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Modular expansion joints (MEJs) are used for accommodating large relative displacements of adjacent bridge segments and for completely eliminating pounding. However, the minimum total gap that an MEJ needs to avoid pounding is not well investigated. To provide guidance for the seismic gap of MEJs, the maximum relative displacement of adjacent bridge segments subject to strong earthquakes was studied experimentally. To date, no experimental investigation of excitation spatial variation effect on bridge on natural soil has been reported. This research addressed a bridge with three identical segments of 100 m. A 1:22 scale bridge model founded on compacted beach sand was tested using electromagnetic inertial exciters. Different ground motions were applied to the model to simulate the effect of spatially varying ground motions. Soil–structure interaction (SSI) was studied by comparing the minimum total gaps with those obtained from the fixed-based experiments in the laboratory. The spatially varying ground motions were simulated based on the New Zealand design spectra for soft soil, shallow soil, and strong rock conditions using an empirical coherency loss function. SSI was found to reduce the minimum total gap of an MEJ needed to avoid pounding between adjacent segments. Under spatially varying ground motions designing adjacent bridge segments with identical or similar fundamental frequencies is still recommended even if it does not necessarily preclude an out-of-phase movement of adjacent structures.
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INTRODUCTION

Observations from major earthquakes indicate that a long-span bridge is likely to suffer differential movement between adjacent segments that can lead to severe damage (see e.g., Figure 1). The reasons include dissimilar fundamental frequencies of the participating structural members, spatially varying ground motion, and soil–structure interaction (SSI) (Chouw and Hao, 2009; Raheem, 2009; Bi et al., 2010, 2011). Spatial variation of ground motion arises mainly from three sources, i.e., the wave passage effect arising from finite wave velocity, loss of coherency because of reflection, refraction, and superposition of the seismic waves and the site effect resulting from different local soil conditions (Kiureghian and Neuenhofer, 1992). Uniform ground motions are often assumed in seismic analyses. However, this is only justifiable for buildings or other structures of limited horizontal extension, under which the soil characteristics can, for simplicity, be assumed homogenous with negligible wave passage effect. For long structures such as bridges, the spatial variability of ground motions should be considered to avoid underestimation of relative displacements.
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FIGURE 1 | Relative movement induced damage due to the 2010 Chile earthquake.



The establishment of the SMART-1 array (Strong Motion Array in Taiwan) (Bolt et al., 1982) sparked a substantial amount of research. Based on the SMART-1 recordings, Hao et al. (1989) proposed an empirical coherency loss function, which was recently improved by Bi and Hao (2012) to incorporate the capability of simulating spatially varying ground motions, which are design spectrum compatible. Discussion of the validity and limitations of some spatial coherency models was presented in the study of Zerva and Zervas (2002). Another study of Zerva (1990) revealed that the wave passage effect had a strong influence on flexible structures while the coherency loss effect was more critical to stiff structures. Dumanogluid and Soyluk (2003) studied a cable-stayed bridge subjected to spatially varying ground motions and found that local soil conditions can significantly affect the characteristics of seismic ground motions such as amplitude, frequency content, and duration of seismic waves. By investigating a multi-support bridge, Yang et al. (2002) concluded that the coherency loss and the local site effects were more pronounced than the wave passage effect. Research by Price and Eberhard (1998) found that not only long-span bridges but also short ones could suffer significantly from spatially varying ground motions.

To prevent unseating during an earthquake, minimum seating length was investigated by a number of researchers. Hao (1998) studied minimum seating length with respect to the bridge fundamental frequencies, span length, damping ratios, and spatially varying ground motions. It was found that the large seating length is needed when the fundamental frequencies of the bridge spans are within the dominant frequency range of the ground motion. Li et al. (2012) performed experiments on the relative girder displacements, considering a bridge with three identical segments. It was concluded that pounding increased the minimum seating length required to avoid unseating. Another research conducted by Li et al. (2013) on bridge pounding with abutments showed an increase in relative opening displacements between the girder and the abutment when spatially varying ground motions were considered.

Initially, to accommodate relative displacement due to thermal expansion and contraction, modular expansion joints (MEJs) were designed with several supporting bars to support a number of center beams perpendicular to the bridge longitudinal axis, dividing the total movement of a bridge gap into a number of small gaps without disturbing the traffic flow (Rizza, 1973). With a capacity to accommodate relative movements in excess of 2 m (Washington State Department of Transportation, 2011), their potential for seismic design has been confirmed by experimental research (Clyde and Whittaker, 2000; Spuler et al., 2011). Hao and Chouw (2007) identified the significant factors that influenced total minimum gaps of MEJs in seismic events, i.e., spatially varying ground motions, the fundamental frequency ratio of adjacent segments, and SSI. Chouw and Hao (2008) studied the SSI effect on the required separation distance of two adjacent bridge frames connected by an MEJ. They concluded that using an MEJ with a large total gap was likely to completely preclude girder pounding. Today, MEJs have been widely used throughout the world, e.g., Tsing Ma Bridge in Hongkong and Pont Canal de Beauharnois Bridge in Canada with maximum relative displacements of 2 and 1.52 m, respectively (Spuler and Gianni, 2004).

Very limited experimental studies involving shake table tests of multi-span bridges were reported. In addition to the studies (Li et al., 2012, 2013), Johnson et al. (2008) conducted an investigation on 1:4 scale, two-span reinforced concrete bridge model using three shake tables considering coherent ground motions in the transverse direction. Saiidi et al. (2007) studied the effect of bi-directional motions and interaction between a four-span bridge of 32 m and abutments on three shake tables and two actuators. Yang and Cheung (2011) shake table tested a 1:20 scale cable-stayed bridge considering the effect of non-uniform excitations. Wieser et al. (2012) at the University of Nevada, Reno investigated the seismic performance of seat-type abutments considering pounding with abutment using a 2:5 scale curved bridge model using four shake tables.

The previous studies on total gaps required for MEJs to avoid pounding were mainly based on numerical analyses. To the authors’ best knowledge, experimental investigations on the influence of SSI and spatial varying ground motion on MEJ total gaps have not been reported. The present study investigated the maximum relative girder displacements by field testing a 1:22 scale bridge model considering spatially varying ground motions. The use of a relatively large scale model and the execution of the tests in the natural environment (on a beach) gave more credibility to the test results. The research outcome helps to determine the minimum total gaps of MEJs between adjacent bridge girders. The experimental data without abutments are applicable to actual bridges because at all bridge joints, including abutment-girder joints, pounding should be avoided. Since with a well-designed MEJ pounding will not take place, there is no interaction between the girder and the abutment. Consequently, there is no carry over effect on the interior joints. Hence, an investigation without considering abutments is still valid for an MEJ between adjacent bridge girders.

EXPERIMENTAL MODEL AND GROUND MOTIONS

Prototype Structure and Scale Model

The scale bridge model was constructed based on a segment of the Newmarket viaduct replacement bridge in Auckland, New Zealand. The segment consists of a single-box girder with a length of 100 m and two bridge piers with a height of 15.5 m and a spacing of 50 m. To investigate the maximum relative girder displacement under spatially varying ground motions, a three-segment bridge without abutments was considered (Figure 2). It was assumed that each bridge segment experiences ground motions agn (t) acting at the middle of the segment along the span direction only, where n is the number of the sites considered (n = 1, 2, and 3).
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FIGURE 2 | Prototype system with left to right seismic wave propagation.



In order to model the prototype structure, the construction drawings of the Newmarket viaduct were used to determine the geometric and dynamic properties of the prototype structure from which the scale model was derived. In pursuit of the closest representation of the prototype, the fulfilment of the similitude requirements was attempted. By implementing Buckingham’s π theorem (Buckingham, 1914), the fundamental physical quantities, i.e., length, time, acceleration, stiffness, mass, and force were scaled. Each scaling ratio was determined mainly based on the nature of the testing conditions. A scaling approach proposed by Moncarz and Krawinkler (1981) was adopted. This approach suggests that the seismically effective mass of a structure can be decoupled from its structurally effective mass. The scale factors of the basic quantities are listed in Table 1. The parameters of the prototype structure and the experimental model are summarized in Table 2.

TABLE 1 | Scale factors of the model structure.
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TABLE 2 | Dimensions and dynamic characteristics of the prototype structure and the model.
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Polyvinylchloride (PVC) was selected to construct the model owing to its high strength-to-weight ratio and excellent workability. More importantly, the low modulus of elasticity of PVC, 2.5 GPa, led to a high mass scale ratio and hence a low model mass.

To achieve the appropriate model characteristics, the columns were fabricated as 100 mm × 36 mm box sections with a thickness of 6 mm and the deck was a 330 mm × 140 mm box section with a thickness of 10 mm. The dimensions of the model are shown in Figure 3. A pair of concrete foundations (pad footings) with dimensions of 340 mm × 340 mm × 70 mm was used.
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FIGURE 3 | Schematic drawing of the model.



Soil and Structural Properties and Test Setup

The field test was conducted on Auckland’s Kohimarama beach with the concrete footings founded on compacted sand with a depth of 200 mm. The compaction was performed with three sand layers to ensure that over a depth, the sand was uniformly compacted. The bridge was leveled. The in situ soil density was found to be 1.67 × 103 kg/m3. The Rayleigh wave velocity was measured by two accelerometers positioned with spacing of 1 m. An electromagnetic inertia force exciter was used to apply harmonic loading, with a frequency band of 3.4–7.0 Hz, to the center of a round plate lying on the sand surface in line with the accelerometers. The selection of the frequency band is due to (1) that the phase velocity for frequencies lower than 3.4 Hz showed high uncertainty and (2) that the values of phase velocity for frequencies higher than 7.0 Hz may be affected by the higher modes of Rayleigh-waves (Tokeshi et al., 2008). The phase velocity of Rayleigh wave (vR) was estimated using Eq. 1 (Park et al., 1999):

[image: image1]

where dx is the distance between the two accelerometers, and Δt is the difference in the arrival time of the waves to the accelerometers. The shear wave velocity (vs) can be approximated by Eq. 2:
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where υ is the Poisson ratio of the soil. By assuming 0.33 for the Poisson ratio of the sand, the average shear wave velocity vs is found to be approximately 220 m/s.

To apply excitations to the model bridge, two electromagnetic exciters (APS Model 400 Electro-Seis) were placed on the deck above the columns as shown in Figure 4. The exciters have a frequency range of 0–200 Hz, a peak stroke of 158 mm, and a mass of 73 kg. The excitations were the inertia force produced by the 18 kg attached masses driven by the exciters. The bridge deck displacements were recorded using a linear variable differential transformer (LVDT). Mass blocks (lead bar) each with a mass of 20 kg were used to achieve the seismic mass required. Figure 4 shows the model of the field experiment.
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FIGURE 4 | Field test setup.



To understand the influence of SSI on the structural response, the same tests were conducted with a fixed-base foundation in the laboratory. For both foundation conditions, the columns were bolted to the concrete footings as shown in Figure 5.
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FIGURE 5 | Foundation conditions. (A) field test (concrete footing on sand) and (B) fixed-base test.



To incorporate a wide range of bridges, a series of segment fundamental frequencies were considered. The total mass of the blocks was varied to achieve the targeted fundamental frequencies between 1.7 and 2.3 Hz. Based on a time scale ratio of 1:2, these frequencies correspond to equivalent frequencies of 0.85–1.15 Hz for the prototype structure. This frequency range covers most bridge structures. By performing snap-back tests, the damping coefficients were found to range from 611 to 308 Ns/m and from 341 to 168 Ns/m, respectively, for the SSI cases and the fixed-base cases as the fundamental frequency of the bridge decreased from 2.19 to 1.62 Hz and from 2.3 to 1.7 Hz, respectively. The fundamental frequencies obtained from the free vibration fixed-base tests and field tests are summarized in Table 3.

TABLE 3 | Fundamental frequencies of the model obtained from the SSI and fixed-base cases.
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Spatially Varying Excitation

The spatially varying ground motions were simulated based on an empirical coherency loss function (Bi and Hao, 2012), derived using more than 1000 strong ground motion time history records from the SMART-1 array. The spatially varying excitations were simulated based on the New Zealand design spectra (New Zealand Standards, 2004) with a spatial separation of 100 m. More details about the excitation development are provided by Li et al. (2012). Figure 6 shows the response spectra of the simulated excitation and the target design spectra.
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FIGURE 6 | Response spectra of the simulated excitations (bold curves) and the target design spectra (thin curves) for three different soil conditions.



RESULTS AND DISCUSSION

The applied spatially varying excitations were simulated based on the design spectra for soft soil (Class D), shallow soil (Class C), and strong rock (Class A) conditions. For the soft soil condition, high, intermediate, and weak correlations between the excitations at different supports were simulated while for the shallow soil and strong rock conditions, only high correlation of excitations was considered. To assure the generality of the results, for each soil condition and coherency loss, 20 sets of excitations were adopted, resulting in a total of 100 sets of spatially varying excitations. Since a controlled ground motion could not be applied to the underlying beach sand, the common approach was taken by applying horizontal acceleration with negative amplitude equal to the required ground acceleration. This has the effect of rendering the ground stationary and applying the true ground acceleration to the structural mass. The resulting inertia forces were generated by means of inertial force exciters, with the assumptions that:

1. The bases of each pair of piers as shown in Figure 3 are subject to the same ground motion.

2. The effective longitudinal structural mass is concentrated at the deck level, equally at the top of each pier.

3. There is no longitudinal structural interaction with adjacent segments at either end of the girder since the study focuses on the total gap required to avoid girder pounding.

4. Half the equivalent inertia forces are applied simultaneously to the deck at the tops of each pier (this is due to the limited capacity of the inertial exciters), and pier displacements are equal to those would result from direct ground excitation.

5. The model will behave as a SDOF system.

6. Only the influence of the characteristics of excitations of different soil conditions on the model response is considered while the same beach sand is used.

This study investigates the consequences of SSI and spatially varying excitations for the total gap that a MEJ must have to prevent pounding between bridge segments of variable fundamental frequencies. The relative displacements were normalized by the corresponding reference displacement, calculated as the average of the 20 maximum absolute girder displacements of segment 1 with an assumed fixed foundations due to excitations of the same soil condition. The reference values for each soil condition are given in Table 4. Larger displacements resulted from the soft soil condition than the shallow and strong rock conditions. This is due to the higher spectral values of the New Zealand design spectra for the soft soil condition in the vicinity of the fundamental frequency of the scaled model. By normalizing the relative displacements using the corresponding reference values, the effect of varying seismic input on the structure due to different soil types was neutralized. Hence, the results are comparable.

TABLE 4 | Summary of the reference displacements.
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Some current bridge specifications, e.g., the California Department of Transportation (CALTRANS) (California Department of Transportation, 2010) and Japan Road Association (JRA) (Japan Road Association, 2004), advocate designing adjacent bridge spans to have the same or similar fundamental frequencies to reduce the likelihood of out-of-phase movement. However, even if all structural segments have the same fundamental frequency, if spatially varying excitations are present, relative girder displacements will consequently certainly occur.

Figure 7A compares the relative displacements (urel) of segments 1 and 2, both with a fundamental frequency of 1.9 Hz due to the spatially varying, time delayed and uniform excitations of the soft soil condition with SSI effects. For the spatially varying excitation, intermediate correlation was considered. The results show that the spatially varying excitation resulted in the largest relative displacements (the dotted line) while under the uniform excitation (the thick solid line) zero relative movement was expected as the bridge segments respond identically. It shows that the recommendation of matching fundamental frequencies of adjacent structures does not necessarily ensure in-phase motion. On the contrary, keeping the fundamental frequencies of the neighboring structures the same could cause out-of-phase response and hence relative displacements if spatial variation of excitations is anticipated.
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FIGURE 7 | Time histories of (A) the relative displacements between segments 1 and 2, the absolute displacements of segments 1 and 2 due to (B) time delayed excitations and (C) spatially varying excitation with SSI.



It is observed from Figure 7A that the peak relative displacement (2.64 cm) due to the spatially varying excitation is larger than that (1.94 cm) resulting from the time delayed excitation. As seen in Figure 7B, with a site distance of 100 m and an apparent wave velocity of 500 m/s, the 0.1 s phase difference (due to a time scale factor of 1:2) is relatively small compared to the fundamental period of the bridge spans, i.e., 0.5 s, leading to smaller relative girder displacements compared to those due to the spatially varying excitation as shown in Figure 7C. Under the spatially varying excitation, because of coherency loss, the responses of segments 1 and 2 differed significantly, and hence resulted in larger relative displacements. The results indicate that spatial variation of ground motion should be given full consideration in the design of long-span bridges. Considering only the wave passage effect can underestimate the minimum total gap of an MEJ.

The normalized relative displacements due to different soil conditions and coherency loss were compared in Figure 8 for different fundamental frequency ratios (f2/f1 or f3/f2) due to SSI. When considering segments 1 and 2, the fundamental frequency of segment 1 was kept as 1.9 Hz and that of segment 2 was varied between 1.62and 2.19 Hz. For segments 2 and 3, segment 2 was kept with a fundamental frequency of 1.9 Hz. The reference displacements used to normalize the responses due to different soil conditions are provided in Table 4. Figures 8A,B reveal the consequences of different soil conditions of excitations for the relative girder response. For a frequency ratio of 0.85, the maximum normalized relative movement between segments 1 and 2 under the excitations of the soft soil condition was 1.6 while the minimum relative movement was no lower than 0.9, found in shallow soil condition at a frequency ratio of 1.08. For frequency ratios below 0.96, the excitations of the soft soil and strong rock conditions resulted in similar normalized relative displacements. According to Figures 8A,B, the soil conditions of the excitations have similar influence on the normalized relative response. In general, the relationship between the frequency ratio and the normalized relative displacements tends to be independent of the soil conditions of the ground motions.
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FIGURE 8 | Normalized average maximum relative displacement between different segments (segments 1 and 2 or segments 2 and 3) considering SSI due to different (A,B) soil conditions of excitations with high correlation, and (C,D) coherency loss of excitations of soft soil condition.



Figures 8C,D show the influence of different coherency loss of excitations on the relative girder response. These figures indicate that the response of adjacent segments differed most when the corresponding site excitations had a weak correlation. For a frequency ratio of 0.85 between segments 1 and 2, the normalized average maximum relative displacement resulting from a weak excitation correlation was found to be 1.7, while high and intermediate correlations led to a normalized value of 1.6. When the frequency ratio was 1.15, the difference between the normalized average maximum relative displacements due to weak and intermediate correlations was approximately 0.2. These observations indicate that the consequences of having a weak correlation between the adjacent support excitations are more significant than having a high or intermediate correlation. If considering segments 2 and 3 (Figure 8D), the coherency loss effect of excitations became more pronounced as the relative response resulting from different coherency losses diverged more as the frequency ratio exceeded 0.9.

Since equalizing the fundamental frequencies of the adjacent structures cannot avoid out-of-phase movement in the presence of spatially varying excitations, it is important to determine the segment frequency combination that will result in minimum relative displacement even if spatial variability of excitations is considered.

In Figure 8, a descending trend in the normalized relative displacements can be clearly observed as the frequency ratio increases. Figure 9 reveals the reason for this descending trend with the plots of the relative and absolute girder displacements of segments 2 and 3 due to frequency ratios of 0.85 and 1.15, respectively. The maximum relative displacement resulting from each fundamental frequency ratio is indicated. As shown in Figure 9A, segment 3 responded to the excitation more vigorously between 3.7 and 5.5 s. During this period, the segments were almost moving in phase. The maximum relative displacement occurred at about 3.5 s, when the displacement of segment 2 almost reached its maximum while that of segment 3 was nearly 0. In contrast, Figure 9B shows that the displacements of segments 2 and 3 were, for most of the time, asynchronous. The maximum relative displacement took place when both segments approached the respective extreme absolute displacements in the opposite directions. It results in a maximum relative displacement of 4.45 cm, which is almost two times larger than that resulting from a frequency ratio of 1.15, i.e., 2.42 cm as shown in Figure 9A. This occurs even though the maximum displacement of segment 3 with a fundamental frequency of 2.19 Hz is larger than that with a fundamental frequency of 1.62 Hz.
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FIGURE 9 | Consequence of frequency ratio for the relative displacements between segments 2 and 3 due to highly correlated excitations of soft soil condition for (A) f3/f2 = 1.15 and (B) f3/f2 = 0.85.



After examining the displacement time histories of segments 2 and 3 due to all the other spatially varying excitations, it was found for f3/f2 = 1.15 that most of the substantial displacements of the segment occurred between 4.5 and 6 s, during which, the segments responded almost in phase. For f3/f2 = 0.85 (Figure 9B), segments 2 and 3 moved completely out-of-phase at approximately 3 and 6 s, where the absolute displacements of segments 2 and 3 are significant. It is attributable to the unequal fundamental frequencies of the segments and the coherency loss of the excitations. The observation shows that the fundamental frequencies of the participating soil-footing-structure systems are important for determining the maximum relative displacements as they can contribute to the development of out-of-phase displacements of adjacent structures.

To study the effects of SSI, the average maximum absolute displacements of segment 1 due to SSI were compared with those due to fixed base in Table 5 for the excitations of different soil conditions. The larger girder displacement due to each foundation condition has been highlighted. It is clear that in most cases, SSI caused smaller maximum displacements than the fixed-base foundation for the same structural mass.

TABLE 5 | Comparison of the average maximum absolute displacement of segment 1 with and without SSI.
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Figure 10 illustrates SSI effect on the normalized relative displacement between segments 1 and 2 and between segments 2 and 3 considering the wave propagating only from left to right. When considering segments 1 and 2, the fundamental frequency of segment 1 was kept as 1.9 Hz and that of segment 2 was varied between 1.62 and 2.19 Hz. For segments 2 and 3, segment 2 was kept with a fundamental frequency of 1.9 Hz. Note that the frequency ratios for the SSI cases and the fixed-base cases are similar but not the same. For the presentation, the frequency ratios for SSI case were used. The averages are shown in brackets. As observed from both figures, the majority of the differences are positive with the exception of some due to the soft soil condition for frequency ratios of 0.85, 1.06, and 1.08 in Figure 10A and 1.06 and 1.08 in Figure 10B with the negative differences insignificant compared to the positive ones. For the cases considered, SSI has a beneficial effect in terms of reducing the relative girder displacements. For segments 1 and 2, SSI reduced the relative displacements by a greater amount for the shallow soil and the strong rock conditions compared to the soft soil condition. The average reductions in the relative displacements for the shallow soil and strong rock conditions are 30 and 32% of the reference displacements i.e., 1.53 and 1.29 cm, respectively (see Table 4). In Figure 10B, the ground motions of shallow soil condition caused more reduction, i.e., 28% of the reference displacement on average, than the other soil conditions. SSI resulted in more reduction in the relative displacements between segments 1 and 2 than between segments 2 and 3 under the ground motions of the strong rock condition by comparing the average reduction in brackets (i.e., 0.32 and 0.10).
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FIGURE 10 | Differences between the normalized relative displacements between (A) segments 1 and 2 and (B) segments 2 and 3 with fixed-base foundation and with SSI due to spatially varying excitations.



In reality, the propagation direction of seismic waves is not predictable; however, it will affect the relative response of neighboring girders. In order to determine the maximum relative displacement between two segments, the seismic wave was considered to reach the three-segment bridge from either direction. In Figure 2, the case of seismic waves propagating from left to right is indicated. In the case of the excitations applied from the opposite direction, segment 3 would experience site 1 excitation [ag1 (t)] while segment 1 would experience site 3 excitation [ag3 (t)]. Figure 11 shows the minimum MEJ total gaps between segments 1 and 2 of the prototype bridge required to avoid pounding considering an earthquake loading in either direction. The fundamental frequency of segment 2 was varied while segment 1 was kept with a constant fundamental frequency of 1.9 Hz. The results in Figure 11 were obtained by selecting the larger values between the average maximum relative displacements resulting from the propagation of the seismic wave in either direction. This figure reveals that segments with an identical fundamental frequency required the smallest MEJ gap to prevent pounding. Consequently, even if spatially varying excitations can be anticipated, matching the fundamental frequencies of the adjacent girders is still beneficial as the bridge can experience the seismic wave from either direction. The soft soil condition required the largest minimum total gap while the strong rock condition demanded the least. When the frequency ratio changed from 1 to 1.15, the total gaps due to the ground motions associated with the soft soil condition increased by 0.34 m while the increase was only 0.12 m due to those of the strong rock condition. Thus, the influence of different fundamental frequencies of the segments on the total gap due to the ground motions of the strong rock condition was not as significant as for those of the soft soil condition.
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FIGURE 11 | Minimum total gap required for an MEJ to avoid pounding between segments 1 and 2 due to highly correlated ground motions with SSI.



Figure 12 reveals the minimum MEJ total gap between segments 1 and 2 under the ground motions of different soil conditions considering the wave propagation in either direction. The fundamental frequency of segment 1 was kept as 1.9 Hz for SSI case and 2 Hz for fixed foundation case while those of segment 2 were varied. Figures 12B,D,F show the difference (Sspatial – Suniform) of the minimum total gap of structures with fixed foundation due to spatially varying and uniform ground motions and the difference (Sfixed – SSSI) between the minimum total gap of structures with fixed foundation and SSI due to spatially varying ground motions. As shown for all soil condition cases, the influence of spatially varying excitations on the minimum MEJ total gap is significant as the spatial variation, for almost all the frequency ratios, resulted in larger relative displacements than the uniform excitations.
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FIGURE 12 | Consequence of spatially varying ground motion and SSI for the minimum total gap between segments 1 and 2 due to excitations of (A,B) soft soil, (C,D) shallow soil, and (E,F) strong rock conditions, all with high correlation.



When the segments have the same fundamental frequency, the underestimation of the total gap required to avoid pounding due to the assumption of uniform ground motions is most significant. Therefore, considering spatially varying ground motions is critical for bridge segments with identical fundamental frequencies. As the fundamental frequency ratio drifts away from 1, the underestimation of the MEJ gap due to neglecting spatial variation of ground motions becomes less. This is because the relative displacements due to the difference in the dynamic properties of the adjacent bridge segments also have a contribution to the total MEJ gap. The more different the adjacent bridge segments, the more dominant the influence of their dynamic properties, and the less the MEJ gaps is underestimated by neglecting spatially varying ground motions.

Soil–structure interaction reduced the minimum total gaps needed for preventing pounding as the difference between the total gap due to fixed base and SSI is always positive. The largest decrease of the minimum total gap due to SSI takes place when the frequency ratio is 1.08 in the case of soft soil condition and 1.05 in the case of shallow soil and strong rock conditions, equivalent to 19, 18, and 20% of the minimum total gap due to spatially varying ground motions of respectively the soft soil, shallow soil, and strong rock conditions with fixed-base foundation.

The minimum gap required for MEJs to avoid pounding can be displayed as a function of the fundamental periods of adjacent bridge segments in the form of a relative displacement spectrum (Chouw, 2016).

CONCLUSIONS

In contrast to conventional bridge expansion joints, MEJs can be used to prevent bridge pounding. To achieve this objective, the minimum total gap between the center beams should be at least equal to the maximum relative displacement between adjacent segments. To understand the simultaneous effects of spatially varying ground motions and SSI on relative girder displacement, a 1:22 scale bridge model was constructed and tested on beach sand using inertial force exciters. A range of fundamental frequencies was considered by varying the masses on the deck. Spatially varying excitations were modeled based on New Zealand design spectra with an empirical coherency loss function. The simulated excitations considered the soft soil, shallow soil, and strong rock conditions with the high correlation. In addition, for the soft soil condition, the intermediate and weak correlations were also considered. The tests were repeated with fixed foundations in order to compare with those obtained from considering SSI. A total of 4200 tests were performed.

Based on the results, the following conclusions are derived.

1. Since the excitation direction is unpredictable, the conventional bridge design recommendation of matching the fundamental frequencies of adjacent bridge structures can still be worth following as this will require the smallest total gap of an MEJ to prevent pounding even if spatially varying ground motions are considered.

2. Should the direction of the seismic wave propagation be given, making a bridge segment more flexible than the following segment can result in smaller relative girder displacements.

3. The combined effects of the wave passage and coherency loss can result in more than 30% larger relative girder displacements than considering the wave passage effect alone.

4. When SSI is considered, a weak correlation of spatial excitations may result in larger relative girder displacement than a high or an intermediate correlation.

5. In the cases considered, SSI is beneficial in terms of reducing the minimum total gap of an MEJ, even when spatially varying ground motions are considered. The reduction can be 20%.

6. An assumption of uniform ground motions for bridge segments with identical fundamental frequencies will underestimate the minimum gap significantly.
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