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INTERNATIONAL

Standard Test Method for

Determining the In Situ Modulus of Deformation of Rock
Using the Diametrically Loaded 76-mm (3-in.) Borehole
Jack?!

This standard is issued under the fixed designation D 4971; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilonef indicates an editorial change since the last revision or reapproval.

1. Scope * 3. Terminology

1.1 This test method covers the estimation of in situ 3.1 See Terminology D653 for general definitions.
modulus of a rock mass at various depths and orientations. 3.2 Definitions of Terms Specific to This Standard:
Information on time-dependent deformation may also be ob- 3.2.1 deformatior—change in shape or size, (see Terminol-
tained. ogy D 653). In this test method deformation is the change in
1.2 All observed and calculated values shall conform to thehe diameter of the borehole.
guidelines for significant digits and rounding established in 3.2.2 modulus of deformatierratio of stress to strain for a
Practice D 6026. material under given loading conditions; numerically equal to
1.2.1 The method used to specify how data are collectedhe slope of the tangent or the secant of the stress-strain curve.
calculated, or recorded in this standard is not directly related t@ he use of the term modulus of elasticity is recommended for
the accuracy to which the data can be applied in design or othenaterials that deform in accordance with Hooke’s law, and the
uses, or both. How one applies the results obtained using thterm modulus of deformation is recommended for materials
standard is beyond its scope. that deform otherwise, (see Terminology D 653). In this test
1.3 The values stated in Sl units are regarded as standanthethod, the modulus of deformation is calculated from the
The inch-pound units in parentheses are for information onlyapplied fluid pressure, the relative change in hole diameter, a
1.4 This standard does not purport to address all of thefunction of Poisson’s ratio, and a constant.
safety concerns, if any, associated with its use. It is the 3.2.3 jack efficiency—ratio of the jack plate pressure to the
responsibility of the user of this standard to establish appro-applied hydraulic pressure.
priate safety and health practices and determine the applica-

bility of regulatory limitations prior to use. 4. Summary of Test Method
4.1 The 76 mm (3.0in.) jacks, (see Fig. 1 and Fig. 2), induce

2. Referenced Documents undirectional pressure to the walls of a borehole by means of
2.1 ASTM Standards: two opposed curved steel platens each covering a 90° sector,
D 653 Terminology Relating to Soil, Rock and Containedover a length of 20.3 cm (8 in.).

Fluids? 4.2 Raw data from a test consist of hydraulic-line pressure,

D 3740 Practice for Minimum Requirements for AgenciesQ;, versus readout from linear variable differential transform-
Engaged in the Testing and/or Inspection of Soil and Roclers (LVDT’s) measuring platen movement. Knowing the dis-
Used in Engineering Design and Construcfion placement calibration of the LVDT's, the raw data can be

D 6026 Practice for Using Significant Digits in Geotechni- transformed to a test record of hydraulic pressure versus hole
cal Dat& diameter,D. For each increment of pressui&Q,,, and hole

D 6032 Test Method for Determining Rock Quality Desig- deformation AD, theoretical data analys{t),* assuming rigid
nation [RQD] of Rock Coré jack plates and full 90° contact, give the theoretical rock mass

modulus,E (Eycoretical @S @ functionE =f (A Q,-AD- T%),
whereT* is a coefficient dependent upon Poisson’s ratioE If

1 This test method is under the jurisdiction of ASTM Committee D18 on Soil and is measured on a linear segment of the Ioading curve. common
Rock and is the direct responsibility of Subcommittee D18.12 on Rock Mechanics. !

Current edition approved Nov. 10, 2002. Published January 2003.. Originally
approved in 1989. Last previous edition approved in 1998 as D 4971-89(1998).

2 Annual Book of ASTM Standardgol 04.08. 4 The boldface numbers in parentheses refer to a list of references at the end of

2 Annual Book of ASTM Standardgol 04.09. the standard.

*A Summary of Changes section appears at the end of this standard.

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959, United States.
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FIG. 1 The 76-mm (3-in.) Borehole Jack

FIG. 2 Schematic of Loading of the Borehole Jack

5. Significance and Use

5.1 Results of this test method are used to predict displace-
ments in rock mass caused by loads from a structure or from
underground construction. It is one of several tests that should
be performed.

5.2 Because the jack can apply directed loads, this test
method can be performed to provide an estimate of anisotropy.

5.3 Intheory, the analysis of test data is straight forward; the
modulus estimate requires a record of applied hydraulic
pressure versus borehole diameter change, and a knowledge of
the rock’s Poisson’s ratio. In practice, the above procedure,
using the original theoretical formula, frequently has resulted
in computing a material modulus that was demonstrably too
low.

5.4 For analyzing the test data it is assumed that the rock
mass is linearly elastic, isotropic, and homogeneous. Within
these assumptions, this test method can provide useful data for
rock masses for which equivalent continuous properties can not
be found or estimated.

Note 1—Notwithstanding the statements on precision and bias con-
tained in this test method; the precision of this test method is dependent
on the competence of the personnel performing it, and the suitability of the
equipment and facilities used. Agencies that meet the criteria of Practice
D 3740 are generally considered capable of competent and objective
testing. Users of this test method are cautioned that compliance with
Practice D 3740 does not in itself assure reliable testing. Reliable testing
depends on many factors; Practice D 3740 provides a means of evaluating
some of those factors.

6. Interferences

6.1 Itis assumed that the tensile and compressive moduli of
the rock are equal and there is no tensile cracking induced in
the rock mass because of jack loading. If tensile cracks are
created at 90° to the loading direction, it has been sh{iyn
that the calculated modulus values can decrease by up to 29 %.
Therefore, tensile cracking would result in a decrease in the
slope of the loading curve and test data in the region of
decreased slope should not be used.

6.2 The volume of rock mass involved in the 76 mm (3.0
in.) diameter jack test has been estimatgdto be about 0.15
m3(5 ft3). This volume may not include enough discontinuities
to be representative of the rock mass on a larger scale.

6.3 Two aspects of jack behavior, discussed in 6.3.1 and
6.3.2, require careful consideration in the analysis of test data
and can be compensated for by the procedure outlined in this
test method and detailed by Heuze and Amd8i

6.3.1 The platen/rock contact may not cover 90° of the
borehole circumference, as assumed, because of radius mis-
match between the jack and the héde 5).

6.3.2 In rock with modulus of deformation greater than
about 7 GPa (10psi), there is a longitudinal concave outward
bending of the jack platens that requires correction. This
correction is necessary because the bending gives higher

terminology is modulus of deformation. is measured on an displacements at the ends than at the center of the loading
unloading linear segment, it is referred to as the recoverplatens and LVDT displacement gages are located near the

modulus.

ends of the platens.
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7. Apparatus 8.3 Boreholes Reamedlt is recommended that a reaming

7.1 Borehole Jack-The borehole jack for which equations shell with a nominal outside diame'ter of'76 mm (3in.) pe used.
and corrections are presented in Section 12 is the so-callélis further recommended that a bit fabricated to reaming shell
“hard rock” jack, that is currently manufactured under patentd@ge 76 mm (3in.) also be used. This will minimize the radius
The manufacturer’s specifications are: range of travel is 13 mrlismatch between the borehole and the jack. Accurate mea-
(0.5 in.) from closed at 70 mm (2.75 in.) to fully open at 83 mmSurement of the diameter of the borehole is important.
(3.25 in.), maximum pressure on borehole wall is 64 MPa .8.4 Boreholes Co_red—The bo'reholes shall be drilled using
(9300 psi), and deformation resolution is 0.025 mm (0.001 in_)_dlamond core technlque_zs; continuous core should be obtained.
The maximum jack pressure is achieved with a hydraulicOriented cores are desirable but not mandatory.
system pressure of 69 MPa (10000 psi). Deformation is 8-5 Core Logged-The recovered core should be com-
measured by an LVDT at each end of the loading p|atensc_)let.c=;ly logged, W.Ith emphasis on fractures and othgr mechanl—
These are referred to as the near and far LVDT respectively€al inhomogeneties and water pressure. Rock quality designa-

7.2 Pressure Gage-A hydraulic gage or electronic trans- tion (RQD) should_ be calculated fc_Jr each 1.5 m (5 ft) of hole
ducer may be used to measure the hydraulic system pressuf@red or core ru, in accordance with Test Method D 6032.
The gage shall have an accuracy of at least 280 kPa (40 psi), 8.6 Test Locatior—Within each borehole, locations for each
including errors introduced by the readout equipment, and 5t should be selected based on the core logs. In some cases
resolution of at least 140 kPa (20 psi). observatlc_)n of the bqrehole with a borescope or borehole

7.3 Casing Alignment SysteriThe borehole jack is at- camera (film or television) may be useful.
tached to 73 mm (2.875 in.) BX drill casing and placed into ) )
position in the borehole. To determine the orientation of thed- Personnel and Equipment Requirements
jack, an orientation mark is transferred to successive sections 9.1 Personnel-All personnel involved in performing the
of casing as they are added. To avoid introducing a systemattest, including technicians and test supervisors, should be under
and progressive error into orientation, an alignment devicehe guidance of someone thoroughly familiar with the use of
shall be used to transfer the mark from one casing section tthe jack. Sometimes the personnel may be required to be
another. In vertical boreholes, a plumb line may be sufficientformally pre-qualified under a quality assurance (QA) proce-
In inclined or horizontal boreholes, a marking guide such as thelures established as part of the overall testing program.

one shown on Fig. 3 has been found satisfac{éjy 9.2 Equipment Performance Verificatien The compliance
_ _ . of all equipment and apparatus with performance specifications
8. Sampling, Test Specimens, and Test Units of this procedure shall be verified. Performance verification is

8.1 Number and Orientation of BoreholesThe number, generally done by calibrating the equipment and measurement
spacing, and orientation of boreholes depend on the geometsystems according to established procedures.
of the project and the geology of the site.

8.2 Rock Sampling 10. Calibration

8.2.1 Each type of rock should be tested. In addition, areas 10.1 The borehole jack shall be calibrated before and at the
of low modulus of deformation, such as fracture or alterationcompletion of the program according to manufacturer's or
zones within a rock mass, are of particular interest and shouldquivalent direction€7). In addition, the jack shall be cali-
be tested. _ _ _ brated during the test program if the program consists of many

8.2.2 Tests should be conducted at different orientations tgests or if the deformation readings become suspect. This is
sample the anistropy of the rock mass, for example, parall§darticularly likely if the difference in the readings of near and
and perpendicular to the long axes of the columns in a basafhr LVDT’s exceeds the manufacturer's recommendation of 0.5
flow. Boreholes should generally be orthogonal to each othefym (0.02 in.), indicating excessive misalignment of the
and either parallel or perpendicular to the structure of the roclg|atens.
formation. At least ten tests in each rock material are recom- 10.2 Calibration of the boreholes jack must be documented.
mended. Personnel calibrating the equipment must be qualified in

advance.

11. Procedure

11.1 Test each distinctive rock material in a borehole.

11.2 Testing Discontinuities-Locate tests in both intact
zones and fractured zones to evaluate the effects of disconti-
nuities. If the two LVDT’s give significantly different displace-
ment &0.5 mm or 0.02 in.), discard the data and relocate the
jack.

11.3 Boreholes—Boreholes shall be free from dirt and drill
cuttings. Wash the borehole with clean water if necessary.

11.4 Initial Seating Pressure-When the jack is at the test
location and in the desired orientation, raise the hydraulic
FIG. 3 Marking Guide on Section of Casing pressure to 350 kPa (50 psi) to seat the platens against the
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borehole wall. Use this pressure as the “zero” pressure TEST OATA SHEET - FORM 1

throughout the remainder of the test. Project
11.5 Pressure Level-Test the rock to a pressure in excess pate

of that required for full platen contact, but not exceeding the, eno1e

pressure or displacement capacity of the jack. Failure of the . ..
rock may be recognized by an increase in the rate of deforma-

8earing

Inclination

tion without corresponding increase in the rate of pressure. .

h Tested by

11.6 Pressure Cycles-In at least 25 % of the tests in eac
rock material, conduct multiple-pressure cycling to progres- . .1 ws. of calibrated davices

TJest No.

Depth

Orientaiton

Rock Type

Initial Borehole diameter

Readout Magnification Factor

Date of Last Calibration

sively higher loads to evaluate permanent deformation and théJack, pressure gage, etc..)
effects of cycling on modulus. The peak pressure shall be

approximately 30, 60, and 100 % of the maximum. During

each cycle, vary the pressure in at least five equal increments

and five decrements. At the end of each cycle, return the

pressure to the initial seating pressure.
11.7 Test at Various Orientationslf tests are desired in

Time Pressure Reading

Near LVDT Far LVDT

different orientations, it is preferable to move the jack at least

30.5cm (12 in.) below or above the previous test location so as

to provide an undisturbed site for testing. It is suggested that
successive orientations be perpendicular to each other. It is

recommended that the first test be conducted at the deepest

location, and the following tests be at successively shallower

depths to prevent possible borehole damage in a given test

from interfering with subsequent testing.

11.8 Indications of Time-Dependent Effeet®etermine

time dependent deformation characteristics during the test by
maintaining the maximum test pressure for 15 min and Remarks:
recording deformation at 5 min intervals. When the pressure isrest supervisor.

Date

reduced to the initial seating pressure, take deformation readeuatity assurance

Date

ings again at 5 min intervals for 15 min. If at least three SUCh project engineer

Date

determinations are made in a given rock material, and the FIG. 4 Example of Test Data Sheet—Form 1

deformation indicated by either LVDT changing by more than

5 % of the total accumulated deformation up to that stress levefagLe 1 Minimum Hydraulic Pressure to Ensure Full Contact as
over the 15 min intervals in any of the tests, assume that the a Function of Hole Radius Mismatch

o with v =0.254

material exhibits time-dependent behavior at that stress leveT,

Etheoretical

Qpmin/a

and, follow by further investigation. 10° psi GPa

psi/1072

in. MPa/mm

11.9 Data Recording RequirementsRecord the data
shown on Test Data Sheet Form 1, (see Fig. 4) as minimum for

Oversize Holes (inch-pound units):
0.20 30 X 106 Elheorelical

. . . in — B

the test, (although not necessarily in this format). QMin = 30X 10° (1 — v2) + 0.91 Eypprores
. 1 6.9 200 55
12. Calculation > 138 200 110
12.1 Estimates i ;3; 328 ;gg
12.1.1 Obtain a rough estimate of the theoretical in situ 5 345 920 250
mass MOodulusEeoreiicas DY reducing core modulus values 6 41.4 1070 290
from laboratory tests by a factor of 2(2). ! s o0 o
12.1.2 Estimate of Poisson’s RatieUse measured labora- 9 62.1 1480 400
tory test values or use= 0.25 if no other estimate is available. 10 69.0 1600 - 440
From the above information, estimate the minimum hydraulic Undersized Holes (inch/pound units): Qymin = % c

pressureQ;, min» required for full platen/rock conta¢s).® The '

~ X . 1 6.9 290 80
Qn min/a values forv = 0.25 are shown in Table 1 asa function 2 138 580 160
of true rock modulus for oversize and undersize holes. For 3 20.7 870 240
more accuracy, the equations in Table 1 may be used. However, ;‘ gzg ﬁgg gég
Q nmin IS Not very sensitive tor and from a practical 6 414 1740 275
7 48.3 2030 555
8 55.2 2300 630
% |t has been suggest¢8) that the procedure set forth above to meet the criterion 9 62.1 2620 710
10 69.0 2910 790

of full-platen seating may result in rejections of too many data with consequent

degradation of the quality of the corpus of data. Reports on the experience of users“2« = hole diameter — 76 mm [3 in.].

of this test method are needed to evaluate the merits of both the criterion and the ®See Ref (3).
procedure itself. CSee Ref. (4).



A D 4971 - 02
“afl

standpoint,y = 0.25 can be used. (As an alternative to these
first steps, it may be assumed that there is full jack to borehole
contact if the loading curve is linear.

12.2 Equations and Corrections

12.2.1 Measure the radius of the hole at the test location to
determine the initial radius mismatch between the jack and the
hole (undersize or oversize hole). This is commonly done by an
LVDT at 350 kPa (50 psi), “zero” pressure. The radius
mismatch,« is defined by & = hole diameter-76 mm (3 in.).

12.2.2 In the full contact portion of the record, calculate the
apparent modulus,,,, from:

Eoae = (0.86X JE X AQ,T*)/ (AD/D)

£ calc (GPa)
15 20 25

1 | f

10

15

100

Finite El
ze, Salem)

{Meyer, Mc Vey} 80

@)

10
where:
JE
D
AD
AQy
T*

jack efficiency, ratio

hole diameter,

change in hole diameter,

increment of hydraulic-line pressure, and
a coefficient depending on Poisson’s ratio,

60

o nun
E true {GPa)

E true (10° psi)

Note 2—In equation 1 the factor (0.86) may or may not be constant
under all conditions. It is recommended that a study be made to verify or
modify the value according to the in situ field conditions.

12.2.2.1 Eq 1 is valid in both SI and inch-pound systems.
For full contact, T* is shown in Table 2. For full contact and

40

Ak

-

et

<7
T N“Ecalc=E

20
TABLE 2 T * for Full Contact

0.2 0.25 0.3 0.33
1.474 1.438 1.397 1.366

/

-~
P

true

0.1
1.519

0.4
1.289

0.5
1.151

v
Vid

o d

ﬁ»
88 3.35..3.86
l L
1

4

2.20

i i L

2.89

B

2 3
E calc (108 psi)

FIG. 5 Curve of Ejeoreticar VEIsUs E.,c(9, 10)

v =0.25, Eq 1 becomes:
E cac = 1.24X JE X AQ,/(AD/D) )
12.2.3 Obtain thé,ooreticafOM the E.,, by using Fig. 5.

This curve is not sensitive to variationsinNote that forE .
less than 7 GPa (£@si) the correction fron.,. t0 Eeoretical
is negligible, hencé_,,. can be taken as equal B coretical
(see Fig. 5).

13. Report

13.2.3 Brief Description of Test Site GeologyThe rock
type shall be described macroscopically from both field inspec-
tion and from the core logs of the test boreholes. Structural
features affecting the borehole jack testing shall be discussed as
appropriate. Available data on properties of rock cores that may
aid in interpreting borehole jacking data shall be presented in

13.1 The purpose of this section is to establish minimunthe report. It should be indicated whether or not the tests were

requirements for a complete and useable report. Further deta
may be added as appropriate, and the order of chapters may

ierformed with the jack immersed in water.
bel3.2.4 Equipment and ApparatusA detailed listing of the

changed as appropriate. Applications of test results are beyoratjuipment actually used for the test shall be included in the
the scope of this procedure, but may be an integral part of someport (jack, readout, box, and hydraulic system). The name,
testing programs. In that case an applications section compatodel number, serial number, and basic specifications of each
ible with the format described in this section should bemajor piece shall be listed.

included. 13.2.5 Procedure—The procedure actually used for the test

13.2 Introductory Sectior-The introductory section of the shall be listed in detailed steps.
report is intended to present the scope and purpose of the 13.2.6 Variations—If actual equipment or procedure varied
testing program and the characteristics of the material testedrom requirements contained in this test method, each variation

13.2.1 The location and orientation of the test boreholesnd the reasons for it shall be noted. The effect of the variation
shall be presented. A graphic presentation is recommendedpon test results shall be estimated.

The reasons for selecting the test locations shall be recorded. 13.3 Report the theoretical background as follows:

13.2.2 Limitations of the Testing Program Areas of inter- 13.3.1 Data Reduction EquatiorsAll equations used to
est not covered by the testing program and the limitations ofeduce the data shall be clearly presented and fully defined.
data within the area of application shall be discussed in generdiny assumptions implicit in the equations, limitations in their
terms. application, and their effects on the results shall be noted.
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13.4 Report site-specific influences as follows: 13.7 Appended Data (Hole, Depth, Orientatien}-or each

13.4.1 Assumptions-The degree to which actual test site test, an appendix shall include a pressure versus deformation
conditions conform to assumptions in the data reductiorplot and a completed Test Data Sheet Form 1, (see Fig. 4).
equations.

13.4.2 Correction Factors—Any factors or methods applied 14. Precision and Bias

to the data to correct for non-ideal situations shall be fully 14.1 No data comparable to those developed from an

exi)lameF()j. | foll ) interlaboratory test program are available for this in situ test
122 1éesent teSt_Ifes;_tZ as Tollows: bie <hall b method. The variability of rock in situ and the resultant

.1 Summary Table-A summary table shall be pre- ;,apijity to determine a true reference value prevent develop-

sented in which rock materials, the pressure range over whictye of 5 valid statement of bias. The subcommittee is seeking

modulus values were calculated, mean modulus values, ranges.tinent data from users of this test method to assist in
and uncertainties are shown. estimating its precision

1355'2 Tab:(e Oftm.d'lv'dl:al tResuLt&Aa table listing (tjeft 14.2 Methods for determining inhomogeneity and anisot-
number, rock material, structurey, and average modulus ropy are discussed in Section 8.

values for each location shall be presented. 14.3 The error associated with a single test can be assessed
13.5.3 Graphic Presentations-A typical pressure versus from data required in 13.5.1 and 13.5.2.

deformation plot for each rock material shall be presented. 14.4 F h rock al h dul
13.6 Other—The following types of analyses and presenta- -4 For each rock material or structure, the mean modulus
of deformation, range, and standard deviation can be deter-

tions may be included as appropriate: , X
13.6.1 Relationship between modulus and applied pressurflin€d from 12.1. The uncertainty of the group can be com-
pared dependent upon items discussed in 13.6.

13.6.2 Discussions of modulus dependence on geology.
13.6.3 Histograms of results.
13.6.4 Comparison with laboratory modulus values or thel®: Keywords

results of other in situ modulus tests. 15.1 anisotropy; borehole drilling; deformation; displace-
13.6.5 Comparison of results to other rock types of previousnent; jack test; loading tests; modulus of deformation; orien-
studies. tation; pressure testing; rock
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SUMMARY OF CHANGES

In accordance with Committee D18 policy, this section identifies the location of changes to this standard since
the last edition (1989(1998)) that may impact the use of this standard.

(1) Added definition for jack efficiency to Section 2. to 0.86, the factor “jack efficiency (JE)” was added, and the
(2) Added Noe 1 — Precision and Bias statement after Sectiormissing divisor sign after T * was added.
5.4 under Significance and Use. (5) For Section 12.2.2 description of terms for formula (1) —

(3) For Section 12.1.2 added reference to Table 1 in the secorgpelling correction “hydraulic-line” not “hydraulic-lein” , and
sentence. Equations 2 and 3 were not in the text and the teadded “jack efficiency”, and note 2 on the constant 0.86.
was corrected to show the correct location of the equations g8) In Section 12.2.2.1 Equation 2 was corrected to be
being in Table 1. consistent with the changes made in Equation 1.

(4) For equation 1 the first coefficient was cirrected from 0.08(7) Added Summary of Changes Section

ASTM International takes no position respecting the validity of any patent rights asserted in connection with any item mentioned
in this standard. Users of this standard are expressly advised that determination of the validity of any such patent rights, and the risk
of infringement of such rights, are entirely their own responsibility.

This standard is subject to revision at any time by the responsible technical committee and must be reviewed every five years and
if not revised, either reapproved or withdrawn. Your comments are invited either for revision of this standard or for additional standards
and should be addressed to ASTM International Headquarters. Your comments will receive careful consideration at a meeting of the
responsible technical committee, which you may attend. If you feel that your comments have not received a fair hearing you should
make your views known to the ASTM Committee on Standards, at the address shown below.

This standard is copyrighted by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959,
United States. Individual reprints (single or multiple copies) of this standard may be obtained by contacting ASTM at the above
address or at 610-832-9585 (phone), 610-832-9555 (fax), or service@astm.org (e-mail); or through the ASTM website
(www.astm.org).



