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Introduction
Understanding electrical properties, i.e.: resistivity or conductivity, of rocks is important for many fields, such as exploration and environmental geophysics, petroleum engineering, locating carbon captured storage area, etc. In some cases, the change in resistivity due to saturation is however not well understood clearly. This may be caused by complexity of the pore structure, fluid saturation processes, interaction between fluid and solid, and other mechanisms. Investigations on electrical properties of rock with partial fluid saturation have been conducted by many authors. Alvarez (1973) measured how the changes of resistivity of rocks placed in atmospheric moisture containers as a function of saturation level.  Knight (1991) found different hysteresis patterns in drainage and imbibition cycles, in which the resistivity in the drainage cycle are always higher than the imbibition cycle at the same saturation level. Taylor and Barker (2002) conducted drainage experiment to measure electrical resistivity for several different core of Triassic sandstone by varying the conductivity of the groundwater solution and found significant site-scale heterogeneity. In this study, we investigate the influence of saturation types on electrical resistivity of rocks with the help of FEM. 

Methodology
Influence of saturation on electrical resistivity is investigated by carrying out numerical modelling by means of finite element method (FEM) solving Laplace equation (please refer to Garboczi (1998) and Arns et al. (2005) for detail explanation). Two types of saturation models i.e.: simple water-filling (swf) and water-film (wf) types (see figure-1), are created as input for FEM.
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[bookmark: _GoBack]Figure 1. Created models and samples used in this study. (a) simple water-filling saturation type, (b) water-film saturation type, (c) and (d) are Bentheimer sandstones with porosity of  7% and 20% respectively.
Samples used are digital real rocks, e.g.: Bentheimer sandstone with 7% and 20% in porosity (taken from Imperial College (http://www.imperial.ac.uk/earth-science/research/research-groups/perm/research/pore-scale-modelling/micro-ct-images-and-networks)). 
Results and Discussion 
Calculation result of electrical resistivity as function of saturation is shown in figure-2. It is found that there are differences in resistivity patterns for both type models.  The electrical resistivity in the water-film type is always lower than the simple water-filling type both at 7% and 20% respectively. This may happen because the fluid in the water-film type reach faster to the edge of the rock than the water-filling type. Sample with porosity of about 7% rock for water-filling type shows the slow decreasing in resistivity as saturation increases and decreases abruptly after saturation higher than 60%. It is presumably due to heterogeneity of pore size distribution which is also validated in reverse saturation processes as shown in figure-2c.
      

Figure 2. Sample with porosity 7% (2.a), 20% (2.b), and 7% with reverse saturation process (2.c.).

Conclusions
The result of this study shows that type saturation affect electrical properties of rocks. Resistivity of water-film saturation type is always lower than simple water filling saturation type. In is also shown that the pore geometry of rocks may have significant influence on rock resistivity.

References
Arns, C. H., Knackstedt, M. A., and Martys, N. S.: Cross-property Correlations and Permeability Estimation in Sandstone. Physical Review E 72 (2005).
Alvarez, R.: Effects of atmospheric moisture on rock resistivity. J. Geophys. Res. 78(11), 1769–1779 (1973).
Garboczi, E.J.: Finite Element and Finite Difference Programs for Computing the Linear Electric and Elastic Properties of Digital Images of Random Materials. NIST (1998).
Knight, R.J.: Hysteresis in the electrical resistivity of partially saturated sandstones. Geophysics 56(12), 2139–2147 (1991).
Taylor, S. and Barker, R.: Resistivity of Partially saturated Triassic Sandstone. Geophysical Prospecting, 603-613 (2002).
swf	9.5406471057248796E-2	0.22794949414784804	0.35695662149548812	0.4552670611955838	0.5318556227907395	0.60212009090381668	0.69360475494396612	0.77294774325443216	0.84002605070423453	0.91892041778446421	1.0000000000000002	63521.765191955892	3752.0617472725817	637.52714938624035	412.05837400893705	399.65384562653998	366.06456405149936	353.57812323612694	289.739579858198	270.72938726400639	254.03025051520947	100.89902964398848	wf	0.11121187621165847	0.19939460463825148	0.37261731023823236	0.50871552405380571	0.62872372641914809	0.79003388837388078	0.89016292792879614	0.94770203016129517	0.99913170557656139	2713.2983266784727	1212.0943645133452	298.98966503873373	228.50389548875313	163.57283249837235	126.08306317120004	111.06029244804189	104.63950188706195	100.93192806393984	ros_im	0	2.47117E-2	2.80066E-2	3.62438E-2	4.1186199999999999E-2	4.9423399999999999E-2	5.9308100000000002E-2	0.31301499999999999	0.46952199999999999	0.50411899999999998	0.54200999999999999	0.58813800000000005	0.66392099999999998	0.67380600000000002	0.68698499999999996	0.75288299999999997	0.80230599999999996	4367380	5668.28	4393.8100000000004	3335.36	2697.92	2182.7600000000002	1657.12	405.78300000000002	291.75900000000001	305.09199999999998	1093.92	1246.27	930.16200000000003	1151.02	911.952	841.19200000000001	711.971	ros_dra	0	3.29489E-3	4.9423399999999999E-3	8.2372299999999999E-3	9.8846799999999999E-3	1.15321E-2	1.64745E-2	1.64745E-2	2.14168E-2	2.3064299999999999E-2	2.80066E-2	3.1301500000000003E-2	3.4596399999999999E-2	4.1186199999999999E-2	4.9423399999999999E-2	6.7545300000000003E-2	9.5551899999999995E-2	0.116969	0.13344300000000001	0.21581500000000001	0.278418	0.33607900000000002	0.39868199999999998	0.46457999999999999	0.51729800000000004	0.579901	0.62932500000000002	0.67380600000000002	0.71828700000000001	0.76112000000000002	158894	66522.600000000006	39958.800000000003	28451.3	24007.5	19415.2	14425.4	12971.9	11668.5	10493.8	9642.06	9048.69	8313.36	7639.39	6587.35	4898.4799999999996	3803.08	3213.12	3428.14	2453.2199999999998	1868.71	1516.66	1312.33	1111.9100000000001	1024.77	965.34699999999998	870.81500000000005	785.29300000000001	787.52200000000005	710.10500000000002	water saturation (b)


electrical resistivity




swf	0.11111903976205631	0.21311709326760744	0.31567953275426269	0.38435939006031311	0.44683749614717189	0.50193966901159504	0.57951346019223215	0.77390852999807569	0.89422640246206597	0.9484333437889364	32147.708211422832	34063.399497090271	22028.803643015421	20187.285287071198	14088.192885176932	19280.161833472688	16204.765094675982	871.88215198293483	331.05378524886061	281.42406192322818	wf	8.1920207468260967E-2	0.31654881620225211	0.44455400576574633	0.53912422959764283	0.62564385219245511	0.70035679473438128	0.81191047649252468	0.92921829302085224	96589.461383898713	415.76906650986746	342.28970331778748	236.07869459938902	222.65484902529909	185.14078949674558	161.71784964307511	142.90443043152965	swf_rev	0.16559844242351157	0.32329549090689041	0.44957508829941828	0.51718456004186308	0.56823872753931848	0.6455984418793268	0.70044761508854536	0.74795977925036594	0.80958806329652322	0.8675316247528313	0.90425559416485923	49683.982636322093	325.95612779584479	265.29551028084194	264.63569581350879	252.02187474866662	256.06552351507821	258.89817627267206	253.85261305713308	248.38141515070294	253.81775869273866	253.62870494425647	C1_im	1.6647599999999999E-3	8.0027199999999996E-3	2.3840900000000002E-2	3.4879E-2	4.1200800000000003E-2	5.2236200000000003E-2	6.6452800000000006E-2	7.5936799999999999E-2	8.69722E-2	0.10424899999999999	0.107395	0.11839	0.13250600000000001	0.14192299999999999	0.148201	0.15917500000000001	0.16700999999999999	0.181116	0.19209200000000001	0.203066	0.21559300000000001	0.23438800000000001	0.25475100000000001	0.27355200000000002	0.30015599999999998	0.328349	0.35810999999999998	0.386297	0.41760700000000001	0.45832400000000001	0.494342	0.520957	0.54600599999999999	0.58671099999999998	0.63211200000000001	0.66653499999999999	0.69470900000000002	0.73227600000000004	0.74316599999999999	0.78220000000000001	0.82132000000000005	0.95906899999999995	4798350	2699670	673610	364374	230935	127423	48231	24095.1	13295	8433.51	7488.47	5564.96	4390.3599999999997	3602.62	3136.82	2732.27	2525.29	2156.91	1841.81	1604.27	1513.03	1345.15	1172.54	1001.87	1003.99	841.61900000000003	691.72699999999998	603.34	558.67399999999998	450.54199999999997	377.91199999999998	349.80500000000001	323.74799999999999	288.32799999999997	251.83	262.74599999999998	253.08500000000001	239.166	385.45299999999997	744.38900000000001	761.67499999999995	594.90899999999999	C1_dra	4.8895700000000002E-3	2.1544000000000001E-2	4.8158100000000002E-2	7.31319E-2	9.8205399999999998E-2	0.121654	0.13505	0.160223	0.177005	0.198826	0.222328	0.242477	0.25759700000000002	0.30293199999999998	0.39531500000000003	0.49948300000000001	0.58349600000000001	0.68432199999999999	0.78178999999999998	0.91454599999999997	3518970	1239730	186312	36937	14487.1	8338.93	5935.51	4605.53	3888.9	3215.89	2659.74	2344.39	2249.42	1675.41	1150.47	918.08199999999999	796.48599999999999	722.13199999999995	668.63499999999999	595.04600000000005	water saturation (c)


electrical resistivity




swf	0.11111903976205631	0.21311709326760744	0.31567953275426269	0.38435939006031311	0.44683749614717189	0.50193966901159504	0.57951346019223215	0.77390852999807569	0.89422640246206597	0.9484333437889364	32147.708211422832	34063.399497090271	22028.803643015421	20187.285287071198	14088.192885176932	19280.161833472688	16204.765094675982	871.88215198293483	331.05378524886061	281.42406192322818	wf	8.1920207468260967E-2	0.31654881620225211	0.44455400576574633	0.53912422959764283	0.62564385219245511	0.70035679473438128	0.81191047649252468	0.92921829302085224	96589.461383898713	415.76906650986746	342.28970331778748	236.07869459938902	222.65484902529909	185.14078949674558	161.71784964307511	142.90443043152965	con_rev	0.16559844242351157	0.32329549090689041	0.44957508829941828	0.51718456004186308	0.56823872753931848	0.6455984418793268	0.70044761508854536	0.74795977925036594	0.80958806329652322	0.8675316247528313	0.90425559416485923	49683.982636322093	325.95612779584479	265.29551028084194	264.63569581350879	252.02187474866662	256.06552351507821	258.89817627267206	253.85261305713308	248.38141515070294	253.81775869273866	253.62870494425647	C1_im	1.6647599999999999E-3	8.0027199999999996E-3	2.3840900000000002E-2	3.4879E-2	4.1200800000000003E-2	5.2236200000000003E-2	6.6452800000000006E-2	7.5936799999999999E-2	8.69722E-2	0.10424899999999999	0.107395	0.11839	0.13250600000000001	0.14192299999999999	0.148201	0.15917500000000001	0.16700999999999999	0.181116	0.19209200000000001	0.203066	0.21559300000000001	0.23438800000000001	0.25475100000000001	0.27355200000000002	0.30015599999999998	0.328349	0.35810999999999998	0.386297	0.41760700000000001	0.45832400000000001	0.494342	0.520957	0.54600599999999999	0.58671099999999998	0.63211200000000001	0.66653499999999999	0.69470900000000002	0.73227600000000004	0.74316599999999999	0.78220000000000001	0.82132000000000005	0.95906899999999995	4798350	2699670	673610	364374	230935	127423	48231	24095.1	13295	8433.51	7488.47	5564.96	4390.3599999999997	3602.62	3136.82	2732.27	2525.29	2156.91	1841.81	1604.27	1513.03	1345.15	1172.54	1001.87	1003.99	841.61900000000003	691.72699999999998	603.34	558.67399999999998	450.54199999999997	377.91199999999998	349.80500000000001	323.74799999999999	288.32799999999997	251.83	262.74599999999998	253.08500000000001	239.166	385.45299999999997	744.38900000000001	761.67499999999995	594.90899999999999	C1_dra	4.8895700000000002E-3	2.1544000000000001E-2	4.8158100000000002E-2	7.31319E-2	9.8205399999999998E-2	0.121654	0.13505	0.160223	0.177005	0.198826	0.222328	0.242477	0.25759700000000002	0.30293199999999998	0.39531500000000003	0.49948300000000001	0.58349600000000001	0.68432199999999999	0.78178999999999998	0.91454599999999997	3518970	1239730	186312	36937	14487.1	8338.93	5935.51	4605.53	3888.9	3215.89	2659.74	2344.39	2249.42	1675.41	1150.47	918.08199999999999	796.48599999999999	722.13199999999995	668.63499999999999	595.04600000000005	water saturation (a)


electrical resistivity




1

2

image1.png




image2.png
5t International Workshop on Rock Physics 23 — 26 April 2019, Hong Kong SAR

=3

B!
5
=




