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The seismic response is generally amplified significantly near the fault zone due to the influence of discontinuous interfaces and weak-broken geotechnical structures, which imposes a severe geologic hazard risk on the engineering crossing the fault. The Hanjiang to Weihe River Project (phase II) crosses many high seismic intensity regions and intersects with eight large-scale regional active faults. Seismic fortification of the pipelines across the fault zone is significant for the design and construction of the project. A large-scale vibration table test was adopted to investigate the seismic response and fault influences. The responses of accelerations, dynamic stresses, strains, and water pressures were obtained. The results show that the dynamic responses were amplified significantly by the fault zone and the hanging wall. The influence range of fault on acceleration response is approximately four times the fault width. The acceleration amplification ratio in the fault zone generally exceeds 1.35, even reaching 1.8, and the hanging wall amplification ratio is approximately 1.2. The dynamic soil pressure primarily depends on the acceleration distribution and is apparently influenced by pipeline location and model inhomogeneity. The pipeline is bent slightly along the axial direction, accompanied by expansion and shrinkage in the radial direction. The maximum tensile and compressive strains appear at the lower and upper pipeline boundaries near the middle section, respectively. Massive y-direction cracks developed in the soil, accompanied by slight seismic subsidence. The research findings could provide reasonable parameters for the seismic design and construction of the project.
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INTRODUCTION
Faults are one of the most important geological settings in the Earth’s crust and are developed extensively in western China. Fault activities generally induce various geological disasters, such as ground dislocations, landslides, collapses, and debris flows, posing a significant threat to people’s lives, properties and engineering constructions (Dhakal, 2021; Peng et al., 2021). Pipelines constitute one of the critical infrastructure elements of modern societies and are used to transport gases and waters over long distances. As a lifeline project built either on the ground surface or buried in the soil, the pipeline cannot avoid crossing a fault belt in most conditions. Studying the assessment, mitigation, and treatment of pipelines across faults is significant for the design and construction of projects.
Significant research has been devoted to understanding the behavior of pipelines subjected to a fault. Scientists and engineers generally focus on the following aspects: 1) investigation of seismic damage of pipelines under strong earthquakes; 2) assessment of pipelines crossing the fault adopting analytical methods, numerical simulations, and physical modeling experiments; and 3) mitigation and prevention of pipelines crossing the fault belt.
The stick-slip action of faults generally triggers strong earthquakes, which can cause large displacements to appear at the ground surface, produce strong ground motions in high seismic intensity regions, and pose severe damage to structures. The damage to pipelines in typical strong earthquakes, such as the 1975 Haicheng (Sun and Hou, 1991), 1976 Tangshan (Sun and Shien, 1983), 2002 Alaska (Hall et al., 2003; Honegger et al., 2004), and 2008 Wenchuan earthquakes (Wang et al., 2012), was investigated, which presented the destruction features of structures and primary influencing factors on destructiveness. In the 1978 Miyagiken-Oki earthquake, approximately 350 cases of damage to water and gas pipelines were investigated near the cut-and-fill boundaries of newly developed residential areas (Liang and Sun, 2000). Experiences from strong earthquakes show that underground structures usually suffer minor damage compared with ground structures during a seismic event (Corigliano et al., 2011), and cut-and-cover tunnels are more vulnerable than circular bored tunnels (Hashash et al., 2001). According to statistical analysis, the peak ground velocity, pipeline type, and size are attributed to the seismic damage of buried pipelines (Toprak and Taskin, 2007). The site conditions are more significant than seismic intensity in contributing to pipeline damage. All the investigations provide detailed damage characteristics, models, and mechanisms for the analysis and design of the pipeline.
The behaviors of lifeline engineering structures crossing faults have been investigated by many researchers adopting the methods of theoretical analysis. Newmark and Hall (Newmark and Hall, 1975) developed a simplified analysis method assuming that a pipeline is subjected to direct stress by the dislocation, ignoring nonuniform lateral soil resistance. On this basis, many researchers extended corresponding works (Kennedy et al., 1979; Duan et al., 2011; Uckan et al., 2015). A refined analysis method for the buried pipeline was presented considering some modification of previous assumptions, which is applicable to both strike-slip and reverse strike-slip faults (Wang and Yeh, 1985). Researchers investigated the buried pipeline responses to strike-slip fault movement, where the large deflection pipeline crossing the fault zone is modeled as an elastica, and the remaining portion of the small deflection pipeline is modeled as a semi-infinite beam on an elastic foundation (Chiou et al., 1994). A simplified method was developed to estimate the curvatures of continuous pipelines due to normal fault movement (Shi et al., 2018). All analytical methods provide the basis for the rapid evaluation of structural deformation and damage across fault zones.
Considerable numerical simulations and large-scale physical model tests were adopted to analyze structures that cross faults under special and complex conditions. The influence of pipeline shell thickness, buried depth, fault zone width, fault displacement, intersection angle of pipeline and fault, material nonlinear characteristic, etc., were taken into account systematically during the numerical simulations (Joshi et al., 2011; Karamitros et al., 2011; Chen et al., 2012; Yang et al., 2013; Vazouras and Karamanos, 2017; Demirci et al., 2018; Dezhkam and Nouri, 2018; Sarvanis et al., 2018; Yifei et al., 2018; Fard et al., 2019; Fadaee et al., 2020). Centrifuge model tests were implemented for segmental tunnels subjected to a normal fault and for a high-density polyethylene pipeline crossing a strike-slip fault (Abdoun et al., 2009; Kiani et al., 2016). A few shaking table tests on deep-buried pipelines (Yan et al., 2018), mountain tunnel flexible joints (Shen et al., 2020), and shield tunnel multiscale physical models (Bao et al., 2017) that passed through a fault zone were also implemented. The vulnerability assessment of natural gas pipelines subjected to seismic actions was explored (Tsinidis et al., 2019; Tsinidis et al., 2020a; Tsinidis et al., 2020b). All of these results provided parameters, methods, and schemes for the design and construction of engineering structures across a fault zone and paved the way for subsequent scientific research.
Engineers are usually very concerned about reducing the possibility of damage to the facilities triggered by faulting. To date, the avoidance principle is still the most recommended method in actual projects. For pipelines crossing fault belts, a combination of ground treatment, structure improvement, and seismic monitoring is generally adopted to mitigate the risk (Honegger et al., 2004). One efficient seismic protection is pipeline placement within culverts or the use of flexible joints (Gantes and Melissianos, 2016). However, the seismic design of a buried pipeline across a fault is complex and governed by many factors, such as the ground and structure conditions, fault activities, and damage mechanisms.
The effect of faults on engineering mainly includes the following three aspects: 1) stick-slip action triggering earthquakes, strong ground motions, and seismic disasters; 2) creep-slid deformation causing permanent ground dislocations threatening the engineering crossing the fault; and 3) fault amplification on geologic hazards due to the influence of discontinuous interfaces and weak-broken geotechnical structures. Regardless of any of the above effects, severe engineering damage can be produced near the fault belt and cause significant challenges in design and construction for projects crossing a fault. However, the current research mainly focuses on aspects 1) and 2), and few studies focus on 3). The fault influence range and amplification are significant and need to be explored.
The Hanjiang to Weihe River Diversion Project is intended to alleviate the water shortage and optimize the strategic allocation of water resources in central and northern Shaanxi Province. Phase II of the project is water transmission engineering, including the southern and northern branches. Due to the high seismic intensity and development of active faults in engineering regions, it is essential to accurately implement seismic fortification for the design and construction of pipelines. This paper aims to investigate the seismic response of pipelines across the fault zone. The large-scale vibration table test was adopted to investigate the response of acceleration, dynamic stresses, strains, and water pressures for the surrounding soil and pipeline in detail. The results could provide more reasonable parameters for the seismic design of the project.
TECTONIC BACKGROUND OF THE HANJIANG TO WEIHE RIVER DIVERSION PROJECT
Phase II of the project starts from the Huangchi ditch and is then divided into two branches. The south branch is distributed eastward along northern Qinling Mountain, ending at the Bahe Water Plant with a total route length of 103.5 km. The north branch extends northwards through Zhouzhi and Xingping and terminates at the Jingyang Beiguan Water Plant with a total route length of 88.7 km. The water transmission engineering structure is designed as a circular concrete pipeline with an outer radius of 2.7 m, partly combined with rectangular box culverts. The water supply amount of the project can reach a total of 1.5 billion m³ per year (Deng, 2017). The distribution and geological conditions of the Hanjiang to Weihe River Project (phase II) are presented in Figure 1.
[image: Figure 1]FIGURE 1 | Geological conditions of the project (Deng, 2017).
According to the seismic tectonic background, a total of 20 faults developed in the near-field regions, among which seven are Holocene (Qh) faults and eight are Late Pleistocene (Qp) faults. The project intersects with eight of the faults (Deng, 2017). The fault names, intersection point coordinates, cross angles, and latest activity eras of the eight faults are shown in Table 1.
TABLE 1 | Intersection conditions of the faults and pipeline.
[image: Table 1]The soil category of the site is evaluated as medium-hard (category II). The peak seismic acceleration of the ground was calculated by adopting the probability analysis of the seismic risk method. According to the calculation results, the peak ground acceleration for exceeding probabilities of 63, 10, 5, and 2% in 50 years is 76–86 Ga l, 200–240 Ga l, 260–310 Ga l, 330–420 Ga l, respectively, and the peak ground acceleration for exceeding probabilities of 5, 2, and 1% in 100 years is 312–384 Ga l, 347–485 Ga l, and 450–630 Ga l, respectively (Deng, 2017). The distribution of peak ground seismic acceleration for typical exceeding probabilities is presented in Figure 2. The seismic precautionary intensity for the project is VIII degrees.
[image: Figure 2]FIGURE 2 | Distribution of peak ground acceleration for typical exceeding probabilities (Deng, 2017).
Consequently, the geological tectonic activities are intense in the engineering regions. High seismic intensity regions are distributed widely. Eight large-scale regional faults are intersected, and the investigation of faults' effect on water pipe construction is critical. To date, the influence of fault creep-sliding activities and stick-slip movements on engineering has been extensively considered, and many significant results have been obtained to provide a reference for engineering construction. However, due to the influence of discontinuous interfaces and broken geotechnical structures, the seismic response is generally amplified significantly near the fault belts, which was generally ignored in actual projects, possibly inducing a severe geologic hazard risk on the engineering structures. The dynamic response characteristics and mechanism of the water pipeline crossing the fault zone are significant for the seismic fortification of the project. Consequently, the vibration table test was adopted to study a water pipeline’s seismic response crossing the fault zone, with which the response characteristics of acceleration and stresses in the surrounding soil, dynamical strain on the pipe shell, seismic amplification coefficient and influence scope of fault belt, etc., were elucidated.
DESIGN OF THE VIBRATION TABLE TEST
Model Design, Monitoring Scheme, and Material Parameters
According to the project data, the pipeline is made of concrete, and the cross-section is generally circular with an outer diameter of 5.0 m and pipe wall thickness of 0.2 m. The depth of the pipeline in loess is mainly 1.0–2.0 m and can reach 7.0–8.0 m near some steep slope. An enormous depth at the intersection of the north Qinling fault is approximately 80.0 m, which is the geomorphic boundary of Qinling and pluvial fans. The involving eight faults of the project are all positive faults which dip angle are basically 70–80.
An appropriate model size is essential to obtain a reliable result for the vibration table test. Due to the limitations of the width, length, and power of the vibration table, it is challenging to implement physical model tests of a large size. Comprehensively analyzing the similarity ratio, embedment depth and capacity of the vibration table, the geometric similarity ratio was finally designed to be 1:20, with which the outer diameter of the model pipe is 25.0 cm and the water pipe depth was finally determined at 40.0 cm. The outer dimensions of the model box were considered to be 2.8 m × 1.1 m × 1.4 m.
The frame of the physical model box was welded using profile steel. The sides of the box are four pieces of Plexiglas, and the bottom is a sheet of steel plate. A steel hoop and eight vertical reinforcement bars were installed around the box to maintain the stiffness of the model box during the experiment. Four pieces of foam boards with a thickness of 8.0 cm were installed around the box’s inner sides to reduce the boundary’s influence on the dynamical response. The dip angle and width of the fault were designed at 80° and 20.0 cm for the experiment, respectively. A steeper dip angle was adopted considering the actual occurrence of involved faults, size limitation and boundary influences of the vibration table test. The dimensions, distribution of sensors, and details of the critical profiles of the vibration table experiment are presented in Figure 3.
[image: Figure 3]FIGURE 3 | Design and profiles of the vibration table experiment.
A total of 21 accelerometers, 24 soil pressure cells, 24 strain gauges, 2 osmometers, 1 thermometer, and one moisture meter were installed in the model. The accelerometer is an EY version with a monitoring range of 0.0–2.0 g, a sensitivity coefficient of 451.92 mV/g, and a size of 16 × 15 × 8 mm³. The soil pressure cell (model: BWM) has a monitoring range of 0.0–0.1 MPa, an accuracy of ±0.3 F.S, a diameter of 28 mm, and a thickness of 6.5 mm. The strain gauge (model: 120–5AA) shows a monitoring range of ±50,000 με, a sensitivity coefficient of 2.0 ± 1%, a length of 8.5 mm, and a width of 3.6 mm. The osmometer(model: BWMK) has a monitoring range, accuracy, diameter, and thickness of 0–100 kPa, ±0.01 kPa, 15.8 mm, and 21 mm, respectively. The model of moisture meter and thermometer are CS655 and Campbell 257, respectively. The monitoring direction is x for acceleration, x and z for soil pressure, and y and circumference for the strain gauge.
The water pipeline’s surrounding soil is remolding loess, and the fault zone component is a mixture of sawdust and fine sand. The tube was full of water, and both ends were sealed with a lid. To avoid pipe rupture and water leakage under strong vibration, a Polyvinyl Chloride (abbreviation as PVC) plastic pipe with appropriate plasticity and flexibility is adopted for the experiment. The physical and mechanical parameters of loess, PVC pipe, and fault zone soil are shown in Table 2. The distribution of particle size and dynamical parameters are presented in Figure 4 and Figure 5, respectively. The symbols α and β in Figure 5 are the loess test parameters of Hardin model.
TABLE 2 | Physical and mechanical properties of loess from the test.
[image: Table 2][image: Figure 4]FIGURE 4 | Particle size distribution of the experimental loess.
[image: Figure 5]FIGURE 5 | Curves of the dynamic modulus of elasticity and damping ratio.
Loading Scheme
The amplitude, excellent frequency, and effective duration of the time history are the critical factors of seismic waves, significantly influencing the results of the dynamical response. For the comparative analysis, three time-histories were chosen as the excitation wave: the EI-Centro wave (EI), Tangyu wave (Ty), and artificial wave (Ar). The EI wave represents the seismic time history characteristics of a long-distance earthquake for the engineering site. The Ty wave, recorded at the Tangyu seismic station in the Wenchuan earthquake (data sources: National Earthquake Data Center of China), represents the influence of a major historical earthquake on the project. The Ar wave is an artificial seismic wave, which was calculated from the intersection site of the Qinling fault adopting the method of probability analysis of seismic risk, with an exceeding probability of 10% in 50 years. The Ar wave represents the characteristics of potential seismic waves and can be used for seismic fortification design and construction of the project. Figure 6 shows the excitation loading seismic time histories and corresponding Fourier spectrum. Table 3 presents the loading scheme in detail.
[image: Figure 6]FIGURE 6 | Condition of the excitation waves. (A) Time history of EI-Centro wave. (B) Time history of Tangyu waves from the Wenchuan earthquake (data sources: National Earthquake Data Center of China). (C) Time history of the artificial wave. (D) Fourier spectrum of the excitation wave.
TABLE 3 | Loading scheme of the vibration table experiment.
[image: Table 3]ACCELERATION DYNAMIC RESPONSE
Distribution Characteristics of Acceleration Response
Peak acceleration is one of the most critical parameters for seismic load and ground motions. According to the results of the vibration table test, the acceleration time histories were recorded at the monitoring points, with which the peak accelerations were obtained. Typical longitudinal and transverse profiles A and B were selected to depict the peak acceleration distribution contours adopting the least square method. Because of the similarity of contours under various loadings, only partial results are presented as a description in Figure 7.
[image: Figure 7]FIGURE 7 | Distribution characteristics of the peak acceleration response on profiles A and B (unit: m/s2).
The contours of profile A show that a more considerable peak acceleration generally appears in the hanging wall, especially near the fault zone. The peak acceleration increases gradually with increasing z value. The maximum value is generally distributed close to the upper edge of the pipe located near the fault zone. For a certain depth, the larger and smaller peak accelerations are generally distributed near the fault zone located in the hanging and footwall, respectively. The range of acceleration variation influenced by the fault is approximately 2b in the hanging wall, 1b in the footwall, and 4b in total, where b is the fault zone width. For profile B, a larger peak acceleration was recorded on both sides of the pipeline and is even approximatively equal to the maximum value obtained near the top surface, which might be induced by the significant difference in stiffness between the pipe and surrounding soil.
The central line of profile B was selected, involving four accelerometers numbered A1, A5, A10, and A14, of which the peak acceleration values under various levels of excitation were then obtained. Figure 8A presents the distribution of peak acceleration versus depth, and Figure 8B shows the variation in the amplification factor with depth. The responsive peak acceleration generally increases with increasing z value and peak excitation acceleration. The increase rate is more significant in the regions above the pipe relative to the lower part. A more apparent increase appears when the amplitude of excitation acceleration is more remarkable, which should relate to the influence of cracking and soil failure under shock. The amplification factor of the peak acceleration with depth can reach 1.2–1.6 when the location is close to the top surface of the model.
[image: Figure 8]FIGURE 8 | Peak acceleration response curves for various depth. (A) Peak acceleration versus depth, (B) acceleration amplification factor versus depth.
Based on the Fourier transformation, the Fourier spectra of recorded time histories for specific points were obtained. The amplification factor along with depth was denoted by the ratio of A1/A14, A5/A14, and A10/A14. The acceleration response spectrum and corresponding amplification factor along with depth were determined, as shown in Figure 9. The comparison of the Fourier spectrum shows that the amplification factors are significant in the frequency range of 3–225 Hz, but only the range of 3–8 Hz possesses an excellent Fourier spectrum amplitude. Consequently, the amplification of the Fourier spectrum amplitude with depth is mainly concentrated in the frequency range of 3–8 Hz. The amplification of the acceleration response spectrum is concentrated mainly in the period of 0.05–0.5 s, especially in the period of 0.05–0.26 s.
[image: Figure 9]FIGURE 9 | Fourier spectrum and response spectrum at No.36–1.2 g. (A) Fourier spectrum of specific points, (B) amplification factor of Fourier spectrum, (C) acceleration response spectrum of specific points, (D) amplification factor of acceleration response spectrum.
Consequently, the peak acceleration amplification is prominent in the range of the fault zone, hanging wall, and nearby the pipe. The fault influence range is approximately four times the fault width. The amplification factor of peak acceleration with depth can reach 1.2–1.6, mainly induced by seismic waves with a frequency range of 3–8 Hz. The amplification of the acceleration response spectrum concentrates primarily in 0.05–0.26 s.
Influence of Fault on Acceleration Response
For quantifying the effect of faults on peak acceleration distributions, the amplification ratio was defined and calculated. Based on the contours, the maximal, minimal, and general values of peak accelerations at a depth of z = 0.65 m were extracted, with which the amplification ratios of maximum to minimum and the hanging wall mean to footwall mean were calculated, respectively. The result is presented in Figure 10. The ratio of maximum to minimum decreases gradually with increasing excitation acceleration. The maximum ratio tends to 1.8 when the input peak acceleration approaches zero, the minimum ratio tends to 1.35 when the excitation reaches 1.2, and the amplification ratio approximates 1.5 when the excitation adopts an exceeding probability of 10% in 50 years of the engineering site. The ratio of the hanging wall to the footwall increases gradually with increasing excitation peak acceleration, and the increase rate is maintained at a relatively small level of approximately 1.2.
[image: Figure 10]FIGURE 10 | Influence of faults on the responsive peak acceleration distribution.
The fault zone affects not only the responsive peak acceleration but also the frequency of the time history. The acceleration Fourier spectra and response spectra recorded at specific points are presented in Figure 11 and Figure 12, respectively. According to the Fourier spectra, the excellent frequencies are mainly in the range of 1–10 Hz. The Fourier amplitude ratios of A5, A6, A7, and A8 to A9 were calculated and are presented in Figure 11C. The amplification ratios are approximately constant for a certain monitoring point when the frequency falls into the frequency range of 1–6 Hz, fluctuate slightly when the frequency is equal to 6–10 Hz and fluctuate significantly when the frequency is greater than 10 Hz. In the excellent frequency range of 1–10 Hz, the amplification ratio of the Fourier spectrum is approximately 1.3 at point A6 and 1.1–1.2 at points A5, A7, and A8. In addition, the changes in excitation peak acceleration have a small impact on the amplification ratios of the Fourier spectrum, which is presented in Figure 11C, D. The acceleration response spectra are calculated adopting the damping ratio of h = 5% and time histories of specific points, which are shown in Figure 12A. The diversity is remarkable in the period of 0.05–2.0 s, especially in the period of 0.1–1.0 s. The response spectrum ratios of A5, A6, A7, and A8 to A9 are calculated and presented in Figure 12B. The ratios are approximately constant in the period of 0.1–2.0 s and attenuate rapidly when the period is greater than 2.0 s. The amplification ratio reaches 1.25–1.30 for the A6 point in the platform part.
[image: Figure 11]FIGURE 11 | Fourier spectrum and fault amplification ratio. (A) Fourier spectrum of specific points at loading No.36–1.2 g, (B) Amplification ratio of Fourier spectrum at loading No.36–1.2 g, (C) Amplification ratio of Fourier spectrum at point A6, (D) Amplification ratio of Fourier spectrum at point A7.
[image: Figure 12]FIGURE 12 | Acceleration response spectrum and amplification ratio of fault at loading No. 36–1.2 g. (A) Acceleration response spectrum for specific points, (B) Amplification ratio of acceleration response spectra.
Consequently, the acceleration amplification ratio in the fault zone generally exceeds 1.35, even up to 1.8, and the hanging wall amplification ratio is approximately 1.2. The magnification ratio of faults on the Fourier spectrum and response spectrum can reach 1.3, mainly in the range of excellent frequency and period.
Influence of Excitation Waves on Acceleration Response
The spectrum characteristics and effective durations of excitation waves will significantly influence the dynamic response. The responsive peak acceleration contours for different excitation waves with the same amplitude are presented in Figure 13. Figure 14 shows the comparison of responsive peak acceleration versus depth. Although the specific data of responsive peak acceleration vary for different excitations, the distribution characteristics and variation laws are always the same. The acceleration responses triggered by the EI wave are generally better than those triggered by the Ar and Ty waves. The acceleration amplification ratio on depth is defined as the ratio of peak acceleration at a certain depth to that of the model’s bottom, which varies with the change of excitation waves and amplitude.
[image: Figure 13]FIGURE 13 | Responsive peak acceleration contours for different excitation waves (unit: m/s2).
[image: Figure 14]FIGURE 14 | Comparison of peak acceleration response for different excitation waves, (A) peak acceleration versus depth, and (B) acceleration amplification ratio versus depth.
The Fourier spectrum of the time histories recorded at A1 is highly similar to that of the corresponding excitation wave, as shown in Figure 15A and Figure 6D. The Fourier spectrum ratio of A1 to A14 was calculated and is presented in Figure 15B, which shows slight amplification when the frequency is in the 15–35 Hz range, significant amplification when the frequency is equal to 50 Hz, and almost identical amplification when the frequency is in the range of excellence. The corresponding response spectrum was calculated adopting a damping ratio of 5%, with which the amplification ratio of A1/A14 was obtained, as shown in Figure 15C, D. A great disparity is shown for the response spectrum when the period is in the 0.05–2.0 s range. The amplification ratio of the response spectrum varies considerably when the period is in the 0.05–0.2 s range.
[image: Figure 15]FIGURE 15 | Comparison of Fourier spectrum and response spectrum, (A) Fourier spectrum of time history recorded at point A1, (B) the Fourier spectrum ratio of A1 to A14, (C) response spectrum of the time history recorded at A1, (D) the response spectrum ratio of A1 to A14.
DYNAMIC RESPONSE CHARACTERISTICS OF THE SOIL STRESS
Dynamic pressures or stresses in the soil are critical parameters that significantly affect the site deformation and stability under earthquake. The value, distribution, and variation of dynamic soil stresses are generally influenced by the peak acceleration of excitation, stratum lithology, soil density, burial depth, and features of the embedded structures, etc. The monitoring of dynamic soil stresses is critical for the evaluation, prevention, and mitigation of seismic disasters for foundation engineering. Soil pressure cells with various locations and orientations were designed and embedded in the vibration table test. The distribution of soil pressure cells is presented in Figure 3. The time history curves of dynamical soil stresses for typical points are shown in Figure 16. The peak soil stresses versus excitation accelerations are presented in Figure 17.
[image: Figure 16]FIGURE 16 | Time history curves of dynamic stress in soil (loading No. 34, 1.1 g of the excitation peak acceleration). (A) stress at P3 and P4, (B) stress at P7 and P8, (C) stress at P19 and P20, (D) stress at P21 and P22, (E) stress at P15 and P16, and (F) stress at P23 and P24.
[image: Figure 17]FIGURE 17 | The peak stresses in soil versus the excitation acceleration. (A) Stresses in the x direction and (B) stresses in the z direction.
According to the recorded results, the stresses in soil respond to the excitation sensitively, nonlinearly, and nonuniformly in both directions x and z. During a specific loading, the amplitude of responsive stress increases remarkably when the peak of excitation acceleration arrives. The envelope lines of the responsive stress time-history curves approximatively synchronize with that of the excitation acceleration for most monitoring points. The responsive stress amplitude generally increases with increasing excitation, and the increase rate is more significant when the input peak acceleration is greater, especially for the regions near the pipeline and close to the model bottom. Regardless, the distribution of responsive dynamic stress in the surrounding soil is complicated and mainly affected by the excitation acceleration and specific structural characteristics in the model. Due to the influence of nonuniform deformations, the structure and soil contact zone will raise considerable dynamic stresses.
DYNAMIC STRAIN RESPONSE OF THE PIPE
The pipeline strain response under earthquake could reflect the dynamic micro-deformation characteristics, potential damage location, range, model of the pipeline, etc., to a great extent. Dynamic strain monitoring could provide important information and data conducive to the stress analysis and seismic-resistant design of pipeline axial and crossing sections.
In this experiment, a total of 24 strain gauges were affixed in three cross-sections of the pipeline with horizontal ordinates of y = 0.9 m, 1.4 m, and 1.9 m. The strain gauges numbered S1-S8 are for Section I (y = 0.9 m), among which S1 and S2 lie at the pipeline top, S7 and S8 are located at the pipeline bottom, and S3-S6 are on both sides of the pipeline. All the strain gauges appear in pairs, where the odd numbers are for axial (y) direction, and even numbers are for circumferential direction. S9-S16 and S17-S24 belong to sections II (y = 1.4 m) and III (y = 1.9 m), respectively, and the numbering sequence and rules are consistent with those of Section I. The distribution of strain gauges is shown in Figure 3.
Although the specific data and strain time-history curves generally vary from points to points and are greatly dependent on the monitoring locations, loading conditions, etc., the overall characteristics are always the same. Consequently, only typical monitoring results are selected as an illustration. Figure 18A presents the responsive dynamic strain time-history curves of S5 and S6 with an excitation peak acceleration of 1.2 g. Although the seismic load acting on the bottom of the model is just in the x-direction, the dynamic strain of the pipeline responds obviously in both the axial (y-direction) and circumferential directions. During a specific level of loading, the strain response increases greatly when t = 35–60 s. The mean lines of the strain time-history curves tend to a small negative value for S5 and an apparent negative value for S6, which indicates that this point is in a compressive state, with a bending deformation tendency along the axial and circumference directions. The peak acceleration of excitation versus the maximum (positive value represents the tensile state) and minimum (negative value refers to the compressive state) responsive strain of typical points is shown in Figure 18B. The peak strain generally increases gradually with increasing excitation. The variation rate increases quickly for S6 when the acceleration is more significant than 1.0 g, which indicates that a large bending deformation is produced along the circumference. Figure 18C, D show the variation in strain along the axial direction of the pipe bottom and a pipe side, respectively. The maximum strain generally appears in the fault zone, and the peak value significantly decreases from the midpoint to both ends of the pipeline. According to the distribution characteristics of axial strain, bending deformation occurs along the pipeline in both the vertical and horizontal directions. Figure 18E, F show the variation of circumferential strain along the cross-section of y = 1.4 m and y = 0.9 m. The pipeline mainly undergoes expansion and shrinkage deformation in the radial direction. In the cross-section of y = 1.4 m, the pipeline shows an approximate symmetrical deformation. The maximum tensile and compressive strain occurs at the top and bottom of the pipeline, respectively. In the cross-section of y = 0.9 m, the deformation is asymmetric with a more significant value at the pipe bottom.
[image: Figure 18]FIGURE 18 | Responsive dynamic strain of the pipe. (A) Strain time-history curves of typical monitoring points, (B) peak of responsive strain versus excitation acceleration, (C) peak axial strain variation along the pipe bottom, (D) peak axial strain variation along the pipe side, (E) peak circumferential strain along the cross-section of y = 1.4 m, (F) peak circumferential strain along the cross-section of y = 0.9 m.
Consequently, under the action of an earthquake, the water-filled pipeline crossing a fault zone primarily undergoes bending deformation along the axial direction, accompanied by expansion and shrinkage in the radial direction. The maximum tensile and compressive strain occur at the central section of the pipe in the fault zone.
CRACK CHARACTERISTICS OF THE SOIL
Understanding the failure process and mechanism of the engineering site under excitation is one of the most significant and applicable results from the vibration table test. It was possible to discern the vulnerable regions by analyzing the crack characteristics, and the methods of mitigation damage for the engineering could be obtained.
The crack characteristics of the model top surface are presented in Table 4. Small cracks first appeared from both sides of the fault when the excitation peak acceleration reached 0.5 g. The quantity, length, width, and depth of the cracks increased gradually with increasing excitation acceleration amplitude. The cracks originated from both sides of the fault asymmetrically, which should relate to the distribution characteristics of responsive acceleration and fault amplification. Meanwhile, the cracks all develop along the y-direction, which may be affected by the model’s inconsistent stiffness between the rigid boundary, structure, and soil. Slight seismic collapses occur in the unsaturated loess site when the excitation peak acceleration is excellent, reaching 1.0 g.
TABLE 4 | Crack characteristics of the model top surface.
[image: Table 4]DISCUSSION
Strata in the fault zone sites related to this project vary and generally involve interbedded layers of loess and paleosol. However, the consideration of strata variation would cause an obvious complexity in the test design because a large number of sensors have to be arranged near the discontinuous interface to monitor the dynamic response. Too many sensors and wires would be embedded, which would influence the model structural uniformity and increase the costs significantly. More importantly, this study mainly focuses on the dynamic response characteristics of the water pipeline crossing a fault, and ignoring strata variation might result in a more apparent influence law for the fault. Consequently, the stratum was designed as uniform loess in the vibration table test.
We also monitored the dynamic response of the water pressure inside the pipeline. The distribution histograms and curves are presented in Figure 19. The dynamic response of water pressure is generally close to zero with a few occasional impulses. The impulse amplitude reaches 10 kPa for sensor O1 and 300 kPa for O2. The dynamic water pressure of O2 is significantly greater than that of O1. Although the shear waves cannot propagate in the water inside the pipe, tremendous dynamic water pressure still occurred due to the influence of the impulses.
[image: Figure 19]FIGURE 19 | Dynamic water pressure response inside the pipeline. (A) Water pressure response of O1 under various loadings. (B) Water pressure response of O2 under various loadings. (C) Water pressure response of O2 under G26. (D) Water pressure response of O2 under G36.
CONCLUSION
A large-scale vibration table test was adopted to investigate the seismic response of the water transmission pipeline crossing the fault. The responses of accelerations, dynamic stresses, strains, and water pressures for the pipeline and surrounding loess were obtained. The results are presented as follows.
1) The dynamic response is significantly amplified in the fault zone and hanging wall. The fault influence range is approximately four times the fault width. The maximum acceleration amplification ratio in the fault zone generally exceeds 1.35, reaches up to 1.8, and approximates 1.5 when excitation is adopted with an exceeding probability of 10% in 50 years. The ratio of the hanging wall to the footwall is maintained at a relatively slightly small level of approximately 1.2. The spectrum characteristics and effective durations of excitation waves also significantly influence the dynamic response.
2) The distribution of responsive dynamic stresses in the surrounding soil is complicated and mainly affected by the excitation acceleration properties and specific structural characteristics in the model. Due to the influence of nonuniform deformations, the structure and soil contact zone will raise considerable dynamic stresses.
3) The pipeline mainly undergoes bending deformation along the axial direction, accompanied by expansion and shrinkage in the radial direction. The maximum tensile and compressive strain occur at the central section of the pipe in the fault zone. Massive cracks developed along the y-direction, accompanied by slight seismic subsidence.
The research findings could provide reasonable parameters for the seismic design and construction of the project.
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- - - ®F = 108.95", N = 34.06" -
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