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水化学条件对高岭土压缩性的影响机理
王者超1,2，王心语1
(1.山东大学岩土与结构工程研究中心 山东 济南 250061

2. 东北大学深部金属矿山安全开采教育部重点实验室 辽宁 沈阳 110004)

摘要：研究在不同水化学条件下高岭土的压缩特性开展了不同化学溶液饱和条件下高岭土的一维固结试验试验结果表明:在较低压力水平下Na+或Ca2+ 明显降低了高岭土的压缩性但随着离子浓度的增加高岭土的压缩性又有提高的趋势而高应力水平下离子浓度对高岭土压缩性的影响不明显。
关键词：水化学条件；高岭土；压缩性；力学模型；
中图分类号：U43      文献标志码：A
The effect of hydrochemical conditions on compression 

characteristics of kaolinite
WANG Zhechao1,2,WANG Xinyu1
(1. School of Civil Engineering, Shandong University, Jinan 250061, Shandong, China; 

2. Key laboratory of Ministry of Education on Safe Mining of Deep Metal Mines, Northeastern University, Shenyang 110004, Liaoning, China）
Abstract: In order to investigate the compression characteristics of kaolinite in various hydrochemical conditions，oedometer tests on kaolinite specimens saturated with acidic，alkaline and saline solutions were performed. 

Keywords：hydrochemical condition；kaolinite；compressibility；mechanical model

0  引言

水化学条件改变引起的岩土工程问题广泛存在于能源、环境等领域。地下水与岩土体之间的化学作用包括离子交换、溶蚀作用、沉淀作用等[1]，水化学条件的变化会打破孔隙水与土颗粒表面原有的平衡，导致粘土颗粒的物理化学组成和微观、细观结构发生改变，在宏观上则表现为岩土体力学行为的变化。
1  研究过程与方法

1.1 试验方案

为研究水化学条件变化对高岭土压缩性的影响，开展高岭土在不同溶液饱和条件下的一维固结试验。高岭土产地、类型等对其物理性质有一定影响[14]。




 EMBED Excel.Sheet.12  [image: image1.emf]1.80

1.85

1.90

1.95

2.00

2.05

2.10

0 100 200 300 400

孔隙比

e

荷载等级p/kPa

0.5mol/L

0.1mol/L

0.05mol/L

去离子水


(a)高岭土在不同浓度的NaCl溶液中的e-p曲线           (b) 高岭土在不同浓度的CaCl2溶液中的e-p曲线
图2 高岭土的e-p曲线随离子浓度的变化

Fig.2 One-dimensional consolidation curves of kaolinite in solutions with various ion concentrations
表1 试样初始状态

Table 1  Initial states of specimens

	土类
	设计含水率ω0/
%
	干密度ρd/
 (g·cm-3)
	试样直径d/mm
	初始高度h0/ mm
	颗粒密度ρs/

(103kg·m-3)
	初始孔隙比

e0

	高岭土
	48.3
	0.858
	61.8
	20
	2.65
	2.09
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0.5mol/L	0	50	100	200	400	200	100	2.09	2.0288161499999999	1.9916108000000001	1.9423388500000001	1.8835528500000001	1.8905917000000001	1.8995642999999998	0.1mol/L	0	50	100	200	400	200	100	2.09	2.0381754999999999	2.0084730999999998	1.9632233499999998	1.90660315	1.9134872999999999	1.9227693000000001	0.05mol/L	0	50	100	200	400	200	100	2.09	2.04722545	2.0210811500000001	1.9765275500000001	1.9155757499999999	1.9233107499999997	1.9329795000000001	去离子水	0	50	100	200	400	200	100	2.09	1.9800082999999997	1.9307363500000001	1.8784477499999999	1.8208993499999999	1.8267006000000001	1.8345902999999999	荷载等级p/kPa





孔隙比e











Sheet1

						0		50		100		200		400		200		100

				0.5mol/L		2.09		2.01384		1.9711904		1.920544		1.865328		1.87104		1.88056		1.454		1.356		0.099		6.780

		NaCl		0.1mol/L		2.09		2.0299764		1.9902185		1.9340624		1.8720277		1.8788345		1.8887353		1.411		1.303		0.108		7.665

				0.05mol/L		2.09		2.0298217		1.9937766		1.9400957		1.8833208		1.8896635		1.8992549		1.338		1.235		0.103		7.710

				去离子水		2.09		1.9800083		1.93073635		1.87844775		1.82089935		1.8267006		1.8345903		1.742		1.653		0.089		5.088



						0		50		100		200		400		200		100

				0.5mol/L		2.09		2.02881615		1.9916108		1.94233885		1.88355285		1.8905917		1.8995643		1.336		1.233		0.104		7.756

		CaCl2		0.1mol/L		2.09		2.0381755		2.0084731		1.96322335		1.90660315		1.9134873		1.9227693		1.187		1.082		0.105		8.815

				0.05mol/L		2.09		2.04722545		2.02108115		1.97652755		1.91557575		1.92331075		1.9329795		1.129		1.016		0.113		9.978

				去离子水		2.09		1.9800083		1.93073635		1.87844775		1.82089935		1.8267006		1.8345903		1.742		1.653		0.089		5.088

						0		50		100		200		400		200		100

				CaCl₂		2.09		2.0381755		2.0084731		1.96322335		1.90660315		1.9134873		1.9227693

		0.1mol/L		NaCl		2.09		2.0299764		1.9902185		1.9340624		1.8720277		1.8788345		1.8887353

				去离子水		2.09		1.9800083		1.93073635		1.87844775		1.82089935		1.8267006		1.8345903











						0		50		100		200		400		200		100

				CaCl₂		2.09		2.02881615		1.9916108		1.94233885		1.88355285		1.8905917		1.8995643

		0.5mol/L		NaCl		2.09		2.01384		1.9711904		1.920544		1.865328		1.87104		1.88056

				去离子水		2.09		1.9800083		1.93073635		1.87844775		1.82089935		1.8267006		1.8345903

						0		50		100		200		400		200		100

				CaCl₂		2.09		2.04722545		2.02108115		1.97652755		1.91557575		1.92331075		1.9329795

		0.05mol/L		NaCl		2.09		2.0298217		1.9937766		1.9400957		1.8833208		1.8896635		1.8992549

				去离子水		2.09		1.9800083		1.93073635		1.87844775		1.82089935		1.8267006		1.8345903

						0		50		100		200		400		200		100

		不同pH条件		pH=4		2.09		1.9903732		1.9436538		1.88958615		1.8263912		1.831651		1.83946335		1.706		1.622		0.085		4.959

				pH=5		2.09		1.96430625		1.92779705		1.887343		1.8404689		1.8463475		1.85493335		1.615		1.521		0.094		5.797

				pH=9		2.09		1.9914561		1.9453555		1.89128785		1.83389415		1.84085565		1.84967355		1.658		1.556		0.102		6.161

				pH=10		2.09		1.9732015		1.9359188		1.8895088		1.8366014		1.84317615		1.8519167		1.640		1.541		0.099		6.044

				pH=7		2.09		2.0299764		1.9902185		1.9340624		1.8720277		1.8788345		1.8887353		1.411		1.303		0.108		7.665

				0		0.05		0.1		0.5

		CaCl2		0.522886		0.445536		0.452497024		0.492719024



0.5mol/L	0	50	100	200	400	200	100	2.09	2.0138400000000001	1.9711903999999998	1.920544	1.8653279999999999	1.87104	1.88056	0.1mol/L	0	50	100	200	400	200	100	2.09	2.0299763999999998	1.9902185000000001	1.9340624000000002	1.8720277000000001	1.8788345	1.8887353	0.05mol/L	0	50	100	200	400	200	100	2.09	2.0298216999999998	1.9937765999999999	1.9400957000000001	1.8833207999999999	1.8896634999999999	1.8992548999999999	去离子水	0	50	100	200	400	200	100	2.09	1.9800082999999997	1.9307363500000001	1.8784477499999999	1.8208993499999999	1.8267006000000001	1.8345902999999999	荷载等级p/kPa
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0.5mol/L	0	50	100	200	400	200	100	2.09	2.0288161499999999	1.9916108000000001	1.9423388500000001	1.8835528500000001	1.8905917000000001	1.8995642999999998	0.1mol/L	0	50	100	200	400	200	100	2.09	2.0381754999999999	2.0084730999999998	1.9632233499999998	1.90660315	1.9134872999999999	1.9227693000000001	0.05mol/L	0	50	100	200	400	200	100	2.09	2.04722545	2.0210811500000001	1.9765275500000001	1.9155757499999999	1.9233107499999997	1.9329795000000001	去离子水	0	50	100	200	400	200	100	2.09	1.9800082999999997	1.9307363500000001	1.8784477499999999	1.8208993499999999	1.8267006000000001	1.8345902999999999	荷载等级p/kPa





孔隙比e









CaCl₂	0	50	100	200	400	200	100	2.09	2.0381754999999999	2.0084730999999998	1.9632233499999998	1.90660315	1.9134872999999999	1.9227693000000001	NaCl	0	50	100	200	400	200	100	2.09	2.0299763999999998	1.9902185000000001	1.9340624000000002	1.8720277000000001	1.8788345	1.8887353	去离子水	0	50	100	200	400	200	100	2.09	1.9800082999999997	1.9307363500000001	1.8784477499999999	1.8208993499999999	1.8267006000000001	1.8345902999999999	荷载等级p/kPa





孔隙比e









pH=4	0	50	100	200	400	200	100	2.09	1.9903732000000001	1.9436537999999999	1.88958615	1.8263912	1.8316509999999999	1.8394633499999999	pH=5	0	50	100	200	400	200	100	2.09	1.9643062499999999	1.9277970500000001	1.887343	1.8404688999999999	1.8463475	1.85493335	pH=9	0	50	100	200	400	200	100	2.09	1.9914561000000002	1.9453554999999998	1.8912878499999999	1.8338941499999999	1.84085565	1.8496735499999999	pH=10	0	50	100	200	400	200	100	2.09	1.9732015000000001	1.9359188000000001	1.8895088000000002	1.8366013999999999	1.8431761500000001	1.8519166999999999	pH=7	0	50	100	200	400	200	100	2.09	2.0299763999999998	1.9902185000000001	1.9340624000000002	1.8720277000000001	1.8788345	1.8887353	荷载等级p/kPa





孔隙比e









CaCl₂	0	50	100	200	400	200	100	2.09	2.0288161499999999	1.9916108000000001	1.9423388500000001	1.8835528500000001	1.8905917000000001	1.8995642999999998	NaCl	0	50	100	200	400	200	100	2.09	2.0138400000000001	1.9711903999999998	1.920544	1.8653279999999999	1.87104	1.88056	去离子水	0	50	100	200	400	200	100	2.09	1.9800082999999997	1.9307363500000001	1.8784477499999999	1.8208993499999999	1.8267006000000001	1.8345902999999999	荷载等级p/kPa





孔隙比e









CaCl₂	0	50	100	200	400	200	100	2.09	2.04722545	2.0210811500000001	1.9765275500000001	1.9155757499999999	1.9233107499999997	1.9329795000000001	NaCl	0	50	100	200	400	200	100	2.09	2.0298216999999998	1.9937765999999999	1.9400957000000001	1.8833207999999999	1.8896634999999999	1.8992548999999999	去离子水	0	50	100	200	400	200	100	2.09	1.9800082999999997	1.9307363500000001	1.8784477499999999	1.8208993499999999	1.8267006000000001	1.8345902999999999	荷载等级p/kPa





孔隙比e









CaCl2	0	0.05	0.1	0.5	0.52288600000000107	0.44553599999999999	0.45249702399999997	0.49271902399999995	Ca2+浓度C/（mol/L）





压缩系数av1-2/MPa-1









Sheet2

						0-50		50-100		100-200		200-400

				0.5mol/L		1.223677		0.744107		0.4927195		0.29393

				0.1mol/L		1.03649		0.594048		0.4524975		0.283101

				0.05mol/L		0.855491		0.522886		0.445536		0.304759

				去离子水		2.199834		0.985439		0.522886		0.287742









						0-50		50-100		100-200		200-400														NaCl		CaCl₂

				pH=4		1.992536		0.934388		0.5406765		0.31597475												0		6.8375		6.8375

				pH=5		2.513875		0.730184		0.4045405		0.2343705												0.05		4.845		3.6675

				pH=9		1.970878		0.922012		0.5406765		0.2869685												0.1		5.04		4.0975

				pH=10		2.33597		0.745654		0.4641		0.264537												0.5		5.4769230769		4.8725

				pH=7		1.200472		0.795158		0.561561		0.3101735



0.5mol/L	0-50	50-100	100-200	200-400	1.2236770000000017	0.74410699999999919	0.49271949999999948	0.29392999999999986	0.1mol/L	0-50	50-100	100-200	200-400	1.0364899999999984	0.59404800000000224	0.45249750000000022	0.28310099999999971	0.05mol/L	0-50	50-100	100-200	200-400	0.85549100000000167	0.52288599999999896	0.44553599999999954	0.304759	去离子水	0-50	50-100	100-200	200-400	2.1998340000000014	0.98543899999999895	0.52288600000000107	0.2877419999999995	荷载等级p/kPa





压缩系数av/MPa-1









pH=4	0-50	50-100	100-200	200-400	1.9925359999999981	0.93438800000000377	0.54067649999999978	0.31597474999999975	pH=5	0-50	50-100	100-200	200-400	2.5138750000000005	0.73018399999999772	0.40454049999999997	0.2343705000000002	pH=9	0-50	50-100	100-200	200-400	1.9708779999999979	0.92201200000000305	0.54067649999999978	0.28696850000000024	pH=10	0-50	50-100	100-200	200-400	2.335970000000001	0.74565399999999971	0.46409999999999857	0.26453700000000069	pH=7	0-50	50-100	100-200	200-400	1.2004720000000009	0.79515799999999848	0.56156099999999964	0.31017350000000005	荷载等级p/kPa





压缩系数av/MPa-1









NaCl	0	0.05	0.1	0.5	6.8375000000000048	4.8450000000000024	5.0399999999999983	5.4769230769230752	CaCl₂	0	0.05	0.1	0.5	6.8375000000000048	3.6675	4.0975000000000019	4.8724999999999996	溶液浓度C/mol·L-1





应变ε₂₀₀/%









CaCl2	0	0.05	0.1	0.5	0.52288600000000107	0.44553599999999999	0.45249702399999997	0.49271902399999995	Ca2+浓度C/mol·L-1





压缩系数av1-2/MPa-1







0.5mol/L	0-50	50-100	100-200	200-400	1.2236770000000017	0.74410699999999919	0.49271949999999948	0.29392999999999986	0.1mol/L	0-50	50-100	100-200	200-400	1.0364899999999984	0.59404800000000224	0.45249750000000022	0.28310099999999971	0.05mol/L	0-50	50-100	100-200	200-400	0.85549100000000167	0.52288599999999896	0.44553599999999954	0.304759	去离子水	0-50	50-100	100-200	200-400	2.1998340000000014	0.98543899999999895	0.52288600000000107	0.2877419999999995	荷载等级p/kPa





压缩系数av/MPa-1











Sheet3

				NaCl		CaCl₂

		0.5		0.0952		0.089726

		0.1		0.099008		0.09282

		0.05		0.095914		0.0966875

		0		0.078897		0.078897

				Ce

		4		0.0781235

		5		0.0858585

		7		0.099008

		9		0.088179

		10		0.0874055



NaCl	0.5	0.1	0.05	0	9.5200000000000076E-2	9.9007999999999666E-2	9.5914000000000527E-2	7.8897000000000023E-2	CaCl₂	0.5	0.1	0.05	0	8.9725999999998043E-2	9.2819999999999292E-2	9.6687500000000842E-2	7.8897000000000023E-2	溶液浓度C/mol·L-1





回弹指数Ce /MPa-1









Ce	4	5	7	9	10	7.8123499999999721E-2	8.5858499999998603E-2	9.9007999999999666E-2	8.8178999999999536E-2	8.740549999999922E-2	pH





回弹指数Ce /MPa-1
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