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Abstract    9 
 10 
This paper presents a rational procedure to obtain an optimized design for mass timber rocking wall systems 11 
utilizing a genetic algorithm (GA) beyond typical displacement-based design metrics for wood buildings. By 12 
formulating drift targets and other structural design limit states within an elimination step of the GA optimization 13 
process, the method proposed here enables optimization of rocking wall design parameters for an additional end-14 
user criterion beyond satisfying displacement-based seismic design targets. An optimization such as this is difficult 15 
to perform using manual trial-and-error approaches. An existing simplified nonlinear time history simulation model 16 
(validated through full-scale shake table test data) of a wood rocking wall is employed in this process. The design 17 
for an example building in Seattle with a six-story rocking wall is presented using the proposed procedure. The 18 
results revealed that the optimization of the mass timber rocking wall lateral system can be achieved in a reasonable 19 
time frame using the proposed method. Using the same drift limit objectives, the final designs were found to be 20 
different for different optimization objectives. This indicates a potential to further refine displacement-based design 21 
for wood rocking wall systems using computerized tools. 22 
 23 
Keywords: Displacement-based design; Genetic algorithm optimization; Mass timber rocking wall; Nonlinear time 24 
history analysis. 25 
 26 
1 Introduction  27 
 28 

1.1 Performance-based seismic design of wood buildings 29 
 30 

Performance-based seismic design (PBSD) has been studied by many researchers and applied to a variety of 31 
structure types in the past few decades. Specifically for wood-frame buildings, the majority of procedures for PBSD 32 
have focused on controlling inter-story drift because it directly correlates to building damage. A typical example of 33 
displacement-based design targets is shown in Table 1. Because engineers are encouraged to apply all available 34 
techniques and tools to achieve the pre-selected targets, PBSD does not dictate the particular engineering design 35 
methodology to be used. The origin of PBSD on wood-framed buildings can be traced back to the time right after 36 
the Northridge Earthquake; a large research effort was taken by the Consortium of Universities for Research in 37 
Earthquake Engineering (CUREE) and California Institute of Technology (Caltech) (known as CUREE-Caltech 38 
Wood-frame Project) to investigate the performance of light-frame wood buildings under earthquake events. This 39 
landmark investigation included a series of shaking table tests [1] and recommendations on improved practices in 40 
wood building design and construction. Several numerical models of wood-frame buildings were also developed and 41 
validated [2, 3, 4]. In the 2000s, an NSF-funded NEESWood Project built on the foundation of existing studies and 42 
developed a PBSD philosophy for midrise wood-frame buildings [5]. It was in this philosophy that a displacement-43 
based seismic design procedure was recommended as the main approach [7,8,9]. Additional performance criteria, 44 
such as cost, were considered part of the NEESWood efforts and required an iterative trial-and-error process using 45 
time history simulations [6,10]. For wood buildings, the premise of a practical PBSD target is closely linked with 46 
displacement metrics, such as the example presented in Table 1 (these values represent commonly adopted drift 47 
limits for wood buildings). The design process to achieve these targets is mostly manual trial-and-error iterations. 48 
 49 

Table 1. Example performance and corresponding seismic hazard levels 50 
 51 

Seismic Hazard Levels Example target performance objectives 

Service Level Earthquake (SLE) 
0.5% drift with 50% NP (Non-exceedance 

Probability) 

Design Basis Earthquake (DBE) 2% drift with 80% NP 



Maximum Considered 

Earthquake (MCE) 
4% drift with 70% NP 

 52 
Given a set of performance targets, the engineer can employ any approach deemed appropriate to develop trial 53 
designs. The design is considered complete once all design targets are met or exceeded. It is typically not possible to 54 
find a design that will meet every target precisely (or closely) at the same time since these performance targets are 55 
arbitrarily chosen. This condition will result in one of the performance objectives being the “control” case while 56 
others are (sometimes greatly) exceeded. This is inherently unavoidable because the end-user proposing these targets 57 
typically does not have enough knowledge about the behavior of the design to propose “compatible” targets among 58 
all intensity levels. A more relevant limitation of the existing PBSD procedure is that there is no inherent 59 
optimization formulated into the specified requirements. The solution to a given set of performance targets is usually 60 
not unique. Among all possible solutions, some will have better characteristics (e.g. costs, serviceability, etc.) than 61 
others. The existing methodology for wood-frame building PBSD does not necessarily lead to an optimized solution, 62 
nor point to a clear winner among finalists.  63 
 64 
This limitation partially originates from the trial-and-error process utilized, which is already labor-intensive to 65 
satisfy the drift targets. Further optimization (although it could improve the quality of design) is impractical unless it 66 
can be automated via a computerized algorithm. The main objective of this study is to develop a procedure to 67 
automate the search for optimized solutions beyond traditional PBSD targets for wood buildings using a mass timber 68 
rocking wall lateral system. This was accomplished by applying a genetic algorithm to identify key design 69 
parameters of post-tensioned mass timber rocking walls. The following sections detail the approach to incorporate 70 
structural design requirements and additional optimization constraints in a standard genetic algorithm searching 71 
process. The mass timber rocking wall system was chosen here because of the simplicity of its design parameters. 72 
Finally, an example wall design for a realistic building will be presented. 73 
 74 

1.2 Mass timber rocking wall system 75 
 76 
As interest in mass timber buildings grows globally, there have been considerable efforts around the world to 77 
develop the potential for mass timber panel-based lateral force resisting systems. Cross laminated timber (CLT) is a 78 
relatively new engineered wood product that is considered a viable option for lateral systems in mass timber 79 
buildings. By laminating layers of timber boards in an orthogonal pattern, a solid wood panel is created that can be 80 
used for floor or walls. Some research efforts used CLT as a panelized wall system. For example, the Canadian 81 
Network for Engineered Wood-Based Building Systems (NEWbuildS) proposed an innovative lateral resisting 82 
system with Laminated Strand Lumber (LSL) panels through a series of testing and numerical studies[11]; panelized 83 
Cross Laminated Timber (CLT) walls were studied by researchers in Canada and the U.S. [36] [12] [14]. In 84 
addition, CLT panels are very similar to pre-cast concrete panels but with less weight and stiffness. Using concepts 85 
similar to post-tensioned (PT) concrete rocking walls, developed for high seismic regions [15], PT rocking walls 86 
made of CLT have been studied by a number of researchers around the world [13][16]. In its simplest form, a CLT 87 
rocking wall can be made with a monolithic panel and vertical PT elements anchored to the foundation to provide a 88 
self-centering ability, while utilizing energy dissipation devices (e.g. U-shaped steel plate (UFPs) [17], Resilient Slip 89 
Friction (RSF) joints [18], and high-force-to-volume (HF2V) dampers [19]) for energy dissipation. In the U.S. a 90 
number of CLT rocking walls have been tested at the component level [20] and in a full-scale building [21]. These 91 
experimental studies provided valuable data to develop accurate models for this system, which can be used for 92 
dynamic response production. So far, there has not been any prescriptive design approaches developed for CLT 93 
rocking walls in the U.S. Thus, all CLT rocking wall designs to this date are performance-based and utilized trial-94 
and-error iteration processes. Because a PT rocking wall design configuration can be represented by a relatively 95 
small number of key parameters (compared to traditional light-frame wood shear wall system), a rocking wall design 96 
can be conveniently “encoded” as a “genetic vector.” The simplicity of the design and the ability to assess dynamic 97 
response using a numerical model make this system a good candidate to test the idea of automatic optimization 98 
PBSD using a genetic algorithm (GA). 99 
 100 

1.3 Previous studies of GA used in structure design 101 
 102 
Genetic algorithms are a well-developed method for solving both constrained and unconstrained optimization 103 
problems through a simulation of biological evolution. The algorithm repeatedly modifies and propagates a 104 
population of solutions between different generations. At each generation, the algorithm filters the population based 105 



on certain selection criteria, then randomly uses the filtered population as a parent to produce offspring for the next 106 
generation. Over successive generations, the population evolves towards an optimal solution. The advantages of a 107 
GA include its implementation simplicity, robustness against changes in circumstances, and flexibility [22]. 108 
Previous studies have shown that these algorithms can be an appropriate tool for many engineering design solutions 109 
[23]. GAs have been used in PBSD of structures with specific optimization constraints. For example, Liu et al. [24, 110 
25] set material usage and construction expenses as the optimization constraints to seek design solutions that 111 
maximize efficiency. Foley et al. [26] provided a probabilistic performance-based seismic design methodology for 112 
single-story and multi-story steel moment-resisting frames to achieve multiple-objective optimization targets. Sung 113 
et al. [27] used a GA optimization solver to minimize construction cost for performance-based seismic design for 114 
reinforced concrete bridge piers. There has not been any notable study which combines particular optimization 115 
criteria with traditional PBSD drift criteria, or any study that incorporates the GA application in mass timber 116 
building design. 117 
 118 
2 Formulating PBSD of rocking wall as a GA problem  119 
 120 
In this study, we aim to develop a GA process which allows mass timber rocking wall designs to achieve (1) existing 121 
PBSD drift targets, and (2) a given additional optimization constraint. For example, a rocking wall design will 122 
satisfy drift limits set at different intensity levels with a needed non-exceedance probability AND be the solution 123 
that requires the least amount of material. This process is conducted in the following steps: 124 

1) Parameterizing the design space. For a specific design condition, the architectural configuration of the 125 
building will be given, this includes the number of stories (N), story heights (𝐻1 – 𝐻𝑛), and tributary 126 
seismic mass for each rocking wall at each story (𝑀1 – 𝑀𝑛). Then the genetic sequence of the rocking wall 127 
design can be constructed using the following design parameters: aspect ratio of the rocking panel (height 128 
to width ratio), amount of Post-tensioned steel area, initial Post-tension force, the thickness of the rocking 129 
panel, initial stiffness of energy dissipation device (U-shaped Flexural Plates (UFPs) are used here as an 130 
example), and yield deformation of the UFPs. The designer can determine a range of these parameters 131 
based on experience and architectural constraints. Then the GA can be set up to generate the population.  132 
 133 

2) Define a design target with both traditional PBSD drift requirements and optimization criteria. In this study, 134 
an additional optimization criterion is added to the traditional PBSD targets to provide the constraint 135 
needed to identify the optimal design beyond traditional drift targets. This optimized PBSD design target 136 
simply includes traditional targets with the desired probability of exceedance plus one additional 137 
optimization criteria. For example, an optimized PBSD target may include: 138 

 139 
Maximum inter-story drift at SLE <0.5% with 50% NP (Non-exceedance Probability) 140 
Maximum inter-story drift at DBE <2% with 80% NP 141 
Maximum inter-story drift at MCE <4% with 70% NP 142 
And the additional optimization constraint: minimum total cost of rocking wall material 143 
 144 

3) Performance assessment under prescribed hazard levels. This step is no different than the traditional 145 
simulation-based PBSD processes. The difference here is a population of different designs generated by the 146 
GA will be used in an automated simulation process to assess their performance. For every simulation, 147 
maximum inter-story drift and the optimization parameter (e.g. cost) will be produced. A suite of 148 
earthquake ground motions will be pre-selected and scaled to desired hazard levels to represent seismic 149 
input uncertainty. The simulated results from the individual earthquake input will be treated as a sample 150 
from the response distribution. Due to a large number of simulations needed, a highly computationally 151 
efficient model is necessary to make this process practical. 152 
   153 

4) GA elimination and generation. Different from the traditional GA process that focuses mostly on 154 
optimization through a particular fitness function, the structural design using the GA will include two 155 
distinct elimination steps before checking the fitness function. The first elimination step is used to ensure 156 
that the population will achieve PBSD targets by conducting a pass-fail check. The logic “AND” operation 157 
was used to conduct this check to ensure all traditional PBSD targets were met or exceeded at the same 158 
time. The GA program can be set up to continuously generate random designs until enough gene samples 159 
can “pass” the elimination. After the first round of elimination (when the desired size of the population is 160 
obtained), individual designs within the population will go through a second elimination procedure, which 161 



is based on structural design limit state checks (e.g. material strength, component capacity). After this 162 
elimination process, only designs meeting all displacement and structural limit states will remain. The limit 163 
states for wood rocking walls that were checked in this study include the CLT compression strain check, 164 
the PT initial stress check, and the PT restoration limit check. This list can be expanded to other design 165 
requirements that the user deems necessary. After the elimination steps, a standard optimization GA with 166 
the fitness function, designed to reflect the optimization criteria, is followed to advance the population into 167 
the next generation. Two fitness functions have been used in this study. The first is material expenses of 168 
wood panel and steel, the second is average peak roof acceleration under DBE earthquakes. 169 

 170 
This four-component design process is illustrated in Fig. 1. A design example is presented in the next section to 171 
demonstrate the implementation of this process. 172 
 173 

 174 
 175 

Fig. 1, Design optimization process flowchart 176 



 177 
3 Simplified numerical model  178 
 179 
A key component that made GA optimization possible is a simplified numerical model that (1) can simulate the 180 
seismic response of the rocking wall system with a reasonable level of accuracy, (2) has high computational 181 
efficiency, and (3) can be automatically constructed using the limited design parameters included in the gene vector. 182 
A simplified model shown in Fig. 2 was used in this study to conduct a time history response simulation. This 183 
simplified model can be used to model multi-story buildings with balloon-framed rocking walls as the lateral 184 
system. Building diaphragms and the distributed seismic mass can be modeled as a lumped mass at each story level. 185 
The dynamic force equilibrium can be established through a system of equations based on the dynamic force balance 186 
at each story, as shown in Fig. 2 (a). The rocking walls are modeled as linear beam elements with a non-linear 187 
rotational spring at the base. The parameters for the linear beam elements are derived based on the dimensions of the 188 
CLT rocking panel. The parameters for the nonlinear rotational spring are calculated based on the location and size 189 
of the PT and energy dissipation elements. The instantaneous stiffness of the rotational spring can be derived based 190 
on the principle of virtual work as:  191 
 192 

𝐾𝜑 = ∑ 𝐾𝑝𝑡 𝑦2 + ∑ 𝐾𝑈𝐹𝑃𝑏2 (1) 

 193 
where 𝐾𝜑 is the rotational stiffness, 𝐾𝑝𝑡 is the stiffness of PT bar, 𝐾𝑈𝐹𝑃  is the stiffness of UFPs, y is the distance 194 
from the location of each PT bar to the edge of each CLT panel, and b is the width of the CLT rocking panel. The 195 
performance of nonlinear hysteresis of the rotational spring for a typical CLT rocking wall design is shown in Fig. 2 196 
(b). Typically, the hysteresis behavior will have 4 phases: at low ground accelerations and low spring rotations 197 
(Phase 1 in Fig. 2 (b)), the system has a high level of stiffness because the post-tensioned force fixes the wall to the 198 
foundation. Once the external lateral force is sufficient to overcome the initial compressive stress at the base of the 199 
wall, the post-tensioned bars begin to elongate, and the wall panel begins to uplift. The point at which uplift begins 200 
is referred to as the decompression point. During Phase 2, the UFPs and the couple between the PT bars act against 201 
the compression force at the base of the wall, generating a resisting moment while all materials remain elastic. In 202 
Phase 3, the rotation becomes large enough for the UFPs to begin yielding, and in Phase 4, PT bars begin yielding, 203 
resulting in a decrease in rotational stiffness. It should be noted that the PT force will be lost if PT bars start to 204 
experience yielding and the system may not be able to re-center by itself. This characteristic is not reflected in this 205 
simplified model because the yielding of a multi-story long PT bar requires large deformation of the building thus is 206 
rare in real designs. 207 

 208 
(a) 209 



 210 
(b) 211 

Fig. 2, (a) DOF of rocking wall systems, (b) nonlinear hysteresis of rotational spring 212 
 213 
This simplified numerical model was validated using data from a series of full-scale shake table tests from a two-214 
story mass timber building [28]. For the brevity of this paper, the comparison of the displacement time history for 215 
the roof between the test results and the numerical simulation at different intensity levels is shown in Figure 3. The 216 
comparison showed reasonable agreement between the numerical model and the test data at all intensity levels.  217 
 218 

 219 
 220 

Fig. 3, Comparison of time history responses at the roof level  221 
 222 
The numerical model was implemented in Matlab to automatically conduct a simulation with multiple ground 223 
motion records and develop a pass-fail probability based on simulated responses and corresponding performance 224 
targets. Incorporation of this pass/fail criteria in the GA was accomplished by assigning an infinite fitness score to 225 
the samples that failed to satisfy the design requirements (the fitness score is to be minimized in this case). This will 226 
ensure that the designs that failed the structural design and drift performance targets will be eliminated automatically 227 



by the GA. The additional optimization criteria can essentially be anything the user wants, as long as the objective 228 
can be calculated based on the numerical simulation results for each design. In the following section, we will 229 
demonstrate the application of this optimization process by applying two different optimization criteria to the same 230 
set of traditional PBSD drift targets. It will be shown that the proposed GA process does result in different designs 231 
that are acceptable for traditional drift targets but have distinctive traits.  232 
 233 
4 Design examples  234 
   235 
In order to demonstrate the proposed design procedure, an example building will be designed with two different 236 
optimization criteria. The first criterion is to achieve minimum material costs for the rocking wall system, which is 237 
simplified as the volume of the rocking wall panels and the amount of steel material used (more realistic cost 238 
estimation including construction costs were not considered in this illustrative example). The second criterion aims 239 
to achieve the lowest overall floor acceleration during a design level earthquake (DBE). The building was a six-story 240 
office structure located in Seattle, with risk category 2 and site class C. The Design response spectrum is shown 241 
below in Figure 4 (ASCE 7-16). The design response spectrum value at the estimated building period was used to 242 
scale the ground motion suite that contains 10 recorded ground motions. The approximate fundamental period of the 243 
building based on ASCE7-16 (Equation (2)) is 0.75s, with the design spectrum acceleration equal to 0.64g.  244 
 245 
𝑇𝑎 = 𝐶𝑡ℎ𝑛

𝑥
                                                                                                                                                                   (2) 246 

 247 
𝐶𝑡 and x are empirical data parameters obtained from ASCE 7-16 table 12.8-2.  248 
ℎ𝑛 is the building height. 249 
 250 
The scaling of the ground motion suite was conducted based on this target spectral acceleration point for the DBE 251 
level. The scale factors for SLE and MCE level earthquakes are simply taken as 0.5 and 1.5 from the DBE level 252 
magnitude. Scale factors for the DBE level can be found in Table 3. While there are a variety of methods to select 253 
and scale Ground Motion (GM) inputs, GM records from the CUREE Woodframe project [29] were used with a 254 
simple scaling method since the example is only for illustrative purposes of the proposed procedure. More advanced, 255 
site-specific selections and scalings should be adopted for realistic projects.  256 
 257 

 258 
 259 

Fig. 4, Design response spectrum 260 
 261 

The architectural design of the building was based on the size of realistic urban plot development with 61.0m (200’) 262 
by 30.5m (100’). The building was assumed to be a mixed-use commercial, office, and residential construction. 263 
Each of the floors was assumed to have a total dead load of 3.35 kN/m2 (70 psf), this includes the self-weight of the 264 
CLT floors with the additional weight of the permanent building components. The floor plan of the typical floor is 265 
shown in Fig. 5. The location of the rocking walls was pre-selected based on the architectural floor layout and 266 
design experience. 267 
 268 



 269 
 270 

Fig. 5, Floor plan 271 
 272 
The height of the first story is 6.1m (20ft) with the remaining stories having a height of 3.7m (12 ft). The building 273 
has eight CLT rocking walls, each with a length of approximately 6 m (19.5ft) as shown in Fig. 5. But the actual 274 
length of the wall will be determined later through the automated design process. Based on these building 275 
parameters and layout shown above, the tributary mass on each of the walls can be calculated. Due to the symmetric 276 
nature of the building, the tributary load calculations, shown below, only feature four of the eight walls, as labeled in 277 
Fig. 5. 278 
 279 

- Wall 1: 280 
o Tributary Area: 3790.4 m2 (40800 ft2) 281 
o Tributary Mass: 76224.7 kN (17136 kips) 282 

- Wall 2: 283 
o Tributary Area: 5253.5 m2 (56549 ft2) 284 
o Tributary Load: 105714.2 kN (23766 kips) 285 

- Wall 3: 286 
o Tributary Area: 6934.0 m2 (74637 ft2) 287 
o Tributary Load: 139438.4 kN (31347 kips) 288 

- Wall 4: 289 
o Tributary Area: 5470.9 m2 (58889 ft2) 290 
o Tributary Load: 110018.8 kN (24733 kips) 291 

 292 
In this design, we assumed that all walls use CLT panels that conform to the PRG320 material standards [30]. The 293 
key mechanical and physical properties of the CLT panel and the steel include: the elastic modulus of CLT 294 
(𝐸𝐶𝐿𝑇=12.41 Gpa (1800 ksi)), the elastic modulus of steel (𝐸𝑠𝑡𝑒𝑒𝑙=199.95 Gpa (29000 ksi)), and the yielding stress of 295 
PT steel (𝜀𝑦= 724 Mpa (105 ksi)). With the material and building parameters are given (set as constants) above, the 296 
design process focused on optimizing the variables listed in Table 2 through the proposed GA process. Table 2 also 297 
shows the realistic ranges for these variables to use as boundaries. These boundaries were determined based on the 298 
practical constraints of the materials and constructability. Buildings with the systems and components outside of 299 
these boundaries are unlikely to get built in real circumstances. Setting these boundaries is an essential step for a 300 
realistic design using the GA approach. 301 

 302 
Table 2, Boundary condition of design variables 303 

 304 



 
Aspect 

ratio 

Amount of 

PT[cm2] 

PT initial 

forces[kN] 

Wall 

thickness[cm] 
𝐾𝑈𝐹𝑃[kN/mm] 

Lower 

bound 
1:1 32.3 233.5 11.4 1.2 

Upper 

bound 
10:1 322.6 11676.6 63.5 383.2 

 305 
The aspect ratio listed is the ratio of the height to the width of the rocking wall panel. Any value higher than 10:1 306 
would likely make the lateral system too flexible to satisfy serviceability requirements on stiffness and vibration. 307 
The amount of PT is controlled by the total cross-sectional area of the post-tensioned bars that can be realistically 308 
installed. The wall thickness range is estimated from that of a typical 3-ply CLT panel, up to that of a set of double 309 
11-ply panels used side by side (with PT going through the center), 𝐾𝑈𝐹𝑃  is the initial stiffness of UFPs, calculated 310 
based on the equation below [31]. 311 
 312 

𝐾𝑈𝐹𝑃 =
(16∗𝐸∗𝑏𝑢)

27𝜋
(

𝑡𝑢

𝐷𝑢
)

3

                                                                                                                                                 (3) 313 

 314 
Where this stiffness is determined by two factors, the width of UFP (𝑏𝑢), which is typically available in the range of 315 
[10.2cm (4in) 25.4cm (10in)], and geometric ratio  (

𝑡𝑢

𝐷𝑢
), which it is typically selected within a range of [0.04 0.2] 316 

 317 
As it was mentioned earlier, a suite of ten earthquakes GM records from the CUREE project were used in this 318 
example, the detailed information of the records is shown in Table 3 (with the original record PGA values and the 319 
scale factor for the DBE level hazard). The response spectrum of the 10 ground motions scaled to the DBE level is 320 
shown in Figure 6. 321 

 322 
Table 3, Information of the ten earthquake ground motion records used 323 

 324 

EQ Year Record ID 
Earthquake 

event 
Station PGA(g) 

Scale factor 

(DBE) 

1 1992 LD92dsp Landers 
Desert Hot 

Spring 
0.154 2.436 

2 1992 LD92yer Landers 
Yermo Fire 

Station 
0.152 2.481 

3 1989 LP89cap Loma Prieta Capitola 0.529 0.841 

4 1989 LP89g03 Loma Prieta 
Gilroy Array 

#3 
0.555 1.298 

5 1989 LP89g04 Loma Prieta 
Gilroy Array 

#4 
0.417 1.834 

6 1989 LP89gmr Loma Prieta 
Gilroy Array 

#7 
0.226 2.072 

7 1989 LP89hda Loma Prieta 
Hollister Diff. 

Array 
0.279 1.051 

8 1989 LP89wvc Loma Prieta 
Saratoga – W 

Valley Coll. 
0.332 0.926 

9 1994 NR94mul Northridge 
Beverly Hills 

14145 mulhol 
0.416 0.752 

10 1994 NR94cnp Northridge 
Canoga Park – 

Topanga Can 
0.356 1.144 

 325 
 326 
 327 



 328 
 329 

Fig. 6, Scaled response spectrum for DBE level ground motions 330 
 331 

4.1 Design objectives  332 
 333 
Design objectives used in this example building include the traditional displacement-based design inter-story drift 334 
limits listed below for the three different hazard levels: 335 

 Maximum inter-story drift at SLE <0.5% with 50% non-exceedance probability (NP) 336 
 Maximum inter-story drift at DBE <2% with 50% NP 337 
 Maximum inter-story drift at MCE <4% with 50% NP 338 

In addition, two different optimization criteria were used in this example to illustrate the effect of the proposed 339 
process. These different optimization criteria will demonstrate that different designs will be generated with identical 340 
drift requirements. The first optimization criterion is to achieve minimal total cost for materials (wood and steel); the 341 
second criterion seeks to minimize the peak acceleration experienced on the roof under DBE level earthquakes (the 342 
average peak acceleration from all 10 DBE ground motions was used as the target metric). The designs resulting 343 
from these two criteria are termed hereafter as Design 1 (cost minimization) and Design 2 (acceleration 344 
minimization), respectively. 345 
 346 
Aside from system-level drift requirements, structural design of rocking walls may require additional mechanical 347 
limit state checks. In this example, three additional limit states were included in the GA elimination process, namely 348 
the CLT panel compression strain limit, PT initial stress limit, and PT restoration limit. The CLT compression strain 349 
check was designed to prevent crushing at the decompression corners of the CLT panel based on the following 350 
equation: 351 
 352 
𝜀𝑤𝑜𝑜𝑑 

∅𝜀𝑢
≤ 1.0                                                                                                                                                                   (4) 353 

 354 
where  𝜀𝑤𝑜𝑜𝑑  is the compression strain of wood, ∅ is the strength reduction factor by NDS [32], and 𝜀𝑢 is the 355 
ultimate strain of wood.  356 
 357 
The PT initial stress check applies an empirical limit to keep the initial PT force lower than 50% of the yielding 358 
force of the PT bars: 359 
 360 
𝐹𝑖𝑛𝑖

𝐹𝑦
≤ 0.5                                                                                                                                                                      (5) 361 

 362 
Finally, the PT restoration limit check was done to ensure there is enough restoring force in the PT system to 363 
overcome the yielding demand of the UFP elements, so that the wall can still re-center when UFPs reach yielding: 364 
 365 
𝐾𝑈𝐹𝑃 ∗ 𝑑𝑦 < 0.5 ∗ 𝐹𝑦                                                                                                                                                    (6) 366 



It is worth pointing out that currently there is no prescriptive design method for mass timber rocking walls in the 367 
U.S. codes. There is an on-going effort aiming at developing seismic design approaches for post-tensioned mass 368 
timber rocking wall systems [37]. Thus, the design checks listed here may not be comprehensive. For demonstrative 369 
purposes, the three additional design checks applied here illustrate how the additional pass/fail type design criteria 370 
can be incorporated in the proposed process. 371 
 372 

4.2 Optimization and results  373 
 374 
In the general GA process, one can set up an automatic termination trigger to detect convergence so that the search 375 
process will be more “intelligent” and stops automatically. In this example, we elect to not implement such a trigger, 376 
but simply let the GA run 30 generations (this number was arbitrarily chosen based on observation of the 377 
convergence trend) to ensure convergence and to show that the convergence for wood rocking walls can occur 378 
relatively fast. It was shown that both designs converged to a local optimization point in just a few generations and 379 
remained there for the rest of the iterations. There are 500 designs in each generation. 380 
 381 
Initially, the population was generated by creating a random initial population with design parameters sampled from 382 
the uniform distributions within the ranges shown in Table 2. This population was subjected to the design 383 
requirement checks described earlier to filter out the failed designs. This process was repeated until the desired 384 
number of samples was reached (500 in this case). Then the next generation was produced by combining a stochastic 385 
uniform selection function, a Gaussian mutation function, and a scattered crossover function [33]. Based on the 386 
given simulation parameters, a total of 900,000 nonlinear time history analysis simulations were conducted for 387 
Design 1 and 2. Using this model, it takes about 0.26 seconds to simulate the response of the example building under 388 
a 35-second earthquake record on a typical desktop computer (Intel i7-7700 CPU @ 3.60 GHz and 16GB RAM). 389 
Fig. 7 shows the change in fitness function values for the two design cases over the 30 generations. One can see the 390 
change in the fitness function value for Design 1 (cost) seemed to be more significant than that of Design 2 (roof 391 
acceleration). This is expected because it is relatively harder to reduce floor accelerations (compared to cost 392 
reduction) within the available system parameter space when the height and mass of the building and the input 393 
seismic intensity are given. For both cases, the designs converge to the final solution after about 5 generations, 394 
highlighting the efficiency of the algorithm. Figure 8 further illustrates the change of the actual design parameters 395 
from different generations. The design parameters shown in Figure 8 came from the sample which had the best 396 
fitness function value in each generation. According to Figure 8, for Design 1, the aspect ratio, amount of PT, PT 397 
initial forces, and wall thickness reach their final solution quickly, the UFP stiffness hops around and then stable at 398 
the end. For Design 2, the amount of PT, and PT initial forces have the same pattern as Design 1, the aspect ratio, 399 
wall thickness, and the UFP stiffness hops around a bit and then reach their final solution. 400 
 401 

 402 
Fig. 7, Fitness function change during GA 403 

 404 
 405 
 406 



 407 
 408 

Fig. 8, Design results 409 
 410 

Based on the GA process, Design 1 was finalized with a panel thickness of 11.4 cm, 4 ∅32mm (1-1/4in) rods, 12 411 
UFPs with a width of 102mm (4in), and a panel length of 2.44m (the height of the rocking wall is the same as the 412 
building height). Design 2 utilized a much thicker 20.9 cm panel, 4 ∅51mm (2in) rods, 5 UFPs with a width of 413 
127mm (5in), and a panel length of 2.46m. The physical dimensions of these two designs are shown in Fig. 9. 414 
 415 

 416 
(a) 417 



 418 
(b) 419 

Fig. 9, (a) Configuration of Design 1 and Design 2, (b) UFP details 420 
 421 
As mentioned before, Design 1 is based on the total material cost of the rocking wall itself. The final design is 422 
expected to have the lowest material cost among all possible designs and also pass all traditional PBSD drift targets. 423 
In this example, we assume the average production cost of CLT to be $678.45 per cubic meter [34], and the average 424 
production cost of carbon steel as $6712.64 per cubic meter [35]. Such values do not reflect construction costs or the 425 
scale of production but serve as a pure thought experiment to help illustrate the optimization outcome. The total 426 
material cost of Design 1 was calculated to be $5,144. This design (which is not optimized for floor acceleration) 427 
produced an average peak roof acceleration of 0.425g at the DBE level. The probability of the non-exceedance level 428 
of the inter-story drift criterion from this design were 60%, 80%, and 90% under SLE, DBE, and MCE, respectively, 429 
all exceeding the NP target of PBSD. It is common to see PBSD satisfying a control case (SLE in this example) 430 
while greatly exceeding other cases in terms of NP [6]. 431 
 432 
Design 2, which was optimized for average peak roof accelerations at the DBE level, lowered the average roof 433 
acceleration to 0.341g. It also surpassed all traditional PBSD targets with NP levels of 50%, 80%, and 90% under 434 
SLE, DBE, and MCE, respectively. The total material cost of Design 2 is $9,838, which is significantly higher than 435 
that of Design 1. The comparison is based on limited cost data but illustrates a drastic relative difference which was 436 
achieved by introducing an additional cost constraint. It should be mentioned that in this example, Design 1 only 437 
lowers the material cost. Installation costs and other factors are not considered. This design method can provide the 438 
optimized design solutions based on users’ objectives; users can make their own decision based on their engineering 439 
judgment combined with this method. Further refinement can be considered in this method, such as a comprehensive 440 
estimation of damage relative not only drift but also story acceleration, and strictly cost estimation. 441 
 442 
5 Conclusion  443 
 444 
This study explored the possibility of further optimizing displacement-based seismic design by introducing 445 
additional design criteria that can be implemented automatically using a Genetic Algorithm. An automated 446 
procedure was developed to achieve an optimized design for post-tensioned mass timber rocking wall systems while 447 
satisfying other structural and drift requirements. A two-step elimination process was introduced before the fitness 448 
function evaluation in order to produce structurally sound and realistic rocking wall designs. The evaluation of the 449 
fitness function for individual designs was conducted using a simplified numerical model for wood rocking walls 450 
which has been validated through large scale shake table tests. The design example for a six-story building in Seattle 451 
illustrated the sensitivity of the final design given different optimization criteria. The results confirmed that it is 452 
practical to obtain optimized PBSD of a mass timber rocking wall lateral system using the proposed method.  453 
 454 
While this study focused mainly on the integration of a GA with PBSD, the actual GA program used in the example 455 
of this study is not optimized for this application. This study was mainly focused on demonstrating the viability of 456 
the proposed approach using a very basic GA configuration. As the market of mass timber grows, more design data 457 
will be available for researchers to advance this proposed approach and further optimize the incorporated algorithm. 458 
Due to the simplicity and flexibility of the GA, users will have a wide range of freedoms to customize the algorithm 459 
to better achieve an optimal solution that depends on their unique priorities and constraints. In order to make this 460 



procedure more practical and efficient, additional refinement on the GA algorithm and termination triggers should 461 
be investigated to make the process “smarter”. In addition, consideration of more complicated performance targets 462 
(e.g. damage and cost) can be implemented through the integration of fragilities of nonstructural components and 463 
other features of the building systems in the GA process. 464 
 465 
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