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Summary 
Soil cracks formed by natural processes play a key role in water and gas transfer. Patterns of soil cracks are, 
however, difficult to characterize. Our aim here is to assess the effectiveness of three-dimensional electrical resistivity 
surveys in detecting soil crack networks. A three-dimensional electrical survey was carried out by a square array 
quadripole with Cu–CuSO4 electrodes (electrode spacing of3 cm). The measurements were made with two 
orientations (0° and 90°) on a block (26 cm x 30 cm x 40 cm) of soil while it dried for 18 days under controlled 
conditions. Two indexes, calculated from the apparent resistivity values, were evaluated to detect the degree ofso il 
heterogeneity: (i) an anisotropy index based on the ratio between the apparent resistivity at 0° and that at 90° ; and (ii) 
the angle-array orientation corresponding to the preferential anisotropic orientation (maximum resistivity). The 
anisotropy index provided information on the presence of cracks and the orientation for crack width >1mm in the first 
pseudo-depth (i.e. depth of investigation), while the angle-array orientation provided information on crack extension 
for the whole pseudo-depth. Information about the presence, position, orientation and extension of cracks can be 
obtained from an analysis of apparent resistivity obtained by a three-dimensional electrical survey. Such direct 
analysis will help the resistivity inversion to detect the crack network. 

 
 
Introduc tion 

Cra c king  o f so il is re la te d  to  shrinking  a nd  swe lling  a nd  p la ys a  sig nific a nt ro le  in the  tra nsp o rt o f 

wa te r a nd  g a s. The  g e o me try o f so il c ra c ks is usua lly d e sc rib e d  b y o ne - a nd  two -d ime nsio na l 

a na lyse s (Ha lla ire , 1988; Ste ng e l, 1988; Ring ro se -Vo a se &Sa nid a d , 1996), whe re a s thre e -

d ime nsio na l d e sc rip tio n is re q uire d  to  re la te  the  g e o me try o f so il c ra c ks to  ma ss tra nsfe r 

c ha ra c te ristic s (Vo g e l e t a l., 1993). The  c urre nt me tho d s a va ila b le  fo r the  thre e -d ime nsio na l 

a na lysis o f c ra c k g e o me try a re  limite d  in va rio us wa ys. As e xa mp le s, the  thre e -d ime nsio na l 

a na lysis o f so il po ro sity b y the  stud y o fs e ria l se c tio ns (C o usin e t a l., 1996) is a  d e struc tive  

te c hniq ue  a nd  re q uire s the  sa mple s to  b e  d rie d  a nd  imp re g na te d  with re sin ; a nd  X-ra y 

to mo g ra p hy a s use d  b y Ma c e d o  e t a l. (1998) c a n b e  a p p lie d  o nly to  sma ll sa mple s unde r 

la b o ra to ry c o nd itio ns. As a  c o nse q ue nc e , the se  te c hniq ue s d o  no t e na b le  us to  d e sc rib e  

c ra c king  d yna mic s whe n the  so il d rie s o r is re we tte d . The  g e o me tric a l a na lysis o fthe  o p e ning  a nd  

c lo sing  o f c ra c ks re q uire s a  no n-d e struc tive  me tho d  a p p lic a b le  b o th in the  fie ld  a nd  la b o ra to ry 

a nd  o n a  wid e  ra ng e  o f vo lume s, thus e na b ling  the  stud y o f c ra c k g e o me try a t d iffe re nt sc a le s. 

Thre e -d ime nsio na l e le c tric a l p ro sp e c ting  is a n e me rg ing  te c hniq ue  tha t c a n a sse ss p ro p e rtie s o f 

b o th to p - a nd  sub so il no n-d e struc tive ly a nd  a t se ve ra l sc a le s. Using  a n a d a pte d  q ua d rip o le  

stra te g y, thre e  d ime nsio na l e le c tric a l p ro sp e c ting  e na b le s o ne  to  ma ke  the  me a sure me nts 

d ire c tly o ve r a  wid e  ra ng e  o f so il vo lume s a nd  to  ma ke  thre e -d ime nsio na l a na lysis o f the ir 

c ha ra c te ristic s (Ta b b a g h e t a l., 2000). Thre e -d ime nsio na l e le c tric a l re sistivity surve ys a re  

c o mmo nly c o lle c te d  b y a  ne two rk o f in-line  surve y a rra ys, suc h a s We nne r, Sc hlummb e rg , o r 

Dip o le -Dip o le  a rra ys (Xu & No e l, 1993; Og livy e t a l., 1999; Zho u e t a l., 2002). Me he ni e t a l. (1996) 

e mp ha size  tha t the  re sulting  a p p a re nt re sistivity ma p s va ry a c c o rd ing  to  a rra y o rie nta tio n a nd  

e le c tric a l d isc o ntinuitie s. Ind e e d , a symme tric  b o d ie s a nd  a niso tro p ic  ma te ria ls e xhib it d iffe re nt 

b e ha vio urs de p e nd ing  o n whic h d ire c tio n the  c urre nt p a sse s thro ug h the m (Sc o lla r e t a l., 1990). 

This is a ll the  mo re  true  fo r a  me d ium ha ving  c o ntra ste d  re sistivitie s, suc h a s c ra c ke d  so il. In this 

c a se , the  e le c tric a l c urre nt d o e s no t e nc o unte r the  sa me  re sista nc e  whe n it p a sse s 

pe rp e nd ic ula rly to , o r p a ra lle l with, re sista nt b o d ie s suc h a s c ra c ks. Ind e e d , a p pa re nt re sistivity 



de p e nds o n the  lo c a tio n a nd  o rie nta tio n o f the  c urre nt so urc e  re la tive  to  the  b o dy und e r study 

(Bib b y, 1986). Cha mb e rs e t a l. (2002) e mp ha size d  tha t in a  he te ro g e ne o us me d ium, thre e -

d ime nsio na l e le c tric a l re sistivity mo d e l re so lutio n wa s se nsitive  to  the  o rie nta tio n o f the  e le c tro de  

c o nfig ura tio n. Ha b b e rja m & Wa tkins (1967) sho we d  tha t the  sq ua re  a rra y p ro vid e s a  

me a sure me nt o fre sistiv ity le ss d e pe nd e nt o n o rie nta tio n tha n tha t g ive n b y a n in-line  a rra y. 

Pre vio us wo rk b y Sa mo ue lia n e t a l. (2003) e mp ha size s the  ne e d  fo r sig nific a nt a d va nc e s in the  

ma the ma tic a l inve rsio n o f a p p a re nt re sistivity re la ting  to  e le c tric a l he te ro g e ne itie s suc h a s 

c ra c ks. So  we  c a n g e t mo re  a c c ura te  thre e -d ime nsio na l inve rsio n in a  c o nte xt o f so il c ra c king , 

we  ha ve  c ho se n to  imp ro ve  the  a c q uisitio n o f thre e  d ime nsio na l e le c tric a l re sistivity d a ta  b y 

using  a  sq ua re  a rra y q ua d rip o le . 

This wo rk is p a rt o fa  stud y tha t a ims to  mo nito r the  sp a tia l a nd  te mp o ra l p ro g re ssio n o f the  so il 

c ra c king  p a tte rn b y thre e  d ime nsio na l e le c tric a l re sistivity p ro sp e c ting . We  first a sse ss the  a b ility 

to  de te c t so il c ra c ks thro ug h thre e -d ime nsio na l a pp a re nt e le c tric a l re sistivity, b e fo re  fo c using  o n 

the  p ro g re ssio n o f the  so il c ra c king  p a tte rn d uring  d rying . 

 

Mate rials and me thods 

So il 

The  e xp e rime nt wa s d o ne  o n a  so il b lo c k (x = 26 c m, y = 30 c m, z = 40 c m) c o lle c te d  a t the  INRA 

Exp e rime nta l Ce ntre  a t Mo ns-e n-Cha ussé e  (So mme , Fra nc e ). The  so il, fo rme d  fro m lo e ss, is a n 

o rthic  Luviso l (Ric ha rd  e t a l., 2001). The  so il b lo c k wa s sa mple d  fro m the  surfa c e  in a  p la c e  whe re  

the  so il ha d  b e e n c o mp a c te d  b y tra ffic  und e r we t c o nd itio ns. The  so il wa s initia lly ma ssive  with a  

vo lume tric  wa te r c o nte nt o f 0.43 a nd  a  b ulk de nsity o f 1.60 g  c m_3. The  e xp e rime nt wa s d o ne  

during  summe r, a nd  the  sa mple , e nc lo se d  in a  b o x, d rie d  o ut thro ug h the  upp e r surfa c e  o nly. 

The  so il b lo c k wa s drie d  fo r 18 d a ys : in the  a fte rno o n fo r 4 ho urs d a ily in the  o p e n a ir a nd  the n in 

the  la b o ra to ry a t c o ntro lle d  c o nd itio ns o f b o th te mp e ra ture  (20–22°C ) a nd  re la tive  humid ity (55–

65%) fo r the  re st o f the  time . Afte r a  d rying  p e rio d  o f 18 d a ys, the  vo lume tric  wa te r c o nte nt wa s 

0.34. During  the  d rying , a ir-fille d  p o ro sity inc re a se d , with c ra c ks a p pe a ring  a t the  so il surfa c e  a nd  

sp re a d ing  do wnwa rd s. The  me a sure me nts we re  ta ke n in the  mo rning  e ithe r d a ily o r e ve ry two  

da ys a c c o rd ing  to  c ra c k d e ve lo p me nt to  re c o rd  e le c tric a l re sistivity me a sure me nts a t simila r 

te mp e ra ture s. In this wa y, we  o b ta ine d  a  se t o f 12 e le c tric a l re sistivity me a sure me nts o ve r the  18-

d a y d rying  pe rio d .  

 

The  princ iple s o f the  thre e -dime nsio nal e le c tric al me asure me nt  

We  use d  a  p a ir o f ne a r-o rtho g o na l c urre nt so urc e  e le c tro d e  a rra ys to  a c q uire  the  thre e -

d ime nsio na l re sistivitie s. This typ e  o f sq ua re  q ua d rip o le  a vo ids d ire c tio na l p re fe re nc e s intro d uc e d  

b y a n in-line  e le c tro d e  la yo ut. As sho wn in Fig ure  1(a ), the  c urre nt e le c tro d e s A a nd  B a nd  

p o te ntia l e le c tro d e s M a nd  N a re  no t o n the  sa me  line  o f me a sure me nt b ut o n two  p a ra lle l line s, 

so  tha t the y fo rm a  sq ua re . Fo r e a c h sq ua re  two  e le c tro d e  c o nfig ura tio ns we re  use d  a t 90° to  

e a c h o the r. The  first pse ud o -d e p th (i.e . d e p th o f inve stig a tio n) wa s re c o rd e d  a t the  sho rte st inte r-

e le c tro d e  sp a c ing  a  (Fig ure  1b ). Whe n the  inte r e le c tro d e  spa c ing  inc re a se d  b y a  to  2a , the  

me a sure me nts c o rre sp o nd e d  to  the  se c o nd  p se ud o -d e p th inve stig a tio n. As the  inte r-e le c tro d e  

sp a c ing  inc re a se d  to  3a , 4a , 5a , 6a  a nd  7a , the  c o rre sp o nd ing  p se ud o -d e p th wa s, re sp e c tive ly, 

3, 4, 5, 6 a nd  7. Fo r e a c h sp a c ing , the  ma ximum numb e r o f sq ua re s wa s use d  within the  8x8 g rid  – 

i.e . 49 fo r the  sma lle st sp a c ing  a nd  1 fo r the  la rg e st (Fig ure  1b ). The  numb e r o f d a ta  d e c re a se d  

a s the  d e p th inc re a se d , i.e . whe n the  inte r-e le c tro d e  sp a c ing  inc re a se d . The  a p p a re nt e le c tric a l 

re sistivity (p ) me a sure me nts c o rre sp o nd ing  to  the  a rra y o rie nta tio n α = 0° o r 90° we re  d e no te d  p 0° 

a nd  p 90°, re sp e c tive ly, a nd  e xp re sse d  in Ωm.  

The  e xp e rime nt wa s p e rfo rme d  b y e ig ht inline  Cu–CuSO 4 e le c tro d e s insta lle d  in the  c e ntra l p a rt 

o fthe  8x8 g rid  with a  sp a c ing  o f 3 c m. As a  c o nse q ue nc e  the  me a sure me nt a re a  wa s 21 c m x 21 

c m. The  minimum inte r-e le c tro d e  sp a c ing  a  wa s 3 c m, whic h wa s jud g e d  fro m a  p re vio us 

e xp e rime nta l d isp la y b y Sa mo ue lia n e t a l. (2003) to  b e  a d e q ua te  fo r d e te c ting  c ra c ks 1mm 

wid e . Cra c ks we re  d e te c te d  b y the ir re sistive  e le c tric a l sig na l c o mp a re d  with b o xing . All the  

me a sure me nts we re  ta ke n with sp e c ific  e le c tro d e s, ma nufa c ture d  fro m sma ll, sa tura te d , c o ne -



sha p e d  c e ra mic  c up s (2mm e xte rna l d ia me te r) linke d  to  a  Cu–C uSO 4 c o mp le x a s p ro p o se d  b y 

Sa mo ue ¨ lia n e t a l. (2003). The  c o p p e r wire  ha d  a  se c tio n o f 0. 6mm, a nd  the  c o nc e ntra tio n o f 

the  C uSO 4 so lutio n wa s 0.05M. The  c e ra mic  c up  wa s jo ine d  to  a  tra nsp a re nt p la stic  rig id  tub e  

(3mm e xte rna l d ia me te r a nd  2mm inte rna l d ia me te r). The  sa tura te d  c e ra mic  c up  p la c e d  o n the  

so il surfa c e  fa c ilita te d  a  we t c o nta c t a t g ive n p o ints. Me a sure me nts we re  ma d e  with a  

p ro g ra mma b le  multi-e le c tro d e  syste m (Multino d e ) a nd  a  re sistivity me te r (Sysc a l R1 Plus, Iris 

Instrume nt, Orlé a ns). The  e xp e rime nt la ste d  41 minute s. It re sulte d  in 280 me a sure me nts 

d istrib ute d  a mo ng  se ve n p se ud o d e p ths. Ea c h p se ud o -d e p th c o nta ine d  the  e le c tric a l re sistivity 

re la te d  to  p 0° a nd  p 90° a c q uisitio n. Thus o ne  ha lf o f the  to ta l numb e r o f a c q uisitio ns fo r e a c h 

p se ud o -d e p th c o rre sp o nd e d  to  p 0°, a nd  the  o the r ha lf to  p 90°. The  first p se ud o -d e p th (e le c tro d e  

inte rsp a c ing  a  = 3 c m) c o mp rise d  98 me a sure me nts, 49 o f the m c o rre sp o nd ing  to  p 0° a nd  49 to  

p 90°. The  o the r p se ud o -d e p ths stud ie d  ha d  e le c tro d e  inte rsp a c ing  o f6, 9, 12, 15, 18 a nd  21 c m 

a nd  c o nta ine d , re sp e c tive ly, 72, 50, 32, 18, 8 a nd  2 me a sure me nts. The  se ve nth p se ud o -de p th 

wa s no t ta ke n into  a c c o unt b e c a use  it c o nta ine d  o nly two  va lue s, o ne  fo r e a c h a rra y 

o rie nta tio n. 

 

 
Figure  1 Sq ua re  a rra y c o nfig ura tio n: (a ) the  lo c a tio n o f the  c urre nt (A a nd  B) a nd  p o te ntia l (M a nd  N) e le c tro d e s fo r the  

two  a rra y o rie nta tio n a nd  (b ) inte r-e le c tro d e  sp a c ing  c o rre sp o nd ing  to  the  d iffe re nt p se ud o -d e pths PD1 to  PD6, with the  

numb e r o f a c q uisitio ns fo r e a c h sq ua re  a rra y o rie nta tio n sp e c ifie d . 

 
 
Re sults and disc ussion 

De sc rip tio n o f the  c ra c k ne two rk a t the  so il surfa c e  a t the  e nd  o f the  e xp e rime nt Fig ure  2 sho ws 

the  c ra c king   ne two rk p a tte rn a fte r de sic c a tio n a t the  e nd  o f the  e xp e rime nt. The  to p  surfa c e  o f 

the  b lo c k wa s d ivid e d  into  sq ua re  a re a s 3 c mx3 c m numb e re d  fro m 1 to  49. The  le ng th o f the  

a re a  sid e  c o rre sp o nd e d  to  the  sma lle st inte r e le c tro d e  sp a c ing  (a ¼3 c m), i.e . the  e le c tro d e  

sq ua re  a rra y p o sitio n fo r the  first p se ud o -d e p th. The  c ra c ks ha d  va rio us wid ths, le ng ths a nd  

o rie nta tio ns (Fig ure  2). We  d e te rmine d  the  me a n c ra c k wid th (mm) a nd  the  a re a  p ro p o rtio n 

within e a c h unit a re a . The  b ina ry p ho to g ra p hy sho we d  the  c ra c ks in b la c k a nd  the  so lid  p a rts in 

white . We  e va lua te d  the  me a n c ra c k wid th fo r e a c h unit a re a  b y ma nua lly c o unting  the  numb e r 

o f p ixe ls p e rp e nd ic ula r to  the  c ra c k d ire c tio n, a nd  we  c a lc ula te d  the  c ra c k p ro p o rtio n b y 

c o mp a ring  the  p ro p o rtio n o f b la c k p ixe ls to  white  o ne s. As e xp e c te d , c ra c k wid th inc re a se d  with 

the  p ro p o rtio n o f surf a c e  c ra c ks a nd  the  two  va ria b le s we re  c lo se ly re la te d  (r = 0.93, n = 49). The  

thre e  wid e st c ra c ks we re  linke d  to  the  ma jo r trip le  p o int lo c a te d  in unit a re a  19 (Fig ure  2). 



 

Ove rall de sc riptio n o f the  c hange  in 3D appare nt re sistivity data 

The  me a n a pp a re nt re sistivity a nd  the  me d ia n, minimum, ma ximum, a nd  the  sta nd a rd  d e via tio n 

we re  c a lc ula te d  fo r e a c h se t o f d a ta  c o rre sp o nd ing  to  e a c h o f the  six p se ud o  d e p ths (PD1 to  

PD6) a t the  initia l a nd  fina l sta g e s a nd  the  two  a rra y d ire c tio ns (p 0° a nd  p 90°) (Ta b le  1). At the  

initia l sta g e , the  me a n a nd  the  me d ia n inc re a se d  slig htly with p se ud o -d e p th wha te ve r the  

d ire c tio n o f the  a rra y. We  a ttrib ute  this slig ht inc re a se  to  sid e -e ffe c ts d uring  me a sure me nt tha t 

ma y ha ve  b e e n c a use d  b y the  sma ll thic kne ss o f the  so il sa mp le  c o mp a re d  with the  wid e  inte r-

e le c tro d e  sp a c ing . The  sta nd a rd  d e via tio n re ma ine d  sma ll a nd  simila r fo r p se ud o -de pths PD1 to  

PD5, a nd  wa s e ve n sma lle r fo r p se ud o -d e p th PD6 (Ta b le  1). Ma ximum a nd  minimum va lue s o f p  

we re  54 a nd  12Ωm, re sp e c tive ly. At the  fina l sta g e , the  me a n a nd  me d ia n va rie d  le ss a s a  

func tio n o f p se ud o -d e p th tha n a t the  initia l sta g e  a nd  the re  wa s no  p ro g re ssive  inc re a se  fro m 

PD1 to  PD6. Ma ximum a nd  minimum p  va lue s o f 128 a nd  6Ωm, re sp e c tive ly, we re  fro m the  first 

p se ud o -d e p th. The  me a n a p p a re nt re sistivity fo r a ll the  p se ud o -d e p ths a nd  fo r the  two  a rra y 

o rie nta tio ns wa s 27Ωm fo r the  initia l sta g e  a nd  44Ωm fo r the  fina l sta g e . The  va lue s o f r re c o rd e d  

a t the  initia l a nd  fina l sta g e s a re  p lo tte d  in Fig ure  3 with re sp e c t to  the  p se ud o -d e p th. Co mp a re d  

with the  initia l sta g e , r wa s mo re  va ria b le . Suc h d isp e rsio n o f the  p  va lue s ind ic a te s the  

e me rg e nc e  o f e le c tric a l he te ro g e ne itie s. 

 

 
Figure  2 Bina ry ima g e  o f the  to p  surfa c e  o f the  b lo c k sho wing  the  c ra c king  ne two rk p a tte rn a fte r d e sic c a tio n a t the  e nd  

o f the  e xp e rime nt. The  g rid  no d e s c o rre sp o nd  to  the  e le c tro d e  p o sitio n a nd  the  sq ua re  c e lls to  the  unit a re a s fo r the  first 

p se ud o -d e p th. 

 

Spatial distributio n o f thre e -dime nsio nal appare nt re sistivity at the  e nd o f the  e xpe rime nt 

Fig ure  4 sho ws ho rizo nta l se c tio ns o f r va lue s a t e a c h p se ud o  d e p th a t the  e nd  o f the  e xp e rime nt 

a nd  fo r the  two  a rra y o rie nta tio ns. Ea c h p  me a sure me nt wa s a ttrib ute d  b y c o nve ntio n to  the  

g e o me tric  c e ntre  p o int o f the  sq ua re  a rra y sho wn in Fig ure  1. Tho ug h the  so il vo lume  

inve stig a te d  inc re a se d  with the  p se ud o -d e p th, the  size  o f the  re p re se nta tive  ma p s d e c re a se d  

b e c a use  the  a c q uisitio n q ua d rip o le s a re  o ve rla p p e d  with d e p th, a nd  the  unit a re a  

re p re se nta tio n re ma ine d  c o nsta nt (Fig ure  1). The  p a tte rns o f re sistivity d isp la ye d  in the  se c tio ns 

c o rre sp o nd ing  to  the  two  a rra y d ire c tio ns a re  d iffe re nt. Ind e e d , a  la rg e  r fo r o ne  a rra y o rie nta tio n 

usua lly c o rre sp o nds to  a  sma ll p  fo r the  o the r. The  va ria tio n o f p  c o rre sp o nd s to  lo c a l p  

a no ma lie s. The  sha p e s o f the  a no ma lie s a re  ro ug hly simila r a t p se ud o -d e p ths 1–5 whe n re c o rd e d  

with o ne  a rra y d ire c tio n. The  two  re sistivity p a tte rns we re  simila r fo r the  sixth p se ud o  d e p th. 

 



 
Table  1 Me a n, me d ia n, minimum, ma ximum a nd  sta nd a rd  d e via tio ns (SD) o f p0°, p90°, a p p a re nt a niso tro p ic  ind e x (AAI) 

a nd  αma xx, a t the  initia l a nd  fina l sta g e s fo r the  six p se ud o -d e p ths 

 

 
 

Figure  3 Initia l a nd  fina l me a sure me nt d istrib utio ns fo r the  six p se ud o d e p ths. 

 

We  a ssume d  tha t the  c o mple me nta ry d istrib utio n o f a p p a re nt re sistivity wa s re la te d  to  the  

c ha ng e  o f the  so il struc ture  d ue  to  d rying . Ind e e d  a t the  fina l sta g e  a ir-fille d  p o ro sity inc re a se d  

a nd  a  c ra c k ne two rk a pp e a re d  a t the  so il surfa c e . Using  the  two  a rra y o rie nta tio ns α = 0° a nd  α = 

90°, we  c a lc ula te d  a  d ime nsio nle ss a p p a re nt a niso tro p ic  inde x (AAI) a s fo llo ws : 

 
 

The  d e te rmina tio n o fthe  e le c tric a l a niso tro p y ind e x p ro ve d  suita b le  sinc e  it hig hlig hte d  the  

pre se nc e  o f he te ro g e ne ity. It a lso  e na b le d  the  e le c tric a l re sistivity me a sure me nts to  b e  

summa rize d  o n a  sing le  ma p  fo r e a c h p se ud o -de p th (Fig ure  5). Whe n p 0° a nd  p 90° a re  simila r, AAI 



is c lo se  to  1 a nd  the  so il vo lume  inve stig a te d  is ho mo g e ne o us, a nd  the re  is no  e le c tric a l 

he te ro g e ne ity. The  ma jo r a niso tro p ic  zo ne s we re  ind ic a te d  b y la rg e  a nd  sma ll AAI. As e xp e c te d , 

the y we re  fo und  mo re  a t the  so il surfa c e  tha n a t d e p th: AAI ra ng e d  fro m 0.07 to  9.63 a t p se ud o -

de p ths 1, 2 a nd  3. Minimum AAI inc re a se d  with p se ud o -de p th whe re a s ma ximum AAI d e c re a se d  

with it (Ta b le  1), b e c a use  the  size  o f the  a rra y wa s p ro b a b ly la rg e r tha n the  e xte nt o f the  c ra c ks. 

 

Using  the  appare nt aniso tro pic  inde x fo r c rac k de te c tio n 

In te rms o f e le c tric a l re sistivity, c ra c ks a re  a niso tro p ic  d isc o ntinuitie s in the  e le c tric a l fie ld . As a  

c o nse q ue nc e , AAI c a n b e  c o nside re d  a s a n ind ic a to r fo r c ra c k d e te c tio n. We  c a lc ula te d  the  

a ve ra g e  AAI a t the  fina l sta g e  a nd  the  me a n c ra c k wid th fo r e a c h unit a re a  b y using  the  c ra c k 

ne two rk sho wn in Fig ure  2. The  c ra c ks tha t d id  no t c ro ss the  in-line  me a sure me nt MN we re  a lso  

ta ke n into  a c c o unt. The  in-line  me a sure me nt MN re p re se nte d  the  sp a c e  b e twe e n the  e le c tro d e s 

M a nd  N whe re  e le c tric a l p o te ntia l is me a sure d . Fig ure  6 sho ws the  va ria tio n o f AAI with re spe c t 

to  me a n c ra c k wid th pe r unit a re a . Whe n AAI=1, the  so il vo lume  inve stig a te d  wa s iso tro p ic  ; 

whe n AAI ≠ 1, the  vo lume  c o nta ine d  a niso tro p ic  e le c tric a l he te ro g e ne itie s. Whe n c ra c k wid th 

wa s >1 mm, AAI va lue s we re  e ithe r la rg e r tha n 2.83 o r le ss tha n 0.42 (Fig ure  6). The se  two  

thre sho lds a re  linke d  ; ind e e d  o ne  is the  inve rse  ra tio  o f the  o the r. The  first thre sho ld  wa s c a lle d  

Ic sup  a nd  the  se c o nd  o ne  Ic inf. Mo st c ra c ks with a  wid th <1 mm, inc lud ing  a ll tho se  tha t d id  no t 

c ro ss the  MN in-line  me a sure me nts, ha d  a n AAI va lue , b e twe e n Ic inf a nd  Ic sup . The  limite d  e xte nt o f 

suc h c ra c ks la te ra lly a nd  with d e p th d o e s no t le a d  to  stro ng  e le c tric a l he te ro g e ne ity.  

We  a lso  e xa mine d  the  re la tio n b e twe e n AAI a nd  p re fe re ntia l c ra c k o rie nta tio n (Fig ure  7). Thre e  

c a se s we re  d isting uishe d  : (i) whe n the  c ra c k ha d  a  p re fe re ntia l o rie nta tio n c lo se  to  90°, AAI>1, 

(ii) whe n the  o rie nta tio n wa s c lo se  to  45°, AAI≅1, a nd  (iii) whe n the  o rie nta tio n wa s c lo se  to  0°, 

AAI<1.  

We  c o nstruc te d  the  ma p  in Fig ure  8 b y c o nsid e ring  tha t e le me nts with Ic inf<AAI<Ic sup  ha d  no  

c ra c k re c o g niza b le   with the  e le c tro d e  inte rsp a c ing  a nd  a rra y g e o me try use d  in this stud y. Fo r 

unit a re a s with AAI<Ic inf o r AAI>Ic sup , c ra c ks we re  c o nsid e re d  to  b e  p re se nt a nd  to  b e  se p a ra te d  

a c c o rd ing  to  the ir p re fe re ntia l o rie nta tio n (α = 0° o r 90°). Cra c ks o rie nte d  a t 45° we re  no t 

d e te c te d , b e c a use  the ir AAI wa s inc lud e d  within Ic inf a nd  Ic sup . C o mp a riso n o f the  c ra c k ne two rk 

p a tte rn sho wn in Fig ure  2 (the  c ra c ks no t c ro ssing  the  in-line  me a sure me nt MN a re  e xc lud e d ) 

with this ma p  o f AAI fo r e a c h units sho ws tha t the  trip le  p o int is c le a rly re c o g nize d  a t the  limit o f 

thre e  zo ne s with two  d istinc t c ra c king  o rie nta tio ns. Mo re o ve r, AAI va lue s re fle c te d  the  o rie nta tio n 

o f ma in c ra c ks tha t we re  re c o g nize d  a t the  so il surfa c e . Ho we ve r, c ra c ks with α≅45°, a s in unit 

a re a s 7, 46 a nd  47 (Fig ure  2), o r c ra c ks tha t d o  no t c ro ss the  in-line  me a sure me nt MN, a s in unit 

a re a s 21, 28 a nd  49, we re  no t d e te c te d . The  AAI is d ire c tly c a lc ula te d  b y the  me a n e xp e rime nta l 

d a ta  a nd  a s a  c o nse q ue nc e , the  Ic inf a nd  Ic sup  thre sho ld  va lue s g ive n in this p a pe r c a nno t b e  

a p p lie d  to  a no the r so il o r d iffe re nt e xp e rime nta l c o nd itio ns. Mo re o ve r, Ic inf a nd  Ic sup  we re  d e fine d  

with re g a rd  to  the  so il surfa c e  p ho to g ra p h a nd  o ur o b se rva tio ns (Fig ure  6), a nd  the y we re  use d  

fo r o nly the  first p se ud o -d e p th. Ind e e d , o b se rva tio n o f the  so il surfa c e  g a ve  a n initia l 

a p p ro xima tio n o f the  c ra c king  ne two rk, whic h wa s linke d  fo r re a so ns o f a c c ura c y o nly to  the  first 

p se ud o -d e p th, sinc e  this wa s the  sma lle st so il vo lume  stud ie d . 

 

 

 



 
Figure  4 Ap p a re nt e le c tric a l re sistivity d istrib utio n a t the  fina l sta g e . 



 

 
Figure  5 Sp a tia l d istrib utio n o f the  a p p a re nt a niso tro p ic  ind e x (AAI) a t the  fina l sta g e  fo r the  six p se ud o -d e p ths (PD1 to  

PD6). 

 

 

Use  o f the  pre fe re ntial aniso tro pic  o rie ntatio n fo r c rac k de te c tio n 

The  AAI c a lc ula te d  fro m the  first pse ud o -d e p th d a ta  a nd  Ic inf a nd  Ic sup , whic h we re  d e fine d  o n 

the  b a sis o f surfa c e  o b se rva tio n, c a n b e  c o nside re d  a s a n initia l a p p ro xima te  d e sc rip tio n o f the  

c ra c k ne two rk. The  a p p a re nt re sistivity d istrib utio n is hig hly d e p e nd e nt o n the  o rie nta tio n o f the  

c urre nt so urc e  with re sp e c t to  the  a niso tro p y o f e le c tric a l he te ro g e ne ity. To  g o  furthe r with o ur 

a na lysis, we  c a lc ula te d  the  a rra y o rie nta tio n c o rre sp o nd ing  to  the  ma ximum a p p a re nt re sistivity 

va lue s, αma x-a rra y o rie nta tio n. The  p rima ry d a ta  se t wa s tra nsfo rme d  

b y the  ro ta tio n ma trix R d e fine d  a s fo llo ws : 

 

 
whe re  α is the  a ng le  re la tive  to  the  me a sure me nt g rid . The  re sistivity va lue s pα a nd  pα+90° 

c a lc ula te d  using  Eq ua tio n (3) fo rm o ur d a ta  se t : 

 
 



 
Figure  8 Me a n c ra c k o rie nta tio n a t the  fina l sta g e  : white  sq ua re s re p re se nt units with Ic inf<AAI<Ic sup , g re y sq ua re s 

re p re se nt units with AAI>Ic sup , a nd  b la c k sq ua re s re p re se nt units with AAI<Ic inf. 

 



 
Figure  6 Va ria tio n o fthe  a p p a re nt a niso tro p ic  ind e x with re sp e c t to  a ve ra g e  c ra c k wid th within e a c h unit a re a : & c ra c ks 

tha t d o  no t c ro ss a nd  & c ra c ks tha t c ro ss the  in-line  MN (Ic inf a nd  Ic sup  a re  the  two  thre sho ld s d e te rmine d  fo r c ra c k 

id e ntific a tio n >1 mm). 

 

 
Figure  7 Aniso tro p ic  a p p a re nt ind e x a nd  ma in c ra c k o rie nta tio n. 

 

 

The se  da ta  we re  c a lc ula te d  fo r a  va lue s, a t 5° inte rva ls fro m 0° to  90°. The  ro ta tio n ma trix 

hig hlig hte d  pa rtic ula r fe a ture s suc h a s the  p o sitio n a nd  o rie nta tio n o f a  re sistivity d isc o ntinuity. 

Fig ure  9 sho ws the  c a lc ula te d  a p p a re nt re sistivity a c c o rd ing  to  Eq ua tio n (3) o f thre e  the o re tic a l 

situa tio ns o f a p p a re nt re sistivitie s: p 0° = p 90° = 27Ωm, p 0° = 15Ωm a nd  p 90° = 70Ωm, a nd  p 90°70Ωm 

a nd  p 90° = 15Ωm. In a n iso tro p ic  me d ium ( p 0° = p 90°), the  ma ximum c a lc ula te d  a p p a re nt re sistivity 



va lue  is re c o rd e d  fo r α = 45°. In a n a niso tro p ic  me d ium p 0° ≠ p 90°)the  ma ximum c a lc ula te d  

re sistivity va lue  is re c o rd e d  fo r α ≠ 45°. The  c ra c k is a lso  o rie nte d  p e rp e nd ic ula r to  the  va lue  o f α 

fo r whic h the  a p p a re nt re sistivity re c o rd e d  is ma xima l. Thus, the  va lue  a t αma x p ro vid e s 

info rma tio n o n c ra c k o rie nta tio n. Ba se d  o n c a lc ula tio ns o f αma x using  a n e xp e rime nta l d a ta  se t 

we  c a n c o nc lud e  tha t, whe n αma x = 45°, the  me d ium d o e s no t inc lud e  a niso tro p ic  e le c tric a l 

he te ro g e ne ity ; a nd  whe n αma x ≠ 45°, it inc lud e s a niso tro p ic  e le c tric a l he te ro g e ne ity who se  

o rie nta tio ns c a n b e  d e te rmine d .  

Fo r o ur e xp e rime nta l da ta se t, we  c a lc ula te d  αma x fo r e a c h unit a re a  a nd  e a c h p se ud o -de p th 

(Ta b le  1). The  re sults sho w tha t the  me a n αma x a nd  its me d ia n we re  c lo se  to  45° wha te ve r the  

p se ud o -d e p th. On the  o the r ha nd , the  re sults a lso  sho w tha t the  ra ng e  o f αma x a nd  its sta nd a rd  

de via tio n d e c re a se d  a s the  p se ud o -d e pth inc re a se d . This ind ic a te s tha t αma x c o nve rg e d  a t 45° 

whe n the  p se ud o -de p th inc re a se d , with a  c o rre sp o nd ing  re d uc tio n o f a niso tro p ic  e le c tric a l 

he te ro g e ne ity whe n the  vo lume  inve stig a te d  inc re a se d . Fo r the  first p se ud o -d e p th, the  αma x 

va lue s ra ng ing  b e twe e n 40° a nd  50° c o rre sp o nd e d  to  the  unit a re a s whe re  Ic inf<AAI<Ic sup  (Fig ure s 

5 a nd  10a ) a nd  c a n b e  c o nsid e re d  a s a n iso tro p ic  me d ium. The  αma x va lue s ra ng ing  fro m 0° to  

35° a nd  fro m 55° to  90° c o rre sp o nd e d  to  a n a niso tro p ic  me d ium whe re  c ra c ks we re  p re se nt. The  

a niso tro p y d ire c tio ns illustra te d  in Fig ure  10(a ) fo r the  first p se ud o -d e p th a g re e  with the  c ra c k 

d ire c tio ns sho wn in Fig ure  8. The  o rie nta tio n o f the  e le c tric a l he te ro g e ne ity in unit a re a s 18, 19 

a nd  11 a g re e s c lo se ly with the  g e o me try o f c ra c ks linke d  to  the  ma jo r trip le  p o int. In unit a re a s 29 

a nd  30, the  o rie nta tio ns a lso  c o rre la te d  we ll with the  c ra c k o rie nta tio n sho wn in Fig ure  8. 

Be twe e n the  first a nd  the  se c o nd  p se ud o -d e p th, the  o rie nta tio n o f e le c tric a l he te ro g e ne ity wa s 

p re se rve d  o r shifte d  to  45° b ut ne ve r inve rte d . The  third  p se ud o -d e p th sho we d  a  sing le  ma jo r 

e le c tric a l he te ro g e ne ity o rie nte d  a t 75° a nd  lo c a te d  in thre e  ne ig hb o uring  unit a re a s. The  

fo llo wing  p se ud o -de p ths, 4, 5 a nd  6, d isp la ye d  a n o rie nta tio n αma x c o nve rg ing  a t 45°. In Fig ure  

10(a ), a ll the  αma x va lue s a t the  va rio us p se ud o  d e p ths we re  c a lc ula te d  fo r unit a re a s with a  size  

c o rre sp o nd ing  to  the  sma lle st. Ho we ve r, the  e ffe c tive  unit a re a  inc re a se d  with inc re a sing  d e p th, 

le a d ing  to  o ve rla p p ing  o f the  a re a  units. In Fig ure  10(b ), the  αma x va lue s we re  c a lc ula te d  fo r 

a re a s c o rre sp o nd ing  to  the  unit a re a  o f the  se c o nd  p se ud o -d e p th (36 c m2). Thus, fo ur ma p s 

we re  re q uire d  to  re p re se nt a ll the  a p pa re nt re sistivity me a sure me nts a t the  se c o nd  p se udo -

de p th. Only c ra c ks >1mm we re  o ve rwritte n in Fig ure  10(b ). The  ring e d  c ra c k in Fig ure  10(b ) 

c o rre sp o nd e d  to  the  wid e st c ra c k o f the  ma jo r trip le  p o int a nd  sho we d  a  p re fe re ntia l o rie nta tio n 

o f 90_. Ma p s 1, 2, 3 a nd  4 sho w o rie nta tio ns o f this c ra c k a t, re sp e c tive ly, 80°, 80°, 65° a nd  45°. 

Thus, in ma p  4 the  unit a re a  c o nta ining  the  ma jo r c ra c k wa s no t c le a rly id e ntifie d  a s a  c ra c k 

sinc e  αma x  = 45°. Ge ne ra lly, c ra c ks >1mm a re  d e te c te d  e xc e p t whe n (i) c ra c k o rie nta tio n is 

e q ua l to  45°, o r (ii) c ra c ks d o  no t c ro ss the  MN in-line  me a sure me nt. In the se  two  c a se s, the  unit 

a re a  is no t d iffe re nt fro m tha t o f a  no n-c ra c ke d  a re a .  

 

Whe n the  inte r-e le c tro d e  sp a c ing  inc re a se d  fro m a  to  2a (se c o nd  p se ud o -d e p th), o nly the  

ma jo r c ra c ks we re  d isting uishe d . The  wid e st c ra c ks we re  d e te c te d  d o wn to  the  third  p se ud o -

de p th. Cra c ks sp re a d  d o wnwa rd s into  the  so il with a  p re fe re ntia l o rie nta tio n initia te d  fro m the  

surfa c e . It c a n b e  a ssume d  tha t a s me a n c ra c k width inc re a se d , the  c o rre sp o nd ing  c ra c k d e pth 

inc re a se d  a lso . As the  p se ud o -de p th inc re a se d , the  so il vo lume  inve stig a te d  a lso  inc re a se d  a nd  

the  re la te d  influe nc e  o f the  c ra c ks d e c re a se d . The  e le c tric a l sig na l the n b e c a me  le ss d isturb e d  

b y the  he te ro g e ne ity. 

 

 



 
Figure  9 Va ria tio n o f the  a p p a re nt re sistivity me a sure me nt with the  sq ua re  a rra y o rie nta tio n. 

 



 
Figure  10 (a ) Pre fe rre d  a niso tro py o rie nta tio n fo r the  six p se ud o -d e pths a t the  fina l sta g e . (b ) De ta ils o f the  pre fe rre d  

a niso tro py o rie nta tio n fo r the  se c o nd  pse ud o -d e p th; the  ring  o utline s the  wid e st c ra c k o f the  trip le  p o int. 

 

 



Te mpo ral variatio n o f the  c rac k ne two rk patte rn 

By c o mp a ring  the  initia l a nd  fina l a p p a re nt re sistivity va lue s, we  sho we d  tha t the  e le c tric a l 

re sistivity me tho d  c o uld  d e te c t the  e ffe c t o f d rying  o n the  so il b lo c k. Our re sults ind ic a te  tha t the  

d istrib utio n o f e le c tric a l re sistivity during  the  d rying  c ha ng e s with b o th d e p th a nd  time . Our 

a na lysis first fo c use d  o n d a ta  fro m the  first p se udo  d e p th a nd  o n unit a re a s 19, 20 a nd  25 whe re  

ma jo r c ra c ks we re  p re se nt, a nd  unit a re a  24 whe re  the re  wa s no  c ra c k a t the  fina l sta g e  (Fig ure  

2). At the  fina l sta g e , the  c ra c ks within unit a re a s 19 a nd  20 ha d  a  p re fe rre d  o rie nta tio n c lo se  to  α 

= 0°, whe re a s the  c ra c k within unit a re a  25 ha d  a  p re fe rre d  o rie nta tio n c lo se  to  α = 90°. Unit a re a  

24 with no  c ra c k sho we d  no  p re fe rre d  o rie nta tio n. The  va ria tio ns o f p 0° a nd  p 90° a nd  o f AAI d uring  

drying  (18 d a ys) fo r the  fo ur unit a re a s a re  p re se nte d  in Fig ure s 11 a nd  12. Va ria tio n o f p 0° a nd  

p 90° sho we d  tha t c ra c ks in unit a re a s 19 a nd  25 we re  c le a rly initia te d  o n the  third  d a y (Fig ure  11). 

The n, the  a p p a re nt re sistivity va lue s c ha ng e d  sud d e nly b e twe e n the  third  a nd  the  sixth d a y, p 0° 

d e c re a se d  a s p 90° inc re a se d  in a re a  19, whe re a s va ria tio n wa s the  o p p o site  in a re a  25. In unit 

a re a  20, a n a p p a re nt re sistivity d iffe re ntia tio n b e twe e n p 0° a nd  p 90° wa s o b se rve d  fro m the  fifth 

da y. The  c ra c k ha d  the  sa me  o rie nta tio n a s the  c ra c k in a re a  19. In fa c t, the se  two  la tte r unit 

a re a s we re  a d ja c e nt, the  c ra c k o b se rve d  in unit a re a  20 c o nstituting  the  g ro wth o f the  c ra c k 

initia te d  in unit a re a  19. The  c ra c ks p ro g re sse d  a nd  c o nse rve d  the ir o rie nta tio n thro ug h time . In 

unit a re a  24, p 0° a nd  p 90° re ma ine d  sta b le  thro ug ho ut the  e xp e rime nt. At the  initia l sta g e , the  AAI 

va lue s o f the  fo urth unit a re a  se le c te d  we re  b e twe e n Ic inf a nd  Ic sup . Fro m the  third  d a y AAI 

c ha ng e d  sud d e nly : it d e c re a se d  fro m 0.70 to  0.16 in unit a re a  19, a nd  inc re a se d  fro m 1.6 to  4.7 

in unit a re a  25. Bo th thre sho ld s Ic inf a nd  Ic sup   we re  e xc e e d e d , a nd  the  a re a s we re  a lso  c o nsid e re d  

a s c ra c king  a re a s. The  va lue s o f AAI in unit a re a  20 a pp ro a c he d  Ic inf fro m the  fifth d a y. During  the  

re st o f the  e xp e rime nt, AAI o sc illa te d  a ro und  Ic inf. In unit a re a  24, AAI va rie d  a ro und  1 a nd  ne ve r 

e xc e e d e d  the  thre sho ld s. No  c ra c k wa s visib le  a t the  so il surfa c e , in a g re e me nt with this 

o b se rva tio n. Thus, unit a re a s 19 a nd  25 o n the  o ne  ha nd , a nd  a re a  20 o n the  o the r, ha d  two  

d iffe re nt c ra c king  initia tio ns. The  first is a b rupt a nd  q uic k; it is re la te d  to  the  initia tio n o f the  trip le  

p o int. The  se c o nd  c ra c k initia tio n p ro g re sse d  mo re  slo wly a nd  c o rre sp o nd e d  to  the  sp re a d  o f o n 

e  a rm o f the  trip le  p o int. No n-d e struc tive  a c q uisitio n thro ug h time  p e rmitte d  mo nito ring  c ra c k 

initia tio n, g ro wth a nd  e xte nsio n. 

As sho wn p re vio usly, the  wid e st c ra c k sp re a d  to  the  se c o nd  p se ud o -d e p th (Fig ure  10b ). The  

o rie nta tio n o f p re fe re ntia l he te ro g e ne itie s fo r two  sp e c ific  a re a s la b e lle d  A a nd  B wa s mo nito re d  

thro ug h time  (Fig ure  13). The  surfa c e  a re a  c o rre sp o nd e d  to  36 c m2 a nd  wa s re la te d  to  the  inte r-

e le c tro d e  sp a c ing  a t the  se c o nd  p se ud o -d e p th. Are a  A c o rre sp o nd e d  to  unit a re a s 17, 18, 24 

a nd  25, whe re a s a re a  B c o rre sp o nd e d  to  unit a re a s 19, 20, 26 a nd  27. Thus a re a  A inc lud e d  the  

ma in c ra c k o fthe  trip le  p o int a t 90°, a nd  a re a  B the  le ft a rm o f the  trip le  p o int o rie nte d  a t 0°. At 

the  initia l sta g e  αma x o f the  two  a re a s wa s a b o ut 45°, ind ic a ting  a n e le c tric a lly ho mo g e ne o us 

me d ium. Fro m the  fifth d a y, αma x > 70° fo r a re a  A, a nd  αma x < 30° fo r a re a  B. Cra c ks the n re a c he d  

the  se c o nd  p se ud o d e pth. It c a n b e  se e n tha t the  o rie nta tio n o f the  ma in c ra c ks wa s p re se rve d  

thro ug h time  a nd  de p th. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Figure  11 Ap p a re nt re sistivity mo nito ring  o ve r 18 d a ys, fo r the  fo ur unit a re a s 19, 25, 24 a nd  20 a nd  a t the  first p se ud o -

d e pth. 

 



 
Figure  12 Va ria tio n o f AAI a nd  c o mp a riso n with Ic inf a nd  Ic sup  thre sho ld s d uring  d rying  fo r the  fo ur unit a re a s 19, 25, 24 

a nd  20. 

 

 

 
Figure  13 Orie nta tio n o fhe te ro g e ne it y fo r the  se c o nd  p se ud o -d e pth, a nd  d uring  d rying  fo r the  two  a re a s A (&) a nd  B (&) 

c o rre sp o nd ing , re sp e c tive ly, to  unit a re a s 17, 18, 24, 25; a nd  19, 20, 26, 27. 

 

 

 

 



Conc lusion 

As e xp e c te d , o ur re sults ind ic a te  tha t the  me a sure me nts o f e le c tric a l re sistivity d e p e nd  o n 

e le c tric a l he te ro g e ne ity a nd  tha t va ria tio ns in the  sig na l we re  d e te c ta b le , e ve n a t this sc a le . 

The se  me a sure me nts a lso  e na b le d  us to  mo nito r the  d e ve lo p me nt o f c ra c king  p a tte rns d uring  

d rying . The  Ic inf a nd  Ic sup  thre sho lds re sulting  fro m the  a p pa re nt a niso tro p ic  ind e x AAI a nd  the  

o rie nta tio n o  the  αma x-a rra y a re  two  me tho d s use ful fo r d e te c ting  e le c tric a l he te ro g e ne itie s. The  

first wa s c a lc ula te d  fo r a  sp e c ific  e le c tric a l de vic e , re la te d  to  a  sp e c ific  so il te xture  a nd  

e xp e rime nta l c o nd itio ns, a nd  wa s a p p lie d  fo r the  first p se ud o -de p th. Ne ve rthe le ss, it c a n b e  

a p p lie d  to  the  o the r te mp o ra l sta g e s o f d rying . The  se c o nd  me tho d  to o k lo ng e r, b ut it ha s the  

a d va nta g e  tha t it c a n b e  a p p lie d  to  the  e ntire  vo lume  o f the  so il. The  c a lc ula tio n o f the se  two  

ind e xe s g ive s a n id e a  o f the  struc ture  o f the  me d ium p rio r to  d a ta  inve rsio n. Ind e e d , it p ro vid e d  

info rma tio n o n the  p re se nc e , p o sitio n, a nd  e xte nsio n o f the  c ra c ks. The  va ria tio n o f the se  two  

ind e xe s o ve r time  he lps to  e xp la in ho w c ra c ks d e ve lo p . Ne ve rthe le ss, ne ithe r me tho d  c a n 

d isting uish units whe re  c ra c ks a re  o rie nte d  c lo se  to  α = 45°, c ra c ks tha t d o  no t c ro ss the  in-line  

me a sure me nt MN, o r no n-c ra c ke d  units. In future  e xp e rime nts, me a sure me nts a lo ng  the  

d ia g o na l c o uld  a lso  b e  d o ne . This wo uld  inc re a se  the  a c q uisitio n time  ne e d e d  b y a b o ut 20 

minute s b ut wo uld  he lp  to  de te c t c ra c ks o rie nte d  a t 45°. 

 

Ac knowle dge me nts : We  a re  g ra te ful to  Ke ith Ho d so n fo r imp ro ving  the  o rig ina l Eng lish te xt. 
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