 HPB300 346 501 197,265 1779
14 HPB300 351 490 199,279 1736
12 HRB400 478 625 196,752 2429
20 HRB400 451 595 195,233 2310
28 HRB400 455 636 191,655 2374

Note: HPB indicates plain reinforcement and HRB indicates deformed bar re-
inforcement.

Table 4
Details of specimens and bars.

Test no. b [mm] h [mm] H [mm] fck [MPa] Concrete cover [mm] λ Stirrup Longitudinal bar ρ [%] ρsv [%]

WD-3 300 300 1092 49.67 15 4.00 4A6@43 12C12 0.55 0.88
WD-5 500 500 1820+300 49.67 25 4.66 4A10@71 12C20 0.55 0.88
WD-7 700 700 2548+300 49.67 35 4.47 4A14@100 12C28 0.55 0.88
WF-3 300 300 1092 49.67 15 4.00 4A6@43 12C12 0.55 0.88
WF-5 500 500 1820+300 49.67 25 4.66 4A10@71 12C20 0.55 0.88
WF-7 700 700 2548+300 49.46 35 4.47 4A14@100 12C28 0.55 0.88

Note: WD and WF represent flexural components subjected to monotonic and cyclic loading, respectively, while the number following represents the cross sectional
dimensions of the specimen in hundreds of mm; b and h represent the cross sectional dimensions; H represents the total height of the column and spherical hinge (in
which+ 300mm represents the additional spherical hinge height); fck represents the axial compressive strength of the concrete; λ is given by H/h0; ρ is determined
by As/(bh0), where As is the required tensile or compressive steel area and h0 is the effective depth of the column; and ρsv is the ratio of stirrup area to column area
given by Asv/(bs), where Asv is the area of the stirrup, and s is the stirrup spacing.
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compression zone was also observed to crush at failure.
In summary, the failure modes of the monotonic and cyclic speci-

mens were found to develop in a similar manner consistent with the
flexural failure process. Moreover, the failure region was mainly con-
centrated in the plastic hinge zone at the column foot. The obvious
vertical splitting crack, located in the concrete cover, is a manifestation
of the brittleness of high-strength concrete. This crack may be caused by
the splitting effect of the stirrup and longitudinal bar combined with the

repeated tension and compression stress in the concrete. It is important
to note here that the brittle splitting of high-strength concrete is dif-
ferent from that of ordinary concrete [26,28], which has a longer
splitting length. Generally, for both the monotonic and cyclic speci-
mens, large stable crack growth was observed before reaching the
maximum load [2], which is in accordance with Bažant’s Type 2 size
effect model [6]. Foraboschi [40,41] found that a critical crack length
was eventually reached, causing external fiber-reinforced polymer

WD/WF-3 WD/WF-5 WD/WF-7

Length unit: mm

Axial load ratio: 0.4

Grade of concrete: C60

Grade of stirrup: HPB300

Grade of longitudinal bar: HRB400
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Fig. 2. Details of the tested RC columns.

(a) Loading apparatus of 300-mm specimens (b) Loading apparatus of 500-and 700-mm specimens
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Fig. 3. Loading apparatus for all specimens.
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(FRP) reinforcement installed on the specimen to lose its bond due to
the effect of existing cracks whose major axis were parallel to the axis of
the beam. Thus, existing cracks may also affect the vertical crack
growth and concrete compressive strength particularly within the
concrete cover of large-sized columns, which may constitute a size-re-
lated effect.

3.2. Horizontal load-displacement curves

(1) Monotonic specimens
Fig. 10 shows the relationship between force and deformation, in

which the vertical axis represents the applied horizontal load and the
horizontal axis represents the horizontal displacement between the top
and bottom of the column. It was observed that the maximum bearing
capacity of the specimen was affected by the sudden separation of the
concrete cover from the core concrete in the large-sized specimens.
Notably, the specimen behaviors exhibited only a short plateau at the
maximum load. When evaluated together with the failure modes, this
effect is obviously related to the development of the vertical splitting
crack, indicating that the vertical splitting crack may be a factor in-
fluencing the size effect. Additionally, note that when the resisted load
begins to decrease, the slope of the decreasing load is steeper with the
increase in the specimen section size.

In Fig. 10 the initial cracking load of the specimens is not obvious,
likely due to the influence of the axial load. Therefore, only the yield
load, maximum load, and failure load are used as the characteristic
points of the curve. The calculation of yield load and failure load is
shown in Fig. 11. The yield point Y was determined by the equivalent
elastic-plastic energy method, that is, where the area BYC=OAB, and

(a) Action of horizontal force and axial load (b) Internal forces and deformation
Fig. 4. Schematic of applied force and resulting deformation for all specimens.
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Fig. 6. Loading scheme for cyclic specimens.
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the failure load was simply defined as 85% of maximum load [39]. The
calculated loads and displacements are shown in Table 5, indicating
that the calculated yield load is between 85% and 88% of the maximum
load. In the table, the variables Py, Pm, and Pu indicate the yield load,
maximum load, and failure load, respectively, while Δy, Δm, and Δu
indicate the displacements at the yield, maximum, and failure loads,
respectively.

(2) Cyclic specimens
The relationships between load and displacement for the cyclic

specimens are shown in Fig. 12(a), (b), and (c), in which the vertical
axis represents the applied horizontal load and the horizontal axis re-
presents the horizontal displacement between the top and bottom of the
column. The positive and negative loading and unloading curves of the
specimens exhibit the following characteristics:

(1) The areas of the hysteresis loops are small prior to the maximum
load. When the specimens enter the softening stage, the areas of
their hysteresis loops obviously increase, indicating that the energy
dissipation capacity of the specimens is weakening.

(2) The residual deformation is small prior to the maximum load. When
the specimens are in the softening stage, the residual deformation
obviously increases, indicating that the elasticity-plasticity of the
component is stronger than earlier, and that the nonlinearity of the
specimens increases gradually throughout the entire loading pro-
cess, but especially during the softening stage.

(3) The strength degradation of the specimens are basically constant
during the entire loading process, so there is no obvious point of
initiation. Additionally, the application of the second loading cycle
passes through the first cycle load level, balancing the forces in-
duced by the initial damage and causing the initial cracks to close
and then reopen where they left off in the last cycle. This demon-
strates that the degree of damage caused by cyclic loading is basi-
cally consistent throughout the loading process.

Based on the hysteresis curves, a skeleton curve can be obtained by
taking the maximum load in the first loading cycle of every load level,
as shown in Fig. 13, in which the vertical axis represents the applied
horizontal load and the horizontal axis represents the horizontal dis-
placement between the top and bottom of the column. It can be seen
that this load-displacement skeleton curve is similar to the load-dis-
placement curve of the monotonic specimens. There is also a short
plateau in these curves, especially for the larger-sized specimens, re-
flecting the effect of the vertical splitting cracks on moment capacity,
and thus these cracks should not be neglected, as they could be linked
to the size effect.

For the cyclic specimens, the calculation of key load points was si-
milar to that of the monotonic specimens. The resulting load and dis-
placement values are given in Table 6, which shows that the calculated

yield load was between 86% and 88% of the maximum load. In the
table, the variables Py, Pm, and Pu indicate the yield load, maximum load,
and failure load, respectively, while Δy, Δm, and Δu indicate the dis-
placements at the yield, maximum, and failure loads, respectively.

3.3. Analysis of strain in longitudinal bars and stirrups

The strains in the longitudinal bars and stirrups of the monotonic
and cyclic specimens are given in Table 7 and Table 8, respectively. The
following characteristics were observed:

(1) For the monotonic WD specimens, the strain in the longitudinal
bars reached the yield strain, while the strain in the stirrups did not.

(2) For the cyclic WF specimens, the strain in the longitudinal bars
reached the yield strain, but only the stirrups in specimen WF-3
reached yield. Still, the overall strain in the stirrups was larger than
for the monotonic specimens, indicating that the damage caused by
cyclic action weakens the shear modulus of the specimens.

Generally, the overall mechanical behavior of the reinforcement
was characterized by the strain in the longitudinal bars reaching the
yield strain and the strain in the stirrups not, indicating that the likely
final failure mode of the specimens would be in flexure before shear.

3.4. Effect of section size on seismic performance

3.4.1. Relative nominal flexural strength
The ultimate moment considering the second-order effect is

= +M N VHΔ (1)

where N is the axial load, Δ is the displacement, V is the shear force,
and H (listed in Table 4) is the total height of the column considering
the spherical hinge.

The ratio of M to f bhck 0
2 was used to gage the relative nominal

flexural strength [26]. The relationship of the relative nominal flexural
strength to the nominal angle of rotation is shown in Fig. 14, which
reflects the size effect on the relative nominal flexural strength. The
nominal angle of rotation is given by HΔ/ 0, where Δ is the displacement
of the column and H0 is the theoretical height of the column. It can be
seen in the figure that the relative nominal flexural strength exhibits a
size effect in the maximum load and softening stages. The effect of
section size on the relative nominal flexural strength at the maximum
load is shown in detail in Fig. 15. It can be seen that the relative
nominal flexural strengths decrease by 33% as the section size increases
from smallest to largest, except for the WF-3 specimen, which does not
behave in accordance with the trend that suggests a size effect in the
other specimens. The cause of this behavior may include two aspects:
the effect of the eccentric axial load and the presence of horizontal

Longitudinal bar 

Stirrup

A A

A-A

# 

# represents the location of the 
longitudinal bar strain gages. 

Strain gage

Fig. 7. Strain measurement points in the longitudinal bars and stirrups.
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torque. Notably, between monotonic and cyclic specimens, the size
effect appears to have the same general influence on behavior.

3.4.2. Analysis of energy dissipation capacity
The equivalent viscous-damping ratio was used in this study as an

index to evaluate the energy dissipation capacity of the specimens [39],
and is defined as the ratio of energy dissipated to the energy produced

by an equivalent elastic body under the same displacement. The for-
mula for the equivalent viscous-damping ratio is given by

= +

+
ξ

π
S
S

1
2eq

ABC CAD

OBE ODF

( )

( ) (2)

where +S ABC CAD( ) is the area of the hysteresis curve shown in Fig. 16 and
+S OBE ODE( ) is the sum of triangular area for OBE and ODF, also shown in

WD-3: Yield load WD-3: Maximum load WD-3: Failure load

(a) Development of failure modes of WD-3 specimen

WD-5: Yield load WD-5: Maximum load WD-5: Failure load

(b) Development of failure modes of WD-5 specimen
WD-7: Yield load WD-7: Maximum load WD-7: Failure load

(c) Development of failure modes of WD-7 specimen

Fig. 8. Development of failure modes for monotonic specimens.
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Fig. 16.
The relationship between the equivalent viscous-damping ratio and

the nominal angle of rotation is shown in Fig. 17, in which it can be
seen that the equivalent viscous-damping ratio increases as the nominal
angle of rotation increases, indicating that the energy dissipation ca-
pacity increases gradually with deflection. However, the equivalent
viscous-damping ratios shown in Fig. 17 can’t reflect the effect of sec-
tion size on the energy dissipation capacity due to the effect of the
nominal angle of rotation because the nominal angle of rotation de-
creases by 42% as the section size increases from smallest to largest

under maximum load.
In order to evaluate the effect of section size on energy dissipation,

the average energy dissipation coefficient proposed by Liang [42] was
used as the evaluation index, given by

=μ E
mEy

e
(3)

where E is the total hysteresis loop area from yield load to failure load
(85% of the maximum sustained load); =E P Δ /2y y y is the equivalent
elastic energy; Py and Δy are the yield load and yield displacement,

WF-3: Yield load WF-3: Maximum load WF-3: Failure load

(a) Development of failure modes of WF-3 specimen

WF-5: Yield load WF-5: Maximum load WF-5: Failure load

(b) Development of failure modes of WF-5 specimen
WF-7: Yield load WF-7: Maximum load WF-7: Failure load

(c) Development of failure modes of WF-7 specimen
Fig. 9. Development of failure modes for cyclic specimens.
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respectively; and m is the total number of cycles from yield load to
failure load. The resulting average energy dissipation coefficients for
the different size specimens are shown in Fig. 18, in which it can be
seen that the average energy dissipation coefficient decreases by 43% as
the section size increases from smallest to largest. Thus, these results
prove the existence of an obvious size effect.

4. Effect of section size on moment capacity

4.1. Theoretical calculation of moment capacity

(1) Chinese Code for Design of Concrete Structures [43]
It can be seen in Tables 7 and 8 that the strain in the tensile long-

itudinal bars reaches the yield point due to bending, the strain in the
compressive longitudinal bars reaches the yield point due to the com-
bined action of the axial load and bending, but the stirrups never reach
the yield point. This behavior conforms to the general moment capacity
calculation method. A simple diagram for calculating moment capacity
is shown in Fig. 19. According to the balance of axial forces and mo-
ment about the centerline of the section, the equations for axial force
(N) and moment (M) are

= + + − −N α f bx f A σ A σ A f A1 ck yk
'

s
' '

1
'
s 1 s yk s (4)

= + = ⎛
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and the stress in the longitudinal bars that have not yet reached the
yield point is given by
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(7)

where α1 is the ratio of the force in the equivalent rectangular com-
pressive stress block to the axial compressive strength; β1 is the ratio of
the depth of equivalent rectangular compressive stress block to the
distance from the neutral axis to the fiber of maximum compressive
strain; P0 is the spacing between the longitudinal bars, which is uni-
form; εcu is the ultimate compressive strain; x is the depth of the
equivalent rectangular compressive stress block; ′as is the distance from
the compressive longitudinal bar to the compressive face; as is the
distance from the tensile longitudinal bar to the tensile face; Es is the
modulus of elasticity; fyk and f yk

' are the yield strength of the long-
itudinal tension and compression bars, respectively; As and ′As are the
cross-sectional areas of the longitudinal tension and compression bars,
respectively; fck is the axial compressive strength; e is the eccentric
distance from the line of axial load application to the centerline of the
section; V is the applied horizontal load; and H is the column height
including the hinge.

The ratio of the experimentally determined load-bearing capacity to
the load-bearing capacity calculated according to the code is defined as
the factor of safety of the column. Because the factor of safety is di-
mensionless, in this paper, it was selected as the evaluation index to
reflect the sufficiency of the provided moment capacity. The factor of
safety α is defined as M M/t c, where Mt is the experimentally determined
moment capacity, = +M N VHΔt (in which N is the axial load, Δ is the
horizontal displacement, V is the horizontal load, and H is the total
height including the hinge), and Mc is the theoretical moment capacity
calculated using the Chinese Code as given in Eq. (3). The resulting
moments and factors of safety are given in Table 9.

(2) Building Code Requirements for Structural Concrete (ACI 318-
14) [44]

Though the equations for the calculation of moment capacity are
quite similar, the primary difference between calculating moment ca-
pacity with ACI 318-14 and the Chinese code is that the ratio of the
equivalent rectangular compressive stress block to the axial compres-
sive strength is set to 0.85 in the ACI Code. Furthermore, the variable β1
is used to represent the ratio of the depth of the equivalent rectangular
compressive stress block to the distance from the neutral axis to the
fiber of maximum compressive strain. When ⩽ ′ ⩽f17 28c MPa,
β1 =0.85; when < ′ <f28 55c MPa, = − −β f0.85 0.05( 28)/71 c

' ; and
when ′ ⩾f 55c MPa, β1 =0.65. In the current study, fcu,k =67.98MPa
and ′fc = f0.79 cu,k =53.7MPa. Therefore, β1 =0.66. The resulting
moments and factors of safety are provided in Table 10.

The effect of section size on the factor of safety is shown in Fig. 20,
in which it can be seen that the factor of safety decreases by 24% as the
section size increases from smallest to largest. Notably, the size effect is
consistent between codes within the monotonic and cyclic specimen
groups. The factor of safety calculated by ACI is slightly larger than that
calculated by the Chinese Code. These data effectively confirm that the
evaluated design codes are based on a limit state approach, and thus
neglect size effects. This leads to potentially unsafe large sized com-
ponents when they are designed in accordance with these codes. To
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Table 5
Values of load and displacement for WD specimens.

Test no. Yield Maximum Failure

Py [kN] Δy [mm] Pm [kN] Δm [mm] Pu [kN] Δu [mm]

WD-3 240.8 8.83 271.9 17.8 230.9 37.31
WD-5 482.4 8.68 560.4 17.0 476.4 38.43
WD-7 874.6 9.54 1037.0 15.3 881.5 48.38
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Table 6
Values of load and displacement for WF specimens.

Test no. Direction Yield Maximum Failure

Py [kN] Δy[mm] Pm[kN] Δm[mm] Pu[kN] Δu[mm]

WF-3-4 Positive 207 5.21 244 8.90 207 21.0
Negative 182 6.44 208 12.10 176 29.00

WF-5-4 Positive 487 10.40 556 13.80 473 35.40
Negative 528 7.90 604 11.40 513 29.00

WF-7-4 Positive 921 10.89 1054 14.70 896 40.07
Negative 882 9.30 1031 13.30 876 37.90

Table 7
Strain in longitudinal reinforcement and stirrups of WD specimens.

Test no. Load stage ε1(×10−6) εz(×10−6) ε2(×10−6) εg(×10−6)

WD-3 Maximum load 4805(21.5) 2429 62(43) 1752
147(86)

WD-5 Maximum load 2332(35.5) 2310 659(71) 1779
781(142)

WD-7 Maximum load −(50.0) 2374 107(100) 1736
201(200)

Notes: ε1 and ε2 represent the measured strain in the longitudinal bars and
stirrups, respectively; εz and εg represent the yield strain in the longitudinal bars
and stirrups, respectively; the number inside the parentheses represents the
distance from the foot of the column to the strain gage location (in mm); and
“–“ represents no value.

Table 8
Strain in longitudinal reinforcement and stirrups of WF specimens.

Test no. Load stage ε3(×10−6) εz(×10−6) ε4(×10−6) εg(×10−6)

WF-3 Maximum load 2531(21.5) 2429 1042(43) 1752
2199(86)

WF-5 Maximum load 3345(35.5) 2310 230(71) 1779
279(142)

WF-7 Maximum load 2463(250) 2374 1702(100) 1736
614(200)

Notes: ε3 and ε4 represent the measured strain in the longitudinal bars and
stirrups, respectively; εz and εg represent the yield strain in the longitudinal bars
and stirrups, respectively; and the number inside the parentheses represents the
distance from the foot of the column to the gage location (in mm).
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address this potentially unsafe design condition, the equations for cal-
culating moment capacity should be modified.

4.2. Size effect analysis based on fracture mechanics

The Type 2 size effect model proposed by Bažant [6] is used in this
section as the theoretical model for determining the size effect ac-
cording to the analysis of failure modes. The Type 2 equation is

= +α Bf h D/ 1 /thD 0 (8)

where h is the height of the section, B is a dimensionless constant, D0 is
the size at which behavior transitions from ductile to brittle, and ft is
the axial tensile strength of the concrete; in this study, ft =3.76MPa.

In order to obtain the two empirical parameters, B and D0, Eq. (8)
can be rearranged into

⎜ ⎟
⎛
⎝

⎞
⎠
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f

α B
h

B D
1t

hD

2

2 2
0 (9)

which is of the form = +Y AX C , where = ( )Y f
α

2
t

hD
, =X h, =C

B
1
2 , and

=A
B D

1
2 0

. Then B and D0 can be determined from a regression analysis
according to the preceding factor of safety relationships.

For the monotonic and cyclic specimens WD and WF, the equation
capturing the size effect in the form of Eq. (8) is therefore

= +α f h0.7055 / 1 /195.6thD (10)

which can also be expressed as

= +α
Bf

h D1/ 1 /
t

hD
0

(11)

Li et al. [26] and Xie et al. [28] investigated the effect of member
size on the seismic performance of conventional RC columns subjected
to monotonic and cyclic loading, finding that the factor of safety ex-
hibits a clear size effect. To confirm this effect in the current study,
Fig. 21 shows the relationship between the factor of safety and section
size for the conventional C30 RC columns from [26] and [28], as well as
the evaluated high-strength C60 RC columns, in which og h DL ( / )0 is

plotted against ( )ogL α
Bft
hD . It can be seen that the size effect is stronger

in high-strength specimens than in conventional specimens: the re-
sponse of high-strength concrete to size lies closer to the linear elastic
fracture mechanics asymptote (indicated by LEFM), i.e. the column is
more brittle. This brittleness has previously been characterized by the
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so-called brittleness number, =β h D/ 0 [45]. It can be seen that the
brittleness number of high-strength concrete is larger than that of
conventional concrete, indicating that the size effect is more pro-
nounced as the brittleness number increases with the concrete strength.

In order to check the degree of fit of the test results with the Type 2
size effect model proposed by Bažant [6], a correlation coefficient,

=ρ Cov X Y
D X D YXY

( , )
( ) ( )

where =X h and =Y α(1/ )hD
2, was used to evaluate

the results. The correlation coefficient for the data collected in study is
0.7. For conventional concrete, the correlation coefficient was 0.76. The
correlation coefficients of both types of concrete suggest a very strong
correlation between the test results and the Type 2 Bažant model, in-
dicating behavior consistent with the theoretical work of Bažant [6] for
both monotonic and cyclic specimens.

4.3. Modification of moment capacity

In order to eliminate the effect of section size on the factor of safety,
the Type 2 size effect model was used as a modification coefficient to
improve the moment capacity calculated by the Chinese Code [43]. In
many metals, the strength is not influenced by any size effect [45].
Therefore, only the moment capacity of concrete share of column re-
sistance should be modified using Bažant’s Type 2 size effect model.
This can be expressed as −α α f bx h x( /2 /2)c 1 ck , where αc is the size effect
parameter.

First, the moment resistance provided by only the concrete is cal-
culated according to the total tested moment capacity, Mtc. Then, ac-
cording to Eq. (5), the theoretical moment capacity of the concrete is
calculated as Mcc. The proportion M M/tc cc is then defined as the local
factor of safety. The resulting local factors of safety are provided in
Table 11. Fig. 22 describes the relationship between the local factor of
safety and the section size, in which it can be seen that the local factor

of safety decreases by 32% as the section size increases from smallest to
largest. Furthermore, for both the monotonic and cyclic specimens, the
size effect is similar, except for specimen WF-300.

Adopting the same method as applied to the factor of safety, the B
and D0of the Bažant Type 2 size effect are calculated again. Due to the
large error discretization of the WD-3 data, the local factor of safety for
this specimen was not considered in the data fitting. Then, for the
monotonic and cyclic specimens, the size effect equation can be ex-
pressed as
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Fig. 19. Moment capacity calculation diagram.

Table 9
Factor of safety calculated using the Chinese Code.

Test no. Mt [kN·m] Mc [kN·m] Mt/Mc

WD-3 342 212.6 1.61
WD-5 1292 970.4 1.33
WD-7 3254 2668.1 1.22
WF-3 274 212.6 1.29
WF-5 1307 970.4 1.35
WF-7 3146 2668.1 1.18

Table 10
Factor of safety calculated using ACI 318-14.

Test no. Mt [kN·m] Mc [kN·m] Mt/Mc

WD-3 342 197 1.74
WD-5 1292 896 1.43
WD-7 3254 2464 1.32
WF-3 274 197 1.39
WF-5 1307 896 1.46
WF-7 3146 2464 1.28
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Fig. 20. Comparison of factors of safety determined using different codes for
calculating moment capacity.
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= +α f h1.151 / 1 /64.66c t (12)

By dividing Eq. (12) by the local factor of safety, the size effect
equation can be expressed as

= +α f h α1.151 / 1 /64.66 /tc c1 (13)

where αc1 is the local factor of safety of the minimum section size.
Introducing Eq. (13) into Eq. (4) provides a moment capacity

equation accounting for the size effect as follows:
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yk s
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Using Eq. (14), the factors of safety were calculated again and are
provided in Fig. 23. Clearly, the modified factors of safety tend to be

very constant regardless of size, indicating that the moment capacity of
the larger sized specimens will be as safe as those of the smaller sized
sections when designed using the proposed Bažant Type 2 size effect
coefficient modification.

5. Conclusions

The effects of section size on the seismic performance of high-
strength RC columns subjected to monotonic and cyclic loading were
experimentally investigated using three different size columns. The
results demonstrated the existence of the size effect on the seismic
performance of the columns. Some concluding remarks are as follows:

(1) It was found that the seismic performance of high-strength RC
columns exhibits a strong size effect in which the relative nominal
flexural strength, average energy dissipation coefficient, factor of
safety, and local factor of safety all decreased by 33%, 43%, 24%,
and 32%, respectively, as the section size increased from smallest to
largest. Moreover, the size effect on the factor of safety for high-
strength RC columns was more pronounced than for conventional
RC columns.

(2) The change in factor of safety with size was in good agreement with
the Type 2 size effect model proposed by Bažant.

(3) Based on the test results and the Type 2 size effect model proposed
by Bažant, the typical code equation for moment capacity was
modified and shown to provide a constant factor of safety regard-
less of member size.

The experimental results presented in this study should be a valu-
able addition to the larger research database supporting the study of the
size effect on high-strength RC columns subjected to monotonic and
cyclic loading. However, it must be noted that the present study mainly
concentrated on the size effect with respect to the use of high-strength
concrete. A further investigation on the influence of the shear-span
ratio, volume-stirrup ratio, strength of stirrup reinforcement, and axial
compression ratio on the size effect in high-strength RC columns will be
conducted in future.
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Table 11
Local factor of safety calculated by the Chinese Code.

Test no. Mtc [kN·m] Mcc [kN·m] Mtc/Mcc

WD-3 285.7 156.4 1.83
WD-5 1045.6 724.1 1.44
WD-7 2572.9 1986.9 1.30
WF-3 217.9 156.4 1.39
WF-5 1060.3 724.1 1.46
WF-7 2466.9 1987.2 1.24
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Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.engstruct.2018.12.095.
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