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中  文  摘  要

	我国是世界上地震灾害最严重的国家之一。场地土体在地震作用下的动力响应和破坏规律是分析各种工程动力灾变的重要基础，土体结构在动力荷载下的损伤演变过程及其评价是研究场地土体地震灾变的关键问题。合理表征土体结构性，深入理解结构性对土体动力特性的影响，对揭示地震作用下场地土体破坏机理，实现可靠的场地液化判别、震后沉降评价及土工抗震设计等具有重要意义。剪切波速表征了小应变下土体的剪切刚度，是一个既能全面反映土体结构特征又易于在室内外测量的重要指标。压电弯曲元技术是目前国际上较先进的剪切波速测试技术，但对该技术的测试理论与分析方法仍存在认识上的分歧。本论文围绕土体结构性的剪切波速表征及对动力特性的影响这一热点课题，全面研究了压电弯曲元波速测试理论和关键技术，并开展结合弯曲元测试的多尺度动力试验研究，以剪切波速为土结构性的表征指标，揭示了软弱土结构性与剪切波速的关系，进而以剪切波速为静力和动力作用下土结构损伤演化的主要指标，揭示结构性对土体小应变剪切模量、砂土抗液化强度及软土动力特性的影响规律。
论文的主要研究内容为：

1. 针对压电陶瓷弯曲元技术原理，对弯曲元结构各力学量采用等效单层理论而对截面转角和电势采用层状假设，同时考虑对剪应变耦合电位移的修正，首次建立了基于一阶剪切变形理论（FSDT）的高精度压电层合梁解析模型，据此分析弯曲元机电耦合振动响应及其作动与传感功能。研究表明，同向极化并联配置和反向极化串联配置两类弯曲元本质相同，区别在机电能量转换能力上，因此前者适合作为激发元、后者适合作为接受元使用。该理论发现为弯曲元波速测试的振动信号分析这一国际热点问题提供了理论依据。
2. 自主研发可用于室内和现场剪切波速测试的便携式弯曲元系统，实现了软弱土灾变过程中结构性参数的实时监测。基于剪切波在土中的传播特征和弯曲元技术关键，通过理论分析和大量试验优化了弯曲元系统配置，提出剪切波传播时间判别主要影响因素及技术对策，总结可靠的弯曲元波速测试方法，提出采用“高频最优频率激发”与“时域初达波法”相结合，以准确判定剪切波传播时间。2005年至2006年受邀参加国际土协（ISSMGE）组织的弯曲元国际平行试验，试验结果验证了本文所研发装置与测试技术的高可靠性。
3. 结合弯曲元测试技术，系统研究地震循环应力历史对饱和砂土小应变剪切模量（Gmax）的影响规律。首先在配备弯曲元的动三轴仪内开展仅改变固结应力的饱和砂土Gmax观测，利用剪切波速定量表征砂土结构性与静应力状态，验证并标定Hardin公式；然后进行不排水循环三轴试验，并在循环荷载施加过程中利用弯曲元测量试样剪切波速，观测试样振动液化过程中Gmax的变化。通过对比相同有效应力下静力和动力两组试验结果发现，地震应力历史影响下的小应变剪切模量变化趋势并不严格符合Hardin公式，大幅循环作用下饱和标准砂的Gmax会比相同有效应力下无影响的模量值降低6-9%，这种影响程度随地震应力历史和土类的不同而不同，其实质是循环作用下土体微观结构的演变。大幅循环荷载不仅引起有效应力降低，还使土体在循环剪切作用下发生不同于静力作用下的土颗粒接触滑移、咬合破坏，导致了土体结构的重排列，积累了残余应变，促成小应变剪切模量的进一步衰减。因此,有必要对地震响应分析中土体小应变剪切模量的取值作进一步研究，以获得更合理结果。
4. 通过半理论推导和不同砂土测量剪切波速的动三轴液化试验，发现砂土的抗液化强度（CRR）与上覆应力修正剪切波速（Vs1）之间存在良好相关性，即CRR正比于（Vs1）2/n（其中n为Hardin公式指数），但这种相关性与土的类型密切相关。基于大量试验研究建立了砂性土的（CRR, Vs1）数据库，进一步从统计上揭示砂土抗液化强度与剪切波速4次方成正比的相关关系，并获得了可靠的相关性参数。根据该相关性和Seed简化判别方法框架，建立了基于初始液化的砂土地震液化剪切波速判别法。与基于现场调查的方法和实际震害数据比较表明，在高波速Vs1 (>200 m/s)和强震CSR (>0.3)条件下，本文方法判别效果显著优于当前国内外主要的剪切波速法（如美国NCEER推荐方法）。

5. 针对饱和8号硅砂，开展结合剪切波速测试的单元体和模型试验，验证了所揭示CRR-Vs1相关关系的可靠性以及与土类的紧密联系。首先，通过带弯曲元的动三轴液化试验建立CRR-Vs1相关关系；然后利用土工离心机振动台模拟水平自由场地，重现地震液化过程，并利用便携式弯曲元测量模型内部剪切波速，获得模型尺度的(CSR, Vs1)数据库。共进行了多组不同密度的模型试验，而且在每一个模型试验过程中，从低到高施加不同振幅的地震输入获得大量液化或者非液化的(CSR, Vs1)。对于该数据库，从室内动三轴试验获得的8号硅砂CRR-Vs1相关性曲线能准确区分液化和非液化数据点，而以往基于不同砂土研究获得的相关性曲线则存在过于保守或偏不安全的判别。因此，在实际工程中为实现特定场地土体的可靠液化判别，需要基于试验建立针对土类的CRR-Vs1相关关系。
6. 针对结构性软粘土，开展了测试剪切波速的压缩和循环三轴试验，系统揭示了循环荷载下结构性对软粘土变形和强度特性的影响规律。研究发现，天然粘土的动变形和动强度受结构破坏影响显著，且会随着结构从原状到破坏阶段连续弱化，直到接近重塑样的水平。获得了与结构性破坏水平密切相关的最小循环动强度（CRRmin）和循环破坏应变（εtp）等动力灾变阀值，当前采用双幅应变5%或10%破坏标准获得的动强度与本文提出的εtp标准相比偏大，因此实际工程中会导致不安全的判断。进一步开展了软土地基上三维非对称结构震陷的离心机模型试验，并在地基内部进行剪切波速监测。研究表明，软土震后沉降显著，在有上覆非对称结构情况下，引起的地基不均匀沉降尤其明显，需要在工程抗震设计中加以考虑。
上述研究内容显示了利用压电弯曲元技术测试土体剪切波速的巨大优势，也表明利用剪切波速表征土体结构状态和变化过程的合理性，为揭示地震作用下场地液化等动力灾变机理提供科学依据和定量参数，对土动力学与地震工程研究和实践具有重要的理论和应用价值。

本论文突出的创新成果主要包括两方面：

1、在土体结构性表征技术方面，1）研发了可在室内和现场测量土体剪切波速的压电弯曲元系统，实现了软弱土灾变过程中结构性参数的实时监测；2）首次建立了弯曲元机电耦合模型并求解，据此优化测试系统的传感器配置；提出采用高频最优频率激发与时域初达波法相结合，以准确判定剪切波传播时间，从而显著提高了弯曲元波速测试精度；3）作为中国唯一受邀单位参加国际土协（ISSMGE）组织的弯曲元国际平行试验，测试结果处于国际23家著名研究机构数据的最优范围，验证了所研发装置与测试技术的可靠性。相关成果发表SCI论文3篇，EI论文2篇，理论成果被纳入国际著名的CRC Press 2008年出版的英文专著，授权实用新型专利1项，申请发明专利1项。

2、在土体地震液化判别及工程应用方面，1）利用所研发的装置系统研究砂土刚度与液化特性，提出统计水平上砂土抗液化强度与其剪切波速4次方成正比关系，并通过大量测量剪切波速的室内动三轴试验、土工离心机振动台模型试验与震害现场调查验证了该相关关系的可靠性；2）据此提出基于初始液化的地震液化剪切波速判别法，与基于现场调查的方法和实际震害数据比较表明，在高波速场地和强震条件下，本文方法判别效果显著优于当前国内外主要的剪切波速法；3）本文方法在汶川地震场地液化评价和灾后重建等工作中发挥了积极作用，产生了很好的经济和社会效益。相关成果已发表SCI论文2篇，EI论文4篇。上述论文共被SCI期刊正面他引9次。作为主要成果获2008年浙江省科技进步一等奖、2009年国家科技进步二等奖和2007年“恢先地震工程学基金会”奖励。
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Shear Wave Velocity-Based Characterization of Soil Structure and Its Effects on Dynamic Behavior
Zhou Yan-guo
ABSTRACT
	China is one of the countries suffer a lot from catastrophic earthquakes. The seismic response and failure mechanism of soil deposits during earthquakes are responsible for the failure of many geotechnical structures on it. The damage evolution of soil structure plays a very important role in analyzing geotechnical seismic hazards. The proper characterization of soil structure and comprehensive understanding of its effects on dynamic behavior will shed light on the failure mechanism of soil deposits, and contribute to liquefaction evaluation, assessment of post-earthquake settlement and seismic design of earth and earth-retaining structures. Shear wave velocity is a readily determined parameter accounting for the small strain shear stiffness of soils, which characterizes soil structure accurately. Piezoelectric bender elements are prevailing techniques in measuring shear wave velocity nowadays; however, there are divergences of opinion about the testing fundamentals and analysis methods. To address these issues, this research encompasses a comprehensive investigation of piezoelectric bender element testing, the characterization of soil structure by shear wave velocity, and the application of this enhanced understanding to evaluate the effects of soil structure on dynamic behavior via multi-scale tests with Vs measurements, including the small strain shear modulus, liquefaction resistance of sandy soils and dynamic properties of soft soils. 
The main works of this dissertation are shown as following:
1. An efficient and accurate coupled beam model for piezoelectric bimorphs based on improved first-order shear deformation theory (FSDT) was proposed for the electro-mechanical response analyses of piezoelectric bender elements. The model combines the equivalent single layer approach for the mechanical displacements and a layerwise modeling for the electric potential. General electric field function is proposed to reasonably approximate the through-the-thickness distribution of the applied and induced electric potentials. Layerwise defined shear correction factor accounting for nonlinear shear strain distribution is introduced into both the shear stress resultant and the electric displacement integration. This analytical model successfully explains the actuator (transmitter) and sensor (receiver) function of bender elements, and reveals that the series and parallel types of bender elements are essentially the same and differs only in energy conversion capability. Therefore, the use of parallel-type bender elements as source and the series-type bender elements as receiver is recommended, which offers the theoretical base for signal analyses of bender element testing.
2. Portable bender element system was invented for measuring shear wave velocity both in the laboratory and in fields, which is capable of monitoring the key index of soil structure during catastrophic processes of soft soils. Based on the knowledge of shear wave propagation and bender element testing, experimental and theoretical approaches are implemented to optimize the system configuration, and a reliable testing approach is proposed for accurately identifying the arrival of shear wave, which combines the "Triggering with high and optimum frequency" and the "Time domain first arrival method". The performance of test data in the “International parallel test on the measurement of Gmax using bender elements by TC-29” (2005-2006) verified the efficiency and reliability of bender element systems used in this study.

3. The influence of seismic cyclic loading history on small strain shear modulus of saturated sands was studied via undrained cyclic triaxial tests with bender element testing. And the Gmax values of samples without such influences were investigated to derive the Hardin equation for comparison purpose. The tests results indicate that Gmax of sand subjected to high amplitude cyclic loading will not vary strictly as Hardin equation predicts, but will be moderately lower by 6-9% than the corresponding value without cyclic loading effects at the same effective stress. And such influence differs from one and to another, which could be attributed to the soil structure degradation caused by seismic loadings. Hence it is necessary to reinvestigate the determination of Gmax in seismic response analysis carefully to predict the ground responses more reasonably.
4. Semi-theoretical considerations and experimental studies based on cyclic triaxial tests with Vs measured by bender elements reveals that CRR will vary proportionally with (Vs1)2/n, where n is the exponent of Hardin equation. This correlation is highly soil type dependent. Further investigation on similar laboratory studies resulted in a (CRR, Vs1) database of sandy soils with well-defined parameters, which statistically reveals that CRR will vary proportionally with (Vs1)4. Based on this correlation and the simplified procedure proposed by Seed et al., an "initial liquefaction criterion"-based liquefaction assessment method is established, and the framework of liquefaction assessment based on the present laboratory study is proposed for engineering practice. Detailed comparisons with Vs-based site-specific investigations show that the present method performs better than other methods (e.g., NCEER method), especially for sites with higher CSR (>0.3) or Vs1(>200 m/s). 
5. Both cyclic triaxial and dynamic centrifuge model tests were performed on saturated Silica sand no. 8 with Vs measurements using bender elements to investigate the reliability of the CRR-Vs1 correlation, where the soil structure of model ground was evaluated by shear wave velocity measured by bender elements. In consideration of the range of CRR-Vs1 curve for practical use, three model tests with different densities are conducted in this study, and for each model several shakings with different magnitudes are applied to obtain abundant datasets of liquefaction or non-liquefaction. The test results show that the semi-empirical CRR-Vs1 curve derived from laboratory liquefaction test of Silica sand no. 8 can accurately classify the (CRR, Vs1) database produced by dynamic centrifuge test of the same sand, while other existing correlations based on various sandy soils will significantly under- or over-estimate the cyclic resistance of this sand. This study verifies that CRR-Vs1 curve for liquefaction assessment is strongly soil-type dependent, and it is necessary to develop site-specific liquefaction resistance curves from laboratory cyclic tests for engineering practices.
6. Structured soft clays were tested in oedometer and cyclic triaxial apparatus with bender elements. The effects of consolidation stress-induced destructuration on the subsequent cyclic deformation and strength behaviour were intensively investigated. The results show that destructuration of natural clay is mainly due to plastic strains, where the fitting parameters of natural clay vary with the destructuration levels and gradually approach its intrinsic values of reconstituted samples when consolidated beyond the yield stress. This finding leads to a new failure criterion for clays. The accordingly determined cyclic strength exhibits similar soil structure-dependent degradation continuity, and a minimum cyclic strength is obtained at a given destructured state with sufficient cycles. This study sheds light on the cyclic behaviour of structured clays with progressive destructuration effects, and provides appropriate failure criteria and cyclic strength parameters for soft soil foundation engineering. Further study of post-earthquake settlement of soft soil foundation using dynamic centrifuge model tests shows that, the post-earthquake differential settlement under asymmetrical building is more drastic than other conditions, which should be considered in seismic design of foundations on soft soil ground.

All the abovementioned studies illustrated the validity of bender element testing for shear wave velocity measurement, and proved the efficiency and reliability of shear wave velocity-based characterization of soil structure. These findings present the fundamentals and parameters for seismic liquefaction and deformation analyses of soil deposits in the perspective of soil structure, and will contribute much to soil dynamics and geotechnical earthquake engineering from theory to practice.
The main innovative works are summarized as following:

1、For characterization techniques of soil structure: 1) Portable bender element system was invented for measuring shear wave velocity both in the laboratory and in fields, which is capable of monitoring the key index of soil structure during catastrophic processes of soft soils; 2) A coupled beam model for piezoelectric bender elements based on improved first-order shear deformation theory (FSDT) was proposed for the electro-mechanical response analyses of piezoelectric bender elements, the system is optimized, and an accurate testing approach is proposed for accurately identifying the arrival of shear wave which combines the "Triggering with high and optimum frequency" and the "Time domain first arrival method"; 3) The author's group was invited to participate in the “International parallel test on the measurement of Gmax using bender elements by TC-29” (2005-2006), and the data lies close to the best fitting line of the results from 23 international institutes, which verified the efficiency and reliability of bender element systems invented in this study. The author has published 3 SCI-cited papers and 2 EI-cited papers on this theme, and the theoretical findings are accommodated in monograph published by CRC Press in 2008. The author has been authorized 2 patents.
2、For liquefaction evaluation and engineering applications: 1) It is revealed that CRR will vary proportionally with (Vs1)4 at the statistical level, which is verified by multi-scale experimental studies with shear wave velocity measurements; 2) Based on this correlation, an "initial liquefaction criterion"-based liquefaction assessment method is established, and the framework of liquefaction assessment based on the present laboratory study is proposed for engineering practice. Detailed comparisons with Vs-based site-specific investigations show that the present method performs better than other methods especially for sites with higher CSR (>0.3) or Vs1(>200 m/s); 3) The present method was successfully applied in the liquefaction evaluation and reconstruction of the Wenchuan Earthquake areas, and achieved both economical and social merits. The author has published 2 SCI-cited papers and 4 EI-cited papers on this theme. All these papers are cited positively by other SCI journals 9 times. The author was awarded the First Provincial Prize for Technological Invention in 2008, Second National Prize for Technological Invention in 2009 and the Student Prize of "Huixian Earthquake Engineering Foundation" in 2007.



Key words: Soil structure; Shear wave velocity; Small-strain shear modulus; Liquefaction; Stress history; Seismic response; Sand; Soft clay; Piezoelectric bender elements; Parallel test; Site investigation; Cyclic triaxial test; Geotechnical centrifuge test; Shaking table; Analytical model; Laminated beam.  

