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Standard Test Method for
Determining Residual Stresses by the Hole-Drilling Strain-
Gage Method'

This standard is issued under the fixed designation E 837; 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 epsilon (¢) indicates an editorial change since the last revision or reapproval.
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The hole-drilling strain-gage method determines residual stresses near the surface of an isotropic
linear-elastic material. It involves attaching a strain rosette to the surface, drilling a hole at the
geometric center of the rosette, and measuring the resulting relieved strains. The residual stresses
within the removed material are then determined from the measured strains using a series of equations.

1.1 Residual Stress Determination :

1.1.1 This test method specifies a hole-drilling procedure for determining residual stress profiles near the surface of an isotropic
linearly elastic material. The test method is applicable to residual stress profile determinations where in-plane stress gradients are
small. The stresses may remain approximately constant with depth (‘“uniform” stresses) or they may vary significantly with depth
(“non-uniform” stresses). The measured workpiece may be “thin” with thickness much less than the diameter of the drilled hole
or “thick” with thickness much greater than the diameter of the drilled hole. Only uniform stress measurements are specified for
thin workpieces, while both uniform and non-uniform stress measurements are specified for thick workpieces.

1.2 Stress Measurement Range:

1.2.1 The hole-drilling method can identify in-plane residual stresses near the measured surface of the workpiece material. The
method gives localized measurements that indicate the residual stresses within the boundaries of the drilled hole.

1.2.2 This test method applies in cases where material behavior is linear-elastic. In theory, it is possible for local yielding to
occur due to the stress concentration around the drilled hole, for isotropic (equi-biaxial) residual stresses exceeding 50 % of the
yield stress, or for shear stresses in any direction exceeding 25 % of the yield stress. However, in practice it is found that
satisfactory results can be achieved providing the residual stresses do not exceed about 60 % of the material yield stress.

1.3 Workpiece Damage:

1.3.1 The hole-drilling method is often described as “semi-destructive’ because the damage that it causes is localized and often
does not significantly affect the usefulness of the workpiece. In contrast, most other mechanical methods for measuring residual
stresses substantially destroy the workpiece. Since hole drilling does cause some damage, this test method should be applied only

! This test method is under the jurisdiction of ASTM Committee E28 on Mechanical Testing and is the direct responsibility of Subcommittee E28.13 on Residual Stress
Measurement.
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in those cases either where the workpiece is expendable, or where the introduction of a small shallow hole will not significantly
affect the usefulness of the workpiece.
1.4 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility

of the user of this standard to establish appropriate safety and health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:?
E 251 Test Methods for Performance Characteristics of Metallic Bonded Resistance Strain Gages

Terminology
3.1 Symbols:

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or contact ASTM Customer Service at service @astm.org. For Annual Book of ASTM Standards
Vol-63-0+-volume information, refer to the standard’s Document Summary page on the ASTM website.
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FIG.-+ 2 Schematic-Diagram-Showing-the Geometry of a Typical
Three-Element Clockwise (CW)-St Hole-Draillin-Gage Rosette,

(a) Rorsethte-H Layole-ut, (b) Dretaill of a Strain Gag-Methed
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FIG.-2 1 BHolefi Geometry and Residual Stresses, (a) Uniforrm
Str , (b) Non-unif-Symbolrm Stresses

calibration constant for isotropic stresses

calibration constant for shear stresses

calibration matrix for isotropic stresses

calibration matrix for shear stresses

red-b radia o P-diameter of the gage circle, see Table 1.

ealibration—constants;-diameter of the driled hole o

number of hole depth

steps so far
sequence number for hole depth steps

uniform isotropic (equi-biaxial) stress
isotropic stress within hole depth step k
uniform isotropic (equi-biaxial) strain
isotropic strain after hole depth step k
uniform 45° shear stress

45° shear stress within hole depth step k
uniform 45° shear strain

45° shear strain after hole depth step k
uniform x-y shear stress

X-y shear stress within hole depth step k
x-y shear strain

X-y shear strain after hole depth step k
(superscript) matrix transpose
regularization factor for P stresses
regularization factor for Q stresses
regularization factor for T stresses
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B = O clockwise angle from the x-axis (gage 1) to the
maximum principal stress direction

& = relieved strain for “uniform” stress case

e = relieved strain measured after j hole depth steps have been drilled

v = Poisson’s ratio

0 = angle of strain gage from the x-axis

[o = maximum (more tensile) principal stress

D-a,,; d-ra-meter—ef—t-he—g*ag&erre}e—mlmmum (more compressive) principal stress

CZF

where—uniform normal x-stress

£(o= Young’smoduhas;normal x-stress within hole depth step k

i

yo,= Poisson’s—rattoanduniform normal y-stress
(o, normal y-stress within hole depth step &

7 = uniform shear xy-stress

xy
(1 = shear xy-stress within hole depth step k

4. Summary of Test Method

4.1 Workpiece:
4.1.1 A flat uniform surface area away from edges and other irregularities is chosen as the test location within the workpiece

of interest. Fig. 1 schematically shows the residual stresses acting at the test location at which a hole is to be drilled. These stresses
are assumed to be uniform within the in-plane directions x and y.

reasons of pictorial clarity in Fig. 1- tatt teation v atr ; ¢
+-—2-—3-maybeused(see523, the res1dual stresses are shown as umformly acting over the entire in- plane reglon around the test

location. In actuality, it is not necessary for the residual stresses to be uniform over such a large region. The surface strains that
will be relieved by drilling a hole depend only on the stresses that originally existed at the boundaries of the hole. The stresses
beyond the hole boundary do not affect the relieved strains, even though the strains are measured beyond the hole boundary.
Because of this, the hole-drilling method provides a very localized measurement of residual stresses.

4.1.2 Fig. 1(a) shows the case where the residual stresses in the workpiece are uniform in the depth direction. The in-plane
stresses are o, o, and T ., throughout the thickness. Uniform residual stress measurements can be made using this test method
with “thin”” workpieces whose material thickness is small compared with the hole and strain gage circle diameters, and with “thick”
workpieces whose material thickness is large compared with the hole and strain gage circle diameters.

4.1.3 Fig. 1(b) shows the case where the residual stresses in the workpiece vary in the depth direction. The calculation method
described in this test method represents the stress profile as a staircase shape, where the depth steps correspond to the depth
increments used during the hole-drilling measurements. Within depth step k, the in-plane stresses are (o)., (o), and (7 ).
Non-uniform residual stress measurements can be made using this test method only with “thick” workpieces whose material
thickness is large compared with the hole and strain gage circle diameters.

4.2 Strain Gage Rosette::

4.2.1 A strain gage rosette with three or more elements of the general type schematically illustrated in Fig. 2 is attached to the
workpiece at the location under consideration.

4.3 Hole-Drilling:

4.3.1 A hole is drilled in a series of steps at the geometric center of the strain gage rosette.

4.3.2 The residual stresses in the material surrounding the drilled hole are partially relieved as the hole is drilled. The associated
relieved strains are measured at a specified sequence of steps of hole depth using a suitable strain-recording instrument.

4.4 Residual Stress Calculation Method:
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4.4.1 The residual stresses originally existing at the hole location are evaluated from the strams reheved by hole- drllllng usmg
mathematlcal relations based on linear elasticity theory (1-5)).Meas e

3 The relieved strains depend on the residual stresses that existed in the material originally within the hole.

4.4.2 For the uniform stress case shown in Fig. 1 (a), the surface strain relief measured after hole-drilling is:

1+v _o,+o0,
a 2 (1)

UV
= cos 20

1
+ g b7, sin20

4.4.3 The calibration constants a and b indicate the relieved strains due to unit stresses within the hole depth. They are
dimensionless, almost material-independent constants. Slightly different values of these constants apply for a through-thickness
hole made in a thin workpiece and for a blind hole made in a thick workpiece. Numerical values of these calibration constants have
been determined from finite element calculations (4) for standard rosette patterns, and are tabulated in this test method.

4.4.4 For the non-uniform stress case shown in Fig. 1(b), the surface strain relief measured after completing hole depth step j
depends on the residual stresses that existed in the material originally contained in all the hole depth steps 1 = k = J:

1+ j
&= — Sy (o, +0)12), @

M\

E & ,,{ ((o0,—0,)/2),cos 20

J

2 i (T,); sin 20

4.4.5 The calibration constants a, and b, indicate the relieved strains in a hole j steps deep, due to unit stresses within hole
step k . Fig. 3 shows cross-sections of drilled holes for an example sequence where a hole is drilled in four depth steps. Within
this sequence, calibration constant represents an intermediate stage where the hole has reached 3 steps deep, and has a unit stress
acting within depth step 2. Numerical values of the calibration constants have been determined by finite element calculations (4)
for standard rosette patterns, and are tabulated in this test method.

4.4.6 Measurement of the relieved strains after a series of hole depth steps provides sufficient information to calculate the
and o, and-their

stresses o,, o, and 1., within each step. From these stresses, the corresponding principal stresses o

max

Ay ChY
Az a3 as3
Ay A2 a“

FIG. 3 Physical Interpretation of Coefflclents a,
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their orientation 3 can be found.

4.4.7 The relieved strains are mostly influenced by the near-surface residual stresses. Interior stresses have influences that
diminish with their depth from the surface. Thus, hole-drilling measurements can evaluate only near-surface stresses. Deep interior
stresses cannot be identified reliably, see Note 7.

4.4.8 In theory, it is possible for local yielding to occur due to the stress concentration around the drilled hole. Such yielding
can occur with isotropic residual stresses exceeding 50 % of the yield stress, and for shear stresses exceeding 25 % of the yield
stress. However, in practice it is found that satlsfactory results can be achleved prov1d1ng the re51dual stresses do not exceed about
60 % of the materlal yleld stress (6). he—s e 3 Atse

ed—Significance and Use

5.1 Summary:
5.1.1 Residual stresses are present in almost all materials. They may be created during the manufacture or during the life of the

material. If not recognized and accounted for in the design process, residual stresses can be a major factor in the failure of a
material, particularly one subjected to alternating service loads or corrosive environments. Residual stress may also be beneficial,
for example, the compressive stresses produced by shot peening. The hole-drilling strain-gage technique is a practical method for
determining residual stresses.

6. Workpiece Preparation

6.1 Requirements:

6.1.1 For a “thin” workpiece, where a through-hole is to be used, the workpiece thickness should not exceed 0.4D for a type
A or B rosette, or 0.48D for a type C rosette (see Fig. 4).

6.1.2 For a “thick” workpiece, where a hole depth less than the workpiece thickness is to be used, the workpiece thickness
should be at least 1.2D for a type A or B rosette, or 1.44D for a type C rosette (see Fig. 4).

6.1.3 A smooth surface is usually necessary for strain gage application. However, abrading or grinding that could appreciably
alter the surface stresses must be avoided. Chemical etching could be used, thus avoiding the need for mechanical abrasion.

6.1.4 The surface preparation prior to bonding the strain gages shall conform to the recommendations of the manufacturer of
the adhesive used to attach the strain gages. A thorough cleaning and degreasing is required. In general, surface preparation should
be restricted to those methods that have been demonstrated to induce no significant residual surface stresses. This is particularly
important for workpieces that contain sharp near-surface stress gradients.

7. Strain Gages and Instrumentation

7.1 Rosette Geometry:
7.1.1 A rosette comprising three single or pairs of strain gage grids shall be used. The numbering scheme for the strain gages
follows a clockwise (CW) convention (7).

Note_2—The gage numbering scheme used for the rosette illustrated in Fig. 2 differs from the counter-clockwise (CCW) convention often used for
general-purpose strain gage rosettes and for some other types of residual stress rosette. If a strain gage rosette with CCW gage numbering is used, the
residual stress calculation procedure described in this test method still applies. The only changes are that the numbering of gages 1 and 3 are interchanged
and that the angle 3 defining the direction of the most tensile principal stress o .. is reversed and is measured counter-clockwise from the new gage 1.

Note 3—It is recommended that the gages be calibrated in accordance with Test Methods E 251.

5++Fhe7.1.2 The gages shall be arranged in a circular pattern, equidistant from the center of the rosette.
5+2Fheprinetpal-7.1.3 The gage axes shall be oriented in each of three directions, (/) a reference direction, (2) 45° or 135°
to the reference direction, and (3) perpendicular to the reference direction. Direction (2) bisects directions (/) and (3), tsee-as

shown in Fig. 2.
7.1.4 The measurement dlI’eCtIOIl of gage 1 in F1g 1 ﬁ—
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is identified as the x-axis. The y-axis is

90° counterclockwise of the x-axis.

7.1.5 The center of the gage circle shall be clearly identifiable.

7.2 Standardized Rosettes:

7.2.1 Several different standardized rosettes are available to meet a wide range of residual stress measurement needs. The use
of standardized rosette designs greatly simplifies the calculation of the residual stresses. Fig. 4 shows three different rosette types
and Table 1 lists their dimensions.

7.2.2 The type A rosette shown in Fig. 4 was first introduced by Rendler and Vigness (5) . This pattern is available in several
different sizes, and is recommended for general-purpose use.

andardized-hote-drilling rosette-patterns—werefirst proposed-b 4—Choice of rosette size is a primary decision.
Larger rosettes tend to give more stable stram measurements because of thelr greater capaclty to dissipate heat. They are also able to identify
residual stresses to greater depths. Conversely, smaller rosettes can fit smaller workpieces, require smaller drilled holes, and give more localized
measurements.

7.2.3 The type B rosette shown in Fig. 4 has all strain gage erids located on one side. It is useful where measurements need
to be made near an obstacle.

7.2.4 The type C rosette shown in Fig. 4 is a special-purpose pattern with three pairs of opposite strain gage erids that are to
be connected as three half brldges It is useful where large straln sen51t1v1ty and high thermal stability are required (8)—Theuse
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TABLE-2 1 Rosette Dimensions-and-Recommended-Hole
: A

Diameters’
Rosette Tyjpe D GL? B GL Gw?E R.? R, MinDgMax D=8
Type A-Resette
—Goneeptual B 6 g - - - s MeaxDg
Conceptual D 0.309D0.309D0.3455D0.6545D6-6-MaxB; MaxBg
32 in. nominal  0.101 0.031 0.031 0.035 0.0666-024 0:040
(2.57) (0.79) (0.79) (0.89) (1.68) {661 (01
Y16 in. nominal  0.202 0.062 0.062 0.070 0.1320-060 6100
(5.13) (1.59) (1.59) (1.77) (3.36
-52) (254)
{2:54)
s in. nominal  0.404 0.125 0.125 0.140 0.264
8432 8:220
6:220
(10.26) (3.18) (3.18) (3.54) (6.72)
3-35) {5-59)
{3-35) {5-59)Type B
Conceptual
Fype-BResetie
—Geneeptuat D 0.309D0.223D0.3455D0.6545D6-6-MaxB; MaxBg
Y16 in. nominal 0.202 0.062 0.045 0.070 0.1326-060 0106
(5.13) (1.59) (1.14) (1.77) (3.36)
4-52) {2:54)
H-52) {2-54)Type C
Conceptual
Fype-GResette
—GCeneeptuat D 0.176D 30° 0.412D 0.588D6-6-MaxD; MaxDbBg
sector
—retr—pominal 6470 6:636 30 6670 8100 8666  0.100
Y16 in. nominal  0.170 0.030 30° 0.070 6-106 8860  0.100
(4.32) (0.76) (30°) (1.78) (2:54) @52 (2.54)

“ Dimensions are in inches—Bi_(mensiens-in-parentheses-are—iAmem).
B Rosette dimensions are defined in Fig.—+
CFrom 8-+ 2.

7.3 Installation and Use:

7.3.1 The strain gage rosette should be attached to the workpiece surface such that its center is at least 1.5D from the nearest
edge, or the boundary of another material should the workpiece be comprised of more than one material.

7.3.2 When using a type B rosette adjacent to an obstacle, the center of the rosette should be at least 0.5D from the obstacle,
with the set of strain gages diametrically opposite to the obstacle.

7.3.3 The application of the strain gage (bonding, wiring, protective coating) should closely follow the manufacturer’s
recommendations, and shall ensure the protection of the strain gage erid during the drilling operation.

7.3.4 The strain gages should remain permanently connected and the stability of the installation shall be verified. A resistance
to ground of at least 20 000 M) is preferable.

7.3.5 Checks should be made to validate the integrity of the gage installation. If possible, a small mechanical load should be
applied to the workpiece to induce some modest strains. The observed strains should return to zero when the load is removed. In
addition, a visual inspection of the rosette installation should be made to check for possible areas that are not well bonded. If
incomplete bonding is observed, the rosette must be removed and replaced.

7.4 Instrumentation:
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7.4.1 The instrumentation for recording of strains shall have a strain resolution of =1 X 107, and stability and repeatability of
the measurement shall be at least =1 X 10 “. The lead wires from each gage should be as short as practicable and a three-wire
temperature-compensating circuit (4(9) should be used with rosette types A and B. Half-bridge circuits should be used with rosette
type C, the resulting outputs of which are designated ¢,, €,, and &=

10
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