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The influence of residual stress on the engineering behaviour of rock

Hyeong-Dong Park

ABSTRACT Critical literature review in this study revealed that there can be a significant
influence of the residual stress on the engineering properties of rock. The review also showed
that few number of research works on the quantification of the influence was attributed to the
limitation of the two classical measurement techniques, viz, X-ray diffraction and mechanical
relaxation method. In this study, a new way of approach was sought based on the assumption
that residual stress affects the behaviour of rock under the tensile stress up to the failure. A
series of hoop tests conducted on the samples from the limb of Carboniferous Limestone in
Clevedon, England, revealed that (i) there is no preferential orientations of microcracks and
minerals which have been widely believed as the main source of the strength anisotropy of rock;
(ii) the anisotropy of the tensile strength of the limestone results from the influence of the
residual stress; (iii) since jointing commenced within the fold, residual stored strain energy has
been released preferentially in the direction perpendicular to the major joints (0° and 90%; (iv)
locked-in energy which had been preserved in other directions (e.g. 45° and 135°) was released
during the hoop test making it much easier to create tensile fracture in these directions, viz 45°
and 135°; (v) the direction in which the stored strain energy may be presumed to be the least,

required the greatest work to cause failure.

LA £

A it Holle A7k 2§l A& S-H o) EAfs}
o, L Z7)9 Wkl wt A3ENE A Eo
A7 e X712 S webA dA154 9] =27
S} ke FAshs 7ol vidk 49T A7)
GubstAl AYPslel o3 9lw," HHH LHAE A
T2 oA BAAA A= AFBFTHHY o
T, 539 ATl sle A7gol gt T2
HQ AT Fol JA s AYPs] 3 9lek” SHEA
ol et ad-v7} is] A== ol i HAellX 53
g 53 ARl NG 4G of2ig Aol B HiE
olty. &, A7l Eafsl= SHL FR2AYS WA
oluf S AU FFoll we} tpgd} o] R F
FEo] FA71e7 YAl AL oAV =
gt e AR AARY L7 Ut

(Fig. 1)” z7he] Aehst #oll wiz} hAF $4 5 o]
Aek=) 7| = slgichFig. 2).°

539 S5l mE WL gAlol whe} Aol & B
olmg s FoE Yast Qick S iyt 1%
Qo] Al AFATE B sla A4 1y
He 8445480 AR Bl TEHoE e
1A QA 5] A] gfol ¥ E oA v} Ygic).

1960 el 4t o] ¥ PRl A7} A ) AFS
o] Ealjoll gt A 27} FHYch” o] AFE Pk
7 A9 {(Coal Measure greywacke)oll ¢r&s}E ol
9 AA AL wkEske 7R BAE AeE 6HA)
o] SFAATL o] FoiF Holl(F, 2823 =02] 4eh)
GAAH 9] Al sPAo] I CHFig. 3a). F
A3k A 9] o AIHE ditez 3 AYoME 9
o 3lF AAF 2FAHQ) Wgo] PP oTH H2
D A9, Az 2438 298338dg 25

363



364

e —

I N SITU STRESSES
poEEE

_ U

’ ]

| NATURAL STRESSES INDUCED STRESSES |
‘ - b
S R L
REGIONAL | RESIDUAL
STRESS . STRESS
P RN SR
| GRAVITATIONAL J | GRAVITATIONAL
[ TECTONIC TECTONIC
| THERMAL ‘ ‘ THERMAL

i PHYSICO-CHEMICAL l | PHYSICO-CHEMICAL

Fig. 1. The terminology for in situ stress proposed by
Dyke (1988)".
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istence the lower part its measurement.
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Fig. 3. Strain-time relationships in Coal Measure
greywacke after several repeative loading

and unloading: indicating (a) the relatively

rapid and (b) a slower release of residual
stresses (from Price and Cosgrove, 1990'%).
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Fig. 4. Stresses from three causes, as seen on a
vertical section through upper level of crust:
R (Residual stress), G (Gravitational stress)
and C (Crustal stress).
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Fig. 5. Dimensional changes and surface com-
pression of tempered glass due to com-
pressive residual stress (from Van Viack,
1989'%).
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Fig. 6. Inclusion (i) of radius a in infinite matrix of out-
er radius b (from Holzhausen and Johnson,
1979™).
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Fig. 7. Grain-cement model (based on Price, 1966).
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Fig. 8. Multi-layered model (from Holzhausen and
Johnson, 19797).
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Fig. 9. Slot cutting method and its problem: orien-
taticn effect.
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Fig. 10. Relaxation of residual stress by (a) over-
coring on isolated rock biock and (b) double
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Fig. 11. Potential problems of interpreting residual
strains as a function of scale. A large sam-
ple (a) contains grains (b) whose individual
component of residual strain is shown. Clust-
ers of grains (c) will have a different total
vector, which itsef may vary with size of
sample from which it is measured (d).

Table 1. Various measurement techniques for resi-
dual stress in metal (adapted from Smith et
al., 1988°%).

(a) Mechanical method
(measurement with relaxation)

Fully destructive Sachs boring method
Complete sectioning Slot

cutting

Semi-destructive Surface measurement, using
hole drilling Trepanning of

columns

(b) Physical method
(measurement without relaxation)

Non-destructive Acoustic method, Magnetic
method, X-ray diffraction,

Neutron diffraction
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Fig. 12. Location and geology map of sampling site
for Carboniferous Limestone at Clevedon,
UK (Grid Reference: 3990 7140).
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Fig. 13. Relationship between orientation of sample
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Table 2. Details of the dimension of Clevedon limestone hoop sample.

Sample Condition Inner Outer Height Area Volume Block
No. diameter diameter (mm) (mm®) (cm®) No.
(mm) (mm)
LS 2-1 DRY 4313 94.14 46.77 2385.74 257.2 1
LS 3-1 DRY 43.61 94.62 46.86 2390.33 259.5 1
LS 41 DRY 44.19 94.40 46.49 2334.26 254.1 1
LS 5-1 DRY 43.63 94.50 47.70 2426.50 263.2 1
LS 91 DRY 43.13 94.66 46.65 2403.87 260.1 2
LS10-1 DRY 44.45 94.64 46.23 2320.28 253.5 2
LS13-1 DRY 43.89 94.30 46.45 2341.54 254.1 2
LS 2-2 SAT 43.15 94.26 47.74 2439.99 263.3 1
LS 3-2 SAT 43.63 94.62 4731 2412.34 261.9 1
LS 4-2 SAT 43.51 94.34 47.39 2408.83 260.8 1
LS 5-2 SAT 4341 94.86 46.83 2409.40 261.7 1
LS 9-2 SAT 43.07 94.76 46.49 2403.07 260.1 2
L.S10-2 SAT 43.97 94.66 46.77 2370.77 258.1 2
(i) DRY : hoop samples dried over P,O;.
(ii) SAT : hoop samples saturated with distilled water under vacuum.
Table 3. Characterization of Clevedon limestone samples
Sample Mass Mass Mass Mass Mass Bulk Dry Vol. Porosity
No. dry sub. sub. sub. sat. vol. density of
(sample) (sample+ (container) (sample) (sample) voids
container)
A B C M, M,
@ ® @ ® ® (cm”) (g/em®) (em®) (%)
LS 21 676.1 1775.0 1352.3 422.7 684.7 262.6 2.575 8.619 3.282
LS 3-1 678.4 1780.8 1352.3 428.5 686.7 258.8 2.621 8.318 3.214
LS 4-1 666.8 1774.0 1352.3 421.7 674.8 253.7 2.628 8.018 3.160
LS 5-1 690.7 1788.6 1352.3 436.3 698.7 263.0 2.626 8.018 3.049
LS 91 687.3 1786.6 1352.3 434.3 692.8 259.1 2.653 5.512 2.127
LS10-1 669.1 1774.6 1352.3 422.3 674.6 252.9 2.646 5.512 2.180
LS11-2 680.5 1781.9 1352.3 429.6 686.8 257.8 2.640 6.314 2.449
LS13-1 671.3 1777.4 1352.3 425.1 679.1 254.6 2.637 7.817 3.070
LS 2-2 684.6 1784.7 1352.3 4324 694.2 262.4 2.609 9.621 3.667
LS 3-2 680.7 1781.2 1352.3 428.9 698.4 261.1 2.607 8.719 3.339
LS 4-2 675.1 1783.8 1352.3 431.5 688.7 257.8 2.619 13.630 5.287
LS 5-2 674.4 1777.4 1352.3 425.1 682.4 257.9 2.615 8.018 3.109
LS 9-2 687.3 1785.7 1352.3 4334 691.8 259.0 2.654 4.510 1.741
LS10-2 679.6 1782.5 1352.3 430.2 685.4 2555.8 2.657 5.813 2.272

(i) vol.=volume, sub.=submerged, sat=saturated.

(i1} The water temperature at the time of the experiment was 22°C : the water density at this temperature=0.

9978003 (Tilton and Taylor, 1937*).
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Fig. 16. An example of force vs displacement
(calculated from piston movement) curve
from a hoop test.
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Table 4. Result of hoop tests on the Clevedon limestone: (6: the clockwise angle from the reference direction
defined in Fig. 13; DRY: dried over P,O;; SAT: saturated with distilled water under vacuum).

Sample Condition Orientation Max F. F/A Total W W/Unit vol.
No. 6(") (N) (N/mm?) (Nmm) (N/mm)
LS 2-1 DRY 0 10831.32 4.540029 7368.16 0.028647
LS 3-1 DRY 135 7445.33 3.114771 4315.42 0.016629
LS «1 DRY 45 7380.28 3.161717 4104.57 0.016153
LS 5-1 DRY 90 7379.01 3.041011 4414.18 0.016771
LS 91 DRY 0 12049.15 5.012837 10665.9 0.041007
1L.S10-1 DRY 90 10667.91 4.597674 8844.94 0.034891
1.513-1 DRY 135 9702.98 4.143837 7510.80 0.029558
LS 2-2 SAT 0 6679.98 2.737706 3293.43 0.012508
LS 3-2 SAT 135 6028.55 2.499048 2934.04 0.011202
LS 4-2 SAT 45 3709.34 1.539889 2276.65 0.008729
LS 52 SAT 90 5620.17 2.332597 2437.93 0.009315
LS 9-2 SAT 0 8802.46 3.663007 5846.38 0.022477
LS10-2 SAT 90 8637.77 3.643444 5618.03 0.021766
[0 Dry hoep from Biock 1
0.05 M Saturated hoop from Block 1
6.0 ) O Dry hoop from Block 2
@ Saturated hoop from Block2
,'a 5.0t o ’,O % - O‘ ? Possible value ’,O
[ [N 0. . a N .
z SNl LT o L, z O
4.0 N ) R
R BTSSP 2 .
; [ gt .. 3 o . .
E - TR : X BRSNS A
E Bor ) o7 s Dry hoop from Block 1 z LR Or-mnees g
@ b M Saturated hoop from Block 1 3 LI . N PEERA 1
Z at O Dry hoop from Black 2 x oo RRRY PECEE Ehe
: oo
% @ Saturated hoop from Block2 ]
? Possible value e ) )
o0 0 [ 90 135 180 0% 0 I % 135 180
CROSSFOLD STRIKE ORIENTATION (8) CROSSFOLD JS(I[R;;\'E ORIENTATION (8)
JOINT JOINT JOINT

Fig. 17. Plot of the mean tensile stress in hoop vs
orientation: (8 : the clockwise angie from the
reference direction defined in Fig. 13).
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Fig. 18. Plot of the work/unit volume of hoop vs
orientation: (0: the clockwise angle from the
reference direction defined in Fig. 13).
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