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Abstract: Reinforced concrete (RC) frames are designed based on the strong column-weak beam
(SCWB) philosophy to reduce structural damage and collapse during earthquakes. The SCWB design
philosophy is ensured by the required minimum flexural strength ratio of columns to beams (FSRCB)
in the seismic code. Quantifying the relationship between the FSRCB and the collapse capacity of
the frames may facilitate the efficient assessment of the seismic performance of the existing or newly
designed RC frames. This paper investigates the influence of different FSRCBs on the collapse capacity
of three- and nine-story RC frames designed according to Chinese seismic codes. The results show
that the collapse capacities of the RC frames can be efficiently improved by increasing the FSRCB,
and the collapse capacities of frames with FSRCB = 2.0 are improved by approximately 1.6–2.0 times
compared with those of the frames with FSRCB = 1.2. Compared with the middle- or high-rise
(nine-story) frames, it is more efficient to improve the collapse capacity for low-rise (three-story)
frames by increasing the value of CBFSR. The logarithmic standard deviation of the collapse capacity
of the RC frames designed according to the Chinese seismic codes ranges from 0.5–0.9, which is larger
than the proposed maximum logarithmic standard deviation (0.4) in FEMA P695.

Keywords: RC frame; collapse capacity; strong column-weak beam; flexural strength ratio of columns
to beams

1. Introduction

The collapse of RC frames during strong earthquakes leads to extensive economic
losses and the loss of human lives [1,2]. RC frames are designed to achieve the SCWB
failure mechanism based on the minimum required flexural strength ratio of columns to
beams (FSRCB) in many seismic codes [3–6]. The SCWB failure of the RC frames requires
that the beams yield earlier than the columns during strong earthquakes. Compared with
the strong beam-weak column (SBWC) failure mode, RC frame failure in the SCWB mode
provides more energy dissipation and a larger collapse capacity [7].

However, many earthquake field surveys show that a large number of RC frames fail in
SBWC mode rather than SCWB mode, which indicates that the current required minimum
FSRCB in seismic codes cannot ensure the SCWB failure mode for RC frames [8–15]. The
required minimum FSRCB in many building codes to achieve the expected SCWB design
concept is based on the assumption that the inflection points are located at the midheight
of the columns [16–18]. Unexpected SBWC failure may be because the inflection points
are not always located at the midheight of the columns, and the inflection points usually
move toward the beam-column joints when the structures are in a nonlinear state during
earthquakes [17,19,20]. In addition, the required minimum FSRCB to guarantee SCWB
failure also depends on the seismic hazard, characteristics of ground motions [21], infill
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walls [22–27], and frame heights [28]. RC frames designed before modern seismic codes
sometimes collapse in SBWC failure mode, shear failure mode, soft story failure mode, and
other nonductile failure modes [29–31]. Some research has been conducted to guarantee
the SCWB failure mode by increasing the value FSRCB for steel frames [17,19,20,32] and
RC frames [18,21,28,33–40]. Based on the findings above, different FSRCB values ranging
from 1.6 to 3.0 have been suggested to ensure the SCWB failure mode [21,28,32,36–38].

The FSRCB also has a significant influence on the collapse capacity of structures [40].
However, in the abovementioned research, only Ghorbanzadeh [38] and Sattar [39] inves-
tigated the impact of the FSRCB on collapse risk for older type nonductile and modern
ductile RC frames in the USA. To the best knowledge of the authors, very little research has
been reported about quantifying the influence of the FSRCB on the collapse capacity of RC
frames designed according to Chinese seismic codes. Considering the different required
seismic measures or details of seismic design between the Chinese seismic codes and codes
in other countries may sometimes greatly influence the seismic performance [41]. The
conclusions based on the frames in other countries may not necessarily be adopted directly
for the frames in China.

Considering the limitation of the above research, the main objective of the present
paper is to evaluate the impact of the FSRCB on the collapse capacity of RC frame structures
in China. The collapse capacity of RC frames with various FSRCBs is evaluated by incre-
mental dynamic analysis (IDA) [42,43] under the excitation of both far-field non-pulse-like
(NPL) and near-field pulse-like (PL) ground motions. The presented results are aimed to
provide some insights to improve the collapse capacity by adjusting the FSRCB for RC
frame structures in the current Chinese seismic codes.

2. Building Models

Two RC frame structures are designed according to Chinese seismic codes [4]. The
elevations of the two frames (3- and 9-story frames) are shown in Figure 1. The design seis-
mic intensity of the frames is 0.1 g according to the Chinese seismic codes (seismic hazard
corresponding to a 10% exceedance probability in 50 years). The detailed information on
the two frames can be found in reference [21]. To investigate the influence of the FSRCB
on the structural collapse capacities, the frames with different FSRCBs are designed by
adjusting the reinforcements in the columns. The dimensions of the frames and elastic
modulus of the materials are kept constant. Thus, the stiffness of the frames with different
FSRCBs is also kept constant, which leads to the periods of the RC frames with different
FSRCBs being kept constant. Thus, the periods of the RC frames with different FSRCBs
are kept constant. The seismic performance of RC frames with different FSRCBs (1.2, 1.4,
1.6, 1.8, and 2.0) is investigated in this paper. The details of the reinforcement of the 3- and
9-story frames are shown in Tables 1 and 2, respectively.

Table 1. The details of the reinforcement of the 3-story frames.

FSRCB Abeam/Transverse Rebar Acolumn/Transverse Rebar

1.2 1206/Φ8@100/150 905/Φ8@100/150
1.4 1206/Φ8@100/150 1231/Φ8@100/150
1.6 1206/Φ8@100/150 1608/Φ8@100/150
1.8 1206/Φ8@100/150 2034/Φ8@100/150
2.0 1206/Φ8@100/150 2544/Φ8@100/150

All frames are established using the open-source tool OpenSees program (University
of California, Berkeley, Berkeley, CA, USA) [44]. The beams and columns are modeled
force-based beam-column elements with fiber sections [45]. The Concrete 02 material is
used to describe both the confined and unconfined concrete materials. The Kent–Scott–Park
constitutive model is adopted to consider the confinement effect of the transverse rebar.
The Steel 02 material is adopted to describe the stress-strain model of the reinforcements.
Viscous damping is specified using Rayleigh damping (damping ratio = 5%) in the nonlinear
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dynamic time history analysis. The modeling method referenced above has been verified
in previous research [46].
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Table 2. The details of the reinforcement of the 9-story frames.

FSRCB Abeam/Transverse Rebar Acolumn/Transverse Rebar

1.2 1885/Φ8@100/150 2011/Φ8@100/150
1.4 1885/Φ8@100/150 2512/Φ8@100/150
1.6 1885/Φ8@100/150 2842/Φ8@100/150
1.8 1885/Φ8@100/150 3471/Φ8@100/150
2.0 1885/Φ8@100/150 4163/Φ8@100/150

3. Ground Motion Record Selection

This study utilizes two sets of ground motions, namely, non-pulse-like (NPL) and
pulse-like (PL) records, to evaluate the effect of the FSRCB on the collapse capacity of
RC frames. The first set includes 44 NPL ground motion records recommended by the
FEMA P695. To compare the influence of different characteristics of ground motions on the
structural collapse capacity, the second set 44 includes PL ground motion records. The PL
ground motion records are selected based on the recommendation of Li [47] and Shahi [48].
The selected PL ground motions are caused by forward directivity effects.

Detailed information on the NPL and PL ground motion records can be found in
reference [21]. The selected NPL and PL ground motions are mainly recorded during strong
earthquakes whose magnitudes range from 5.0 Mw to 8.0 Mw, which usually causes serious
structural damage and collapse. For the NPL ground motion records, there are 22 pairs
(44 individual components) of horizontal records (two orthogonal horizontal component
records in each station). Figure 2 shows the mean spectra of the NPL and PL ground
motion records.
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4. Collapse Capacity of RC Frames with Different FSRCBs

The definition of collapse in this paper is referred to the loss of lateral load-carrying ca-
pacity under earthquake excitation. Vertical collapse is not the focus of this study. Different
collapse criterion has been adopted to identify the sideway collapse of buildings [49–51].
The criteria proposed by FEMA 351 are adopted in this paper. The collapse criteria in
this paper are defined as the tangent stiffness of the IDA curve being smaller than 20% of
the initial stiffness of the IDA curve or the maximum inter-story drift ratio being larger
than 0.10.

4.1. Incremental Dynamic Analysis

Incremental dynamic analysis (IDA) was proposed by Vamvatsikos and Cornell [42]
and has been widely used to assess structural collapse capacity. In IDA, a specific structure
is excited by a specific ground motion repeatedly with increasing seismic intensity until the
collapse criteria are reached. This study uses two sets of ground motions (44 NPL ground
motions and 44 PL ground motions) as input to represent earthquake excitation.

The IDA curves of the frames are obtained by adjusting the seismic intensity of the
88 ground motions one by one until collapse occurs. Figure 3 shows the IDA curves of
the three- and nine-story RC frames with an FSRCB equal to 1.2. For illustration, the IDA
curves of the frames with other FSRCB values are not presented for the sake of brevity.
Figures 4 and 5 show the median IDA curves of the three- and nine-story RC frames with
different FSRCBs, respectively. IDRmax is the maximum inter-story ratio (IDR) in the
nonlinear dynamic analysis. The median IDA curves of the frames with a larger FSRCB
usually have a larger lateral resistance capacity than those of the frames with a smaller
FSRCB [21]. As shown in Figures 4 and 5, for a specified value of IDR, the collapse capacity
increases as the FSRCB increases.

4.2. Collapse Fragility Curves of the RC Frames with Different FSRCBs

Collapse fragility curves are widely adopted to describe the probability of buildings
sustaining damage under the excitation of strong earthquakes. Figure 6 shows the fragility
curves relating to the collapse probability under the increasing seismic intensity measure
of the three-story frames with various FSRCBs. The collapse probability decreases as the
FSRCB increases from 1.2 to 2.0 under a specific seismic intensity for both NPL ground
motions and PL ground motions for three-story RC frames.
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Figure 7a shows the median collapse capacity of the three-story RC frames with various
FSRCBs. The median collapse capacity increases as the FSRCB increases for both the NPL
record set and the PL record set. The median collapse capacities of the RC frames excited
by the PL record set are smaller than those of the frames excited by the NPL record set.
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Figure 7. The effect of FSRCB on the collapse capacities of the RC frames with different FSR-
CBs (3-story). (a) The median collapse capacity; (b) Collapse capacities normalized to that of the
FSRCB = 1.2.

To quantitatively evaluate the effect of the FSRCB on the median collapse capacities of
the RC frames, the coefficient ratio is expressed as:

Ratio = SaCollapse
FSRCB /SaCollapse

1.2 (FSRCB = 1.2, 1.4, 1.6, 1.8, 2.0) (1)

where SaCollapse
1.2 is the median collapse capacity of the frame with FSRCB = 1.2 and SaCollapse

FSRCB
is the median collapse capacity of the frame with different FSRCBs (1.2, 1.4, 1.6, 1.8,
and 2.0). The ratio is used to quantitatively describe the influence of the FSRCB on the
collapse capacities.
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Figure 7b shows the median collapse capacities of the frames with different FSRCBs
compared with those of the frame with FSRCB = 1.2. As shown in Figure 7b, the ratio
increases as the FSRCB increases from 1.2 to 2.0. For the NPL ground motions, the collapse
capacity of the frame with FSRCB = 2.0 is approximately two times that of the frame
with FSRCB = 1.2. For the PL ground motions, the collapse capacity of the frame with
FSRCB = 2.0 is approximately 1.5 times that of the frame with FSRCB = 1.2. This means
that it is more efficient to improve the collapse capacity of the frames excited by the NPL
ground motion records than those excited by the PL ground motion records.

Figure 8 shows the collapse fragility curves of the nine-story frames with different
FSRCBs under NPL and PL ground motions. The nine-story frame shows similar trends
to those of the three-story frames. For both NPL and PL ground motions, the probability
of collapse can be decreased by increasing the value of the FSRCB for the frames under a
specific seismic intensity.
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Figure 8. The collapse fragility curves of the 9-story RC frames with different FSRCBs.

Figure 9 shows the effect of the FSRCB on the collapse capacities of the nine-story
RC frames with different FSRCBs. As shown in Figure 9a, the median collapse capacities
of the frames can be improved by increasing the value of the FSRCB for the frames for
both NPL and PL ground motions. The collapse capacities of the frames with different
FSRCBs normalized to those of the frames with FSRCB = 1.2 is shown in Figure 9b. As
shown in Figure 9b, for the NPL and PL ground motion records, the collapse capacities of
the frame with FSRCB = 2.0 are improved to approximately 1.6 times those of the frames
with FSRCB = 1.2.

Quantification of the uncertainty of structural collapse capacity is one of the critical
aspects of performance-based earthquake engineering (PBEE) [2]. The uncertainty of
the collapse capacity consists of record-to-record uncertainty (aleatory uncertainty) and
structural modeling uncertainty (epistemic uncertainty) [2,51–54]. This paper focuses on
record-to-record uncertainty. The logarithmic standard deviation (LSD) is a common index
used to describe uncertainty. Figure 10 shows the LSD of the structural collapse capacity
caused by ground motion uncertainty.

As shown in Figure 10, for the three-story frames, the LSD mainly ranges from 0.8–0.9,
which is larger than those of the nine-story frames (mainly ranges from 0.5–0.7). Generally,
the LSD of the collapse capacity for the RC frames designed according to the Chinese
seismic codes ranges from 0.5–0.9. FEMA P695 also proposes an expression to estimate the
LSD of the collapse capacity of structures. The estimated LSD is expressed as:

LSD = 0.1 + 0.1µT ≤ 0.40 (2)
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where µT is the ductility of the structures. µT = δu/δy,e f f , where is the largest displacement
and δy,e f f is the yield displacement.
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Figure 9. The effect of FSRCB on the collapse capacities of the RC frames with different FSR-
CBs (9-story). (a) The median collapse capacity; (b) Collapse capacities normalized to that of the
FSRCB = 1.2.
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Figure 10. The uncertainty of collapse capacity of RC frames with different FSRCB.

The LSD obtained from the results of the three- and nine-story frames, ranging from
0.5–0.9, is larger than the maximum LSD (0.4) estimated by Equation (2). This means that
Equation (2) proposed by FEMA P695 may sometimes underestimate the uncertainty of the
structural collapse capacity for RC frames designed according to Chinese seismic codes.

5. Conclusions

In the presented paper, the effect of the flexural strength ratio of columns to beams
(FSRCB) on the collapse capacity of RC frame structures is studied. The collapse behavior
of a series of RC frames with different FSRCBs is investigated by applying incremental
dynamic analysis (IDA). The non-pulse-like (NPL) and pulse-like (PL) ground motions are
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both used as input in the IDA to evaluate the influence of NPL and PL ground motions
on the collapse capacity of RC frames. Based on the findings of this paper, the following
conclusions are drawn:

(1) For both NPL and PL ground motions, the collapse capacities of the RC frames can
be improved by increasing the FSRCB of the RC frames. The collapse capacities of
the three- and nine-story frames with FSRCB = 2.0 are improved to approximately
1.6–2.0 times those of the frames with FSRCB = 1.2. For NPL ground motions, the
collapse capacities are improved up to approximately 2 times when the FSRCB of
the three-story frames is increased from 1.2 to 2.0, while for the PL ground motions,
the collapse capacities are improved up to approximately 1.5 times when the FSRCB
of the three-story frames is increased from 1.2 to 2.0. It is more efficient to improve
the collapse capacity of the frames under the excitation of NPL ground motions than
those under the excitation of PL ground motions.

(2) It is more efficient to improve the collapse capacity for low-rise (three-story) frames
than for middle- or high-rise (nine-story) frames. This difference arises because the
deformations of the low-rise frame are mainly dominated by the first mode and the
higher mode effects are not significant. However, for the middle or high-rise frame,
the higher mode effect is stronger, which may cause the inflection point in the columns
to move from near the midheight to the column ends and sometimes will cause the
column to undergo a single curvature. Thus, compared with low-rise RC frames, it is
less efficient to increase the collapse capacity for the middle- or high-rise frames by
increasing the value of the FSRCB.

(3) The uncertainty (logarithmic standard deviation) of the collapse capacity of the RC
frame structures designed according to the Chinese seismic codes ranges from 0.5–0.9,
which is larger than the maximum logarithmic standard deviation (0.4) proposed
by FEMA P695. This means that FEMA P695 may sometimes underestimate the
uncertainty of the collapse capacity of the RC frames in China.

This paper mainly focuses on the influence of FSRCB on the collapse capacity of RC
frames. The conclusions of this paper are drawn based on the findings from the three- and
nine-story buildings. Whether the conclusions of this paper can be directly adopted in RC
frames with other different stories should be investigated in the future.
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