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中  文  摘  要

	针对我国深部煤炭资源开采防治冲击矿压等煤岩动力灾害的实际需求，开展组合煤岩的强度弱化减冲原理及其应用研究具有十分重要的意义。针对目前国内外对于冲击矿压等煤岩动力灾害的防治研究缺乏理论依据，以及预测手段单一、预报准确率低等不足，本文从实验方法和监测手段上进行了改进，强调冲击倾向性与煤岩体的物理力学参数、声发射与电磁辐射以及微震信号特征参数之间的关联，着重建立组合煤岩的强度弱化减冲原理及其模型以及多参量的检验技术。借助MTS815电液伺服材料试验机、Disp-24声电测试系统以及TDS-6微震系统实验研究了组合煤岩试样受载变形破坏的冲击效应及其过程，通过不同强度以及厚度的“顶板-煤层-底板”的组合方式，获得了组合煤岩的冲击倾向性指数与煤岩物理力学特性参数之间的关系，首次揭示了组合煤岩冲击破坏前兆的声电以及微震效应，特别是冲击破坏之前，微震表现为低频成份增多，频谱向低频段移动，主频分布于50～100 Hz，这是以往实验研究中没有观察到的低频前兆现象。为此，本文分别从组合煤岩冲击倾向性与冲能的关键影响因素、变形破坏过程中的声电以及微震效应进行了系统研究，进一步揭示了组合煤岩冲击强度变化的机制。并且发现冲击震动波能量、顶板的强度及其厚度、煤体的强度越高，则巷道冲击破坏的强度越强。基于这些研究，本文提出并建立了组合煤岩的强度弱化减冲原理及其模型，并进行了现场工程实践验证，结果表明该原理能够进一步提高冲击矿压防治的有效率。研究取得如下新的认识和结果：
(1) 实验研究了组合煤岩的冲击倾向性与煤岩体物理力学参数之间的变化规律，揭示了组合煤岩的冲击倾向性与声电以及微震信号特征参数之间的相关关系，尤其是冲击破坏前兆的声电以及微震效应，特别是试样冲击破坏之前，微震信号的主频谱向低频段移动，且振幅开始急剧增加可以作为煤岩体冲击破坏的一个前兆信息。随着组合煤岩试样中煤样强度的增加，则冲击能和弹性能指数随之增加，且呈线性回归关系。顶板强度越高，试样变形破坏越猛烈，且呈脆性爆炸式破坏，声发射信号的强度相对集中且越高。当顶板与煤层的厚度比值大于0.75时，顶板厚度越大，冲击能指数越高，试样的冲击倾向性越强。组合试样中煤样及顶板岩样的强度越高，则变形破裂产生的声发射与电磁辐射信号越强。尤其顶板岩样高度比例越高，则变形破裂的声发射信号相对较强。组合试样冲击破坏之前，声发射与电磁辐射信号强度的增幅与载荷的增幅呈正相关，冲击破坏前兆，声发射与电磁辐射信号强度突然增加至最大值，之后，产生突降。实验发现组合煤岩试样冲击破坏前兆微震信号的低频成份急剧增加，主频分布在50～100 Hz。而主震信号的高频成份明显增多，振幅达到极值，中心频率较高，主频分布在20～300 Hz，其中较低频成份为组合试样冲击破坏产生的宏观裂纹所致。这一发现为利用声发射、电磁辐射，特别是微震监测系统组成的多参量预测冲击矿压提供了判定准则。
备注：相关研究成果已发表于2005年《岩土工程学报》第27卷第7期；2007年《岩石力学与工程学报》第26卷第12期；2008年《岩石力学与工程学报》第27卷第3期以及即将2010年发表在《地球物理学报》（SCI源刊）上。
(2) 提出并建立了组合煤岩的强度弱化减冲原理及其模型。即弱化顶底板的强度与整体性厚度、煤体的强度就可以降低煤岩体的冲击倾向性和冲能，提高吸收外界震动波能量的能力，同时降低了煤岩体的应力集中程度，实现了冲击矿压的强度弱化。该原理为指导煤矿冲击矿压的动态防治提供了重要的理论依据。数值模拟研究发现巷道顶板的变形破坏随着冲击震动波的能量、顶板岩层的厚度及其单轴抗压强度的增加而增强。变形速率与震动波的能量呈线性关系递增，当震动波能量达到5×106 J时，巷道顶板的变形量瞬间达到1848 mm。当砂岩顶板的整体性厚度达到25 m以上时，巷道顶板的变形速度达到47.1 m/s，顶板的整体性厚度越大，巷道的冲击效应越强。随着顶板单轴抗压强度的增加，巷道的冲击效应增强，当顶板的单轴抗压强度达到120 MPa以上时，巷道顶板的变形加速度瞬间高达4464 m/s2。巷道顶板的位移量、变形速度随着煤层抗压强度的增加呈降低的趋势，但垂直应力与变形加速度呈递增趋势，越易延时积聚弹性能，在冲击瞬间的变形加速度越大，越易诱发“弱变形”的强冲击效应。实验研究发现，如果组合煤岩试样的单轴抗压强度降低一半，则试样冲击破坏时峰前阶段积聚的弹性能将降低约40%，同时峰后阶段的动态破坏时间将增加1倍，冲击倾向性明显减弱。工程实践中，详细计算了煤岩体强度弱化减冲的具体技术参数。下图1所示为组合煤岩强度弱化减冲原理的模型示意图。
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图1  组合煤岩强度弱化减冲原理的模型示意图
备注：相关研究成果已发表于2006年《中国矿业大学学报》第35卷第3期；2007年召开的《Progress in mining science and safety technology》国际会议以及2007年《北京科技大学学报》第29卷第11期上；一篇投给 《International Journal of Rock Mechanics and Mining Sciences》。
(3) 建立了冲击矿压强度弱化减冲效果的综合检验技术。提出当冲击危险工作面监测指标超标，且变化幅度达100%以上时，应采取诱发冲击为主的主动解危措施，并利用钻屑法、电磁辐射以及微震监测系统为一体的卸压效果的综合检验技术，确保了强冲击危险工作面回采期间没有发生一起破坏性的冲击矿压。这一工程实践为我国煤矿冲击矿压的防治提供了示范效应。通过大量的实验室测试以及现场实测，发现同一矿区同一煤层不同地点的煤样变形破裂的声电以及微震监测指标不尽相同，提出将临界值法与动态趋势法相结合，当监测指标超过预警值，且动态变化幅度达100%以上时，应采取主动卸压解危的措施。建立了钻屑法、电磁辐射以及微震系统的“点—局部—区域”分区的多参量预测体系，并实时评价卸压治理的效果。研究发现卸压爆破后，钻屑量明显降低，动力效应减弱，电磁辐射幅值产生突降，同时微震信号的主频分布在0～200 Hz，且高频成份占绝对多数，信号的频谱相对于卸压爆破前明显向高频段移动，表明该区域的应力集中得到降低，冲击危险性减弱。通过三河尖煤矿9202强冲击危险工作面的弱化治理实践，期间共实施深孔卸压爆破428次，出现钻孔卸压121次，钻孔卸压率达到28.3%，卸压爆破诱发冲击矿压72次，诱发率达到16.8%。利用钻屑法、电磁辐射以及微震监测系统为一体的卸压爆破效果的综合检验技术，确保了回采期间没有发生一起破坏性的冲击矿压。建议冲击矿压的弱化治理一定要遵循动态的思想，采用边回采（掘进）、边监测、边治理、再检测的动态防治技术。即“工作面生产→冲击危险监测→能量聚积→卸压爆破→能量释放→再监测→生产……”
备注：相关研究成果已发表于2004年《煤炭学报》第29卷第6期；2005年《岩石力学与工程学报》第24卷第6期；2008年《Journal of coal science & engineering》第14卷第3期；2008年《岩石力学与工程学报》第27卷第11期以及2009年召开的国际会议《The 7th international symposium on rockburst and seismicity in mines》上。
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Intensity weakening theory for rockburst of compound coal-rock and its application
Lu caiping
ABSTRACT
	It becomes more and more important to study and understand the intensity weakening theory for rockburst of compound coal-rock to meet the increasing demands of rockburst prevention in the process of deep mining in China. Because of the lack theoretical basis in current researches of coal and rock dynamic disaster prevention such as rockburst, as well as the shortcomings of a single forecasting method and lower accuracy. Further improvements on experimental methods and monitoring tools were conducted, the correlation between rockburst tendency and the physical and mechanical parameters of coal and rock, acoustic emission (AE) and electromagnetic emission (EME) as well as microseismic (MS) signals characteristic parameters was analyzed, and an intensity weakening theory and a model for rockburst of compound coal-rock and multi-parameter testing techniques were established in this paper. With MTS815 servo testing machine, Disp-24 acoustic-electric testing system, as well as TDS-6 microseismic system, the rockburst failure effect and the process of compound coal-rock samples were studied experimentally. By the different strength and thickness compound types of roof-coal-floor, the relationship between rockburst tendency indexes of compound coal-rock and the physical and mechanical parameters of coal and rock was obtained, the precursory AE, EME and MS effect of compound coal-rock rockburst failure was revealed firstly, in particular, before rockburst failure, MS showed the increasing low-frequency components, frequency-spectrum moving to low-frequency band, main frequency distributes within 50-100 Hz, that was a low frequency precursor phenomenon, which has not been observed in the previous experimental study. Therefore, the key influencing factors of compound coal-rock rockburst tendency and AE& EME, MS effects in process of deformation and failure were investigated in detail respectively, and the change mechanism of compound coal-rock rockburst intensity was further revealed. Results indicated that the higher the dynamic load impact energy, the strength and thickness of roof and strength of coal material are, and the stronger the roadway rockburst intensity is. Based on above researches, the intensity weakening theory and the model for rockburst of compound coal-rock was established, the practice was conducted on-site, and the results showed that the theory can further improve the efficiency rate of prevention rockburst. Great progresses have been made in the dissertation as following:
(1) The evolvement rules between rockburst tendency and the physical and mechanical parameters of compound coal-rock were studied in the experiment. The correlation between rockburst tendency and AE&EME as well as MS signal characteristic parameters of compound coal-rock was revealed, especially before rockburst failure of the samples, the main frequency-spectrum of MS signals began to move to the low-frequency band and the amplitude increased suddenly, which could be an precursory information of rockburst failure of the coal-rock mass. Along with the increase of coal strength of compound coal-rock sample, the indexes of rockburst energy and elastic energy raised, and a correlation of linear regression was presented. The higher roof strength was, the deformation and failure of sample was more violent, which presented a brittle explosive failure and the intensity of AE signals was concentrated correspondingly and increased. If the thickness ratio between the roof and the coal seam is greater than 0.75, the thicker the roof is, the higher the index of rockburst energy is and the stronger rockburst tendency of the sample is. The higher the coal and roof rock strength of compound sample is, the intensity AE&EME signals produced by the deformation and fracture is. In particular, the higher the height ratio of roof rock is, the stronger the AE signals of deformation and failure is, correspondingly. Before rockburst failure of compound sample, the increase of AE&EME signals and load presented a positive correlation. As an omen of rockburst failure, the intensity of AE&EME signals increased suddenly to the maximum, and then decreased. It was found that as an omen of rockburst failure, low-frequency components of MS signals of compound coal-rock sample increased sharply with the main frequency distribution of 50-100 Hz in experiments, meanwhile, the high-frequency components of main-shock signal increased obviously while the amplitude reached the maximum and the higher main frequency with main frequency distribution of 20-300 Hz, in which the lower-frequency components were produced by macrocracks of compound sample rockburst failure. This finding provided a criterion for prediction rockburst with AE&EME, especially the multi-parameter composed of MS monitoring system.
(2) The intensity weakening theory and the model for rockburst of compound coal-rock were established. By weakening the strength of roof, coal materials and floor, and roof integrated thickness, rockburst tendency and surplus energy of coal and rock mass can be greatly decreased, and the absorption capacity of external shock wave energy was improved, while the stress concentration level of coal and rock mass can be decreased, and rockburst intensity was weakened. This principle provided an important theoretical basis for rockburst dynamic prevention. It is found that the roadway roof deformation and failure increases with the shock wave energy, the thickness and the uniaxial compressive strength of roof by numerical simulation and the deformation rate increases linearly with shock wave energy. When the shock wave energy reaches 5E6 J, the roof deformation reaches 1848 mm suddenly. When the overall thickness of sandstone roof is bigger than 25 m, the roof deformation speed is 47.1 m/s, the overall thickness of roof is, the stronger the roadway rockburst intensity is. Rockburst tendency increases along with the uniaxial compressive strength of the roof, when the uniaxial compressive strength of roof reaches above 120 MPa, the roof deformation acceleration is up to 4464 m/s2. Falling trends are shown for displacement, deformation rate of roof with the increase of the compressive strength of coal. However, the vertical stress and the acceleration of deformation showed an increasing trend, the elastic energy in coal mass is more easily accumulated, the greater deformation acceleration is, and the strong rockburst effect of weak deformation is more easily induced. It is found in experimental studies that, if the uniaxial compressive strength of compound coal-rock decrease in half, then the elastic energy accumulated before peak can reduce about 40%, while the dynamic damage time will increase twice, and rockburst tendency significantly decreased. In practice, the technical parameters of intensity weakening for rockburst were calculated in detail. Figure 1 showed the model of intensity weakening theory for rockburst of compound coal-rock.
[image: image2.emf] 

workface

hypocenter

U

w

L

U

f

U

j

U

U

0

Pre-intensity 

weakening 

After intensity 

weakening 

t

U

t





co

t

f

U

t

U

U U







 



e

U


Fig.1 Model of intensity weakening theory for rockburst of compound coal-rock
(3) The testing technique of rockburst intensity weakening effect was established. If the monitoring index of the strong rockburst danger working face exceeded more than 100%, it was necessary to take initiative relieving measures to induce rockburst and to use testing techniques composed of drilling bits, EME, and MS monitoring system to avoid the destructive rockburst during the extraction period for the working face. The practice provided an engineering demonstrative effect for the prevention and control of rockburst in coal mines in China. By a large number of experiments in the laboratory and measurements on spot, it was found that the monitoring index of AE&EME and MS produced by deformation and fracture of coal mass at different locations of the same coal seam in same mine was different and the combination method of the critical value and the dynamic tendency was proposed. When the monitoring indexes exceeded the warning value more than 100% in the range, then it was necessary to take initiative relieving measures. The prediction system with multi-parameter composed of drilling bits, EME, and MS monitoring system was established, which formed point-part-region monitoring areas, and the effect of relieving measures can be evaluated in real time. It was found that the drilling bits decreased obviously, the dynamic effect weakened, and the amplitude of EME signals declined suddenly while frequency distribution in the 0-200 Hz of MS signals with absolute high-frequency components after relieve-shot. After relieve-shot, the frequency-spectrum of MS signals moved obviously to high-frequency band relatively, which indicated that the regional stress concentration level reduced and rockburst danger was weakened. By rockburst intensity weakening practice in a strong rockburst danger working face 9202 of Sanhejian coal mine, Xuzhou Coal Mining Group, deep holes relieve-shots were implemented 428 times with drilling relieving 121 times, with a relieving rate of 28.3% , 72 times rockbursts were induced, with an induced rate of 16.8%. With the testing technique composed of drilling bits, EME, and MS monitoring system to ensure to avoid the destructive rockburst during the extraction period for the working face. It is suggested that on the basis of dynamic prevention idea, the process is comprehended with the producing, monitor and control, that is to say, “producing→danger monitor→energy accumulating→relieving shot→energy release→testing→producing→monitor again…”. 



Key words:  Rockburst, Compound coal-rock, Intensity weakening for rockburst, Multi-parameter monitoring, Acoustic-electromagnetic effect, Microseism system, Dynamic prevention
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