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2.0 PURPOSE AND SCOPE 

This standard operating procedure (SOP) describes proccdurts that will be used at the Rocky Flats 

Plant (RFP) to conduct in situ pumpin borehole hydraulic condudivity tests in uncased portions 

of boreholes in bedrock, using packers. Various packer testing mitagentents can bc used for in situ 

hydraulic conductivity tests in uncased portions of boreholes. 

I Relatively large-scale, multiple-well pumpout tests arc generally preferred over single-well tests 

such as slug tcsts and packer tests for e v a l d q  aquifer characteristics. However, the information 

obtained usiug less-costly, singie-hole packer tests is frequcntly useful and cost-effective, particularly 
in relatively low-permeability formations. A standard operating procedure addendum (SOPA) will 

describe project-specific testing requirements. 

This SOP describes packer testing equipment and procedures and Quality Asswance/Quality 

Control (QA/QC) that will be used for field data collection and documentation in order to attain 

acceptable standards of accuracy, precision, wmparalj;ility, representativeness, and completeness. 

3.0 PERSONNEL QUALIFICATIONS 

Personnel conducting pumpin borehole packer tats will bc geologists, geotcchnid cnginctrs, or 

field technicians with au appropriate amount of applicable 6eld Crqrcrience M on-the-job training 

under the SupcrviSiOn of another qualitid person. AU pcrscmnel performing this p r d u r e  arc 

required to have #hour OSHA classroom training which meets the Dcpamncnt of Labor 
requirements 29 CFR 1910.120 (4(3)(i). 

I 
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4.0 REFERENCES 

4.1 SOURCE REFERENCES 

I The following is a list of rcfetaces reviewed prior to the writing of this p r d u t e :  

A C o m a e n d i u m  of s u w  ield Om ratlo- + . EPA/54O/P-87/001. Dccember 1987. 

. .  . . .  . .  ASTM D 4630-86. 3 Of-- 
{. . .  December 

1986. 

. .. 

. .  . .. .. ASTM D 4631-86. Smdard Test a- 
abduv Rocks bv - itu Meas-B U s k  the Pr- Te -. Dcccmber1986. . *. 

Ground-. U.S. DOE, Water and Power Resources Service, 1981. 

BCR4 f i r o r t  G-. =A. oswER9950. 
. .  

Washington D.C. September 1986. 

PCRA F-* Interim Fd. May 1989. .. , .  

Related SOPS cross-referenced by this SOP are as follows: 
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0 SOP GT2, Drilliag and Sampling Using Hollow-Stem Auger Techniques 

SOP GT.4, Rotary DrilliDg and Rock Coring 

0 SOP GW.l u c r  Level in Wells and Piczometem 

5.0 EQUIPMENT AND PROCEDURES 

A packer test is an in situ test used to measure the apparent hydraulic conductivity of the soil or 
rock surrounding a borehole by measuring the flow rate of water pumped into or out of a discrete 

depth interval of the borehole that is isolated by rubberized inflatable packers under known 

pressures. This SOP adbcsses "pump-in" teats, which water is injected into the test interval at 

constant applied pressure (constaut head), or a constant rate of flow, or as a pressure puke. Packer 

tests will be conducted in portions of boreholes drilled in bedrock indicated by the F d d  Sampliug 

Plan (FSP). Water injected into boreholes during packer testing will bc RFP potable water or 

commercially available distilled water. RFP tap water will bc used Unttss the FSP or a SOPA states 

otherwise. The Quality Assurmce Addendum (QAA) will address tap water teSting requirements. 

Single packers, double packers, or straddle packers will be usM1 to isolate a desired length of 

borehole for testing. Downhole packer test equipment will be decontaminated between borcholts 

acmrding to SOP F03, General Equipment Damntamination. 

5.1 EQUIPMENT 

Packer tests will bc conducted using an arraugement that will a&fy the rquircments of tht FSP. 
A straddle packer arraupment can be used to test a stgment of a bwcholc isolated between two 

packers, or a single packer can be u s d  to test a segment of borehole bctwecn the hole bottom and 

the packer. In some cltsc~, for instance when testing wry low-pcrmeabiity formations, a mingle 
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packer test tool may bc modified into a double packer test tool arrangement that has a pressure 

sensor between the two packers to help dettct slow leaks around the packers. This type of double 

packer test tool arrangement may bt further wrpaaded and modified into I straddle packer test tool 

that has two packers positioned above and two packers below the test interval. 

I The packers will be of a diameter compatible with the borehole diameter (see manufacturer’s 

recommendations) so the test zone can be properly isolated (h., scaled off from other depth 

intentab in the boring). Electronic pressure transducers with an accuracy of 0.1 pounds per square 

inch (psi) or better will be placed above, below, and within the test mne to monitor test pressures 

and to check for proper sealing of the packers. The transducers will be attached to electronic data 

logging equipment capable of monitoring and recording pressure -us time. Example schematic 

diagtams of packer tests set-ups are included in Apndixcs A and B. 

Because of fluctuations in prwurc that can mxur Using conventional pumphg equipment, the 

surface equipment used for water injection will consist of a water supply resewoh prcssurkd with 

compressed gas (nitrogen or air). The supply reservoir will be attached to the test section with rigid 

water-tight steel tubw For relatively high injection rates (greater than approximately 05 gaUan 

per minute [gpm]), the change in water level in the reservoir Wiu bc used to calculate flow quantity 

by means of a graduated transparent tube in pardel with the rcscwoir d For low iujection 
rates, a variabic-area flow meter sptem capable of measuring flow rates as Low as 0.001 gpm will 

be used. To cover the range in flow rates between 05 and 0.001 gpm, the flow meter systcm will 

consist of at least three individual flow meters in a common manifold system with appropriate by- 
pass and shut-off valves, so flow may be switched from one meter to mother during a test, if 
nccewuy, The diameters of the pressure tank *nd flow meters will p d e  for overlap in the 

measurement ranges of the equipment. The regtntoir and flow tanks will be connected by water- 

tight stccl tubing through the uppcr packm(s) to allow iajcCtion of water into the test i 0 t d  A 
fast-acting, remotely umtrofled shut-in valve will bt placed approximately 2 feet the upper 

packer. 
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If flow rates are high (;.e., if the resewoh empties in less thaa the 20-miaute miaimum test 

duration), an dtcmtive injection system will be required. In this Situation, a conventional packer 

test setup using clean water pumping quipment and a m d o l d  system With an impcllcr-typc flow 

meter and appropriate flow restriction and by-pass valves will be used. However” there is a 

potential for large volumes of water hje.cted to alter groundwater chemistry in nearby wells or to 

influence contaminant plumes. In any me,  no more than 50 gallons of water will bc injected 

dowing during a packer test without the approval of the EG&G project mauager. I 
52 PROCEDURES 

Packer tests will be conducted in general accordanet with Subsections 63 and 6.4 of ASTM D 4630, 

’Standard Test Method for Detemhbg TransmMhty and Storawty of h-Permeability Rodrs 

by In-Situ Measurements Using the Constant Head Injection Test,’ and Subsectians 63 and 6.4 of 
ASTM D 4631, ’Staudard Test Method for Determining TransmissiVity and StoratiVity of Low - 
Permeability Rocks by In-Situ Measurements Using the Pressure Pulse Technique.’ These 

references arc presented in Appendixes A and B, resptctivcly. With the t%ccptiw of the injection 
pressures, the procedures will be consistent with the referenced stctions. Other portions of the 

referenced methods should be read because they are also applicable and cwtain useful information, 

but are not necessarily I requirement of this SOP. 

A borehole will be driUcd and, if required, preplrrtd so it is suitable for testin& ?he project data 

quality objcctivEs and subsurface conditions will dictate appropriate prepluation. The objectives of 
borehole preparation are to provide a borehole that can bc scaled with packen, to provide a 

borehole s i d e d  with hydraulic properties similar to those of the formation, and to leave water in 
the borehole similar in physical charactcristics to the formation water. Dtpcnding w the formation 

characteristics and driUing methods, borehole preparation activities may d t  of flushing aud/or 

purging. Geophysical and dpr borehole logs may be used to select borehole mnes for tcstiug 

and to cvaluate whether difkultia seating packers arc likely to bt encountered. If the brehole 
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is flushed and/or purged, 24 hours will bc dowed before testing to allow induced pressures 

(pressure transients) in the formation to dissipate. 

After a suitable brehole has been provided, tcsting will commence at the intervals p r c d t t d e d  

or determined based on information from thc gcopbysical and/or &per 1 ~ .  The packers will be 
inserted at the desired level io the borehole and inflated to seal off the test section. If the borehole 

is not already filled with water to a level above the upper packer, it will bc before the packers are 

dated.  A packer Mation pressure approximately 200 psi above the m&um anticipated test 

pressure should be used. However, if there are problems with rupturing packers due to yielding 

of the rock at this pressure, lower inflation pressures may be used. The probabii of leakage will 

be increased at lower packer intlation pressures. 

Once the test is set up as described above, various p r d u r t s  may be used, depending on project 

requirements. The three basic types of tests are: 

1. Constant head 

2. Constant rate of flow 

3. Pressure pulse 

In general, thc constant head and pressure pulse tests arc prcfemd for rtlativcry low-pcmcability 

formations while the constant rate of flow test is frequently uscd in formations with relatidy high- 
permeability. I 
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53.1 Constant Head Test 

After the packers have been sct and the test section and supply tube 6Ued with water in I manner 

such that there is no cntrapped air, the downhole valve will be shut and the shut-in test scction 
pressures allowed to dissipate (as determined from the pressure transducer in the test d o n ) .  

I 

I 
I 

After the shut-in pressure has dissipated and the stable pressure recorded in PSI, thc reservoir 

pressure wiU be increased to the desired test pressure and the downhole wdvc optncd. Readings 

of flow rate versus time wiU be obtained while thc pressure (head) is maintained at approximately 

a constaut value. A record of pressure versus time for each of the thrct pressure transducers will 

also be kept. Injection of water into the test &on will contiuue at a constant head until the flow 

rate stabilizes, or a minimum of 20 minutes. Conditions will be considered stable when at least 3 

mnsecutivc five-minute flow readings do not vary by more than 10 percent. Test durations will 

frequently be 30 to 60 minutes. However, durations of as long as 4 to 6 hours may sometimes be 
required for conditions to s t a b k .  If test durations loagcr than 60 minutes occuf regularly on a 

project, the EG&G project manager should evaluate thc cost-effectiveness of the testing program 

and modify it if warranted. If either of the pressure transducers above and below the test se&n 

show a rapid pressure respow to a pressure increase in the test section, rhe packers wiU be 

reseated to eliminate leakage around them. The tcst interval depth will have to be m d 6 e . d  if the 

packers m o t  be properly seated at the original target depth. The EG&G project manager will 

be involved in determining any offset test intervals unless the offset H small. 

I 

The project-spedfic t a t  program may require scveral hacasing pressure increments for Stepped” 

tcsts. After each increment, the downhole valve will be shut in and the test ssctitm shut-in pressure 

dowed to dissipate. The maximum h j d o n  pressure at the twit scction must not txcccd the 

effective OvCTbuTden pressure at the test section to avoid hydraulic 6rachuing Hydraulic liactUring 

will normally be avoided if the total hydraulic pressure in tht test section docs not exceed 05 psi 

per foot depth to the center of the test section. Since the head of the column of water in the tubing 
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is approximately 0.43 psi per foot ([62.4 lb/ft?/ft depthJ/[l44 iu2/fi?'J = 0.431b/ii2/ft depth), this 

means the sum of the reservoir head above the ground surfae and thc pacumatic jmssure applied 

to the resewoir should not acted 0.07 psi per foot of depth to thc test &on. la other words, 05 

psi/ft depth (total allowable) minus 0.43 psi/ft depth (head in tubing) - 0.07 psi/ft (maximum 

applied pressure above ground surface). 

532 Constant Rate of Flow Test 

The procedures for a constant rate of flow test are essentially the same-= for a constaut head test 

except that the injection rate is held constant and readings of pressure versus time arc: obtained. 
Injection of water into the test section will continue at a comtmt rate until the pressure stabi is ,  
or for a minimum of 20 minutes. Conditions will be codered stab- when at least 3 

consecutive five-minute pressure readings do not wry by more than 10 ptrctnt. Tcst durations will 

frequently be 30 to 60 minutes. However, durations of as lortg as 4 to 6 hours may sometimes be 
required for mnditions to stabilize. If test durations longer than 60 minutes occuf regularly on a 
project, the EG&G project manager should evaluate the cost-eff&ness of the testing program 

and modify it if warranted. The automatic data aqukition equipment wilt record pressure versus 

time. As for the mutant head test, the project-sptdfic test program may require stepped tats 

provided that the maximum test pressure does not exceed the maximum dtsaibed in Subsection 
5.2.1 to avoid hydraulic fracturing. 

I 

If rclativcly high flow rata (that if the reservoir empties in less than the ZXEminute minimum tcst 

duration) are cnEouutercd, it may not bt practical to use the prcsseurized reservoir pad downhole 
pressure transducer test setup d e s c r i i  herein. In this testing will use a mort conventional 

packer test setup consisting of pumping quipment and a manifold system with an impcllcr-type flaw 

meter aud appropriate flow restriction and bypass valves. If the t rd-  in the test d m  is 
ineffective due to turbulence, a pressure gauge on the manifold system may bc used. Testing with 

this equipment may also follow the constant head tcst proccdutc; however, in either case, it may 



PUMP-IN BOREHOJX PACKER TESTING 

EG&G ROCKY FLATS PLANT Manual: 5-21000-OPS 
EMD MANUAL OPERATION SOP proccdurc No.: GW3, Rev2 

peee: 11 of14 
Efftctive Date: Morcb 1,1992 

~ t e g o r y  2 Oqpmhtion: EmiroamenEslManagemeJlt 

be difficult to aceurattly control flow rates and prcssurw. 

523 RessurePulseTest 

Borehole preparation and packer placement will be the same as dcscribtd i0 Subsection 5.2. The 
pressure pulse test can use the same test setup as described for thc constant head test, provided the 

downhole shut-in valve can be opened and closed rapidly. Alterativcly, the downhole shut-in valve 

may be replaud with a fast-acting valve between the pressure source and water supply tube. 

Similarly, the pressure transducer in the test d o n  may bc relocated to thc water-supply liac at 

the top of thc borehole between the fast-acting valve and the test section (see Fqpe 2 in ASTM 

D 4631). 

Oncc the packers art in place, the water supply tubing will bt rapidly pressurized and then shut m 

by opening and dosing the fast-acting valve. The resulting prcssurc pulse and decay transiCnt will 

be recorded by the clcctronic data logging equipment starting at the h e  the valvt is closcd, The 

transducers above and below the test section will also be read to ch& for leaks around the packers. 

If leakage occurs, the packers will be reseated to eliminate leakapt around them. Thc t a t  depth 

interval will have to bc modified if the packers cannot k properly seated at the origitd target 

depth. The EG&G project m q c r  witl be involved in determining my o f k t  test intervals. I 
53 METHODS OF ANALYSIS 

For each injection test, data analysis will be conducted using a selected analytical p r d u r e  

appropriate for the hydraulic eonditions and estimated flow pattcms. The project hydrqmlogist 

rcsponsible for interpreting the t a t  mdts wiU select the aaalytical methods used. The appendixes 

discuss some available d y t i d  techniques. The mc&hodr used may iudude thosc presented in the 

following published literature: 
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Doe, T. and J. Rcmer. 1980. 'Analysis of constant-head well tats  in nonporous framred rock' 
Proceedings, 3rd Invitatiod Well-testing Symposium. University of California. Berkeley. 

DL12076 pp.87-89. 

Hsieb, PA., S.P., Neuman and E.S. Simpson, 1983. 'Pressure testing of fracmed rocits - a 

methodology employing three-dimensional moss-hole tests.' Department of Hydrology and 

Water Rcsourccs. University of Arizona. NWREG Publication CR-3213. 

Hsieh, PA., S.P. Neumaa, G.)L Stiles, and E.S. Simpsoa 1985. 'F~eld determination of the, three- 

dimensional hydraulic conductivity tensor of ankttropic media: 2 mcthodology and 

application to fractured rocks.' Volume 2 No. 1 pp. 1a71676. 

e BulletinNo.36. .. . Hvorslev, MJ. 195 -tv III 

US. A r m y  Engineer Waterways Experiment Station. V i u r g ,  MiEsissippi 

Jacob, C.E., and S.W. Lohmau. 1952. 'Nonsteady flow to a well of constant drawdown in an 

extensive aquifer.' &&gan rt . v.33.pp.559-569. 

O'Rourke, LE., Essex, FU. and Ranson, B.K 19n. 'Field Pcrmeabfity Test Methods with 

Applications to Solution Mining.' prepared by Woodward-Ciyde C0arultmt.s for the Bureau 
of Mine% U.S. Department of Interior. published by the National Technical Information 

S C ~ ~ .  PB-272452.180 pp. 

o f m a s -  ' ' . T C C ~ D ~ C ~  Report S-76-2 US. Army . .  Zcier, T.W. 1976. 

Engineer Waterway Experiment Station. W c k s b q  Midsippi  
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6.0 DOCUMENTATION 

Documcatation for this SOP will bcludc a schematic diagram of the test setup. This diagram will 

show the relative positions of all gauges, valves, transducers, and packer elements within the test 

tool string. The diagram wiU accompany the data records for each test. Far each type of test, a 

data form will be developed to record flow/time/pressure data. Form GW3A is a pumph 

borehole packer test summary sheet that wilt be used to document borehole information and test 

type. It includes a checklist for required data. 

The following information will be documented: 

b Project ideatifmtioa 

r Date 

Borehole idenf&ation/Elevation 

a Drilling and/or Parker Tcsting Subcontractor 

Responsible gcolagist’s/engtoetr’s name 

e Type of test 

e FormatiOn/rock type tcsted 

e Top and bottom depths of Test Intend (below ground W) 

e Desmiption/Elevation of Depth Reference 

(4Oll~llW)(QW3RW2)~/2~) 
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Water level in borehole before testing 

0 Packer inflation pressure 

Shut-in pressure/Stabilized pressure 

Data logger file name for pressure versus time data 

The documentation checklist addresses the following: 

Diagram of test tool setup 

Calibration documentation 

Recotds of prcssure and flow rates with time for constant-head and constant rate-of-flow 

tests (attach to test summary form) 

Pulse pressure and pulse decay time records for pressure pulse tests (attach to test 

summary) 



US. DEPARTMENT OF ENERGY ROCKY FLATS PLANT FORM GW3A 

PUMP-IN BOREHOE PACKER TEST SUMMARY SHEET 

Project No. Date 
Borehole Identification 

Drilling and/or Packer Testing Subcontractor 

Geologist /Engineer 
'Qpe of Test 

Formation/Rock Type Tested 

Top and Bottom Depths of Test Interval (below ground level) 

De&ption/EIevation of Depth Reference 

Water Level in Borehole Before Testing 
Packer Inflation Pressure 
Shut-in Pressure/Stabilizcd Pressure 
Data fite Nrnna 

Diagrm of test tool octyr prepard? (Y/N) by (Contractor's Rapresentatiw) 
Documntmtim of calibratians received? (Y/N) by (Cmtractor's Represcntmtivlr) 
Docunrntation of flow meter calibration checks received? (Y/N) by (Cmtractor's Reprarmtative) 
Docuntntatiim of aauge/tramdueer calibration checks recetwdl U/N) bv (Cmtrrctqr'r Representatfve) 

Pressure versus tilac data for each Qru@e/trans&ccr &trinsd/recordcd7 (Y/N) by {Cmtr~tor'r 
Represmtrt i ve 1 

Flow rate versus time data obtained/recorded? U / N I  by (Contractor's Rrptmmtrtive) 
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Standard Test Method for 
Determining Transmissivity and Storativity of Low- 
Permeability Rocks by In-Situ Measurements Using the 
Constant Head Injection Test' 

I. scope 
a field prdurc for &krmin- 

ing the transmissivity and storativity of gaologhl formations 
having pcrmcabiliti# lower than IO-' pm' ( I  millidarcy) 
using constant h a d  injection. 

capacity of the zonc of interest to transmit water, if the tu1 
intervals are rcprwntativc of the entire zone and the sur- 
rounding rock is fully water-saturated. 

1.3 The values stated in SI units are to be r q a r d d  as ty 
standard. 

I .4 This sraridord ntaj. inrolrc Itazardoiis malcrials. o@- a 

ariu.-ts. and cquipnwrtr. This slandard does no[ purport to 
uddress all o/[hc sufctr problems associated with its use. It is 
the responsibili[y of rhe user ofthis slandurd 10 esrublish 
appropriate saJe[y and health practices and deten+ne the appficabihy of replalory fimifations prior to ye. -\ ~.~ less). 23.8 G+lomtivi ty  (or storage ccrcficient) (dirncnsioE 

The ebm is the Speeifrc Sorage of a matcnal if it wrr 
homogeneous and porous over the entire interval. The spt. 
afic 

s, - Pg CCb + nC-1 
is given as fo*lows: 

h v  
8- p 

1.2 The transmissivity and storativity valua determined 
by this ten method provide a go& approximation of the 

-L,= formation porosity. 
2.2 Symbols: 

I f  2.2.1 C-bulk rock compressibility (M-ILT'). 
2.2.2 Cdmptcssibility of wattr (M-1LT21. 
1.2.3 G4imensionless function. 

12.2.4 E;-hydraulic conductivity (LT-I). 
23.5 p4xcess *est hole pmsorc (ML-,T-3. 
2 2 6 Q-excess wter flow rate (L'P). 

' #  

r 

h ~ ~ ~ ~ ~ m r x i r n u m  excess water flow rate (Lvl) .  

* e*_ .v 
** " 

n *  2. Terminology ' '\ -\ <) ; 

of thickness, b, is dtfined as follows:4,+*"- L, 

2.1 Descriptions of Terms Spec& lo This Smadard: kf' 4 

2.1.1 rranrmisrivity, T-the transmissivity of a formation 
\ 

T =  K.b f P-*, 

\ 
* <  where: 

K = equivalent formation 
The cfhc is the 

5 c -  P 

were hornogcneous and porou; over the entire interval. The 
hydraulic conductivity, K, is relatkd, to \hc equivalent for- 
mation permeability, kdi%miws:, *1-4. \+ h 

22.9 S,-smific storage (L"'). 
2:2.*10 T-transmissivity (LT'). 
2.2.1 1 &-formation thickness (L). 
22.  I2 +fracture aperture (L). 
2.2.13 g-acceleration due to gravity (LV). 
2.2. I4 k-permeability (1'). 
2.2.15 n--porosity (dimcnsionless). 
2.2. I6 r--riidius of t,et hole (1). 
2.2. I7 1-time elapsed from start of test (T). 
2.2. I8 a-dimensionlcs parameter. 
2.2.19 p--nkcosity of wafer (ML''T-'). 
2.2.20 d e n s i t y  of water (ML-'). 

'% 

whew 
S, - equivalent bulk rock &fic aorage (ebrss). 

ing. 
3.2 The ttsl itself involves rapidly applying a a-1 

prrssure to the wtcr in the packcdoff interval and tubing 
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TABLE 1 Viscosity of Water as a Function of Tempcrahrre 

T m a t u r e .  
*C 

5. Apparatus 
Absolvlt 
VlWSlry. 
mPo . s 

NOTE-A schematic of the t tn  cquiprnent is shown in fig. 1. 

5.1 Source of Consfant Pressure-A pump or pressure 
0 1.79 intensifier shall bc capable o f  providing an additional amount 
2 1.67 of water to the water-filld tubing string and packedoff test 
4 1.57 interval to p d u a  a constant prcssurt of up to 1 MPA (145 

1.47 
psi) in magnitude, prcfcrably with a rise time of less than 1 W 6 

8 1.39 
1 3 1  of one half of the flow a t e  decay (Q/Qo = 0.5). 

5 2  Purkrs-Hydraulically actuated packers arc recorn- 
10 
12 124 

mended bteausc thcy produce a positive seal on the borehole 14 1.17 
16 1.11 
18 1.06 wall and keaw of the low compressibility of water they arc 
20 1 .oo also comparatively rigid. Each packer shall seal a portion of 
22 0.96 the borehole wail at least 0.5 m in length. with an applied 

presrurc at I& qual to the excess anstant pressure to bt 
28 0.M applied to the packddoff internal and 1- than the formation 
30 0.80 fracture prefnrrt at that de@. 

5.3 Pressure Transduwrs-The prcsurc shall be measured 32 on 
36 0.71 as a function of#timc, with the t r a n d u e ~ r  loartcd in the 
38 068 packdoff tst inteniaf.-Thc\mure transducer shall have 
4 0.66 an accuracy of at lbst fSW~‘(40.4 PS;), induding mors 

introduced by the recording s)rstcm>and o resolution of at 
lcast 1 kPa (0.15 psi). 

5.4 Flow Meters-Suitable flow h e t e n  shall bt provided 
for mmsuring water flow rates in the range from 10’ cm’/s 
to 19“’ um’/s Commercially available flow meters arc capa- 
ble ’of *measuring flow rates as low as lo’ cm’/s with an 
accuracy of fl X and with a resolution of lo-’ cm’/s; thest 
a n  test pcrrneabilities to IO-’ md h a d  on a 10-m packer 
spacingh?o?itiw displacement flow metes of either the tank 

od is used to determine the transmissivity and storativity capable Of m-ring flow rater as low Bs 10’’ an’/& 
on a 1O-m 

vals. Advantages of the method arc: (u) it avoids the effcct*o{ pCker spacing 
‘7 5.5 Hydraulic Systms-The inflatable rubber packers mll-bore storagc, (6) it may be employed over a wide range shall be attached to high-pressure ace1 tubing reaching to the of rock mau pcrmeabilities. and (c) it is considerably shorter surfam The packers themstlvcs shall bt inflat& with in duration than the conventional pump and ?lug t y  used i wing a hydraulic pump or presrurt 

in more permeable rocks. </ .*-Ly “ intensifier providing the constant pressure shall be attached 
dam obtained 10 the steel tubing at thc surface. A remotels controlled down- 

using the sugestcd tQ1 method are cvacluatd by 1 e CU~+-hoje valve, located in the stccl tubing immcdiately above thc 
matching technique described by facobandhhmah (,!Yyand,-udper packer, shall be used for shutting in thc lest interval 
txtcndcd to analysis of single fractur&by Docb a1. (2). If and for instanbneous starling of tests. 

0.91 24 
26 0 87 

34 0.74 

GGty and fiomtiviIy ofthe rock surrounding h e  interval 
and on the volume of water contained in the pckd-off 
interval and tubing string. 

4. Significance and Use 

Tesr Merhd-Thc constant pressure injection teEt typc (Hairnson and Dot (4) or bubble-type (Wilson ef d (3) 

formations surrounding packcd4in;a- v_bfie anhtm ptrin’eabilitis to 10‘ md 

4.2 Ana/~sis-Thc transient u’ater flow 

9 

calculate the transmissivity 6. Rocedures 

often cxprcsd in 
bas a 

4.3 Units: 6. I Drilling Test Holes: 
6.1.1 Number and Orienration-The n u m k r  of test holes 

shall bt suufficient to supply the detail rcquircd by the scope 
‘Of the projed. The ttSt holts shall be directed 10 i n t c w  
major ftxture prtfcnbl~ at right angle. 

6.12 Test Hole QualitpThe drilling procedure shall p m  
vide a borcholc wfiatntly smooth for packer stating, shall 
a n w i n  no rPpid in diMion,  &pll 

of potentha1 in- to pro4dt information for locating test 
I 6-13 rea 

i n t d s .  
6.1.4 Core D e s c r i p t i m - ~ b c  the m c k  core from the 

tm hole with particular emphasis on the lithology and 
natural dis&ontinuitie* 

6. I5 Gmphpkal Borehole L c g g i e k  geophysidly 

fi&a fluid at formation da- 
e& the t& hala through mneS 

a permeability of 1 darcy. 

water as a function of ternptrature. 
4.32 Viscosiy of Water-Table 1 shows the Viscosity of 

in prrnth- refer lo the lk dtdm .t thc end 
dtbirrundrrd. 
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TABLE 2 Values of G(a) for Values of u Bctwaen IO4 mnd lo"* 

10- 10'' 10-a lo-' - 1 10 rv rv - 
- 

1 56.9 18.34 6.13 2249 o.se.5 0 5 3  0 . 3 6  0551 
2 4 . 4  13.11 4.47 1.716 0.803 0.61 031 1 0232 

4 28.7 9.41 330 1 3 3  0.667 0.405 0283 0215 
. 3  33.1 10.79 3.74 1 . m  0.719 0.427 0 2 9  0222 

5 25.7 8.47 3.00 1- 0.630 0 3 9  0.274 021 0 

7 21 :a 723 2.60 1.103 0.560 0367 0263 0203 
8 20.4 6.79 2.46 1.051 0-562 0.359 0258 0200 
9 19.3 6.43 w 1 D18 O S 7  0352 0254 0.19e 

10 18.3 6.13 225 0.965 0534 O W  0251 0.196 

1ff lol 1Q 10' le 1 P  10' 10" 

6 23.5 . 7.n 278 1.160 0.602 03?7 02E8 0206 

1 0.1964 0.1608 0.1360 0.1 in 0.1037 0.0927 0.0838 0.OfM 
2 0.1841 0.1524 0.1299 0.1131 O.lm2 0.- 0.0814 0.0744 

4 0.1733 0.1449 0.1244 0.1089 0.0968 0.0872 0.0792 0.0726 
5 0.1701 0.1426 0.1227 0.1076 0.0958 0.0864 0.0785 0.0720 
6 0.1675 0.1408 0.1213 0.1066 0,- ,O.OE57 Con0 0.0716 
7 0.169 0.1393 0.1202 0.1057 O B 3  0.0851 0.0774 0.0712 
8 0.1636 0.1380 0.1192 O.lo(9 011937 0.0846 o.on0 0.0709 
9 0.1621 0.1369 0.11& 0.104 0.- 4 o m  0.0767 0.0706 

10 0.1608 0.1360 o.iin 0.1037 o.vs27 4 71.0838 - 0.076r 0.0704 

3 0.1m 0.1479 0.1266 0.1106 Om82 0- 0.0801 o.om 

Fmn JK& Md LorvMn (1). -v 1 ,  -*, 

" e  

Pressore 
vlrrwccr 

tain any material that could bc washed into the permtable 
p o n e s  during tenin& thereby changing the transmissivity and 

stomtivity: Flush the test holes with clean wtcr until the 
rcturn is free from cuttings and other dispersed solids. 
* I 6.2 Tfst Intervals: 

622.1 Selpiion of Tesi Inicrvals-Determine t a t  i n t e r n  
from b c x ~ r c d c x r i p t i o n s ,  gtophysid borehole logs, and, if 
nt#ssary, frpn'visual inspcaion of the borehole with a 

.-.borpcope or TV camera. 
6.22-Chnges in Lithology--Tcn each major change i~ 

hhology that can bt isolated ktwecn packers. 
462.3 Sampling DiKonlinuiries-Disntinuities arc o h  

&e major permtable features in hard rwk. Test j o i n t 4  z o n e  
t, gault zone ,  bedding planes, and the like. bath by isolating 

individual fmtum and by evaluating the combined e k u o f  
xvcral reaturn. 

6.2.4 Redundanq tIJ Tc.rrs-To evaluate variability in 
tansmissivity and stontivity. conduct thrcc or more icm in 
each rock typt, if homogenmus. If the rock is not homage- 
ncous, the xts of tesll should encompass similar t y p  of 
d h n t i n u i t i s .  

6.3 Test Wafer: 
6.3.1 Q d i t p W a t e r  urod for ptesrure pulse tesls shall be 

dean, and compatible with the formation. Even smd 
amounts of dispcrscd solids in the injection water could plug 
the rock face of h e  test intcrval and result in a mtasured 
transmissivity value that is erroneously low. 
632 Tempwuture-The lower limit of the test water tcm- 

pcraturc shall bc 5% below that of the rock mass to k t d  
cold wptcr injeaca into a warn rock mass -use air to come 
out dmlution, and the resulting bubbles will radically modify 
the ~ r r t n u l s i e n t  eharaatristia. 

6.4 Testing: 
6.4.1 Filling and Purgng System-Ona the Wckcrs ha% 

been sC& d d y  fill the tubing d n g  and packdoff i n t d  
With water 10 ensure that no air bubbles will be trapped in 
the ttst intend and tubing Clw the downholc valve to shut 
in the tesl i n t d ,  and allow the test section pressures (as 

Fbw meter Consrrnr wesswe 
w c t  

\ 

FIG 1 EquipmenlSchemstiC 

the z o n a  of potentia! intern.  In panicular, run dcarical- 
induetion and gamma-gamma density logs. Whmcvcr 4- 
blc, plso ux sonic logs and the acoustic tcleviewcr. Run other 
fogs as required. 

6.1.6 Wushing Tat Holes-The tesf holes must not con- 
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FIG. 3 Data Sheet for In Situ Measurement of Transmisvity a d  Stomtivfty U8hg the -Writ Head lnjectbn Test 

determined from downhole pr#sure transducer tmdine) to an cxtcnsive aquifer is given by Jacob and Lnhman (1) ax’ 

Q - 2*TP G(a)/pe, :elpate. 
6.4.2 Constant Presrure Tea-Pressurize the tubing, typi- 

d l y  to bttwetn 300 and 600 lcPa (50 to 100 psi) above the 
Shut-in prtssurc. This range of pressures k in most casts 
sufficiently low to minimize distortion of fracturrs adjacent T r: transmissivity of tm intern!, 
U the ttst hole, but in no casc should the pressure exceed the 
minimum principal ground stress. It is ncctSSary to provide 
rufficient volume of prtssurizcd water to maintain Constant 

tbt constant pnssurc, and record the water flow rate as a 
function of time. Then close the down-hole dve and rcpeat 
Ibe test for a higher value of constant test prcssurc. A typical 

whert: 
Q = mwr flow ate,  

p ,, 
g 

= 
= water density, 
= deration due to gravity, and 

tcR hole prtssurt, 

m u f c  during testing W n  the down*hok G(a) = fundion of the dimensionla parameter a: 

u n/SrW2 
whem: 
t = time elapsed from start of test, rd is shown in Fig. 2. 

leulatiom and Interpretation of Test Data 
7.1 The solution of the differential equation for unsteady 

mte flow from a borehole under constant pressure loatad in ‘For bwndsd aquifers Ihe roldh. b d c m d  IO Haniurb (5). 
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S = storativity, and 
r, = radius of the borehole over the test interval. 

7.1.1 In Fig 2, the flow rate in the shut-in, packed-off a interval is considered cc)nstant. In those cases where the 
response of the shut-in interval is time dependent, interpre- 
tation of the constant prcssurt test is unafktd,  provided 
the time dependency is lintar, 

7.2 To determine the' transmissivity, T, and storativity, S, 
data on the water flow rate at constant pressure as a function 
of time are plotted in the following manner (I). 

7.2.1 First, plot a type cuwe on logarithmic paper of the 
function G(a) versus Q where values of G(a) arc given in 
Table 2. 

7.2.2 Second, on transparent logarithmic paper to the same 
scale, plot values of the flow rate, Q, versus values of time, f. 

7.2.3 Then, by placing the experimental data over the 
theoretical curve, the best fit of the data to the curve a n  be 
made. 

7.2.4 Determine the valucs of transmissivity, T, and st& 
rativity, S, using a s .  I and 2 from the coordinata of any 
point in both coordinate systems. 

8. Report 
8.1 The report shall include the following 
8.1.1 Introduction--The introductory section is intended 

io pment the scope and purpose of the constant prcssure test 
program. and the characteristics of rock mas tested. 

8.1. I . I Scope of Testing Program: 
8. I .  I .  I * 1 Report the location and orientation of the bore- 

holes and tcs! intervals, For tests in many borcholcs or in a 
variety of rock type, p a n t  the matrix in tabular form. 

8. I.  I .  I .2 Rationale for tcsl location selection, including 
the reasons for the nurnbcr, location, and six oftest intervals 

8.1.1.1.3 Discuss in gcncral terms limitations of the ttsting 
program, stating the arms of interest which are not covcd 
by the testing program and the limitations of the data within 
the areas of appliation. 

8. I. I .2 Britf Description oJ rhe Test Intewals-Dxribe 
rock type. Structure. fabric, gnin or crystal size, discontinui- 
ties. voids. and weathering of the rock mass in the test 

, intervals. A more detailed description may be needed for 
ccrlain applimtions. In  a heterogeneous rock mass or for 
several rock types, many intervals may be d&&d; a tabular 
prtstntation is then recommended for clarity. 

8.1.2 Test Method: 
8.12.1 Equipment and Appurufus-Include a list of the 

quipment used for the test, the manufacturer's name, model 
numbcr, and basic specificrations for each major item, and 
the date of last calibration, if applicable. 

8.1.2,2 Prucedure-State the steps actually followad in the 
p d u r e  for the 1st .  

' 8.1.2.3 Vuriafions-If the actual equipment or procedure 
deviates from this ta t  method, note each variation and the 
reasons. Discuss the effects of any deviations upon the test 
results. 

8.1.3 Theoretical Background: 
8.1.3.1 Data Reduction Equatiom4early p m n t  and . 

fully define all equations and typc curves used to reduce the 
data. Note any assumptions inherent in the quations and 
type curves and any limitations .in their applications and 
discuss their effccts on the rsults, 

8.1.3.2 Site Spec$c Influences-Dhss the degree to 
which the assumptions contained in the data reduction qua- 
tions pertain to the actual test location and fully explain any 
facton or methods applied to the data to corrtet for depar- 
turn from the assumptions of the data reduction equations. 

8.1.4 Results: 
8.1.4. I Summary Table-Present a table of results, includ- 

ing the t y w  of rock and discontinuities, the average values 
of the transmissivity and storativity, and their ranges and 
uncertainties. 

8. I .4.2 Individiral Results-Prcscnt a table of rcsults for 
individual tats, including test number, intend length, rock 
types, value of constant pressure transmissivity and stomtiv- 
ity, and flow rate as a function of time. 

8.1.4.3 Graphic Dam-Prescnt water flow rate versus time 
cuwes for cach test, together with the appropriate typc curves 
used for their interpretation. 

8.1.4.4 Orhcr-Other analyses or prescntations may bt 
included as appropriate, for example: (u) discussion of the 
characteristic of the permeable zona, ( b )  histograms of re 
sults, and (c) comparison of results to other studk or pre- 
vious work. 

8.1.5 Appcndcd Data-Include in an appendix a com- 
pleted data form (Fig 3) for each ttst. 

9. Precision and Bias 

9.1 Error Esrimate: 
9. I .  I A ~ l y z t  the results using standard statistid mttb 

ods. Calculate all uncertainties using a 95 % confidence in- 
terval. 

9. I .2 Mrwsrrrt*tnr*ttt 13ror-Evaluatc thc errors in trans- 
missivity and storativity asociatcd with a single tet.  Thk 
includes the combined t!kts of flow rate determination, 
measurement of time, and type curve matching 

9.1.3 Sample Vuriubilify-For each rock or discontinuity 
type, calculate, as a minimum, the mtan transmissivity and 
storativity and their ranges, standard deviations, and 95 % 
confidence limits for the means. Compare the uncertainty 
assoCiatcd with the transmissivity and storativity for cacb 
rock type with the mauternent uncertainty to dctcrmine 
whether measurement mor or sample variability is the do@ 
inant factor in the mults. 
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Designation: D 4631 - 86 

Standard Test Method for 
Determining Transmissivity and Storativity of Low 
Permeability Rocks by ln-Situ Measurements Using the 
Pressure Pulse Technique' 

This rundud is ipwd unda Ihc fid daigrution D 4631; h e  n u m b  imm&tdy fdloWi~ the dcriyuhn indhia the y ~ r r  of 
original .doplion or. in the tly of d o n ,  the of last -on. A n u m b  in pucnthera indha IhC ycU Of Lst mpprov*l A 
supersaim &on (e) indiarcr editmid drrngc since the revision or -1. 

1. scope 
1.1 This test method covers a fidd procedure for deter- 

mining the tmnsmisivity and storativity of geological forma- 
tions having pcrmcabilities lower than IOm3 pm2 ( I  
millidarcy) using the pressure pulse technique. 

1.2 The transmissivity and storativity valua determined 
by this test method provide a good approximation of the 
apacity of the mnc of i n t e e  to transmit water, if the test 
intervals are rcprcsentative of the entire zone and the 
surrounding rock is fully water saturated. 

1.3 The values stated in SI units are to be regarded as the 
standard. 

1.4 This standard may involve hazardous materials. oper- 
ations, and equipment. This standard does not purport to 
address all of the safety problems associated with its use. It is 
the responsibiIity of the mer of this standard to esmblish 
appropriafe safkiy and health practices and determine the 
applicability of regulatory limitations prior to use. e 
2. Termbolo# 

2.1 Descriptions of T e r m  Specijc to This Standard: 
2.1.1 transmissivity. T-the transmissivity of a formation 

of thickncrs, b, is defined as follows: 

where: 
K = equivalent formation hydraulic conductivity (efhc). 

The cfhc is the hydraulic conductivity of a material if it 
were homogeneous and porous over the entire interval. The 
hydraulic conductivity, K, iS related to the equivalent foma- 
tion, k, as follows: 

K-bWb 
where: 
p = fluid density, 
p = fluid viscosity, and 
g = acceleration due to gravity. 

of a formation of thickness, b, is defined as f0110ws: 

whm: 
S, = equivalent bulk rock specific storage (cbrss). 

T =  K*b 

2.1.2 storativity, P c L e  storativity (or storage coeffcicnt) 

S * S,*b 

The ebrss is defined as the specific storage of a material if it 
were homogeneous and porous over the entire interva!. T h e  
spedfic storage is given as follows 

s, = pg cc, f nC,) 
where: 
C, = bulk rock mmpdbility,  
C, = fluid compnssibility, and 
n = formation porosity. 

2.2 SymbIs: 
2.2.1 C,-bulk rock compressibility (M"LT2).- 
2.2.2 C=-compresribility of water (M-'LT2). 
2.2.3 K-hydraulic conductivity (LT'). 
2.2.4 &-length of packedsrzone (L). 
2.2.5 P--exccss test hole pfessun (ML"T2). 
2.2.6 P,-initial p w u n  pule (ML-'T2). 
2.2.7 S-storativity (or stoqe  coefficient) (dimen- 

2.2.8 S,--spaCific storage (L-'). 
2.2.9 T-transmiSsiVity (L?'). 
2.2.10 V,--voIume of vmtw pulstd (L?. 
22.1 I &-formation thickness (L). 
2.2.12 +fracture aperture (L). 
2.2.13 g-acceleration due to gravity (LT2). 
2.2.14 &--pcrmcability (L2). 
2.2. I5 n-porosity (dirncnsionlcss). 
2.2.16 r,.-radius of test holc (L). 
2.2.17 t-timc clapxd from pulx initiation (T). 
2.2.18 dimcnsionlcss parameter. 
2.2, I9 &4imcnsionless parameter. 
2.2.20 p-vimity of water (ML-Y). 
2.2.21 d e n s i t y  of water (ML''). 

sionla). 

3. Sum- of Tcst Method 
3.1 A borehole is first drilled into the rock mass, inter- 

secting the p l ~ c a l  formations for which the transrnissiGtY 
and storativity are dcsind. The borehole is cored throllgb 
potential u l n a  of intertst. and is later subjected to 
geophysical borehole logging over thee in~ervals. During the 
test, each i n t d  of interest is packed off at top and bottom 
with inflatable rubber packers attached to high-pressure std 
tubing, Afkr inflating the packers, the tubing string is 
mmpldely filled with water. 

3.2 The tcst itself involves applying a pressure pulse to tbe 
water in the packadoff interval and tubing string, a d  
recording the multing prtsrurc transient. A prcrsurt traW 
ducer, locatbd either in the packed4 zone or in the tubins 
at the surface, maum the transient as a function of timc 
The decay characteristics of the prwurc pulse are dependent 
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FIG. 1 Gompemtive Times for R r u u m  Pdm and Slug Tests 

on the transmisivity and stomtivity of the rock surrounding 
the intend being pulsed and on the volume of water k ing  
pulsed. Alternatively, under non-artesian conditions, the 
pulsc test may be performed by rcleilsing the prcssurt on a 
&ut-in well, thereby subjecting the well to a negative 

pulse. Interpretation of this test method is similar to 
that desCnbed for the positive pressure pulse. 

4. Signifiance and Use 
4.1 Tat Methd-Thc pulse test method is used to 

dettrmine the transmissivity and storativity of low-perme- 
* ity formations surrounding the p a c k e d 4  intervals. The a method is considerably shorter in duration than the 

pump and slug tests used in more permeable rocks. To 
obtain rtsults to the desired amracy, pump and dug tests in 
bwgtrmmbility formations are too time consuming, as 
indicated in Fig. 1 (from Brodehoeft and Papadopulos (1)): 

4.2 Andyxiis-The transient pressure data obtained using 
the suggested method are evaluated by the curve-matching 
technique described by Bredehoeft and Papadopulos (I), or 
by an analflical technique proposed by Wang ef al(2). The 
latter is particularly useful for interpreting pulst tats when 
only the carly-time transient pmsure dccay data arc avail- 
,able. 

4.3 Units: 
4.3.1 Conwemiom-The permeability of a formation is 

often e x p d  in terms of the unit d a w .  A porous medium 
has a permeability of I &rcy when a fluid of vh&ty 1 CP (1 
mPa.5) flows through it at a rate of I m3/s (IOd m'/s)/l 
em2 (IO+ m2) cross-sectiond area at a prtssurc differentid 
Of I atm (101.4 kPa)/l crn (10 mm) of length. One darcy 
mmsponds to 0.987 pm2. For vmtcr as the flowing fluid at 
WC, a hydraulic conductivity of 9.66 pm/s corresponds to a 
m e a b i l i t y  of I darcy. 

4.3.2 Viscosify 01 Woler-Table I shows the vkosity of 
water as a function of temperature. 

5. Apparatus 
NOTE-A schematic of the t c ~ l  equipment is shown in Fe L L 

5. I Source oJPressure Pulse-A pump or prcssurt intcn- 
sifrtr shall bt capable of injecting an additional amount of 
water to the water-filled tubing String and packedd ticst 
intend to product a sharp prcssurr p u k  of up to 1 MPa 
(145 psi) in magnitude, pderably with a rise time of less 
than I 54 of one half of the prcsSure docay (P/P, = 0.5). 

5.2 Puckers-Hydraulically actuated packers 812 mom- 
mended because they produce a positive seal on the borehole 
wall and bccause of the low mmprtssibility of water they am 
also comparatively rigid. Each packer shall seal a portion of 
the borehole wall at least 0.5 m in length, With on applied 
prtssurt at least equal to the excess maximum pulse pnssurt 
to be applied to the packdoff intend and less than the 
formation fracture prcssure at that depth. . 

5.3 Pressure Tramducem-Thc test prssure may bt mea- 
sured d i d y  in the packed-off tet in& or at the surf= 
with an electronic prcssure transducer. In either casc the 
pmsure shall be mordcd at the surface as a function of 
time. The pressure transducer shall have an accuracy of at 
las t  k3 kPa (f0.4 psi), including errors introduced by the 

TABLE 1 Wscosity of Water as a FuneriOn of Tempemturn 

0 1 =Is 
2 1.67 
4 l A 7  
6 3.47 
8 1 3 9  

10 131 
12 124 
14 1.17 
16 1.11 
18 1-08 
20 1 m  
22 O S  
24 0 9 1  
26 Om 
28 0.84 
30 O M  

34 0.74 
36 0.71 
38 0.M 
40 0.66 

32 an 
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FIG. 2 Schematic ai Test Equipment 

recording system, and a resolution of at least 1 kPa (0.1 5 psi). 
5.4 Hydrrrulic Sys~ms--Thc inflatable rubber packers 

shall bc attached to high-prcssurc steel tubing reaching to the 
surface. The packers themselves shall bt inflated with water 
using a separate hydraulic system. The pump or pressure 
intensifier providing the presurc pule shall be attached to 
the stel tubing at the surface. If the pump is used, a 
fast-opcrating valve shall be mounted in the tubing at the 
surface near the pressure pump. 

6. Procedure 
6.1 Drilling Test Holes: 
6. I .  I Number and Orientation-The number of t a t  hole 

shall be sufficient to supply the detail required by the scope 
of the project. The test holcs shall be directcd to intersect 
major fracture sets, preferable at right angles. 

6.1.2 Tesf Hok Quulitp-The drilling procedure shall 
provide a borehole sufiidently smooth for packer sating, 
shall contain no rapid changes in direetion, and shall 
.minimize formation damage. 
* 6.1.3 Test Holes Cured4re the test holes through 
z o n a  of potential inter& to provide information for lo- 
cating ta t  intervals. 

6.1.4 Core Descriplion-Describe the rock core from the 
test holes with particular emphasis on the lithology and 
natural discontinuitics. 

6.1.5 Geophysical Borehole Lo&png-~ geophysically 
the zons of potential interest. In particular, run electrical- 
induction and gamma-gamma density log. Run other logs 
as requid .  

6.1.6 Washing Tmf Holes--The t e t  holes must not 
a n t a h  any material that could be washed into the pmne- 

able tones during testin& thereby changing the trans- 
missivity and storativity. Flush the test holes with clean 
water until the return is free from cuttings and (,[her 
dispersed solids, 

6.2 Test Infervds: 
6.2.1 Selection of Test Intervals-Tat intervals arc delcr- 

mined from the core description& geophysical borehole logs, 
and, if nectssary, from visual insptction of the boRh& with 
a borescope or TV a m e m  

6.2.2 Changes in Lifhohgy--T6t tach major change in 
lithology that can be isolated bttwcen packers. 

6.2.3 Sampling Discontinuities-Dixontinuities oflecn 
the major permeable faturn in hard rock. Test jointd 
zones, fault zones, bedding plan- and the like, bo& by 
isolating individual fcatures and by evaluating the mmbjnd 
effects of several fcatur#. 

6.2.4 Redunduncy of Tests-To evaluate variability in 
transmissivity and storativity, conduct Several tests in each 
rock type. i f  homogeneous. If the rock is not homogeneous, 
tach set of mu should encompass similar typcs of 
discontinuitia 

6.3 Test W a m  
6.3. I Q d i t y W a t e r  used for presrurt pulse tests shall k 

clean, and compatible with the formation. Even small 
amounts of d i s p e d  solids in the injection water could plug 
the rock fact of the test interval and result in a mfasured 
transmissivity value that is erroneously low. 

6.3.2 Temperature-The lower limit of the test water 
temperature shall be 5% below that of the rock m a s  to be 
tested. Cold water injccted into a warm rock mass caws air 
to come out of solution, and the rmdting bubbles will 
radically modify the prcsure transient characteristics 

6.4 Testing: 
6.4.1 Filling and Purging System-Allow sufiicient time 

after washing the t a  hole for any induced formation 
pressurrs to dissipate, Once the packers have been set, slowly 
fill the tubing string and packedsff interval with water to 
ensure that no air bubbles will be trapped in the test intern1 
and tubing. 

6.4.2 Prc.ssirrt* Arl.vc liw-Rapidly pressunzc the tubina, 
typically to between 300 and 600 kPa (50 IO 100 psi), and 
then shut in. This range of prtssurts is in most casts 
sufficiently low to minimize distortion of fractures adjacent 
to the test hole, but in no case should the prcssure ex& the 
minimum principal ground strm. Record the resulting 
pressure pulse and dccay transknt detected by the pressurC 
transducer as a function of time. A typical record is shown in 
Fig. 3. 

7. Calculation a d  Interpretation of Test Data 
7.1 The type of matching tmhnique developd by 

BrcdehoeR and Papadopulos (1) involves plotting normal- 
ized pressure (the ratio of the excess borehole pressufe, P, af 
a given time to thc initial prtssurc puls~, P,) against the 
logarithm of time, as indicated in fig. 2 and 3. The p* 
decay is given as follows: 

P - = F(a& 
p, 

where: 
a and 6 = dimensionless parameters given by: 
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V. = volume of water k ing  pulsed, 
t* - wellradius, 
1 = time clap& from p u k  initiation, 
& = comprcsibility of water, 
T - transmWvity,and 
s = storativity. 

7.1.1 In F I ~  3, the pressure of the p a c k e d 4  interval and 
‘ng fdled with water is considered constant In those c~ses otre the rcsponst of the system to filling is time deptndmt, 

rided thc time dependency is lincar. Neuzil(3) has proposed 
idupmation of the pnssurc pulse tcst is u l l a f f i i  pro” 

a modification to the Bredehoeft and PapadopuiuJ p r d u r e  
for interpreting ttSt data when the rtsponsc of the system to 
filling is non-time dependent and when the compressibility 
of the shut-in well is significantly larger than that of water. 
Tabla of the function F(a, @) have k e n  provided by Cooper 
et al(4X Papadopulos (S), and Brdchoeft and Papadopulos 
(1). 

7.2 The method for analyzing pulse d a y  data depends 
on whether the parameter a is larger or smaller thaa 0.1. 
Sina the value of u is not known a priori, the test data we 
tirst analyzd by the method applicable to a < 0.1. If this 
analysis indicates that LT > 0.1, then that method is used. 

7.2.1 For u e 0.1, the data are analyzed by the method 
desaibed by Cooper et a/ (4), in which the family of cum 
shown in fig 4 for F(a, B) as a function of B for various 
values of 4: arc used. obstrvcd values of P/P, arc plotted as 
a function of time, I, on xmilogarithrnic paw of the same 
d e ,  and arc matched with a type cum by lrcepingthc B 
and t axes coincident and moving the plots horizontally. 

in Eqs 1 
and 2, the a value of the matched type cum, and the b and 
f values from a match point are used to determine the 
transmissivity, T, and the storage M i a e n t ,  S, of the wed 
interval. Bredchocft and Papadopulos (1) indicate that this 
procedure yields good estimatcs of the transmissivity when a 
s 0.1, but that the storage coefficient could bt of quetion- 
able reliability for values of a < IO-’. 
73.3 For a > 0.1, Bredehoeft and Papadopubs (1) 

recommend the use of the family of cuwa shown in Fie. 5 

7.2.2 The expressions c;omsponding to a and 

( a i t .  for F(u, rs) as a function of the product a@ = 

interpret the data Matching of the observed valucs of PIP,, 
plotted as a function of r with a typt cum is performed in 
the m e  manner as indicated pmiously for Q I 0.1. in this 

FIG 4 Type Curves of the Funcalon F(a, @) Against UW Parameter 8 for Different Valwr of a 
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way* the product TSand Sare determined. Analysis with the 
type curves shown in Fig. 5 provides an indication as to 
whethcr the data are adequate for identifying both a and @ 
and hence, determining both S and T, or whether the data 
fall in the range where only the product TS can be 
determined. 

7.3 Wang el d (2) present an alternative method of 
analyzing pressure pulse data involving ~ y f i c a l  solutions 
for pulse decay in single fractures of both infinite and finite 
extent Recognizing that finite fracture geometry introducs 
m r s  in the interpretation of the pulse dccay data, Wang 
sugg&s a method that uses data from Clapscd time More 
the fracture boundaxics begin to influence the p-um data. 
Wang found by linear regression of calculatcd d a y  prcssurc 
versus time an empirid expression for the fracture aptrture 
of the following form: 

log (c/106) = -0.32 log ( I )  + C 
+ 0.32 [2 log (rw/0.04)1z 
+ I  (2.394pC,X 10 )] 
+ 0333 log (L/2). 

(4) 

where: 
e 
t = timc,s, 
r, = borehole radius, m, 
p = water viscosity, mPa.s, 
C, = watcrcompressibility, I/Pa, 
L = length of the packed-off interval, rn, and 
C = a constant that dcpcnds on the fraction of pulse 

Fm~ti~n of prtc d m y .  (P, - PV P, OB5 0.10 0.15 

7.3.1 Wang shows that in test zones wntaining two 
fractum of different apertures, the wider fracture dominates 
the early time behavior. The early pnssurc pulsc dceay 
therefore reflects the major fracture only. Dot, et al(6) vim 
individual fractures as confined aquifers whosc 
transmisSivities are given by tbt cubic relationship: 

= parallel-plate equivalent apcrturc, m, 

decay, as follows: 

W8W-t.c. lm 120 I27 

T = pge3/12p (3 

Thus, 4 5 pmvidcs transmissivity in terms of a paratlcl- 
plate equivalent fmcture aperture calculated from Eq 4. 

7.3.2 Eqs 4 and 5 can k solved for the early-time pressure 
pulse deeay data to provide a transmissivity value for the ttst 
interval from the calculated parallel-plate &valent am- 
ture. 

8. Report 
8.1 The r e p t  shall include the following 
8.1.1 Introdudion-The introductory d o n  is intended 

to p-nt the scope and purpose of the pres- pulsc tut 
prokram, and the chamctcristia of the rock mass tcsted. 

8.1. I. 1 Scow of Testing Program. 
8.1.1.1.1 Report the lmtion and orientation of the 

borehole and test intervals. For tests in many boreholm or 
in a variety of rock types, prescnt the test matrix in tabular 
form. 

8.1.1.1.2 Rationale for test kmtion selection, including 
the reasons for the numbcr, location, and Size of test 
interval& 

8.1.1.1.3 Discuss in g e n d  tams the limitations of the 
t d n g  program, stating the areas of in- which 8rt not 
covcrcd by the t d n g  program and the limitations of the 
data within the arcas of application. 

8.1.12 Brid Dwiption of the Test Interv&-D&k 
rock typc, structu% faMc, grain or ayStat * 
discontinuitie voids, and WGathering of the roek mass in 
test inttrvals. A more detailed description may be necdcd f@ 
certain applications In a heterogeneous  rod^ mas or for 
scveral rock tm many intervals may be de*; a 
tabular pantation is then rceommcndcd for clarity. 

8.12 TestMuhod 
8.12. I Equipment and Apparatus-Include a list of  * 

equipment used for the test, the manufactuxfs a d d  
number, and basic specifications for tach major item, ad 
the date of last calibration, if applicable. 

8.1.2.2 PtocPdure--Statc the steps actually followad in * 
procedure for the test. 
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8.1.2.3 Variations-If the actual q u l p r c n t  or procedure 
deviate from this test method, note cach variation and the 

IIS. Discuss the effects of the deviations upon the tcst 

8.1.3 Theoretical Background: 
8.1.3.1 Data Reduction Equatiom4early present and 

fully ddme all cquations and tipe m a  uxd to reduce the 
data Note any mmptions inherent in the equations and 
type curves and any limitations ip their applications and 

! discuss their tffects on the results. 
. 8.1.3.2 Site Specfic fnJuences--Dixuss the dcgrec to 
I which the assumptions oontained in the data reduction 

&uations p r t a b  to the actual test lmtion and fully explain 
any Won or methods applied to the data to mrect for 
departures from the assumptions of the data reduction 
HpZttiOns. 

8.1.4 Resid&: 
1 8.1.4.1 Summary T a b l + k n t  a table of results, in- 
. duding the typts of rock and discontinuities, the avtrage 
’ values of the transrni.shity and stomtivity, and their rang= 

and uncertaintia 
8.1.42 Individual Results-Present a table of raults for 

individual tcsfs, including test number, interval length, rock 
transmissivity and storativity, and pressure pulse 

amplitude and d a y  time (or ncording time, if the decay is 
inmrnplcte). 

I 8.1.4.3 Graphic Dura-Prcsent pressure pulse decay 
versus time curves for cach test, together with the appre 
pnate type curves used for their interpretation. 

8.1.4.4 Ofher-Othcr analysis or presentations may be 
included as appropriate, for example: (I) discussion of the 
characteristics of the pcrrncablc zones, (2) histograms of 
d t s ,  and (3) comparison of results to other studies or 
prcvious work. 

8.1.5 Appended Data-Include in an appendix a com- 
pleted data form (Fa 6) for cach ten 

9. Recision and Bias 
9. t Error Estimmte: 
9.1.1 Analyze the rtsults using standard statistid 

methods calculatt all u n d n t i c s  using a 95 96 confidence 
in&. 

9.13 Meamremetat Error-Evaluate the errors in trans- 
missivity and storativity d a t e d  with a single test. This 
includcs the combined effects of prtssurt determination, 
measurement of time, and t y p  curve matching or early 
decay time analpis 

9.1.3 Sample Vuriu&i/it+For each rock or discontinuity 
typt, calculate, as a minimum. the mean transmissivity and 
storativity and their ranges, standard deviations, and 95 5% 
confidence limits for the means. Compare the uncertainty 
assodated with the transmissivity and storativity for each 

FIG 6 Data sheet for In situ Measurement of Tranmkrivfty and StorStivrtY Using the Pmurre Putre Technique 
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rock typc with the measurement uncertainty to determine . 
whether measumment error or sample ' variability is the 

dominant factor in the results. 
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