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Abstract: Criteria are proposed for determining the stiffness and strength demands for the seismic design of pin-
supported walls in multi-story reinforced concrete moment-resisting frames. A plasticity ratio and a global stiffness ratio 
are introduced to evaluate the effect of pin-supported walls in mobilizing the seismic capacity of the moment-resisting 
frame. Incremental dynamic analyses of 4-, 8- and 12-story prototype moment-resisting frames equipped with pin-
supported walls of various stiffness ratios show that a constant stiffness ratio of two can generally ensure a global plastic 
mechanism to form in a moment-resisting frame no matter if the frame is a strong column-weak beam one or not. By 
mobilizing more structural elements to contribute to the earthquake resistance, the pin-supported walls also increase the 
lateral strength of the structure. Higher mode vibrations have a major effect on the strength demand for pin-supported 
walls. Simple criteria are also developed for estimating the strength demands for the purpose of preliminary design of 
pin-supported walls. The same methods for determining the stiffness and strength demands for pin-supported walls are 
also applicable to other strong spine systems. 
Keywords: pin-supported wall, reinforced concrete frame, strong spine system, stiffness ratio, plasticity ratio, higher 
mode vibration 

1. Introduction 

Vertical continuous stiffness is essential in spreading the lateral force and deformation among the individual 
stories of a building and thus in avoiding drift concentration and a consequential weak story collapse. As compared 
to columns in either moment-resisting or gravity frames (MacRae et al 2004), structural walls that are continuously 
configured along the full height of a building or across multiple stories would provide much greater vertical 
continuous stiffness, which can eliminate the weak story mechanism in the building (Paulay and Priestley 1992). 
Numerical analysis has shown that walls that are hinged at the base appeared to be a more effective solution to 
strengthening moment-resisting frames than conventional fixed-base walls. Hinged walls can considerably reduce 
maximum story drift demands and lead to a more uniform distribution of story drifts over the height of a building 
(Alavi and Krawinkler, 2004).  

Following a similar idea, a retrofitting plan consisting of pin-supported walls (PS walls hereinafter) and steel 
dampers was proposed and implemented in an 11-story steel reinforced concrete frame that was built in the 1970s 
in Japan (Wada et al 2009, Qu Z et al 2012, Qu Z et al 2015). Six post-tensioned concrete walls that rest on 
mechanical pin bearings were attached to the existing structure along its perimeter to spread the lateral drift among 
the stories. Shear-type steel dampers were installed along both sides of each wall to increase the energy dissipation 
during earthquakes and thus to reduce the seismic response to the building. In addition to the seismic retrofitting 
purpose, PS walls can also be used in new construction. A typical configuration is shown in Figure 1, in which the 
lateral load on the floor is transferred by collectors at each floor level to the PS walls. The walls can sway laterally 
around the pin bearing at the base with the moment-resisting frame, making its story-by-story drift distribution 
more uniform. Dampers along both sides of the wall would take full advantage of the vertical relative displacement 
between the wall and the frame to maximize the energy dissipation.  

The use of a strong spine, such as a PS wall to spread lateral drift and thus to avoid weak story failure under 
earthquakes has also attracted increasing attentions in steel constructions. A dual buckling restrained braced (BRB) 
frame system was proposed in the early 2000s to mitigate the story drift concentration in BRB frames (Tremblay 
and Merzouq 2004). A vertical truss alongside a bay with BRBs was developed so that the structure remains fully 
elastic under a design basis earthquake to force the vibration of the building to approach its first vibration mode 
(Figure 2(a)). A similar system was implemented in a 23-story steel braced building in Osaka, Japan, in the late 
1990s (Aoki et al 1998). The same concept was later revisited and investigated under different names, such as a 
series of strong back systems (Lai and Mahin 2015) and a BRB mask system (Panian et al 2015). Following 
Takeuchi and Suzuki (2015), who applied buckling restrained columns for warehouse racks, Tremblay et al (2004) 
proposed a flexural braced frame system (Figure 2(b)), which also incorporates an elastic vertical truss for drift 
control. The system was implemented in a 5-story steel moment frame in Japan (referred to as a controlled spine 
frame by Takeuchi et al (2015)) and was also studied in China (Wu and Lu 2015). By adding vertical ties to 
connect the ends of shear links between floors to each other in an eccentrically braced frame (Figure 2(c)), tied 
braced frames are also equipped with strong spines that consists of vertical elastic braced frames (Rossi 2007, 
Tremblay et al 2014). A pivoting spine, which is a core wall resting on a friction pendulum, was used to seismically 
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retrofit a steel moment-resisting frame in the U.S. (Janhunen 2013, Figure 2(d)). The idea of using a core, either a 
vertical truss or a concrete wall, to mitigate story drift concentration was also extended to concentrically braced 
frames (Qu et al 2014, Pollino et al 2017, Slovenec et al, 2017). A recent state-of-the-art review of strong back 
systems in steel constructions is included in Liu (2017) (Liu 2017). 

 

 
Figure 1. Example of a configuration of pin-supported walls in an RC moment-resisting frame. 

 

 
Figure 2. Strong spine systems for steel constructions: (a) Dual BRB frame; (b) Flexural braced frame; (c) Tied 

braced frame and (d) Pivoting spine.  
 

Design methods have been developed along with the proposal of various strong spine systems and their 
implementations in real projects. For the strong spines that are part of the original structural system (or have 
primary elements that are part of the original structural system), such as in dual BRB and flexural braced frames, 
a strength-based design was usually adopted, in which all the elements in the strong spine are proportioned to 
have adequate strength to remain elastic under a design basis earthquake (corresponding to 10% probability of 
exceedance in 50 years in most prescriptive seismic codes) (e.g. Panian et al 2015, Takeuchi et al 2015, Rossi 
2007). On the other hand, for the strong spines that are added to an existing structure, a nonlinear time history 
analysis was usually used to check if the spine remains elastic and to evaluate the effect of drift concentration 
mitigation (e.g., Qu et al, 2012, Janhunen et al 2013).  

For pin-supported walls in moment-resisting frames, Qu et al (2011) investigated the stiffness demand in 
terms of a stiffness ratio and a drift concentration factor (DCF) that was originally used by MacRae et al (2004) 
for braced steel frames. An empirical equation that relates the demands for the stiffness ratio and the number of 
stories was proposed, which was later refined by Du and Wu (2014) and Wu and Lu (2015). By assuming an 
infinitely rigid PS wall, Grigorian and Grigorian (2016) derived a closed-form procedure for the preliminary 
conceptual design for PS wall-frame dual system. Grigorian et al (2017) further proposed determining the stiffness 
demand of the PS wall, if it is not infinitely rigid, by limiting its maximum end rotation to a small fraction of the 
target uniform story drift ratio of the system. Recognizing the importance of the stiffness demand in designing a 
PS wall, Pan et al (2015) proposed a new stiffness ratio to quantify the relative stiffness of the frame to the wall 
based on a distributed parameter model consisting of a bending beam for the pin-supported walls and a shear beam 
for the moment-resisting frame. The analysis suggested that the ratio should generally be less than ten to reduce 
DCF in the building. By the same model, Wu et al (2016) comprehensively investigated the higher mode effect 
in the PS wall-frame dual system, which would have significant influence on the strength demand for the PS walls, 
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as will be discussed later in this paper. Sun et al (2018) extended the use of the distributed parameter model to 
take dampers into account.  

A major problem with using the DCF as a measure of the adequacy of the PS wall, which has been done in 
most previous studies regarding the stiffness demand, is the difficulty in assigning a design target. A DCF of unity 
would be an ideal case which would, however, require an impractically, if not infinitely, rigid PS wall. Qu et al 
(2011) proposed taking the DCF corresponding to the first mode shape of the elastic bare frame as a control target, 
whereas the physical interpretation of this criterion is vague. In this paper, a new parameter with a clearer physical 
basis is proposed to evaluate the stiffness demand for the PS wall in moment frames. Also, the stiffness demand 
is described by a new stiffness ratio that captures the mechanical characteristics of a PS wall working together 
with a moment-resisting frame. Extensive nonlinear dynamic analysis on six prototype reinforced concrete (RC) 
moment frames is conducted to quantify the stiffness demands. Based on a given stiffness demand, simple criteria 
for the strength demand for a PS wall considering the higher mode effects are recommended. These 
recommendations provide a rational basis for proportioning not only PS walls, but also other strong spines in the 
preliminary design of various strong spine systems.  

2. Stiffness ratio and plasticity ratio 

2.1. Plasticity ratio 
In early studies, the drift concentration factor (DCF) was used to evaluate the effect of continuous stiffness 

in the spreading of story force and lateral drifts, which is defined as the ratio of the maximum to average inter-
story drifts (Equation 1, MacRae et al 2004). Although DCF is a straightforward measure to show the effect of 
PS walls in suppressing the lateral drift concentration, a desired extent of uniformness needs to be determined 
before DCF can be used as a quantitative design criterion.  

𝐷𝐶𝐹 =
𝜃

𝑢 𝐻⁄
 (1) 

where max is the maximum inter-story drift ratio along the height, ur is the roof displacement of the building, and 
H is the total height of the building. 

To avoid such a difficulty, a plasticity ratio, p, with clearer physical significance is proposed as a measure 
to evaluate the effect of PS walls. It is defined as the ratio of the number of plastic hinges in a moment frame, Np, 
to that of all column and beam ends where potential hinges can possibly form under earthquakes, N (Equation 2). 

𝜂 = 𝑁 𝑁⁄  (2) 

Examples of the two most commonly conceived plastic mechanisms for moment-resisting frames are depicted 
in Figure 3. In both cases, p = 0.5, the total number of possible plastic hinges, N=16, and the number of actual 
plastic hinges, Np=8. The PS wall-frame structure would perform equally well no matter if the frame exhibits a 
beam or a column hinge mechanism in terms of plasticity ratios, although the beam hinge mechanism (Figure 3(a)) 
is conventionally preferred over the column hinge mechanism (Figure 3(b)) for bare frames to avoid weak story 
failure. When a PS wall is present and is strong enough to remain essentially elastic, both mechanisms would not 
lead to weak story failure. By counting the number of plastic hinges, p directly represents the portion of a 
structural system that is mobilized to work against earthquake actions. 

The formation of a plastic hinge is determined by the ratio of the curvature at the beam or column ends, , to 
the yield curvature of the section, y. For the reinforced concrete beam and column members, the yield curvature, 
y, can be calculated by Equation 3 (Qu, 2010), which is an improvement based on the equation proposed by 
Hernandez-Montes and Aschleim (2003). In this study, it is assumed that a plastic hinge forms when≥ 1.5y.  

𝜙 = (1.7 + 20𝜌 )(1 − 𝛼 )
𝜀

ℎ
 (3) 

where l is the longitudinal reinforcement ratio, is the axial force ratio, sy is the yield strain of the 
longitudinal rebars, and h0 is the effective depth of the member. 
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Figure 3. Hinge locations in (a) a beam hinge mechanism and (b) a column hinge mechanism. 

 
2.2. Stiffness ratio 

The first definition of a stiffness ratio to quantify the vertical continuous stiffness in a moment-resisting frame 
was given by Akiyama and Takahashi (1984). It is the ratio of the inter-story stiffness of the so-called spread 
column, keq, to that of the moment-resisting frame, kR, which are calculated by Equation 4. 

𝑘 =
1

ℎ
12𝐸 𝐼

+
ℎ

4𝐺 𝐴

 (4a) 

𝑘 =
12

ℎ ∑
ℎ
𝐸 𝐼

+ ∑
𝑙

𝐸 𝐼

 (4b) 

where h is the story height; Ew, Iw, Gw and Aw are the Young’s modulus, moment of inertia, shear modulus and 
cross-section area of the spread column, respectively; Ec and Eb are the Young’s modulus of the columns and 
beams of the moment frame, respectively; Ic and Ib are the moments of inertia of the columns and beams of the 
frame, respectively; and l is the span length of the frame. 

 
By assuming that the spread column is infinitely rigid in shear, replacing the inter-story stiffness of a frame, 

kR, with that of a braced frame, k, and removing the constant of 12, one gets the frequently used definition of the 
stiffness ratio for a gravity column in steel braced frames (Equation 5) (MacRae et al 2004, Ji et al 2010). 

𝛼 =
𝐸 𝐼

𝑘ℎ
 (5) 

where Ew and Iw are the Young’s modulus and sectional moment of inertia of the gravity columns and k is the 
story lateral stiffness of the braced frame.  

Both of the above definitions are given on a story-by-story basis, whereas the continuous vertical stiffness 
provided by either the spread column, gravity column or the PS walls is a cross-story property.  

In this paper, a global stiffness ratio, , is defined as the ratio of the stiffness of the wall as an analog of a 
simply-supported beam under uniformly distributed loads, Kw, to that of the first modal stiffness of the moment 
frame, Kf (Equation 6). Both Kw and Kf represent global properties of either the wall or the frame, rather than 
story-by-story properties. 

𝛽 =
𝐾

𝐾
 (6a) 

𝐾 =
𝜋 𝐸 𝐼

2𝐻
 (6b) 

𝐾 =
2𝜋

𝑇
𝑀  (6c) 

where Ew, Iw and Hw are the Young’s modulus, sectional moment of inertia and height of the PS wall, respectively; 
M1 and T1 are the first mode period and participating mass of the bare frame, respectively. The first mode 
participating mass is calculated by Equation 7. For preliminary design practice, M1 can be approximately taken as 
85% of the total mass of the bare frame. 

(a) (b)
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𝑀 =
{𝜙 } [𝑀]{1}

{𝜙 } [𝑀]{𝜙 }
{𝜙 } [𝑀]{𝜙 } (7) 

where [M] and {1} are the mass matrix and the first mode shape of the bare frame, respectively. 
The analog of a simply-supported beam enables  to be readily applicable to strong spines other than 

monolithic PS walls, such as steel trusses (Lai and Mahin 2015) and coupled core walls (Janhunen et al 2013). 
The use of the first modal stiffness as the denominator in the stiffness ratio is also readily extendable when strong 
spines are used in parallel with other systems such as braced frames (Qu et al, 2014).  

It is also worth mentioning that a stiffness ratio, , between the shear and flexural stiffness of a distributed 
parameter model has been proposed to quantify the stiffness of moment-resisting frames (Pan et al 2015), which 
is represented by a continuous shear beam, relative to the stiffness of the PS wall, which is represented by a 
continuous flexural beam (Equation 8). 

𝜆 =
𝐾𝐻

𝐸 𝐼
 (8) 

where K is the distributed stiffness of the frame, which corresponds to the shear force when a unit inter-story drift 
ratio is applied and has a unit of Newton; H is the total height of the building.  

This definition also captures the global nature of a PS wall in spreading inter-story drift over multiple stories. 
By assuming that Kf=K/H and H=Hw, one gets the relationship between  and  as in Equation 9. 

𝛽 =
𝜋 𝐸 𝐼

2𝐻 𝐾
=

𝜋

2𝜆
≈
48.7

𝜆
 (9) 

3. Prototype buildings and analysis model 

Six prototype RC moment frames of 4, 8 and 12 stories are established for the evaluation of stiffness and 
strength demands for PS walls. All six frames have the same plan layout (Figure 4), which represents typical 
classroom buildings in China. They are assumed to be located on a stiff soil site of a 0.4g design-basis spectral 
pseudo acceleration, that is, in an Intensity VIII region in the Chinese seismic design code (GB 50011-2010, 2010). 
The story height is 4.1m for the bottom story, 3.8m for the second story, and 3.6m for all other stories for all 
frames. C40 concrete of 40 MPa nominal compressive strength on 150 mm cubes and HRB400 rebars of 400 MPa 
nominal yield strength are used. The cast-in-situ RC slabs are 120 mm thick and are reinforced by two layers of 
10 mm diameter rebars distributed at 150mm spacing in both directions. A single bay in the frame as is enclosed 
by dashed lines in Figure 4 is taken as the planar frame prototypes in the following analysis (Figure 5).  

 

Figure 4. Plan layout of prototype RC frames (unit: mm) 
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Figure 5. Elevation of prototype planar frames of (a) 4 stories, (b) 8 stories and (c) 12 stories (unit: m). 

 
The prototype moment frames use two different practices in proportioning the beams and columns. One 

adopts the capacity design that is enforced in the Chinese seismic design codes (GB50011-2010, 2010). In 
particular, a strong column-weak beam factor, , is applied to amplify the flexural strength demands for the 
columns to satisfy Equation 10. The frames that are proportioned by this practice are referred to as strong column-
weak beam frames (SC frames), hereinafter.  

𝑀 = 𝜂 𝑀  (10) 

where Mc and Mb are the sum of the design moment of columns and that of the beams framing into the same 
joint.  is the strong column-weak beam factor. For frames located in regions of Intensity VIII,  = 1.7 for frames 
taller than 24 m, and  =1.5 for other frames as per GB50011-2010 (2010). 

In the other practice, the code-stipulated strong column-weak beam requirement is waived. Meanwhile, larger 
beam and smaller column cross sections are chosen to reduce the column-to-beam stiffness ratios. The resultant 
frames are referred to as weak column-strong beam frames (WC frames), hereinafter. Although the WC frames 
do not conform to the current seismic provisions in most seismic regions of the world, they are representative of 
the existing buildings, especially those designed and constructed before the 1980s when the strong column-weak 
beam concept was proposed. As aforementioned, the PS wall system is a promising solution for the seismic 
retrofitting of the WC frames to avoid weak story collapse, even though they do not change the hinge mechanism 
of the frames, as will be shown in the following discussions. Full details of the prototype frames including the 
cross-section dimensions and reinforcement are found in Qu et al (2019). 

The RC moment frames are modelled in OpenSees (McKenna 2011) by the fishbone model (Nakashima et 
al 2002) in which the multiple columns in a planar frame are condensed into a single column, and all beams at 
each floor level are condensed into two half-span beams on both sides of the beam-to-column joint at the same 
level (Figure 6). The RC frame elements are represented by fiber-sectioned beam elements, in which the RC cross 
section is divided into many concrete fibers and steel fibers of uniaxial hysteretic behavior. The built-in 
Concrete02 model in OpenSees, which adopts the Kent-Scott-Park model for the skeleton curve and is capable of 
modelling both the strength and stiffness deterioration of concrete, is used for the concrete fibers. The fundamental 
periods of vibration of the six prototype bare frames in their linear elastic state are listed in Table 1. The adequacy 
of the fishbone model in modelling the nonlinear seismic responses of low- and medium-rise RC frames up to 12 
stories was demonstrated in Qu et al (2019). For taller buildings, the global flexural response of the frame may 
have a nonnegligible effect on the performance of the PS wall-frame system, and more advanced numerical models 
or a modified fishbone that considers this effect (e.g., Khaloo et al, 2013) should be used.  
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Figure 6. Numerical model in OpenSees for PS wall-frame structure 

Table 1. Fundamental periods of prototype bare frames and frames with rigid PS walls (unit: s) 

 
SC frames WC frames 

Bare w/ rigid PS wall Bare w/ rigid PS wall 

4-story 0.656 0.618 0.841 0.781 

8-story 1.068 1.000 0.988 0.944 
12-story 1.656 1.578 1.474 1.435 

 
The PS wall is represented by a linear elastic beam standing parallel and connected to the RC frame by rigid 

links between the lumped mass of the floor and the wall at each floor level. The wall is supported by an ideal pin 
at its bottom in the numerical model (Figure 6). The vibration periods of the PS wall-frame systems when the PS 
wall is infinitely rigid are also listed in Table 1. The introduction of a rigid PS wall only has a marginal effect on 
the vibration periods. In the following analysis, the sectional stiffness of the PS wall is varied from zero to a very 
large value to see its effect on the seismic response of the structure. As aforementioned, the PS walls, and other 
strong spines, are usually used together with energy dissipating devices, which would have an influence on the 
stiffness and strength demands of the PS walls. For the present paper, energy dissipating devices are not taken 
into account for simplicity. Their influence will be investigated in further studies.  

4. Incremental dynamic analysis and performance target 

The incremental dynamic analysis (IDA) is conducted for the prototype moment-resisting frames with PS 
walls of various stiffness ratios, . The structures are subjected to two suites of ground motions selected from the 
PEER ground motion database, that is, a pulse-like ground motion suite of 26 records and a non-pulse like suite 
of another 26 records. In an IDA, the seismic responses of a building to a set of selected earthquake ground 
motions, which are scaled incrementally by an intensity measure (IM), are calculated through nonlinear dynamic 
analysis, and the fragility curve which relates the IM to the probability of exceeding a prescribed damage limit 
state can be obtained. More details and the implementation of IDA can be found in Vamvatsikos and Cornell 
(2002). The information of the selected ground motion records is provided in the appendix. The spectral 
acceleration of 5% damping corresponding to the fundamental period of the frame, Sa(T1, 5%), is taken as the 
intensity measure (IM). All ground motion records are normalized by PGV before they are collectively scaled by 
the IM for the incremental analysis. The pseudo acceleration spectra of the records which are normalized to have 
PGV=50cm/s are depicted in Figure 7. 
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Figure 7. Pseudo acceleration spectra of normalized input ground motion records in (a) non-pulse-like suite, (b) 

pulse-like suite and (c) a comparison between mean spectra with design spectrum. 

With the increase in IM, both the plasticity ratio and the strength demand for a PS wall to remain elastic are 
expected to increase, although the increase may not be linearly proportional. To provide a consistent basis, a 
maximum inter-story drift ratio, max, of 2%, is taken as the performance target in IDA. This is because (1) it is a 
commonly-used allowable story drift for buildings under major earthquakes (e.g., ASCE 7-10, 2010), GB50011-
2010, 2010) and (2) it is a large enough story drift for moment frames to develop a plastic mechanism so that the 
plasticity ratio, p, can be used to quantify the transition from an inferior local mechanism to a preferred global 
mechanism. The plasticity ratios and internal force in the elastic PS walls when the frame exhibits a maximum 
inter-story drift ratio of 2% are taken as the basis for the stiffness and strength demand evaluation in this paper.  

The hunt and fill algorithm proposed by Vamvatsikos and Cornell (2004) is used to search for the IM 
corresponding to the performance target of 2% inter-story drift. The allowable relative error of the IM in searching 
for the performance target is 1%. The IDA curves of the SC frames taking max as the damage measure are depicted 
in Figure 8 for example. The hollow squares on the IDA curves indicate the performance target points, at which 
the stiffness and strength demands will be evaluated in the following sections. 

 

 
Figure 8. IDA curves for SC frame with =1 under (a) non-pulse-like and (b) pulse-like ground motions 
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The average responses of the IDA results for the 26 ground motion records in a suite, either pulse-like or 
non-pulse like are further investigated to provide insight into the behavior of the PS wall-frame system.  

As have been repeatedly demonstrated in previous studies (Ji et al, 2009 among others), the DCFs would 
decrease significantly as the stiffness ratio increases. This effect is evidently more pronounced for WC frames 
(dashed lines in Figure 9) which generally exhibit much higher DCFs in the absence of a PS wall (i.e. severer drift 
concentration). The characteristics of the ground motions also affect the DCFs. For 4- and 8-story structures, 
pulse-like ground motions tend to create larger DCFs in the structures, while it is the opposite for 12-story 
structures (Figure 9). 

 

 

Figure 9. DCF-stiffness ratio relationship for (a) 4-story, (b) 8-story and (c) 12-story prototype buildings. 

The relationships between the plasticity ratio, p, and the stiffness ratio, , for all prototype structures under 
both suite of ground motions are summarized in Figure 10. The following can be observed.  

(1) In the absence of a PS wall (i.e. ≈ 0), the WC frames exhibit much lower plasticity ratios than do the 
SC frames. Under the non-pulse-like motions, for example, the bare frame p’s are 0.31, 0.36 and 0.43 for the 4-, 
8- and 12-story SC frames, respectively, while the p’s are only 0.22, 0.22 and 0.20 for the corresponding WC 
frames. Furthermore, the bare frame p increases with the number of stories for SC frames, but not for WC frames.  

(2) In the absence of a PS wall, p is sensitive to ground motion characteristics for both SC and WC frames. 
For 8-story frames (Figure 10b), for example, the p’s under the non-pulse-like ground motion suite are 0.36 and 
0.22 for the SC and WC frames, respectively. They dropped to 0.27 and 0.18 under the pulse-like ground motion 
suite even though the maximum inter-story drift ratios are the same (i.e., 2%) in both cases.  

(3) With the increase in  (a stiffer PS wall), p generally increases for most prototype buildings but in a 
different manner. For low-rise buildings (e.g., 4-story), the PS wall has practically no effect on p until  reaches 
a threshold beyond which p approaches to the ideal 0.5 rapidly (Figure 10a). On the other hand, for taller 
buildings (e.g., 12-story), the increase in  takes effect in an earlier stage and in a more gradual process (Figure 
10c). 

(4) As  becomes larger, the difference between the results of the two ground motion suites tends to decrease. 
When  is large enough to draw p close to 0.5, the effect of ground motion characteristics becomes negligible, 
indicating a more robust structural system against the record-to-record variability.  
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Figure 10. Plasticity ratio-stiffness ratio relationship. 
Recall that in the illustrative example in Figure 7, the plasticity ratio, p, is 0.5 when a global plastic 

mechanism forms, no matter if it is a column hinge or a beam hinge mechanism. This is when the seismic capacity 
of the moment frame is fully mobilized. Although p may exceed 0.5 in some cases, especially when multiple-
span frames are modelled, an p of 0.5 is deemed to be a preferable target for a PS wall to fully activate the 
different stories in a moment-resisting frame to resist earthquakes. According to the results in Figure 10, the p is 
generally close to or even exceeds 0.5 when  is 2 for all the prototype structures under both suites of ground 
motions. Therefore,  = 2 is recommended as a reference value when proportioning PS walls in the preliminary 
design for a multistory moment frame no matter if it is a strong column or a weak column frame.  

It is also interesting to note that Pan et al (2015) suggested a relative stiffness  of no more than 10 to 
effectively reduce the DCF. According to the approximate relationship between  and  in Equation 9, this 
criterion is equivalent to requiring that  ≥ 0.485, which is insufficient to ensure a global plastic mechanism to 
form in terms of plasticity ratios as shown in Figure 10.  

Figure 11 demonstrates the change of plastic hinge mechanism for the 4- and 8-story prototype structures 
with various ’s under the non-pulse-like ground motion suite. When  is negligibly small, the plasticity in both 
the frames tends to concentrate in the lower stories or some middle stories, depending on the ground motion 
characteristics. When =2, all frames developed a global mechanism of p=0.5. However, the increase of  would 
not change a column hinge mechanism into a beam hinge one.  

 

 

 
Figure 11. Plastic hinge distribution of (a) a 4-story SC frame, (b) a 4-story WC frame, (c) an 8-story SC frame 

and (d) an 8-story SC frame at max = 2% under non-pulse-like ground motion suite. 

The recommended value of  = 2 is independent of the height of the structures. By its definition, the stiffness 
ratio, , has already taken into account the influence of structural height on the stiffness demands of PS walls. By 
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assuming that the concrete Young’s modulus, Ew, the thickness of a PS wall and the number of identical PS walls 
in a PS wall-frame system are constant, one obtains Equation 11.  

𝛽 ∝
𝑑

𝐻 𝐾
 (11) 

where dw is the cross-sectional depth of the PS wall. 
By further assuming that the first mode participating mass, M1, is proportional to the structural height and 

T1=0.0466H0.9 as recommended in ASCE 7 (2010) for RC moment-resisting frames, the first mode stiffness, Kf, 
is inversely proportional to H0.8 (Equation 12).  

𝐾 =
𝑀

𝑇
2𝜋

∝
𝐻

𝐻 .
= 𝐻 .  (12) 

By substituting Equation 12 into Equation 11, and with the recommended  of two, which is independent of 
H, Equation 13 is obtained. It indicates that the required depth of a PS wall to fully mobilize the moment frame 
grows much more slowly than the total height of the structure (Figure 12). 

𝑑 ∝ 𝐻 .  (13) 

 
Figure 12. Growth of required PS wall cross sectional depth, dw, with number of stories, n. 

By motivating more structural elements to contribute to the resistance to earthquakes, the PS walls also 
increase the lateral strength of the structural system, although the walls themselves do not sustain any lateral 
resistance if there is no frame. Figure 13 depicts the IM at the performance target of 2% maximum inter-story 
drift of PS wall-frame systems normalized by that of the bare frame. In all cases, the PS walls tend to increase the 
IM at the performance target. This effect is most significant for tall WC frames under non-pulse like ground 
motions. When =2, the PS wall increases the IM at the performance target of the SC frames by approximately 
30%-37%, while the increases are 42%, 106% and 142% for the 4-, 8- and 12-story WC frames under non-pulse-
like ground motion suites, respectively, and are 54%, 93% and 125% under the pulse-like suite. 

 

 

Figure 13. Relationship between increased collapse margin ratios and PS wall stiffness ratios under (a) 
non-pulse-like ground motions and (b) pulse-like ground motions. 
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6. Strength demand for pin-supported walls 

PS walls are expected to remain elastic so as to maintain the continuous vertical stiffness of the system when 
the rest of structure may have developed considerable plasticity. The strength demand for PS walls may depend 
on the following factors. 

(1) Performance target. Taking max as the DM to define the performance target, the larger the target max is, 
the larger the strength demand is expected for the PS walls. Assuming an elastic PS wall, the maximum internal 
force in the PS wall in the 8-story SC frame by both the IDA under the JOS000 record and the nonlinear pushover 
analysis with an inverted triangular lateral force is depicted in Figure 14. In all cases, both the maximum moment 
and shear force in the PS wall increase with the increase of max.  

(2) Stiffness ratio. In Figure 14, the internal force in a PS wall of =3 is several times larger than in a PS wall 
of =0.1. The stiffer a PS wall is, the more uniform a lateral drift pattern it tends to impose on the companion 
moment-resisting frame, and at the same time, the larger internal force it needs to accommodate to remain elastic.  

(3) Higher mode effect. It is evident by the example in Figure 14 that a large portion of the strength demand 
for PS walls is attributed to the higher mode effect, which can be well captured by a dynamic analysis procedure 
(e.g., IDA) but not by a static pushover analysis. The maximum moment in the PS wall when max=2% estimated 
by an IDA is 2.2 times that by a pushover analysis when =3, and is 1.9 times when =0.1. These ratios for the 
maximum shear force in PS walls are 1.36 when =3 and 1.4 when =0.1.  

The higher mode effect in a PS wall-frame system was also well documented by Wu et al (2016). In the 
displacement-based design procedure proposed by Rossi (2007) for tied braced frames, the second mode of 
vibration is also taken into account in determining the force demand for the braced frame substructures, which 
serve as strong spines in the system.  

 

 
Figure 14. Maximum internal force in PS wall in an 8-story SC frame estimated by different analysis 

procedures: (a) moment and (b) shear force. 
 

The relationship between the maximum internal force (moment and shear force) in the PS walls and the 
stiffness ratio, , is depicted in Figure 15 and 16 based the average results of the aforementioned IDAs. The 
maximum wall moment, Mw,max, is normalized by an equivalent over-turning moment of the frame Mo=2/3∙WH, 
where W is the total weight of the structure. The maximum shear force in the wall is normalized by W. The 
following can be observed: (1) The strength demand increases with a larger , but the increase rate becomes much 
smaller beyond a certain value of ; (2) The pulse-like ground motions impose much less strength demands on 
the PS walls; (3) In most cases, the normalized strength demand is higher for taller buildings. 
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Figure 15. Normalized maximum moment in a PS wall under (a) non-pulse-like ground motions and (b) pulse-
like ground motions. 

 
Figure 16. Normalized maximum shear force in a PS wall under (a) non-pulse-like ground motions and (b) 

pulse-like ground motions. 
 

The normalized maximum internal forces in PS walls of =2 are summarized in Figure 17. The maximum 
wall forces are larger when the wall is connected to a SC frame than when it is connected to a WC frame, with 
the exception of the 12-story structures, in which the latter is slightly larger than the former. For the prototype 
structures in this study, it is generally conservative to size the PS wall to resist a maximum shear force of 0.25W 
and a maximum moment of 0.1Mo. The shear force demand is also critical for proportioning the pin support of the 
wall, because the maximum shear of the PS wall is very likely to take place at the base.  

 

 
Figure 17. Normalized maximum force in PS wall when =2 under non-pulse-like suite: (a) shear and (b) 

moment. 
 

The analogy between a PS wall and a simply supported beam under uniformly distributed load, based on 
which the stiffness ratio, , is proposed, is assured by the internal force distribution of the prototype structures 
(Figure 18). The distributions shown in Figure 18 are the average of results corresponding to the ground motions 
in the non-pulse-like suite at the 2% inter-story drift performance target. When the wall is slender and  is low, 
both the shear force and moment distributions exhibit large scattering among different prototype buildings, and 
deviate significantly from the ideal force distribution in a simply supported beam under uniformly distributed load. 
With the increase in , the scattering decreases and the distributions become very close to those of a simple 
supported beam.  
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Figure 18. Force distributions in PS walls. 

7. Conclusions  

Among a variety of strong spines in various constructions, pin-supported walls are effective in redistributing 
lateral drifts among different stories of RC frames and thus mitigating the weak story failure. To evaluate this 
effect on a rational basis, a plasticity ratio is proposed that directly represents the portion of the moment frame 
that is mobilized. The influence of the PS wall stiffness on the plasticity ratio is investigated by incremental 
dynamic analysis on six multi-story prototype frames equipped with PS walls of various stiffness. The 
corresponding strength demand for the PS walls is also extracted. The following conclusions can be drawn from 
the results. 

(1) The newly-defined stiffness ratio, , provides a consistent measure of the relative stiffness of PS walls 
to RC frames and inherently takes into account the influence of the overall structural height on the 
stiffness demands for PS walls. 

(2) A stiffness ratio of = 2 can generally ensure a global plastic mechanism by making the plasticity ratio 
close enough to 50%. This is valid for both strong column and weak column frames of various numbers 
of stories under both pulse-like and non-pulse-like ground motions.  

(3) PS walls can also increase the lateral strength of a moment-resisting frame, although the walls 
themselves do not sustain any lateral resistance if there is no frame. 

(4) Higher mode vibration has a significant effect on the strength demand of PS walls. The static analysis 
procedure may greatly underestimate the force in PS walls, and possibly in other strong spines as well.  

(5) The strength demands for PS walls tend to be larger in strong-column RC frame and when under non-
pulse-like ground motions.  

(6) For the prototype structures in the current study, a shear force of 0.25W and a moment of 0.1Mo represent 
a conservative strength demand for a PS wall of = 2. 

It should be noted that PS walls usually work together with additional energy dissipating devices. The 
influence of these devices is not taken into account in the current study and deserves further investigation.  

Data Availability Statement 

Some data, models, or codes that support the findings of this study are available from the corresponding 
author upon reasonable request. They include the full details and OpenSees models of the prototype planar frames, 
the incremental dynamic analysis results and the corresponding hinge ratios.  
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Appendix 

Table A. Near-fault ground motion records 

ID Earthquake Station File Name PGA (g) PGV (cm/s) 

1 Imperial Valley-06 El Centro Array #5 H-E05230 0.3785 90.45 

2 Imperial Valley-06 El Centro Array #6 H-E06140 0.4105 64.80 

3 Imperial Valley-06 El Centro Array #7 H-E07140 0.3375 47.56 

4 Nahanni, Canada Site 2 S2330 0.3226 33.10 

5 Superstition Hills-02 Parachute Test Site B-PTS225 0.4550 111.89 

6 Loma Prieta LGPC LGP000 0.9663 108.57 

7 Loma Prieta LGPC LGP090 0.5872 47.01 

8 Loma Prieta Saratoga - Aloha Ave STG000 0.5125 41.12 

9 Loma Prieta Saratoga - W Valley Coll. WVC000 0.2551 42.41 

10 Loma Prieta Saratoga - W Valley Coll. WVC270 0.3322 61.50 

11 Erzican, Turkey Erzincan ERZ-EW 0.4955 64.25 

12 Erzican, Turkey Erzincan ERZ-NS 0.5153 83.88 

13 Cape Mendocino Petrolia PET000 0.5896 48.28 

14 Cape Mendocino Petrolia PET090 0.6624 90.07 

15 Landers Lucerne LCN260 0.7268 146.62 

16 Northridge Newhall - Fire Station NWH360 0.5898 97.68 

17 Northridge Rinaldi Receiving Station RRS228 0.8252 160.16 

18 Northridge Rinaldi Receiving Station RRS318 0.4865 74.52 

19 Northridge Sylmar - Olive View Med FF SYL360 0.8433 130.24 

20 Kobe KJMA KJM000 0.8213 81.55 

21 Kocaeli Yarimca YPT060 0.2677 65.67 

22 Kocaeli Yarimca YPT330 0.3490 62.12 

23 Chi-Chi TCU052 TCU052 0.3482 158.88 

24 Chi-Chi TCU065 TCU065-E 0.8138 126.09 

25 Chi-Chi TCU068 TCU068 0.5660 176.49 

26 Duzce Duzce DZC270 0.3481 59.93 
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Table B. Non-pulse-like ground motion records 

ID Earthquake Station File Name PGA (g) PGV (cm/s) 

1 Friuli, Italy-01 Tolmezzo A-TMZ000 0.3513 22.02 

2 Friuli, Italy-01 Tolmezzo A-TMZ270 0.3148 30.78 

3 
Imperial Valley-

06 
Delta H-DLT262 0.2378 25.98 

4 
Imperial Valley-

06 
Delta H-DLT352 0.3511 32.99 

5 Loma Prieta Hollister Diff. Array HDA165 0.2687 43.84 

6 Loma Prieta Hollister Diff. Array HDA165 0.2789 35.53 

7 Loma Prieta 
Sunnyvale - Colton 

Ave. 
SVL270 0.2073 37.24 

8 Loma Prieta 
Sunnyvale - Colton 

Ave. 
SVL360 0.2086 36.01 

9 Cape Mendocino Rio Dell Overpass - FF RIO270 0.3854 43.78 

10 Cape Mendocino Rio Dell Overpass - FF RIO360 0.5489 42.04 

11 Landers Joshua Tree JOS000 0.2737 27.47 

12 Landers Joshua Tree JOS090 0.2840 43.36 

13 Northridge-01 Canyon Country LOS000 0.4100 42.98 

14 Northridge-01 Canyon Country LOS270 0.4820 45.37 

15 Northridge-01 
Castaic - Old Ridge 

Route 
ORR090 0.5683 52.54 

16 Northridge-01 
Castaic - Old Ridge 

Route 
ORR360 0.5143 52.17 

17 Northridge-01 LA - Saturn St STN020 0.4745 34.44 

18 Northridge-01 LA - Saturn St STN110 0.4386 39.11 

19 Kobe, Japan Kakogawa KAK000 0.2514 18.76 

20 Kobe, Japan Kakogawa KAK090 0.3447 27.64 

21 Kobe, Japan Shin-Osaka SHI000 0.2432 37.84 

22 Kobe, Japan Shin-Osaka SHI090 0.2119 27.92 

23 Chi-Chi, Taiwan CHY034 CHY034-N 0.3097 48.47 

24 Chi-Chi, Taiwan CHY034 CHY034-W 0.2485 38.81 

25 Hector Mine Hector HEC000 0.2656 28.56 

26 Hector Mine Hector HEC090 0.3368 41.72 

 




