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Machine Learning-based Rapid Seismic Performance Evaluation for

Seismically-deficient Reinforced Concrete Frame
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/] ABSTRACT /

Existing reinforced concrete (RC) building frames constructed before the seismic design was applied have seismically deficient structural
details, and buildings with such structural details show brittle behavior that is destroyed early due to low shear performance. Various
reinforcement systems, such as fiber-reinforced polymer (FRP) jacketing systems, are being studied to reinforce the seismically deficient
RC frames. Due to the step-by-step modeling and interpretation process, existing seismic performance assessment and reinforcement
design of buildings consume an enormous amount of workforce and time. Various machine learning (ML) models were developed using
input and output datasets for seismic loads and reinforcement details built through the finite element (FE) model developed in previous
studies to overcome these shortcomings. To assess the performance of the seismic performance prediction models developed in this study,
the mean squared error (MSE), R-square (R?), and residual of each model were compared. Overall, the applied ML was found to rapidly and
effectively predict the seismic performance of buildings according to changes in load and reinforcement details without overfitting. In
addition, the best-fit model for each seismic performance class was selected by analyzing the performance by class of the ML models.

Key words: Seismically-deficient RC frame, FRP jacketing system, Machine learning, Rapid seismic performance assessment
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Fig. 1. Typical FRP column jacketing system
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Fig. 2. Full-scale, two-story two-bay non-ductile RC test frames: (a) Four identical full-scale test frames; (b) FRP jacketed column in
retrofitted test frame; (c) Hydraulic linear shaker used in the dynamic testing program
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Table 1. Summary of input parameters, ranges and traning points used in FRM

Extreme Value
Parameter Type Parameter Model Range Nominal
Minimum Maximum
Loading Peak Spectral Acceleration 05~3.0¢g 159 05g 30¢g
) . No-Retrofit* to all-story ) .
Retrofit Location First-story Retrofit No-Retrofit All-story Retrofit
Retrofit
Utimate FRP 166 ~ 1380 MPa 419 MPa 166 MPa 1380 MPa
Jacket Strength
Geomertic and
Material FRP Jacket 0~65mm 36mm 0.0mm 6.5 mm
Thickness
Column Inner Diameter 444 ~ 559 mm 444 mm No-Retrofit* 559 mm
Grout Compressive 13.6 ~86.2 MPa 429 MPa 13.8 MPa 86.2 MPa
Strength

No-retrofit* = as-built condition
Grout Compressive Strength** = 1-Day to 28-Day Curing Compressive Strength

Table 2. Number of sample cases in seismic dataset 28 383519c) 0|9} e WA 0 7 21 Q& glo|EA| ES 3 )
Initial Dataset FEML 22 2|7l5}s Alvha] @ 9 B4 w2 A5E0) Wil
i =10 ol 23} 2 o)
Loading . Re.trofltted Frame Number of = S-S of| &3 4= Uk
Type A;—bunt First All Sample Cases
rame —story —story A
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fe's'."'c 3 34 34 71
oading 3.1 Sapd iR
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Fig. 3. Basic configuration by models
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Table 3. Summary of MSE, R?, and average residual by models

Model MSE R, Average Residual
Training 0.01 0.99 0.01
ANN
Testing 0.01 0.98 0.01
oT Training 0.01 0.97 -0.01
Testing 0.01 0.97 -0.01
Training 0.01 1.00 0
RF
Testing 0.01 0.98 0.01
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Table 4. Hyperparameters for each ML model

Model Parameter Value
LayerSizes 10
ANN Activations relu
Iteration 33
NumNodes 13
DT Maximum depth of the tree 4
MinLeafSize 5
NumSeedPoints 4
NumNodes 17
RF Maximum depth of the tree 5
NumTrained 421
LearnRate 0.426
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Fig. 4. Regression analyses between FE- and FRM-based demands by models
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Fig. 5. Diagnostic residual plots for FRM models
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Table 5. Definition of seismic performance levels in FEMA 356[29]

Seismic Performance level Drift Limit
1 Immediate Occupancy (10) =< 1.0%
2 Life Safety (LS) < 2.0%
3 Collapse Prevention (CP) < 4.0%
4 Collapse >4.0%
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Table 6. Summary of FE model-based drift ratio and class of seismic performance and prediction model-based drift ratio, class of seismic
performance and residual

Coce # Actual Drift Ratio o Predlctet:l)_ll_)nft Ratio —
Output Class Output Class Residual Output Class Residual Output Class Residual
4 1.64 LS 1.67 LS 0.006 1.66 LS 0.003 1.64 LS 0.000
5 3.29 CP 3.29 CP 0.015 3.31 CP 0.011 3.29 CP 0.000
6 0.55 10 0.54 10 -0.011 0.50 10 -0.015 0.55 10 0.000
7 1.72 LS 1.70 LS -0.004 1.68 LS -0.008 1.72 LS 0.000
8 1.58 LS 1.65 LS 0.012 1.66 LS 0.014 1.58 LS 0.000
9 1.58 LS 1.62 LS 0.006 1.66 LS 0.014 1.58 LS 0.000
10 1.57 LS 1.61 LS 0.010 1.66 LS 0.017 1.51 LS 0.000
11 1.62 LS 1.62 LS -0.001 1.66 LS 0.006 1.62 LS 0.000
12 1.78 LS 1.77 LS 0.002 1.66 LS -0.021 1.67 LS 0.000
13 3.45 CP 3.35 CP -0.003 3.31 CP -0.018 3.45 CP 0.000
14 3.16 CP 3.06 CP -0.005 3.31 CP 0.035 3.16 CP 0.000
15 0.57 10 0.53 10 -0.013 0.50 10 -0.018 0.57 10 0.003
16 0.53 10 0.62 10 0.007 0.50 10 -0.011 0.53 10 0.000
17 3.16 CP 3.07 CP -0.004 3.31 CP 0.035 3.16 CP 0.000
18 0.53 10 0.60 10 0.008 0.50 10 -0.011 0.51 10 0.000
19 3.14 CP 3.21 CP 0.027 3.31 CP 0.043 3.34 CP 0.042
20 0.52 10 0.54 10 -0.002 0.50 10 -0.009 0.54 10 0.006
21 3.23 CP 3.18 CP 0.004 3.31 CP 0.022 3.23 CP 0.000
22 3.56 CP 3.47 CP 0.000 3.31 CP -0.039 3.56 CP 0.000
23 0.54 10 0.58 10 -0.001 0.50 10 -0.013 0.54 10 0.000
24 0.59 10 0.64 10 0.005 0.50 10 -0.022 0.53 10 0.000
25 1.77 LS 1.63 LS -0.025 1.68 LS -0.018 1.77 LS 0.000
26 1.72 LS 1.66 LS -0.012 1.66 LS -0.012 1.72 LS 0.000
27 1.73 LS 1.64 LS -0.017 1.68 LS -0.010 1.73 LS 0.000
28 1.58 LS 1.60 LS 0.004 1.66 LS 0.014 1.58 LS 0.000
29 1.43 LS 1.63 LS 0.037 1.68 LS 0.045 1.43 LS 0.000
30 1.73 LS 1.80 LS 0.013 1.68 LS -0.010 1.73 LS 0.000
31 1.98 LS 1.72 LS -0.047 1.66 LS -0.061 1.98 LS 0.000
32 1.96 LS 1.68 LS -0.049 1.66 LS -0.055 1.66 LS 0.000
33 1.49 LS 1.53 LS 0.009 1.66 LS 0.032 1.51 LS 0.007
34 1.61 LS 1.63 LS 0.003 1.66 LS 0.008 1.61 LS 0.000
35 1.53 LS 1.67 LS 0.028 1.66 LS 0.025 1.61 LS 0.019
36 1.67 LS 1.57 LS -0.016 1.66 LS -0.001 1.61 LS 0.000
37 1.59 LS 1.71 LS 0.023 1.66 LS 0.012 1.59 LS 0.000
38 1.47 LS 1.39 LS -0.016 1.45 LS -0.004 1.47 LS 0.000
39 2.93 CP 2.93 CP 0.012 2.82 CP -0.012 2.87 CP 0.000
40 0.49 10 0.53 10 -0.002 0.50 10 -0.004 0.49 10 0.000
41 1.55 LS 1.43 LS -0.024 1.45 LS -0.019 1.55 LS 0.000
42 1.27 LS 1.35 LS 0.012 1.40 LS 0.022 1.27 LS 0.000
43 1.27 LS 1.29 LS 0.004 1.45 LS 0.034 1.31 LS 0.010
44 1.27 LS 1.36 LS 0.013 1.45 LS 0.033 1.27 LS 0.000
45 1.42 LS 1.32 LS -0.018 1.45 LS 0.006 1.46 LS 0.010
46 1.62 LS 1.57 LS -0.011 1.45 LS -0.032 1.62 LS 0.000
47 3.09 CP 2.99 CP -0.006 2.82 CP -0.041 3.04 CP 0.000
48 2.54 CP 2.70 CP 0.038 2.82 CP 0.057 254 CP 0.000
49 0.52 10 0.50 10 -0.010 0.50 10 -0.009 0.56 10 0.010
50 0.42 10 0.67 10 0.040 0.50 10 0.009 0.42 10 0.002
51 2.54 CP 2.71 CP 0.040 2.82 CP 0.057 2.54 CP 0.000
52 0.42 10 0.60 10 0.025 0.50 10 0.009 0.42 10 0.000
53 2.92 CP 2.85 CP -0.003 2.82 CP -0.014 2.92 CP 0.000
54 0.49 10 0.56 10 0.003 0.50 10 -0.004 0.49 10 0.000
55 2.84 CP 2.82 CP 0.006 2.82 CP 0.001 2.84 CP 0.000
56 324 CP 3.1 CP -0.012 2.82 CP -0.073 324 CP 0.000
57 0.47 10 0.58 10 0.011 0.50 10 0.000 0.47 10 0.000
58 0.54 10 0.57 10 -0.003 0.50 10 -0.013 0.54 10 0.000
59 1.44 LS 1.32 LS -0.022 1.45 LS 0.003 1.45 LS 0.004
60 1.29 LS 1.32 LS 0.003 1.40 LS 0.018 1.29 LS 0.000
61 1.52 LS 1.38 LS -0.028 1.45 LS -0.014 1.52 LS 0.000
62 1.45 LS 1.40 LS -0.011 1.40 LS -0.011 1.45 LS 0.000
63 1.23 LS 1.32 LS 0.014 1.45 LS 0.040 1.23 LS 0.000
64 1.64 LS 1.60 LS -0.008 1.45 LS -0.036 1.64 LS 0.000
65 1.49 LS 1.42 LS -0.015 1.40 LS -0.019 1.49 LS 0.000
66 1.49 LS 144 LS -0.011 1.40 LS -0.019 1.49 LS 0.000
67 1.40 LS 1.26 LS -0.026 1.45 LS 0.010 1.21 LS 0.000
68 1.42 LS 1.35 LS -0.016 1.45 LS 0.005 1.42 LS 0.000
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Table 7. Summary of average residual by seismic performance
levels of models

Average Residual by Seismic Performance Levels
Model
10 LS CP
Training 0.004 -0.004 0.007
ANN
Testing 0.005 -0.006 0.011
oT Training -0.006 -0.001 0.007
Testing -0.010 0.006 -0.004
Training 0 0 0
RF
Testing 0.009 -0.004 0.002
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