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Abstract: An isolation trench is a simple and effective method to isolate structural vibrations originating from sources of vibration other than earthquakes (machines, traffic, explosions, etc.); however, there is still not a conclusive depth of the isolation trench for frame structures. To investigate the isolation effect of a trench in the frame structure designed for ground vibration, both a field test and finite element analysis were conducted to analyze the reduced effect of the vibration. The vibration reduction analysis was based on the dynamic equation and wave theory. Considering the vibration control of an industrial plant frame, a soil-trench-building finite element model was built to analyze the vibration characteristics of the floor before and after the open isolation trench structure was used. According to the model, a dynamic test was carried out on the frame structure to assess the effect of the vibration reduction by introducing the trench. The results showed that the depth of the trench was the dominating factor in vibration isolation. When the depth of the trench reached 1~1.3 times the wavelength of the Rayleigh wave, the damping effect was the strongest. the width of the trench has little effect on the vibration isolation efficiency, and the trench must be maintained at a certain distance from the building to ensure the vibration damping efficiency. The vibration of each floor was obviously reduced after the trench was built. The vibration damping effect of the trench was significant.
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1  Introduction

With the rapid development of social economy, the scale of urban infrastructure construction was constantly expanding. However, the situation also brought a lot of issues. For example, Vibrations originating from vibrating machines, traffic, and blasting often have a negative influence on our daily lives, not only on nearby buildings, but on high-precision equipment. A frame structure is prone to resonance with ground vibration because of its small lateral stiffness. At present, the installation of vibration isolation barrier is one of the methods to solve this environmental vibration. Compared with the traditional vibration isolation method, the barrier isolation method has many advantages, including low cost, firmness, high durability, back filling easily after construction and not affecting the normal use of the building during the entire construction process. Much literature can be found about isolation trenches; however, the cost of field test of isolation trenches is so high, and the reliable data can be obtained is very limited, that it is important to use these data to conduct further study on seismic effect of isolation trenches on frame structure. Therefore, it is of great significance to simulate the vibration process by numerical simulation method and compare it with field experiment.

In order to know the influence mechanism of vibration damping effect of the trench, Barkan [1] researched the effect of vibration isolation using barriers at first, such as vibration reduction by a trench and pile wall; however, the effect was not adequate. Subsequently, Woods et al. [2] proposed the concept of the amplitude attenuation coefficient through a series of in situ field tests on active vibration isolation and passive vibration isolation of the trench method, established the foundation of attenuation coefficient research. Later, there are more and more researches on isolation trench. A numerical model composed of a train-track dynamics sub-model and a track-soil-building finite element sub-model was developed by Zou et al. [3] to study the vibration isolation efficiency of various wave barriers including trenches and concrete walls. The finite element analysis and the model test were carried out by Haupt et al. [4,5] to study the effects of filled trenches on the scattering of waves, and the results showed that the bright scattering effect is related to the cross-sectional area of the barrier but not to the shape of the barrier. Rigidity barriers are much more effective than flexible barriers. Bose et al. [6] and Lei et al. [7] researched the key factors affecting the vibration isolation efficiency of open and infill trenches. Eskandarighadi et al. [8,9] investigated the isolation efficacy of geocell-reinforced foundation beds infilled with different materials through a series of block resonance tests. Sarka et al. [10] investigated the efficiency of using sand crumb rubber mixture for vibration isolation. Zhou et al. [11] found that the vibration isolation performance of the open trench–wave impedance block barrier system can reduce the vibration generated by a vibration source. 3D FEM model was constructed by Kontoni et al. [12] to study the train-induced vibrations on a nearby high-rise building. The attenuation response from a series of block vibration tests performed on a model square machine foundation at a site near IIT Kanpur, India, is studied by Surapreddi et al. [13]. A finite-element method based on a partial differential equation is introduced by Meng et al. [14] to study the propagation and attenuation of plane waves in single-phased soil by pile barriers. Majumder et al. [15] studied the performance of intermittent geofoam in-filled trench as a passive vibration screening when a reinforced concrete lining tunnel is subjected to internal blast load. Hegde et al. [16] studied the performance of the barriers created using geosynthetics in mitigating the vibrations. Jazebi et al. [17–19] proposed a novel approach which is considering the effect of Rayleigh wavelength on the efficiency of open and in-filled trenches coupled with regular specific normalized dimensions was implemented . Çelebi et al. [20] and Sivakumar Babu et al. [21] conducted field experiments on wave propagation and vibration isolation using wave barriers.

In summary, the research about vibration damping effect of the trench was still insufficient, for the reason that the high cost of field test of isolation trenches, it is of great significance to simulate the vibration process by numerical simulation method. This paper compared the result of finite element analysis and the result of field test about isolation trenches and analyzed best depth of the isolation trench. Besides, the paper analyzed the locations and widths of the isolation trenches to provide a theoretical basis for the scope of building protection.

2  Vibration Isolation Mechanism of Barriers

A vibration generated by the external environment is propagated out of the vibration source in waves. When a wave propagates to the interface of two layers, reflection and refraction will occur at the interface. The mechanism of the barrier isolation is to reduce the energy of the wave reaching the target building. One part of the wave will be reflected according to the reflection theory in optics and acoustics while it propagates to the interface of two different elastic media, and the other part of the wave is transmitted to another medium. The barrier isolation mechanism has been discussed further based on the reflection of the longitudinal wave and shear wave. When the P wave propagates to the interface of the two layers, two reflection waves and two refracted waves are produced (see Fig. 1), according to Snell’s law [22]:


sin⁡α1Vp1 = sin⁡α2Vp1 = sin⁡β2Vs1 = sin⁡α3Vp1 = sin⁡β3Vs2 
(1)

where Vp1 and Vs1 are the longitudinal wave velocity and the shear wave velocity in the first medium, respectively, and Vp2 and Vs2 are the longitudinal wave velocity and the shear wave velocity in the second medium, respectively. If the amplitude of the incident wave is shown as A1, then the amplitudes of the reflected and transmitted waves are shown as A2 and A3; the propagation of the waves at different media interfaces is assumed by the boundary condition [23] in the case of the vertical incidence (α1 = 0) characteristic:


A2=A1ρ1V1−ρ2V3ρ2V+ρ1V1,A3=A12ρ1V1ρ2V+ρ1V1
(2)

Because the shear wave is perpendicular to the propagation surface of the wave, the SH wave does not produce the P wave in reflection or transmission. However, the SV wave is accompanied by a P wave when it is reflected and transmitted, and it also produces four waves because the vibration direction of the SV wave is consistent with the propagation direction of the wave. The waves satisfy the following relationship:


sin⁡β1Vs1 = sin⁡α2Vp1 = sin⁡β2Vs1 = sin⁡β3Vs2 = sin⁡α3Vp2
(3)

ρV is defined as the wave impedance of the medium where ρ is the density and V is the wave velocity. Eq. (2) shows that the amplitudes of the reflected and transmitted waves depend on the wave impedance ratio and angle of incidence. The greater the difference in wave impedance between the two interfaces is, the smaller the total energy of the refraction. Thus, the reduction effect of the barrier is better.
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Figure 1: Incident and refraction of different waves

3  Numerical Analysis of Reduction Effect of Trench

The analysis is carried out by ANSYS 17.2 software. Plane 182 is chosen to simulate the main soil body, and the field is regarded as a semi-infinite body. This unit has 4 nodes, each with two degrees of freedom: displacement in the x and y directions. This unit has plasticity, superelasticity, stress stiffness, large deformation and large strain capability. The solid was analyzed and calculated based on the plane strain [24]. In addition, to avoid the impact of wave reflection on the simulation results, a visco-elastic artificial boundary was applied to the model. The visco-elastic boundary can not only overcome the problem of low-frequency drift caused by a viscous boundary but also simulate the elastic recovery performance and scattered wave radiation of the semi-infinite foundation of an artificial boundary. Both the low-frequency and high-frequency stability [24] of this method are good. Two-dimensional models that were 100 m × 50 m in size with a graticule mesh were adopted in this study. The vibrating source was 3 m away from the left edge of the trench, the initial elastic modulus was 2.6 × 102 MPa, the soil density was 2000 kg/m3, the Poisson’s ratio was 0.495, the Raleigh damping was 0.025, and the main body was meshed by 0.5 m. The load was an impact load with a magnitude of 10 kN, which was achieved by a step load in ANSYS; the time step was 0.005 s. The finite element dynamic model is shown in Fig. 2.
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Figure 2: Finite element model of the soil trench

3.1 Vibration Reduction Effect of the Trench Depth

When fixing the width of the trench as 0.5 m, the depth of the trench was described as a dimensionless parameter d*, d* = d/λR, where λR was the Rayleigh wavelength. The normalized depths of each trench were assumed to be 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1, 1.1, 1.3, 1.5, 2 and 2.5. Instantaneous dynamic analysis was used to calculate the time-history response from 0–1 s at the target point. The amplitude attenuation coefficient ARF (acceleration amplitude with the barrier/ acceleration amplitude without the barrier), was proposed by Woods [2], which is used to measure the reduction effect of the trench for the frame structures. The distances of A, B, C, D, E and F from the edge of the trench are 1, 3, 5, 7, 10, and 20 m, respectively.

The acceleration attenuation coefficients are shown in Fig. 3.
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Figure 3: ARF of different trench depths

The ARF of each measuring point is shown to first decrease, and then increase with increasing trench depth, but the ARF of A curve decreased significantly less than other curves. When the depth is 0.1λR~0.5λR, The attenuation of acceleration amplitude of each curve are between 10% and 20%. At this time, the ARF attenuation of A and B curves is about 10%, and the ARF attenuation C, D, E and F curves is about 20%. With the increase of trench depth, the amplitude of acceleration decreases gradually. When the depth reaches 0.7λR, the ARF attenuation of A and B curves is still about 10%, and the ARF attenuation of C, Dcurve are 20% and 30%, respectively, and the ARF attenuation of E and F curves are 50% lower than compared with them in 0.1λR. When the depth reaches 0.9λR, the ARF attenuation of A curve is still 10%, and the ARF of B, C, D, E and F curves decreases rapidly by 45%, 40%, 35% and 30% respectively. When the depth reaches 1λR~1.1λR, the amplitude acceleration of every measuring point decreases most, B-F measuring point can reduce 80% and a measuring point can reduce 35%. However, when the depth is lower than 1.3λR, ARF increases and the reduction effect of trench decreases, but the degree of reduction is very small. ARF attenuation of B-F measuring point rises to about 40%, and ARF of measuring point a rises to 35%. In conclusion, deeper trench does not result in better reduction effect.

3.2 Vibration Reduction Effect of the Trench Width

The depth d* was fixed to 0.9; the distance from the vibration source was constant. The normalized widths of each trench were assumed to be 0.5, 1, 1.5, and 2 m. Instantaneous dynamic analysis was used to calculate the time-history response from 0–1 s at the target point. The results are shown in Fig. 4.
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Figure 4: Graph of acceleration amplitude for different widths

No significant difference was observed in the maximum acceleration response when the width was increased. The results indicate that the width has no impact on the reduction effect of the trench. This is because the width of the trench was relatively small compared with the wavelength in the soil, which generates minor energy loss caused by the vibration wave through the barrier; the reduction effect did not change with increasing width. Therefore, the width of the trench can be estimated from the principle of convenient construction, and construction cost can be estimated based on the actual conditions of the building.

3.3 Vibration Reduction Effect of the Trench’s Position

When the trench was constructed, its depth and width were restricted to construction conditions, construction safety, building influences, etc. However, when the depth was insufficient, a low-frequency vibration with a large wavelength would pass through from the bottom of the trench and continue to vibrate in the back region; therefore, the position of the trench (distance from the building) was the main factor affecting the vibration wave diffraction.

To determine the vibration reduction region of the trench, the normalized depths d* of each trench are assumed to be 0.9, 1, 1.1, 1.3 and 1.5. Instantaneous dynamic analysis was used to calculate the time-history response from 0–1 s at the target point. The results are shown in Fig. 5.
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Figure 5: Graph of ARF

The attenuation coefficient of the acceleration first increases, then decreases and finally stabilizes following the increase in the distance from the trench’s edge. When the distance from the trench’s edge is small, the acceleration amplitude attenuation is small and the vibration reduction effect is weak. Because the wave passed through the bottom of the trench, ARF shows a certain increasing trend when the point is close to the trench’s edge but the effect is weak. Therefore, in order to ensure the reduction effect of the trench, the building must maintain a certain distance from the trench’s edge. With the increased distance from the trench’s edge, ARF began to decrease, and the vibration-reduction effect of the trench was obviously enhanced. Then, the attenuation coefficient of the acceleration was slightly floating; however, the range was small. The reduction effect was basically the same; the acceleration amplitude attenuation was reduced by 60%, and the vibration-reduction effect was good.

4  Study on Vibration Control of a Frame Structure

4.1 Project Background

In this study, an industrial workshop, which is built by frame structure and located in Shenzhen Industrial Park, is taken as the analysis object. The frame structure has five floors, the first floor is 5.4 meters high, the other floors are 2.4 m high. The frame structure is 40 m in length and 20 m in width. The total floor area is about 800 m2, and the indoor and outdoor height difference is 0.3 m. The seismic fortification intensity of frame structure workshop is 7 degree [25], and the reasonable service life of the building is 50 years. The floor vibration of a five-story frame structure was too strong as a result of the vibration caused by machines in the surrounding plant. The production staff could clearly feel the vibration, and the study found in dynamic testing, the vertical vibration acceleration amplitude was too large. Therefore, in order to ensure normal use of the production workshop and effectively control the floor vibration, the trench was designed around the industrial plant.

4.2 Numerical Simulation

4.2.1 Finite Element Model

The dynamic strain amplitude in the soil caused by mechanical production, forging and other surrounding environment vibration is small, generally less than 10−5, so the soil can be considered an elastic medium. The soil can be regarded as a homogeneous isotropic elastomer for the calculations in this research. The soil should be calculated as the plane strain, ignoring the influence caused by temperature. Plane182 is chosen to simulate the main soil body. The soil site type was the same as the actual frame structure type, whose soil site type was the second site type defined in the Chinese design code as seismic; however, it can also be based on similar soil data to determine the specific soil dynamic parameters when the means necessary to survey the reference are lacking [26,27]. The soil dynamic parameters are shown in Table 1; the site boundary was consistent with the previous model, and the site damping ratio was 0.05.
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The upper structure model was simulated by the plane frame, and the frame beam and column were simulated by the two-dimensional elastic beam element BEAM3. The main structural properties were as follows: the grade of the concrete strength was C30, the density was 2500 kg/m3, the concrete elastic modulus was 3.0 × 104 MPa, and the Poisson’s ratio was 0.2. The upper beam element and the soil plane element were connected by the constraint equation method.

Former finite element analysis results showed that depth is the main factor affecting the vibration reduction effect of the trench. When the depth reaches 1~1.1λR, the amplitude acceleration of the measuring point decreases the most, indicating that the reduction effect is the best. By continuing to increase the depth, the reduction effect will be slightly reduced, so when the vibration is controlled, the depth should not continue to increase. Otherwise, it will not only cause difficulty in the construction but also waste manpower and material resources. When the depth is large, the stability of the trench’s sidewall will be influenced. Research from some scholars has shown that when the depth is larger than 1.33 times the Rayleigh wave wavelength in the base, the trench can achieve a better reduction effect. In this paper, the embedded depth of the foundation was chosen to be 3 m, the maximum shear wave velocity was 247 m/s, and the Rayleigh wave velocity was approximately 0.95 times the shear wave velocity. Therefore, the Rayleigh wave velocity was 234.7 m/s, and the Rayleigh wave’s frequency was taken to be 100 Hz; thus, the wavelength of the Rayleigh wave is 2.4 m. Therefore, the depth of the trench was taken as 3–4 m, meeting the vibration reduction requirements. The depth of the model was set to 3.0, 3.5 and 4.0 m to define the optimal depth of the trench; this was used to further analyze the relationship between the trench’s depth and the depth of the foundation.

Because the width had a minimal effect on the trench’s vibration reduction effect, the width can be estimated from convenient construction and cost based on the actual conditions of the building. Therefore, the width was defined as 1.0 m. The isolation trench should maintain a certain distance from the building to ensure the vibration reduction effect. Therefore, according to the actual depth of the trench, the position is determined to be 1~2 times the depth away from the building, so the distance is set to 7 m from the edge of the building. The soil-trench-building finite element model is shown in Fig. 6.
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Figure 6: Finite element model of the soil-trench-building

4.2.2 Analysis and Evaluation of Vibration Reduction Effect

Based on the transient dynamic analysis in the ANSYS software structural analysis, the vertical acceleration amplitude of each floor was used to analyze and evaluate the vibration reduction effect after the trench was constructed. The five-floor acceleration-time curve is shown in Fig. 7. The variable d represents the depth of the trench in Fig. 7.
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Figure 7: The five floor acceleration-time curve

The acceleration amplitude of each floor for different depths is shown in Table 2 and Fig. 8.
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Figure 8: Acceleration amplitude of each floor for different depths (10–1 m/s2)

The vertical vibration acceleration amplitude of each floor was significantly reduced after the trench was constructed, the vibration of the upper floor was effectively reduced and the vibration reduction effect was significant. In addition, when the depth of the trench was the same as the embedded depth of the foundation, the vibration acceleration amplitude attenuation of the ground was reduced by 40%; however, when the depth was larger than the embedded depth of the foundation, it was reduced by 70%. Therefore, when the depth of the trench was the same as the embedded depth of the foundation, the decrease was relatively smaller than the depth that was larger than the embedded depth, although the acceleration of each floor had a certain degree of reduction. Therefore, the trench depth should be larger than the embedded depth of the foundation in order to achieve a better vibration reduction effect.

4.3 Dynamic Test

According to the finite element analysis results, a vibration reduction trench was constructed around the frame structure with a width of 0.9 m and a depth of 3.4 m. The vibration characteristics of each floor of the main frame structure were measured using a pulsating method when the trench is constructed. A 941B ultralow-frequency passive servo absorber and one amplifier are used. The main test quantities were accelerations, and the passband frequency was 0.5–100 Hz. The floor measuring points were arranged on the quality center of each floor, as shown in Fig. 9.
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Figure 9: Arrangement graph for each measuring point

The five-floor acceleration time curve is shown as an example in Fig. 10. Fig. 10 shows that the vertical vibration of the five floors was significant before the trench was constructed; the vertical acceleration amplitude was up to 16.67 m/s2. However, the vertical acceleration amplitude of the measuring point was obviously reduced after the trench was constructed. The vertical amplitude vibration acceleration of each measuring point is shown in Table 3.
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Figure 10: Five-floor acceleration-time curve
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As seen from Table 3, the vertical vibration acceleration amplitudes of the second and fifth floors were significantly large before the trench was constructed but were significantly reduced after the trench was constructed. To define the main energy distribution points of each floor and the vibration of different frequency band attenuations when the trench was constructed, the Fourier transform of the acceleration curve of each floor (the time domain equation is transformed into the frequency domain equation [28–30]) was performed. The Fourier spectrum of the five-story floor is shown in Fig. 11.
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Figure 11: Five-floor frequency spectrum curve

The list of the main energy distribution points of the five-story floor (measuring point 5) and the second floor (measuring point 2) are shown in Table 4.

[image: images]

As seen from Table 4, the high-frequency part of the vibration energy of the floor is significantly attenuated, while the low-frequency part of the attenuation is smaller. The 50 Hz energy part of the vibration caused by the surrounding environment was significantly attenuated when the trench was constructed; the vibration wave in the higher frequency part can be effectively reduced by constructing the trench. However, the low-frequency vibration wave cannot be effectively attenuated because of its large wavelength. In this case, the structural vibration caused by the low-frequency wave should be avoided by improving the frequency of the structure.

5  Conclusions
(1)   The depth of the trench is the dominating factor, and the vibration control effect of the trench gradually increases with increasing depth. When the depth of the trench reached 1~1.1 times the wavelength of the Rayleigh wave, the vibration reduction effect was the greatest. However, when the depth is more than 1.3 times the wavelength of the Rayleigh wave, increasing the depth resulted in a reduction of the vibration reduction effect, although the reduction was smaller.

(2)   The width of the trench has little effect on the vibration isolation efficiency, and the trench must be maintained at a certain distance from the building to ensure the vibration damping efficiency.

(3)   The vibration of each floor of the frame structure was obviously reduced after the trench was built. Using a trench as a vibration reduction measure is especially effective for high-frequency vibration.

(4)   The higher frequency part of the vibration wave can be effectively reduced by using the trench method. However, the low-frequency part of the vibration wave cannot be effectively attenuated because of its own large wavelength.
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Table 1: Mechanical parameters

Soil number Depth (m) Density (kg/m’) Elasticity modulus (MPa) Poisson’s ratio Cg (m/s) C, (m/s)

1 15 1700 112 0.181 159.46 266.13
2 35 1800 247 0.172 247.20  350.00
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Table 3: Acceleration amplitude of each floor (m/s”)

Floor measuring point No trench With trench

Measuring point one —4.98~4.65 —0.068~0.056
Measuring point two —7.75~7.60 —0.283~0.273
Measuring point three —1.32~1.38 —0.056~0.061
Measuring point four —2.38~2.40 —0.119~0.134
Measuring point five —15.98~16.67 —0.254~0.284
Measuring point six —1.98~1.82 —0.045~0.048
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Table 4: Energy distribution points of the main floor

Floor measuring point No trench (Hz) With trench (Hz)

Measuring point five 20.4; 40.0; 50.0; 60.0 20.7; 26.5
Measuring point two 17.8; 50.0 20.7; 26.5; 30.6
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Table 2: Acceleration amplitude of each floor for different depths (10—1 m/s*)

Floor d=0m d=3m d=35m d=4m
Ground floor 1.6490 1.0280 0.5733 0.4682
Second floor 1.7900 0.6415 0.5512 0.4340
Third floor 1.5460 0.6191 0.4598 0.4776
Fourth floor 1.3260 0.6948 0.4584 0.4640
Fifth floor 1.5740 0.6083 0.4518 0.4566
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