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Abstract: As a no-disturbance integrated-retrofitting technique, an external rocking frame was widely
used on reinforced concrete (RC) structures. Yet, with the increasing demand for seismic strengthening
of existing buildings, it has become a concern to evaluate the seismic strengthening schemes based
on seismic resilience. Firstly, the dynamic equation of the structural system was derived, and the
deformation control mechanism was revealed; thus, the corresponding design method was put
forward for the rocking frame reinforcement. Secondly, after soft-first-floor structures were reinforced
by rocking frames, the evaluation method of the reinforcement scheme was investigated based on
seismic resilience. Finally, the feasibility of the assessment method was verified by a soft-first-floor
frame structure, and a comparison was made between the method proposed in this paper and the
conventional method. The results find that the soft-first-floor structure reinforced by the rocking
frame increased by 10% in the inter-layer displacement and improved by 55.6% and 63.0% in the
injury and mortality rates, compared to the buckling-restrained brace scheme. This indicates that the
reinforcement scheme of soft layer structures with rocking frames is feasible and effective, and the
reinforcement evaluation method proposed in this paper can quantitatively reflect the improvement
in seismic performance.

Keywords: buckling-restrained brace frame; rocking frame; seismic resilience; soft-first-story

1. Introduction

Changes in the lateral shift stiffness caused by the height of the structural layer are
likely to form a “soft layer” in the structure. Especially when meeting the requirements for
building spacing, the height of the building’s first floor is usually increased [1,2], which
leads to a decrease in the stiffness of the building’s first floor, thus resulting in a soft-first-
floor structure. Under seismic actions, the failure of the soft-first-floor structure usually
occurs on the first floor of the structure, which can lead to structural collapses, thus resulting
in huge economic losses and heavy casualties [3-5]. Therefore, to reduce the economic loss
and casualties of the soft-first-floor structures damaged by earthquakes, it is important to
decide on reasonable reinforcement schemes for soft-first-floor structures.

A number of methods have been proposed to reinforce the soft-first-floor structure,
such as steel brace systems, thick hybrid walls, and carbon fiber-reinforced plastic (CFRP)
sheets. Even though these methods can effectively improve seismic performance, they are
mainly dedicated to specific structural components. The purpose of seismic reinforcement is
to improve the overall structural performance instead of the specific component properties.
Recent studies have shown that the rocking structure as a new seismic structure system
plays an excellent seismic energy dissipation role in many structures [6-9]. For instance,
Kaltakci [10] proposed the additional RC shear walls to retrofit the existing RC structures
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using the coupling beams, leaving certain space for connection. The results indicated
the considerable contribution of the external walls to the overall seismic indices, such as
carrying capacity, lateral rigidity, and energy dissipation. Jung [11] proposed the external
steel-reinforced concrete frame to retrofit the medium-to-low-rise RC buildings and found
that the increasing lateral ultimate strength of the reinforced structure is as well as the
reduced response displacements. Although the superiority of the rocking structure has
been verified by numerous researchers, the primary focus is on the seismic performance
of the reinforced structure [12,13]. Comparatively, research on the design method and
assessment of reinforcement schemes for the rocking frame is relatively rare.

The evaluation methods of reinforcement schemes can be broadly classified into
two main categories, namely performance-based and resilience-based. For performance-
based evaluation of reinforcement schemes, the displacement and damage of the structure
are usually used to evaluate the rationality of different reinforcement methods. How-
ever, the performance-based evaluation of reinforcement schemes presents two challenges.
Firstly, it is difficult to accurately and comprehensively evaluate the effectiveness of rein-
forcement with a single indicator. Secondly, this method ignores the effects of the economic
losses and casualties caused by the damage to the structure. On the other hand, the
resilience-based evaluation of reinforcement schemes can be used to overcome the above-
mentioned issues. The seismic resilience of systems at different scales has been intensively
explored since the concept of seismic resilience was first introduced by Bruneau et al. [14].
In 2012, the Federal Emergency Management Agency issued FEMA-P58 [15], which uses
repair cost, repair time, and personnel as evaluation indicators of the seismic resilience of
buildings. Based on the specification of [9], Moretti et al. [16] made a seismic resilience
comparison between the conventional fixed foundation and the isolated foundation for
two types of reinforced concrete structures. Du et al. [17] compared the seismic resilience
of RC frame structure, buckling restrained brace-frame structure, and Base-isolated frame
structure and indicated that the last is the best. With the increasing studies and application
of seismic resilience, China’s evaluation standard [18] for the seismic resilience of buildings
was issued in 2020. Compared with FEMA-P58, the code [9] is more suitable for buildings
designed according to Chinese codes [18]. Based on the code [18], Shi et al. [19] analyzed
the seismic resilience of high-rise steel structures strengthened by different numbers of
dampers and proved that the structure strengthened by more dampers has greater seismic
resilience and a lower reinforcement benefit ratio.

As previously mentioned, the seismic resilience evaluation method has been success-
fully applied to the study of some shock absorption and reinforcement methods. However,
to the authors’ best knowledge, there are few investigations on seismic resilience for the
soft-first-floor structure strengthened by the rocking frame reinforcement method, which is
very important for the safety of the soft-first-floor structures.

This paper investigated the rocking frame reinforcement design method for soft-first-
floor structures, whereby a method for assessing reinforcement schemes is presented on
the basis of seismic resilience. This paper is organized as follows: Section 2 introduces the
deformation control mechanism and reinforcement design method of the rocking frame.
Section 3 describes an evaluation method for reinforcement schemes based on seismic
resilience. In Section 4, a soft-first-floor structure is validated with the evaluation method
of reinforcement schemes, and a comparison is made between the method proposed in this
paper and the conventional method. Concluding remarks are presented in Section 5.

2. Rocking Frame Reinforcement

Figure 1 shows the rocking frame reinforcement structure. This structure consists of
rigid connections, a rocking frame, and the original structure, respectively. Rigid connec-
tions ensure that forces from the original structure can be transmitted to the rocking frame,
and the rocking frame can create a reaction force to reduce deformation. Generally speak-
ing, this reinforcement method presents two distinct advantages. First, it does not interfere
with the daily lives of the residents. All the construction work is finished externally instead
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of indoors, so human activities will not be interrupted. Second, it is a precast-assembly
technique. All the components are produced ahead of time and assembled on site with
very few wet operations, which significantly improves construction quality [20].

Rigid connection

\\

Shear wall

Rocking frame ||~

Column

(b) Physical diagrar; of
reinforcement structure

(a) Sketch of reinforcement structure

Figure 1. Rocking frame reinforcement method.

2.1. Control Mechanism of Rocking Frame Deformation

A layer of the structure is taken as an isolator for analysis [21]. The rocking frame
provides control of the deformation of the structure by rigid connection when the original
structure is subjected to horizontal loads, as shown in Figure 2. The dynamic equation is
expressed as:

msf(ii+ﬁg)+Cil+kM=PL 1

where mg, ¢ and k represent the mass, damping coefficient, and system stiffness of the
original structure, respectively; u, u, i represent the displacement, the velocity, and the
acceleration of the original structure relative to the ground, respectively; F; represents the
reaction force of the rocking frame.
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Figure 2. Brief diagram of rocking frame reinforcement system.

Figure 3 shows the force diagram of the rocking frame. The equilibrium equations are
obtained according to D’ Alembert’s principle:

My + Frx + mysiigx = psgx )
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where My represents the rotational torque; m,s represents the mass of the rocking frame;
iig and g represent the ground acceleration and gravitational acceleration, respectively; x
represents the displacement of the center of mass relative to the ground.

TN
My .

Av/ Ve

Figure 3. The force diagram of the rocking frame.

Combining the parallel axis theorem, the geometric relationship between the rotation
angle of the rocking frame and the displacement relative to the ground can solve the
unknown quantity in Equation (2). F is expressed as:

. 1 AN
F = mysg — mysiig — <3mrsR + mr52> Tsind 3)

where 6 and 6 represent the rotation angle and angular acceleration of the rocking frame,
respectively; h represents the height of the rocking frame.

According to Equation (3), when the mass of the rocking frame is fixed, the reaction
force of the rocking frame mainly depends on the rotation angle. Thus, the mechanism of
deformation control by the rocking frame is the horizontal reaction force generated by the
rocking frame that resists the inter-storey shear force from the original structure when the
structure experiences inter-storey deformation, which achieves the purpose of controlling
damage and deformation.

2.2. Rocking Frame Design Method

The lateral stiffness of the rocking frame is related to its horizontal load and defor-
mation values. Since the deformation of the rocking frame is essentially consistent with
the deformation of the original structure, the stiffness requirements for the rocking frame
can be obtained by using the acceleration response spectrum of the structure to calculate
the horizontal seismic action effect after setting the target value of the deformation for the
original structure. The detailed procedures are as follows:

Firstly, the horizontal seismic actions at each floor of the structure are calculated by
Equations (4) and (5), as shown in Figure 4.

Fo = alGeq 4)
F=———F(=12---,n 5

where F, a1 and G, represent the total shear at the bottom of the structure, the seismic
impact coefficient, and the total gravity load of the original structure, respectively, and
Gy and h; represent the weight and height of the /th floor of the structure; subscript [ is the
Ith floor of the structure.
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Figure 4. Structural horizontal seismic force diagram.

The lateral stiffness of the floors and the original structure are calculated by
Equations (6) and (7), respectively.

krs = 12Ey5Ls /13 + Eyps ApsWis? /L3 (1 = 1,2, - -+ 1) ®)

kef = 12nEsIs /] + GAs/ly(1=1,2,- -+ ,n) 7)

where ks and ksf represent the lateral stiffness of the rocking frame and the original structure,
respectively; E;s and I;s represent the elastic modulus of rocking frame steel and the inertia
moment of the column in the rocking frame, respectively; A,s represents the section area of
the rocking frame diagonal bars; W;s and L,s represent the span and length of the rocking
frame, respectively. E; and G represent the elastic modulus and shear modulus of the
original structure, respectively. As and I; represent the section area of the shear wall and
the inertia moment of the column in the origin structure, respectively; ns represents the
number of frame columns per floor.
The inter-story displacement of the structure can be expressed as:

e = (3Fek +Yr zp,) [k ®)

where u; denotes the inter-story displacement of the structure.

Secondly, the Npcr is used to evaluate the effect of vertical deformation on the struc-
ture, which is denoted as: o

Npcr = utn}a;; )

where H represents the total height of the structure, Omax represents the maximum drift ratio
of the rocking frame. For areas with high seismic fortification intensity, the value of Npcp
should be close to 1 [22], which generally defaults to a constant. Thus, after determining u
according to the structural design requirements, the 6max can be calculated.

Finally, the layer lateral stiffness of the rocking frame-reinforced structure is calculated
by Equations (4)-(9).

Kr = F/0max (10)

Ky = ke + ks (11)

where K is the layer lateral stiffness of the rocking frame reinforced structure.

3. Evaluation Methodology of Reinforcement Scheme

The seismic resilience of a building refers to the ability of the building to recover its
initial functions in post-earthquake recovery and reconstruction. There are three indicators
for the Chinese design code ‘Evaluation of Seismic Resilience of Buildings’ to evaluate
the seismic resilience, namely repair cost, repair time, and casualty rate [23,24]. Based
on the code, this paper presents an evaluation methodology for a reinforcement scheme.
The framework can be summarized in Figure 5. The evaluation method consists of three
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parts: judgment of structural repairability, calculation of resilience index, and evaluation of
reinforcement scheme. More details are described as follows:
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Figure 5. Flow chart of evaluation method based on seismic resilience.

3.1. Judgment of Structural Repairability

Firstly, the structure is modeled, and more than 11 earthquake ground motions are
selected for dynamic nonlinear time history analysis. Secondly, the maximum residual
story drift ratio of the structure under the action of each ground motion is counted. Finally,
it is determined whether the average value of the maximum residual story drift ratio
of the structure suffering the earthquake is within the limit of 1/200. If it is yes, the
structure is repairable and can be analyzed for seismic resilience; if it is no, the structure is

not repairable.

3.2. Calculation of Resilience Index

Firstly, collate the deformation data of members into an engineering demand
parameters (EDP) matrix. Secondly, in order to reduce the uncertainty in the analysis,
the deformation of each component is assumed to obey the lognormal distribution, and the
EDP matrix is thus expanded using the Monte Carlo method. To ensure the EDP matrix has
the same statistical characteristics after the expansion, the relative error of the mean and the
relative error of the covariance are calculated by Equations (12) and (13) respectively [25].

m A,
= 12
Ca Z; niAa (12)
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D (13)

where C4 represents the relative error of the mean of the EDP matrix before and after the
expansion, Cc represents the relative error of the covariance of the EDP matrix before and
after the expansion, Ab; and Aa; represent the mean of the EDP matrix before and after the
expansion, respectively, and Cb; and Ca; represent the covariance of the EDP matrix before
and after the expansion of the structure.

Figure 6 shows the Monte Carlo simulation process. Monte Carlo simulations are
carried out with more than 1000 simulations. As soon as the number of simulations is
determined, a group of EDPs can be selected in turn. The probability of components
with varying degrees of damage is calculated based on the vulnerability curve and EDP.
According to the judgment results of component damage degree, the calculation parameters
of the resilience index can be obtained from the design code, such as the loss coefficient
and repair coefficient. In the end, the seismic resilience index can be calculated.

Number and type of
components

Component vulnerability
database

071
random

Goulp i EDP

Determine damage status
[
[ Repair cost J [Repair time Injury rate J [Mormlity ratej
[ I [

@
no

Figure 6. Monte Carlo simulation process.

With the increase in height of the structure, the repair of the structure becomes more
difficult. With consideration of this factor, the structural repair cost and repair time are
calculated according to Equations (14) and (15). The repair cost of the structure is the sum
of the repair costs of the damaged stories. Assuming that each story is repaired at the same
time, the repair time of the structure should be the maximum repair time for each story.
The casualty rate of the structure is the sum of the stories. The casualty rate of the story is
calculated according to the damage degree of the floor and the indoor personnel density, as
shown in Equations (16) and (17).

n
Ke =Y AcRp (14)
=1

where n represents the total of structural stories, I represents the sequential number of
structural stories, [ =1, 2, ..., n, R() represents the repair cost of each story, A represents
the influence coefficient of height of each story, which can be obtained from the design
code, and K¢ represents the repair cost of the structure.

Kt = max(Ty) (15)
where T is the repair time of each story, and Kr represents the structural repair time.
5 n
Y Thr X GmAm
r=1 =1

Y A (16)

Kin =
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5 n
Y tar o CmAm
r=1 =1
Y CmAm
where, 1y, represents the nominal injury rate, and r,, represents the nominal mortality rate,
ty and 74 can be obtained from the code, {;; represents the indoor personnel density, A,

represents the area of stories, Ky represents the injury rate of structure, and Kj represents
the mortality of structure.

Ky = (17)

3.3. Evaluation of Reinforcement Scheme

As mentioned above, a direct comparison of the seismic resilience indexes cannot
reflect the issue of how much the reinforcement scheme can improve. Thus, this paper
proposes the seismic resilience enhancement index, as in Equation (18).

_ Ki—Kei

R:
i K;

(18)
where, R; represents the seismic resilience enhancement index; K; and K,; are the seis-
mic resilience indexes of unreinforced and reinforced structures, respectively; the sub-
script i could be C, T, IN, or M, which represents repair cost, repair time, injury rate, or
mortality, respectively.

The larger the R value, the greater the improvement in seismic resilience. The reason-
able reinforcement method is selected according to the seismic resilience index and the
seismic resilience enhancement index. First of all, the seismic resilience index is compared.
Since priority is placed on the safety of people’s lives, the casualty rate should be given
priority. If the casualty rate is the same or with little difference, the disaster relief fund
is sufficient, and the repair time will be compared. If the repair time is the same or there
is a subtle difference, then the repair cost will be compared. Through comparison, the
reinforcement scheme can be determined. After that, the selected reinforcement scheme is
adjusted according to the resilience enhancement index.

4. Engineering Application
4.1. Introduction to Practical Engineering and Reinforcement Schemes

An 8-story RC frame structure was designed by YJK-3.1.0 Software [26] according to
the Chinese code [27]. The first floor is 4.5 m high, and the rest of the floors are 3.6 m high.
Figure 7 shows the plan view of the soft-first-floor structure [28,29]. The seismic intensity
of the building is 7 degrees (0.1 g), the site category is a Class Il site, and the design seismic
grouping is Group III. Figure 8 shows the stiffness ratio of each floor. To be clear, when
the lateral stiffness ratio of the first floor is less than 70% of the adjacent upper floor, the
structure is considered a soft-first-floor structure. The lateral stiffness ratio of the first floor
to the second is 0.512, which is less than 0.7. For this kind of structure in an earthquake, the
first floor often experiences serious local deformation, leading to a concentration of damage.
This can easily cause damage to the first floor or even collapse, resulting in a significant
loss of life and property.

The lateral stiffness of the rocking frame was calculated by Equations (10) and (11),
whereby its dimensions were designed. The schematic diagram of the rocking frame is
shown in Figure 1. The material of the rocking frame was Q395 steel, the specification
and model of steel for columns and beams were HW400 x 400 x 13 x 21, and the spec-
ification and model of steel for braces were 40C. Figure 9 shows the arrangement of the
rocking frame.
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(a) Plan view (b) Three-dimensional view

Figure 7. Structural arrangement diagram.
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Figure 9. Reinforced structure arrangement diagram.

4.2. Model Buildup and Verification

The traditional simulation method based on Abaqus mainly uses solid units for
simulation. Although the simulation degree of solid units is high, its efficiency is affected
by hardware. Comparatively, the model based on OpenSees can improve computation
efficiency while ensuring precision. Thus, the simulations and modeling presented in this
paper have been carried out using OpenSees.

The finite element models of three structures were developed with OpenSees, includ-
ing the soft-first-floor frame structure (hereinafter referred to as “F”), the rocking frame
reinforced structure (hereinafter referred to as "RF"), and the buckling-restrained brace
reinforced structure (hereinafter referred to as “BRB”) [30-32]. The rocking frame was
connected to the original structure using a rigid link. The rocking frame and the original
structure were connected to the ground through hinge joints and rigid connections, respec-
tively [33,34]. The energy-dissipating brace was simulated by using a truss element [35,36].
Concrete was modeled using the Concrete02 material model, and the constitutive parame-
ters were calculated by the modified Kent-Scott-Park model [37]. The calculated concrete
principal parameters are shown in Table 1. Steel reinforcement was modeled using the
Steel02 material model, and the steel constitutive parameters were obtained based on the
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Giuffre-Menegotto-Pinto model, as shown in Table 2. The beams and columns of the frame
structure adopt the force-based nonlinear beam column element. The steel beams and
columns of the rocking frame all adopt a force-based nonlinear beam column element.

Table 1. Concrete02 material model.

Type f/MPa & feu/MPa & fi/MPa
Unconstrained concrete 26.8 0.0015 10 0.0033 3.22
Concrete in the column core area 30 0.0022 20 0.013 3.41
Concrete in the core area of the beam 28 0.0021 17 0.0076 3.29
Note: f, is the ultimate compressive strength of concrete.
Table 2. Steel02 material model.
f,/MPa Ex105/MPa b RO CR1 CR2
360 2 0.001 18 0.925 0.15

Previous shaking table tests [19] were modeled and analyzed using the above modeling
approach. Figure 10 shows the comparison chart for the acceleration response spectrum.
It can be seen that the numerical simulation results are roughly in agreement with the
experimental results. This implies that the modeling method can be used for subsequent
numerical analysis.

test value simulation value

2, 2
| test value simulation value
1 Wil ‘ 11
i g

1 m
ki oM o Ty 111/ R Y T 1YY \
I ’U“ U A sttt et I st fAAA | st
iy ey v ) bl |
! {

a/g

i
|

—14 |“ |
2

15 20 25 30
Tls

(b) Direction H2

15 20 25 30 0 5 10
Tls

(a) Direction H1

0 5 10

Figure 10. Comparison chart of acceleration response spectrum.

Table 3 shows the first three periods of the structures. It can be seen that the periods
of the reinforced structure are shorter than those of the original structure. This implies
that finite element models can simulate the improvement of structural stiffness by the
reinforcement method.

Table 3. The first three periods of the structures.

Period (s)
Mode
F RF BRB
1 1.2462 1.1960 1.2433
2 1.2385 0.9070 0.9626
3 1.1251 0.8577 0.9533

4.3. Selection of Seismic Waves

The same earthquake waves were used as the input load for the structures. The seismic
grouping of the structure in this paper is group III, which is equivalent to the far-field
seismic zone. Thus, the 22 far-field seismic waves recommended in ATC-63 were selected
for the nonlinear time history analysis. After seismic waves were input into the structure,
the nonlinear time history analysis was conducted under the action of bidirectional ground
motion. The acceleration response spectra are shown in Figure 11. According to the
Chinese code [27], the peak ground acceleration of seismic waves was adjusted to the rarely



Buildings 2024, 14, 197

11 0f 19

occurring earthquake intensity (0.22 g) and the very rarely occurring earthquake intensity
(0.31 g). The ratio of peak ground acceleration between directions H1 and H2 is 1:0.85.

1.0 ith spectrum 1.0} ith spectrum
= Design spectrum = Design spectrum
08 Average spectrum 0.8} Average spectrum
0.6

Acceleration(g)

Acceleration(g)

Period(s) Period(s)
(a) Direction H1 (b) Direction H2

Figure 11. Acceleration response spectra. Note: H1 is the direction along the long side of the structure.
H2 is the direction along the short side of the structure.

4.4. Evaluation of Reinforcement Scheme
4.4.1. Structural Repairability

Using the model built in this paper, the residual inter-story drift ratios were analyzed
under the selected ground motion records for each structure. The mean values of the
residual inter-story drift ratio (MRIDR) were also calculated for each structure, as shown
in Figure 12. Whether excited by a rarely occurring earthquake or a very rarely occurring
earthquake, the MRIDR values of the original structures and the reinforced structures are
significantly lower than the limit of 1/200. So, the structures can be repaired. The resilience
analysis can be continued.

8 8 A &
— . F
—4&—RF —a—F
6F —+—BRB 6 .
—&— BRB
>
54 - g4
n n
21 2
0 1 1 0 L
0.0000 0.0002 0.0004 0.0000 0.0005 0.0010
MRIDR(rad) MRIDR(rad)
(a) Rarely occurred earthquake b) Very rarely occurred earthquake
y q y y q

Figure 12. The mean curves of residual inter-story drift ratio.

4.4.2. Resilience Index

In this paper, the damage values of the member were taken as the engineering demand
parameters (EDPs), and a 22-time elastoplastic time-history analysis was undergone for each
structure, and the analysis results were composed into an expanded EDP matrix. The number
of Monte Carlo simulations was taken as 3000 times. According to Equations (12) and (13),
the relative errors between the characteristics of the EDP matrix and those of the expanded
EDP matrix are shown in Table 4. From the table, all the relative errors of different members
are close to 1. This indicates that the statistical characteristics of the EDP matrix before and
after the expansion are basically consistent.



Buildings 2024, 14, 197

12 0of 19

Table 4. Test parameters.
F BRB RF
Earthqu.ake Relative Error

Intensity Beam Column Beam Column Beam Column
Rarely occurred Cyu 0.9951 1.0044 1.0011 1.0008 0.9993 1.0022
earthquake Cc 0.9506 1.0164 1.0478 1.0097 0.9763 1.0159
Very rarely occurred Ca 1.0006 1.0002 0.9985 0.9976 0.9990 0.9992
earthquake Cc 0.9730 1.0420 1.1129 1.0614 0.9966 0.9979

(1) Repair costs
The repair cost of the structural members is shown in Table 5. Through Monte Carlo

simulation, the obtained data on the repair cost of 3000 structural elements generally
conformed to a lognormal distribution. As shown in Figure 13, the structural repair cost
data are fitted. We can find three values from this figure, namely the mean and normal
standard deviation, and the 84% percentile values of the repair cost. For rarely occurring
earthquake intensities, the repair cost of the structure strengthened by the rocking frame
is reduced by 24.1%, and the repair cost of the structure strengthened by the buckling-
restrained brace is reduced by 25.9%. For very rarely occurring earthquake intensity, the
repair cost of the structure strengthened by the rocking frame is reduced by 3.5%, and
the repair cost of the structure strengthened by the buckling-restrained brace is reduced
by 4.48%. It can be seen that both buckling-restrained brace and rocking frame schemes
can reduce the repair cost of the structure at different earthquake intensities, and the

reinforcement effect of the BRB is slightly better.

Table 5. Repair costs for members.

Column Beam
Component (b x h x 1)
0.6 x 0.6 x45 0.6 x 0.6 x 3.6 0.3 x0.6 X6 0.3 x 0.65 x 3
Cost (CNY/per) 1275 1022 502 267
[ IRate 14 . |Rate 8
The fitting curve 12 The fitting curve 7
- — -84% percentile value - 3 — — -84% percentile value P
1=5.874 g 6x
=1.571 8 _ 53
1=6.061 &£ i i 10'?55 : 3
0=2.163 6 ® 1=11.352 ¢=3.136 48
1=7.477 4 \5 p=11.575 0=3476 : 5 :5
0=2.326 2 & 0=2.167 i )
X
0 1
30 0

(a) Rarely occurred earthquake (b) Very rarely occurred earthquake

Figure 13. Repair cost.

(2) Repair time

The structural repair time data from 3000 Monte Carlo simulations were fitted to a log-
normal function, and the 84% percentile values of the data are taken as the presented results,
as shown in Figure 14. For rarely occurring earthquake intensities, the repair time of the RF
is reduced by 24.6%, and the repair time of the BRB is reduced by 26.1%. For very rarely
occurring earthquake intensities, the repair time of the RF is reduced by 21.6% and the
repair time of the BRB is reduced by 25.7%. It can be seen that both strengthening schemes

can effectively reduce the repair time of the structure at different earthquake intensities,
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— - - 84% percentile value

and the BRB is better. With the increase in earthquake intensity, seismic resilience has

slightly decreased for both reinforcement schemes.
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Figure 14. Repair time.

(3) Injury rate and mortality rate
Assuming that this soft-first-floor structure is used as an office building, the indoor
population density is 0.5. According to Equations (16) and (17), after 3000 times of Monte
Carlo simulation, the structural injury ratio and casualty rate data are obtained, as shown
in Table 6. For rarely occurring earthquake intensity, the injury rates are reduced by 63%
and 7.4%, and mortality rates are reduced by 64.7% and 1.7% of the structure strengthened
by both strengthening schemes. For very rarely occurring earthquake intensity, the injury
rates are reduced by 22.8% and 8.6%, and mortality rates are reduced by 24.3% and 2.1% of
the structure strengthened by both strengthening schemes. It can be seen that a rocking
frame scheme can more effectively reduce the casualty rate caused by seismic waves of
different intensities. On the basis of the casualty ratio, with the increase in earthquake
intensity, the seismic resilience of the structure decreases for both reinforcement schemes.

Table 6. Injury rate and mortality rate.

Injury Rate (%) Mortality Rates (%)

Earthquake Intensity Structure Types
F 0.27 0.0473
Ragghoi;zed RF 0.1 0.0167
d BRB 0.25 0.0465
Very rarely occurred F 0.35 0.0614
yearthyuake RF 0.27 0.0465
4 BRB 0.32 0.0601

4.4.3. Evaluation Result

According to the above resilience index data, shown in Table 7, the seismic resilience
improvement index data of the structure are calculated and shown in Table 8. It can be seen
that the resilience enhancement indexes are similar for both reinforcement methods in the
repair cost and repair time, respectively, but the injury rate and mortality rate resilience
improvement indexes of the RF are greater than those of the BRB, and the higher the ground
motion intensity is, the less the difference in seismic resilience improvement between the

RF and BRB is.
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Table 7. Resilience parameters.

Earthquake Repair Cost p— . o Mortality Rates
Intensity Structure Types (x10* CNY) Repair Time (d) Injury Rate(%) ©0)
Rarelv occurred F 11.199 69 0.27 0.0473
A RF 8.500 52 0.1 0.0167
q BRB 8.300 51 0.25 0.0465
Verv rarelv occurred F 17.950 97 0.35 0.0614
NS RF 17.325 76 0.27 0.0465
q BRB 17.145 72 0.32 0.0601
Table 8. Resilience improvement parameters.
Earthquake Intensity Structure Types R¢ (%) Rt (%) Rin (%) Ry (%)
RF 241 24.6 63.0 64.7
Rarely occurred earthquake BRB 25.9 %1 74 17
RF 35 21.6 22.8 243
Very rarely occurred earthquake BRB 45 5.7 8.6 21

Note: The calculation method for R¢, Rt, Ry, Ry is shown in Equation (18).

In conclusion, the rocking frame reinforcement scheme is more preferable.

4.5. Comparison and Discussion

To verify the feasibility and effectiveness of the proposed method, a comparison and
discussion were made against the conventional method.

4.5.1. Conventional Method

(1) Mean of maximum inter-story drift ratio

Generally, conventional assessment methods for reinforcement schemes are based
on the principles of structural damage level. More specifically, first analyze structural
responses for the structures without and with reinforcement, respectively; second, assess
damage states and quantify damage levels on the basis of Chinese Codes [27], wherein
the mean of the maximum inter-story drift ratio (MMIDR) was employed, calculated, and

shown in Figure 15.

8
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>
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(a) Rarely occurred earthquake
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(b) Very rarely occurred earthquake

Figure 15. The mean of maximum inter-story drift ratio.

For the frame structure without reinforcement (“F”), the maximum inter-story drift
ratio is in the first story, and the maximum inter-story drift ratio gradually decreases with



Buildings 2024, 14, 197

15 0f 19

the height of each story due to the weak stiffness of the first story. With the increase of PGA,
i.e., from Rare ground motion intensity (Figure 15a) to Very rare ground motion intensity
(Figure 15b) [27], the mean of the maximum inter-story drift ratio (MMIDR) at the top of
the structure increases by 0.0003, while the MMIDR at the first story increases by 0.0044.
This indicates that the greater the PGA is, the more concentrated the drift ratio at the soft
first-story of the structure is.

Compared with frame structures without reinforcement (“F”), the reinforced structures
“RF” and “BRB” reduce the maximum inter-story drift ratios under different ground motion
intensities. When the Rare ground motion intensity is high, the maximum drift ratio is
reduced by 34% and 44% for RF and BRB, respectively; when the Very rare ground motion
intensity is high, it is 44% and 51%, respectively. This indicates that the BRB has stronger
seismic capacity.

(2) Damage level and results

According to the Design Codes [27], the elastic inter-story drift ratio (6¢) of the frame
structure is 1/550, and the elastic-plastic inter-story drift ratio (6}) is 1/50. Five damage
levels are defined, and Table 9 lists the principles of structural damage classification.

Table 9. Classification of earthquake damage levels of the structure.

Damage Level Description of State Deformation Division
I: Basic intact Basically intact, ind.ividu.al non-load-bearing members 0, < .
with minor damage
II: Minor damage Individual load-bearing members with micro cracks 0s < 1.86e
III: Moderate damage Cracks occurred in most load-bearing members s < 3.50¢
IV: Severe damage Significant cracks and deformations for most members fs < 0.99p
V: Collapse Collapse occurred in load-bearing members s < 0p

It can be seen in Figure 16 that both reinforcement schemes remarkably reduce the
damage level of the structure. The damage degree of individual floors of the strengthened
structures has been upgraded, while that of most floors has been reduced. When the rare
ground motion intensity is compared with the frame structure, the damage levels of the 5th
and 6th floors are reduced from ‘moderate damage’ to ‘minor damage’ for the RF, while
they are reduced from ‘moderate damage’ to ‘minor damage’ from the first to 6th floors for
the BRB. When the Very rare ground motion intensity is high, the damage levels of the 1st
and 2nd floors are reduced from ‘severe damage’ to ‘moderate damage’ for both RF and
BRB. In summary, the rocking frame is more effective in reducing the damage degree and
is safer and more reliable than the rocking frame.

7 12
S —— F F---- - F

or M L_IRF 10+ RF
- I BRB I BRB
S5r _ =)
g S 8¢ _
S4r III =)
& 1 2R
KACTTROTE T O TR T g -~ "~~~ x
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4+

3 2 F -4 84 -8 - [ |- — _1 § F -
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(a) Rare ground motion intensity (b) Very rare ground motion intensity

Figure 16. Damage degree of each story of the structures.
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4.5.2. Comparison

Herein, a comparison was made between the conventional scheme and the scheme
proposed in this paper.

Both the conventional scheme and the scheme proposed in this paper are effective and
consistent in improving seismic performance, and the reinforcement scheme with a rocking
frame works better. However, there are some differences, as follows:

(1) Among them, the conventional evaluation method cannot give a quantitative index
for the overall damage of the rocking frame-reinforced structure, and the result is
obtained according to the damage to the structure. Correspondingly, the evaluation
method based on seismic resilience in this paper can quantify the economic losses
and casualties of the whole structure caused by structural damage. The results are
more intuitive.

(2) The repair cost and casualty rate of the structure are the sum of those for each story,
and the repair time is the maximum of those for each story. Consequently, the seismic
resilience indices can reflect the seismic performance of the whole structure and each
story, which is more comprehensive.

In summary, the evaluation method of the reinforcement scheme based on seismic
resilience is more intuitive and comprehensive.

5. Conclusions

This study investigated the rocking frame reinforcement design method for soft-first-
floor structures, whereby a method for assessing reinforcement schemes is presented on the
basis of seismic resilience. The method was applied to three case studies of soft-first-floor
structures. The effects of three reinforcement cases were quantitatively studied in four
respects: repair time, repair cost, injury rate, and mortality rate. According to the analysis,
the following conclusions can be drawn:

1. This paper presents the reinforcement design method that is applicable to soft-first-
floor structures. Studies have shown that the rocking frame utilizes its own deforma-
tion to offset the inter-layer shear stress of the structure, reducing the damage to the
structure under earthquake action.

2. An evaluation methodology is proposed in this paper based on resilience, which
is feasible for evaluating the seismic performance of reinforcement schemes. The
engineering application indicates that the repair time and cost of the rocking frame
scheme are close to those of the buckling-restrained brace scheme. In terms of injury
and mortality rates, however, the rocking frame scheme improved by 55.6% and 63.0%
compared to the buckling-restrained brace scheme.

3. An improvement index of seismic resilience is presented in this study, which can
visually assess the reinforcement effectiveness of different reinforcement schemes.
The results show that the rocking frame has a better reinforcement effect than that of
the buckling-restrained brace.

Although the reinforcement design method and assessment methodology presented
in this paper are effective for soft-first-floor structures, more experiments and numerical
simulation are needed for improvement and promotion, as well as engineering application
in the future.
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Nomenclature

BRB  Buckling-restrained brace reinforced structure

RF Rocking frame reinforced structure

F Soft-first-floor frame structure

SRI Seismic resilience index

SRII Seismic resilience improvement index

As Section area of the shear wall

Ays Section area of the rocking frame diagonal bars
A Area of stories

Ab; Mean of EDP matrix before the expansion

Aa; Mean of EDP matrix after the expansion

Cy Relative error of the mean of EDP matrix before and after the expansion
Cc Relative error of covariance of EDP matrix before and after the expansion
Cb; Covariance of EDP matrix before the expansion
Ca; Covariance of EDP matrix after the expansion

Es Elastic modulus of the original structure

Es Elastic modulus of rocking frame steel

Fox Total shear at bottom of structure

F; Horizontal seismic actions of the Ith floor of the structure
Fr Reaction force of the rocking frame

G Shear modulus of the original structure

G Weight of the Ith floor of the structure

Geq Total gravity load of the original structure

H Total height of the structure

Is Inertia moment of the column in origin structure
Irs Inertia moment of the column in rocking frame
Ky Layer lateral stiffness of the rocking frame

Kc Repair cost of the unreinforced structure

Kr Repair time of the unreinforced structure

Kin Injury rate of unreinforced structure

Ky Mortality of unreinforced structure

K.c Repair cost of the reinforced structure

Ker Repair time of the reinforced structure

Ky Injury rate of reinforced structure
Ko Mortality of reinforced structure

Lys Length of the rocking frame

My Rotational torque

Npcp  Target value of the deformation

Rc Seismic resilience enhancement index of repair cost
Rt Seismic resilience enhancement index of repair time
Rin Seismic resilience enhancement index of injury rate
Ry Seismic resilience enhancement index of mortality
T Repair time of each story

Wis Span of the rocking frame
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c Damping coefficient of the original structure
g Gravitational acceleration
h Height of rocking frame
hy Height of the Ith floor of the structure
k System stiffness of the original structure
ks Lateral stiffness of the rocking frame
ksf Lateral stiffness of the original structure
l Sequential number of structural stories
Mg Mass of the original structure
Mg Mass of the rocking frame
n Total of structural stories
N Number of frame columns per floor
Thy Nominal injury rate
Ty Nominal mortality rate
Uy Inter-story displacement of the structure
u Displacement of the original structure
' Velocity of the original structure
u Acceleration of the original structure
ig Ground acceleration
x Displacement of the center of mass
0 Rotation angle of the rocking frame
6 Angular acceleration of the rocking frame
Omax  The maximum drift ratio of the rocking frame
aq Seismic impact coefficient
Acy  Influence coefficient of height of each story
Cm Indoor personnel density
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