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Seismic Structural Analysis of Buried Pipelines and Safety
Evaluation Model Based on Response Surface Method
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Abstract

Based on the earthquakes that occurred recently in Gyeongju and Pohang provinces, the Korea Peninsula needs to be prepared for
a strong earthquake that might occur in the future. In this study, a strain tendency model based on the response surface method was
used to analyze buried straight pipelines. The strains of the buried pipelines were computed through structural dynamics analysis, considering
the section properties and ground types. In the case of the buried straight pipelines, this strain tendency model provided the necessary
information for setting the strain-based design and a guideline for predicting post-earthquake damages in the Korea Peninsula.
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Fig. 1. Damage Examples Caused by the Gyeongju Earthquakes,
2016
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Fig. 2. San Francisco, 1906
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(a) Actual Three-dimensional Soil

Restraint on Pipeline
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(b) Idealized Representation of Soil
with Discrete Springs
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(c) Bi-linear Soil Spring Used to Represent Soil Force on Pipe
Fig. 3. Pipeline Modeling Approach (ASCE, ALA)
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Fig. 6. Design Response Spectrum
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Table 1. Relative density and Soil Characteristics based on N SPT Value (Terzaghi & Peck)

Sand Clay
N SPT Value Relative Density N SPT Value Consistency
0-4 Very Loose <2 Very Soft
4-10 Loose 2-4 Soft
10-30 Medium 4-8 Medium
30-50 Dense 8-15 Stiff
>50 Very Dense 15-30 Very Stiff
>30 Hard
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Table 2. Soil Classification in Korea Based on Mean Shear Wave Velocity of Soil

Spectrum Shear Wave Velocity Soil Type
S2 > 260 m/s Dense Sand
S3 < 260 m/s Dense Sand, Loose Sand, Stiff Clay, Soft Clay
S4 > 180 m/s Dense Sand, Stiff Clay
S5 < 180 m/s Loose Sand, Stiff Clay, Soft Clay
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Table 3. Analytical Models of Buried Pipeline and Spring Stiffness in Dense Sand Soil
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Stiffness & Axial Lateral Vertical Direction Equivalent
D (m) t (m) D/t z (m) . L L X - .
displacement Direction | Direction Uplift Bearing | Boundary Springs
Stiffness (N/m) 50.33 724.57 281.42 | 1,519.46 50,332.76
0.508 0.0143 35.52 4.0
A (m) 0.003 0.076 0.043 0.051 0.259
Stiffness (N/m) 61.16 824.76 288.21 1,871.99 61,163.52
0.610 | 0.0143 42.66 4.0
A (m) 0.003 0.091 0.043 0.061 0.257
Stiffness (N/m) 66.56 873.05 291.57 | 2,050.59 66,561.23
0.660 0.0143 46.15 4.0
A (m) 0.003 0.099 0.043 0.066 0.256
Stiffness (N/m) 77.75 970.35 298.48 2,426.76 77,753.10
0.762 | 0.0143 53.29 4.0
A (m) 0.003 0.114 0.044 0.076 0.254
Stiffness (N/m) 61.16 824.76 288.28 | 1,871.99 61,163.52
0.610 0.0119 51.26 4.0
A (m) 0.003 0.092 0.043 0.061 0.216
Stiffness (N/m) 61.16 824.76 288.28 1,871.99 61,163.52
0.610 | 0.0127 | 48.03 4.0
A (m) 0.003 0.092 0.043 0.061 0.230
Stiffness (N/m) 61.16 824.76 288.28 | 1,871.99 61,163.52
0.610 0.0175 34.86 4.0
A (m) 0.003 0.092 0.043 0.061 0.313
Stiffness (N/m) 11.44 88.74 10.08 482.23 11,437.08
0.610 | 0.0143 42.66 0.5
A (m) 0.003 0.044 0.008 0.061 1.366
Stiffness (N/m) 21.38 197.74 35.22 760.18 21,382.37
0.610 0.0143 42.66 1.2
A (m) 0.003 0.072 0.015 0.061 0.732
Stiffness (N/m) 146.41 2,757.29 1,651.42 | 4,254.42 146,408.85
0.610 | 0.0143 42.66 10.0
A (m) 0.003 0.092 0.061 0.061 0.109
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Table 4. Analytical Models of Buried Pipeline and Spring Stiffness in Loose Sand Soil
D (m) | t(m) Dt Z (m) Stiffness & .Axia%l Fater?l Vert.ical Directi-on Equivalent. Boundary
displacement Direction Direction Uplift Bearing Springs
Stiffness (N/m) 38.10 282.64 201.02 469.10 38,100.49
0.508 | 0.0143 | 35.52 4.0
A (m) 0.005 0.076 0.054 0.051
Stiffness (N/m) 46.30 329.28 205.86 574.26
0.610 | 0.0143 | 42.66 4.0
A (m) 0.005 0.092 0.061 0.061
Stiffness (N/m) 50.38 352.05 208.26 627.16
0.660 | 0.0143 | 46.15
A (m) 0.005 0.099 0.066 0.066
Stiffness (N/m) 58.86 398.24 213.20 737.79 58,856.92
0.762 | 0.0143 | 53.29 4.0
A (m) 0.005 0.114 0.076 0.076 0.335
Stiffness (N/m) 46.30 329.28 205.86 574.26 46,299.07
0.610 | 0.0119 | 51.26 4.0
A (m) 0.005 0.092 0.061 0.061 0.284
Stiffness (N/m) 46.30 329.28 205.86 574.26 46,299.07
0.610 | 0.0127 | 48.03 4.0
A (m) 0.005 0.092 0.061 0.061 0.302
Stiffness (N/m) 46.30 329.28 205.86 574.26 46,299.07
0.610 | 0.0175 4.0
A (m) 0.005 0.092 0.061 0.412
Stiffness (N/m) 8.66 41.23 7.20 8,657.55
0.610 | 0.0143 | 42.66 0.5
A (m) 0.005 0.044 0.016 1.804
Stiffness (N/m) 16.19 88.55 25.16 16,185.86
0.610 | 0.0143 | 42.66 1.2
A (m) 0.005 0.072 0.030 0.966
Stiffness (N/m) 110.83 996.10 1,179.59 110,827.40
0.610 | 0.0143 | 42.66 10.0
A (m) 0.005 0.092 0.061 0.143
Table 5. Analytical Models of Buried Pipeline and Spring Stiffness in Stiff Clay Soil
D (m) | t(m) Dt Z (m) Stiffness & .Axia%l Fater?l Ver‘fical Directi.on Equivalent Boundary
displacement Direction | Direction | Uplift Bearing
Stiffness (N/m) 47.74 109.41 127.62 121.01
0.508 | 0.0143 | 35.52 4.0
A (m) 0.008 0.076 0.102 0.102
Stiffness (N/m) 57.29 129.09 129.15 145.97
0.0143 | 42.66 4.0
A (m) 0.008 0.092 0.122 0.122
Stiffness (N/m) 61.98 138.63 129.90 158.29
0.660 | 0.0143 | 46.15 4.0
A (m) 0.008 0.099 0.132 0.132
Stiffness (N/m) 71.56 157.87 131.43 183.57 71,562.02
0.762 | 0.0143 | 53.29 4.0
A (m) 0.008 0.114 0.152 0.152 0.276
Stiffness (N/m) 57.29 129.09 129.15 145.97 57,287.18
0.610 | 0.0119 | 51.26
A (m) 0.008 0.092 0.122 0.230
Stiffness (N/m) 57.29 129.09 129.15 57,287.18
0.610 | 0.0127 | 48.03
A (m) 0.008 0.092 0.122 0.245
Stiffness (N/m) 57.29 129.09 129.15 57,287.18
0.610 | 0.0175 | 34.86 4.0
A (m) 0.008 0.092 0.122 0.334
Stiffness (N/m) 57.29 97.94 48.30 57,287.18
0.610 | 0.0143 | 42.66 0.5
A (m) 0.008 0.044 0.081 0.275
Stiffness (N/m) 57.29 112.78 90.30 57,287.18
0.610 | 0.0143 1.2
A (m) 0.008 0.072 0.275
Stiffness (N/m) 57.29 143.05 57,287.18
0.610 | 0.0143 | 42.66 10.0
A (m) 0.008 0.092 0.275
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Table 6. Analytical Models of Buried Pipeline and Spring Stiffness in Soft Clay Soil

Stiffness & Axial Lateral Vertical Direction |Equivalent Boundary
D (m) | t (m) D/t z (m) . L o X : .
displacement Direction | Direction Uplift Bearing Springs
Stiffness (N/m) 27.15 61.27 71.47 86.45 27,148.82
0.508 | 0.0143 | 35.52 4.0
A (m) 0.010 0.076 0.102 0.102 0.478
Stiffness (N/m) 32.60 72.29 72.32 104.46 32,599.97
0.610 | 0.0143 | 42.66 4.0
A (m) 0.010 0.092 0.122 0.122 0.481
Stiffness (N/m) 35.27 77.63 72.74 113.38 35,272.09
0.660 | 0.0143 | 46.15 4.0
A (m) 0.010 0.099 0.132 0.132 0.482
Stiffness (N/m) 40.72 88.41 73.60 131.72 40,723.24
0.762 | 0.0143 | 53.29 4.0
A (m) 0.010 0.144 0.152 0.152 0.483
Stiffness (N/m) 32.60 72.29 72.32 104.46 32,599.97
0.610 | 0.0119 | 51.26 4.0
A (m) 0.010 0.092 0.122 0.122 0.402
Stiffness (N/m) 32.60 72.29 72.32 104.46 32,599.97
0.610 | 0.0127 | 48.03 4.0
A (m) 0.010 0.092 0.122 0.122 0.428
Stiffness (N/m) 32.60 72.29 72.32 104.46 32,599.97
0.610 | 0.0175 | 34.86 4.0
A (m) 0.010 0.092 0.122 0.122 0.585
Stiffness (N/m) 32.60 54.85 27.05 62.73 32,599.97
0.610 | 0.0143 | 42.66 0.5
A (m) 0.010 0.044 0.122 0.122 0.481
Stiffness (N/m) 32.60 63.16 50.57 71.07 32,599.97
0.610 | 0.0143 | 42.66 1.2
A (m) 0.010 0.072 0.122 0.122 0.481
Stiffness (N/m) 32.60 80.11 102.48 176.02 32,599.97
0.610 | 0.0143 | 42.66 10.0
A (m) 0.010 0.092 0.122 0.122 0.481
Table 7. Dense Sand Table 8. Loose Sand
D (m) t (m) D/t z (m) Strain D (m) t (m) D/t z (m) Strain
0.508 0.0143 35.52 4.0 6.14E-05 0.508 0.0143 35.52 4.0 5.00E-05
0.610 0.0143 42.66 4.0 7.10E-05 0.610 0.0143 42.66 4.0 7.35E-05
0.660 0.0143 46.15 4.0 5.87E-05 0.660 0.0143 46.15 4.0 9.39E-05
0.762 0.0143 53.29 4.0 5.56E-05 0.762 0.0143 53.29 4.0 1.04E-04
0.610 0.0119 51.26 4.0 3.24E-05 0.610 0.0119 51.26 4.0 6.15E-05
0.610 0.0127 48.03 4.0 4.63E-05 0.610 0.0127 48.03 4.0 3.65E-05
0.610 0.0175 34.86 4.0 3.25E-05 0.610 0.0175 34.86 4.0 1.01E-04
0.610 0.0143 42.66 0.5 2.51E-04 0.610 0.0143 42.66 0.5 6.80E-04
0.610 0.0143 42.66 1.2 1.99E-04 0.610 0.0143 42.66 1.2 1.77E-04
0.610 0.0143 42.66 10.0 1.72E-05 0.610 0.0143 42.66 10.0 1.14E-05
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