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ABSTRACT The paper presents a non - destructive testing technique deveIo­

ped by ISMES to determine the state of stress and deformability 

c haracteristics of brick masonry structures . The reIiability of 

the test , whi ch is based on the use of special flat-jacks , has 

been studied by means of cal ibration tests carried out at 

laboratory on l arge size samp I es . Some e x amples of application 

o f f I at-j ac k test are briefly presented. 

1. INTR OOUCTION 

The study o f t h e mechani ca l c haracte ristics of the materiaIs pIays a 

rôle of primary importance in the design o f static restorati on of old 

buildings . Oealing wi th brick masonry structur es , t h e problem of mech a ni­

ca l characterization is not easy to solve , given t h e con siderable heteroge­

nei ty of these stru ctur es , whi c h cons i st of layers wi th high mechanical 

properties aI ternated wi th mo r e deformable Iayers . Only mechanical tests 

carried out o n undisturbed masonry sampl es of large dimensions (including 

at l east 4 - 5 mortar laye rs) could l ead t o a reliable appraisal of t h e 

main mec han ica l properties. Since the sampIing of mas onry hav ing such 

dimensions is often impossible b ecause of the historical interest of the 

buiIding in question, the research has to be turned to the dev e l opment of 

non- destructive mec hani ca l testing techn iques . 

An important contribution in th is field has recentIy been g i ven by 

ISMES with the sett ing up of a n on- destructive "in situ" test technique 

based on the use of special flat- jacks , having s mall thickness , which a r e 

set into the mortar Iayers . This testing technique makes i t possible to 

determine in si tu deformabili ty properties o f undi sturb ed masonry speci ­

mens of large dimensions , thus avoiding the sampling . I t also makes i t 

possible to acquire another important information con cern ing the static 

behaviour of the stru cture : the measure of the state of stress existing in 

the testing point . 

An e x tensive series of calibr ation tests carried out at I SMES labo­

ratories , in collaboration with ENEL's Research and Study Oepartment , made 

i t possible to ascertain the high reliabili ty of the testing t echnique 

described in t h is paper. 

This technique has recently and successful l y been used to solve many 

problems relevant to static restoration o f buildings havi ng great histo­

rical and monumental interest and to c h eck the static condi ti ons of old 

masonry structures, such as dams , bridges a nd tunnels . 

2 . FLAT - JACK TESTING TECHNIQUE 

The non destructive test described in this paper is based on the use 

of thin flat - jacks placed into t h e mortar layers . This is a well - known 

testing technique for the determination of the mec hanical properties of 
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rock mass e s. Th e test is carried out in two separate phases: 

2 .1 Measure ment of the state of stress (1st phase) 

The d e termination of the state of str ess is based on the release 

caused by a plane cutting , normal to the s urface of the wall. Fig 1 shows 

the different ph ases of t h e test: two meas uring points are installed on 

the wall surface and the i ni tial distance (d") between the two points is 
l 

read . Then a cut normal to the wall surface is made (2) a nd the stress 

rele ase dete rmines a closing of the c utt i ng , the distance (d) after the 

c utting being d < di . A special thin flat jack , is set i nside t h e cutting 

and the pressure is gradua l ly increased up to cancelling the previously 

measured convergency (3). In this condi tion, t h e pressure p inside the 

j ack i s e qual to the pre-existing state of stress a in a direction normal 

to the plane of t h e cutting . The value obtained must b e corrected by a 

coeffic i ent which depends on the ratio between flat- jack and t h e cutting 

surface and on t h e r igid ity of t h e we lded boundary of the jack. 
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Fig. 1 Sch e me of fl a t-jack test 
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Two diffe rent jack sizes hav e been considered: 40 x 20 e m 

x 12 em 

and 2 4 

In brick masonry, the plane cutting can easily be made at the mortar 

layer between two courses of bricks by means of simple tools. 

2.2 Determination of deformability characteristics (2nd phase) 

In homogeneous isotropic material, the test desc ribed at point 2.1 

can also be used to de termine the deformabili ty characteristics. In the 

case of brick masonry, which is a highly anisotropi c material, it is advi­

sable to introduce some changes in the testing technique. For this purpo­

se, a second cutting is made, parallel to the first one, and a second jac k 

is set in it. The two jac ks delimit therefore a masonry sample o f 

appreciable sizes (40x40x20 em) to which they apply a uni a xial state of 

stress (Fig. 2 ). Several measurement bases for removable mechanical stra­

in-gauge installed on the sample fr ee face make i t possible to obta in a 

full picture ofaxial a nd transverse deformations of the sample . In this 

way, a uniaxial compressive tes t is carried out on undi sturbed sample o f 
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large size which is certainly representative of the be h aviour of the 

structure as a whole. 

The testing technique pro-

posed is certainly non- des tru c ­

tive beca use , after the t es t i s 

completed , the j ack set in the 

masonry can easily b e removed 

and t h e mortar l ayer r es tored 

to i ts original condi ti on . The 

instrumentation 

strain- gauge ) and 

(mechanical 

the loading 

e quipment are very simple and 

the ir rapid installation makes 

it possible to carry out a comp­

lete test ( 1st a nd 2nd phase ) 

in about 7- 8 hour s . 

The load i ng w i th two j ac ­

ks can also be used to evalua t e 

t he strength limit of the mason­

ry by increasing the load up to 

appearance of the first c rac ks 

in the bricks . A last but no t 

Fig . 2 Deformabil ity test with two 
flat- jacks 

least advantage of the test cons ists in the possibili ty of using flat 

jacks as pressure- ce ll s during the restoration works , in order to control 

any change of the s t a t e of stress . 

It must be pointed tha t the masonry sample on which the un iaxial 

test is carri ed out i s confined on three sides and fre e on the fourth one , 
therefore s o me difficul ties aris e in the interpretation of the resul ts . 
For t hi s reason a wide program of calibration tests is being carried out 

at the laboratory o n bri c k masonry samples in order to e valuate t he 

r e liability of the f l at - jack test in different loading condition s . 

3 . CALIBRATION OF FLAT- JACK TE ST BY PHYSICAL MO DELS 

The cal i bration of flat - jack testing technique has been carri e d out 

o n large- s i ze brick masonry specimens built i n the laboratory . 

A mortar hav ing the following weight composition was used: 

Sil iceous sand 

Pozzolana 

Air-hardening lime 

Water 

56 . 6% 

23 . 5% 

5 . 9% 

16 . 0% 

The average va l ue of mor tar uniaxial compressive strength , determi­

ned on 10 x1 0 xl0 c m speci mens i s equal to 3 . 7 MPa aft er 28 day c ur ing . Th is 

va lue rises up t o 6 . 3 MPa a f ter 60 da y c uring a nd is stabilized at 10 . 5 

MP a af t e r 180 day c uring . The mortar wa s p l aced wi th 1 . 5 cm t hi ck l aye r s 

to prepare masonry s p ec imens . 

Hand made bricks , 12x25x6 . 25 em in size we r e use d . Th eir mech a ni ca l 

properties were as follows : 
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Uniaxial compressive strength 12 - 16 MPa 
Young's modulus 4.000 - 5 . 000 MPa 

Specimens of different size were manufactured in the laboratory : 

A 150 x 150 x 50 em 
B 25 x 25 x 25 em 

C 25 x 25 x 50 em 
D 50 x 50 x 25 em 

Type A specimens were us e d for calibration of flat jack test whilst 
sp ec imens B, C a n d D aimed at furnishing a more complete mechanica l chara­

cterization of the masonry used . Uniaxia l c ompress ion tests were carried 
out on these specimens after 180 days curing to determine deformability a n d 

strength prop erties . AlI masonry s amples were cured unde r t h e following 

conditions : temperature = 20° ~ 2° ; relative moisture = 68 - 75% . 
Type B and C specimens were us e d to s tudy strength prop erties of 

masonry. The average value of uniaxi a l compressive strength determined 

after 180 days on type B s pecimens was equa l to 11 MP a , whilst the stre­

ngth ob tained on 50 c m- hight specime ns (type C) was equal to 9 MPa. A 
r e mark able e ffec t of the spec imen s h ape on the uni a xi a l compr ess ive stren­
gth value s may be notice. Fig 3 s hows , for type B a nd C specimens, the 

curves ofaxial and transver s al deformations versus axial stress . 
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Fig . 3 Stress- stra i n c urve s 
obtaine d on mas onry 
spec ime ns of di f fe­

rent size (B and C) 

The values of t h e rat ios between deformability modulus E an d t h e uni­
axial compressive strength a, were equal to : 

c 

/ 
\

2 54 
E a = 

c 
320 

fo r typ e B specimen s 

fo r type C specimen s 

Deformabili ty characterist i cs of masonry were studi ed in de tail di­

r ec tly on the large size s pecimens (type A) and on type D specimens which 

present nearly the same dimensions of the masonry specimen delimi ted by 

the two jacks (see point 2 .1). 
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The deformab i l i ty moduli va l ues , determined on type A (E ) a n d on 
A 

O (E ) specimens , are reported in Table 1 for different stress leveIs . type 
O 

L1a EA Eo EA-Eo % 
(MPa) (MPa) (MPa) EA o 

0.0-;'-0 .5 1800 1850 - 2 .7 

0.5 -;'-1 .0 2200 2100 + 4.5 

1.0 -;'-1 .5 2800 2650 + 5 .3 

1.5 -;- 2 .0 3200 3050 + 4 .7 

TABLE 1 Deformability moduli deter -

mined on A and O specimens 

A good agreement between 

t he values of moduli E and E my 
A O 

be noticed , wi t h differences con-

ta i ned with in 5% . 

Fig . 4 s hows loading and me­

asuring e quipme n t for calibration 

tests on type A specimens . The 
axial stress component is applied 

to t he wa l l by means of hydraulic 

jacks and deformation s are measu-

red on t he specimen faces t h rough 

special electr ica l strain gauges 

connected to an automatic data ac ­

quisi tion and processing appara­

tus . 

Fig . 4 Loading and measuring equipment used for the ca libration of 

flat - jack t est 

3 . 1 Calibration of 1st phase testing: measure of the state of stress 

Test was carried out by applying a known sta t e of stress to the 

specimen wall, and comparing this value with that which was determined at 

the wall center by flat jack testing . 

( a ) 
a 

values 

(40x20 

Calibration was carried out on three walls to which stress states 

equal to 0.75, 1 . 5 and 2 . 25 MPa , were respecti vely applied . The 

of the state of stress measured on the three waLLs by flat jack 

cm) are reported on Table 2 and compared wi th the value s OI the 

stress appli ed . 
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_. 

N° 
aa a", a",-aa % 

<MPa) (MPa) aa o 

TABLE 2 Comparison betwe en ap-
0.75 0.66 -12.0 plied a n d me a s ured s ta-

2 1.50 1.55 +3.3 t e s o f sTress 

3 2.25 2 .16 - 4.0 

--~ 

It may be note d that the agreement between measured and applied 

stresses is quite good. The differenee is slightly over 10% for low stress 
lev e Is and de erease s to 3 - 4% for stress leveIs betwe en 1.5 and 2.2 MPa . 

The r e liabili ty of t e sting teehnique to determine the stress state may 
thus be eonside red entirely satisfaetory . 

A fourth wall was used for the ealibration of the test by flat jaek 
of lower size (24x12 e m). A stress a = 1.5 MPa was applied to this 

a 
wal! and a stress a 1.61 MPa was measured, the differenee being 

m 
equal to 7 . 3% . It ean be observed that the lower size jaek is al s o 

suitabl e for providing reliabl e meas urements of the state of stre ss . 
Deformations around the flat jaek were earefully studied during the 

tests, both during the eutting and the r e loading phases (see fig o 5 whi e h 

shows the deformation diagrams relevant to test 3) . It is safe to say 
that the diagram of deformations on the reloading phase faithfully follows 
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Fig . 5 
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Flat Jack (40. ZOem) 

Comparis on between de form a tions in r e lea s e a nd 

r e loading pha s es (stre s s appli e d ~ 2 . 2 5 MP a ) 

the diagram plotted on the r e l e as e phas e . The good agre em ent of a e form a ­

tion behaviour between release and reloading phases is a1 s o note d at the 

two sides of the jaek . 

3.2 Calibration of t he 2nd phase : determination of de formability c harac ­

teristics 

After the 1s t phase was earried out, a s e e ond flat jae k was 

installed for the ealibration of the 2nd testing pha s e (Fi g . 6) . Te st wa s 

performed at stress leveIs up to 2 . 0 MPa , using bo th 40x20 e m and 24x1 2 e m 
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flat jacks . Fig 7 shows l oad- defor -

mation diagrams relevant to the two 

different types of jacks . Values of 

deformabili ty modulus E' (relevant 

to 40x20 cm jacks) and E" (relevant 

to 24x12 cm j acks) are compared in 

the Table 3 , for various stress le­

veIs , with the values of deformabi ­

lity modulus determined on speci-

mens A by conventional uniaxial 

tes to 

Fig . 6 Calibration of t he testing 
technique for t h e determi -

nation of 

c haracterist i cs 
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Fig . 7 Calibration of the test wi th two flat - jacks for the deter­

mination of defo rmabili ty charac teristics . Stress - strain 
c urves obtaine d by jac ks 40x 20 c m (a) and 24x1 2 cm (b) 
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Comparison between deformabili ty modulus E" obtained wi th 40x20 em 
jaeks and modulus E values is eompletely satisfaetory , the differenees 
being eantained withfn 9% . Very high are , on the eontrary , the differenees 
between the values af modulus E and those of modulus E" determined by 
flat jaek of lower size . This isAeertainly to be aseribed to the faet that 
the masonry sample interposed between the two jaeks has a few layers of 
mortar and therefore it is not representative of the overall behaviour af 
the masonry. Calibration test made i t , there fore , possible to aseertain 
that 40x20 em flat jaeks furnish reliable respanses coneerning both the 
measur e of t he state af stress and the determination of deformabili ty 
properties , whi l st the use of flat jaeks af lower size must be limited to 

the measure af the state af stress . 

is 

-

Lia EA E' E" 
, 

E" E - EA % - EA % 
(MPa) (MPa) EA o <MPa) <MPa) EA 

0.0 +- 0.5 1800 1750 3900 - 2.8 +116 

0.5 +- 1.0 2200 2400 3900 - 9.1 +17 

1.0 +- 1.5 2800 3000 4300 +7.1 + 53 

1.5 +- 2.0 3100 3300 4500 +6.4 +45 

TABLE 3 Comparison between deformabili ty moduli (E' , E") determined 
by flat - jaeks (40x20 em and 24x1 2 em respeetively) and those 
determined by eonventional compressian test on speeimens A 

Experimental investigatian for the ealibration 
still being earried out at ISMES labaratory . A 

af testing t eehnique 

series af tests on 
masonry samples having mueh paorer meehanieal praperties is devised , also 
varying the thiekness of mortar layers . Tests will also be eompleted to 

verify the sui tabili ty of the jaek to wark for long periods as pressure 

cell during eonsolidation work . 

4 . EXAMPLES OF APPLICATION OF FLAT- JACK TEST 

In the past few years this teehnique was sueeessfully used to study 

many statie restoration problems eoneerning buildings of histarical and 
monumental interest and to eheek statie conditions of o ld masonry struetu­
re s . 

4.1 Statie restoration works 
4 . 1 . 1 "Pa1azzo della Ragione" - Milan 

The XIII eentury building underwe nt important ehanges during the 

XVIII century ta hous e the Notaries' Arehieve . Beeause of the overlaads 

indueed by the Arehieve , some eraeks oeeurred in the bear ing structures of 

the building . Before eonsolidation work was planned, a set af tests by 

flat jaeks was earried out to analyse the statie behaviour of bearing 
struetures involved by eraeks . 

144 



401. 2 "St o Eustorgio Cl oisters" - Milan 

The construc t i on of the first clo­

ister dates back to the first half of 

the 

the 

13th century; the 

second one started 

construction of 

in 1380 o 80th 

cloisters , were repeatedly damaged and 

restored in the following centuries du­

ring Spanish and French domination, and 

rebuil t in 1600 o After that time, they 

underwent further damages and rehabili­

tat i ons, the latest of wh i ch in 19500 

Interesting measurements of the 

state of stress were performed not only 

on vertical masonry structure, but also 

on cross vaul ts and on the "pul v ino" 

above the columns (Figo 8)0 

Figo 8 Determination of the sta­

te of stress on a "pulvi-

-------IL---~~I~----~AO \ 

STRESSES (MPa-:f rl 0 .. , ·0 .... \ _, ___ J \ 
meaoõured Q66 0,85 0,95 Q950,95 1,14 Q81 

. calculated 

by stat. det. 

so!ution 

\ / \ / 
0,84 0,79 

\ / 
0,98 

Figo 9 " Sto Eustorgio Cloisters" 

089 

Comparison between measured and 

calulated stresses on a transver 

sal section 
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no" of liSto Eustorgio 

Cloisters" - Milan 

As an example Figo 9 shows 

the comparison between the va­

lues of the stresses measured by 

flat jacks on a transversal sec­

tion and those calculated by sta­

tically determined solutiono A 

good agreement can be observedo 



4.1.3 Wall s of Leonardo ' s "Last Supper" 

Th e famous fresco was painted by Leonardo on the north wall of the 

Dominican Monastery ' s refectory. The building of t h e monastery was comple­
ted in 1496 . In 1943 t h e wall was dama-
ged by a bomb whi c h partially destroyed 
the refectory . Following t he design of 
wall s up porting work, tests by flat 
j acks wer e carr i ed out t o determine t he 
stat e of str ess on the two faces of t he 
wal l, as wel l as deformability a nd 
strength c haracteri s ti cs (Fig. 10). 

Tests brough t to 1ight an eccentrici ty 
of 10ads in good agreement with t he 
geometr i c s urvey results . 

Fig . 10 F1at-jac k on the wa11 of 
Le onardo ' s "Last Supper" in 
the Refectory of '~. Maria de1-
1 e Grazi e 'L Mi1an 

4.1.4 "C1assense " Library - Ravenna 

The Library, which dates bac k t o the XVI century , was recently 

concerned wi th a r estoration design which foresees the opening of some 
arches in a wa11 supporte d by masonry co1umns . Str esses were measure d by 
flat jacks at two of these columns before and after restoration work was 
carried out. 

· 4.1.5 "St . Eufemia" Churc h - Verona 

This church, whose construction was completed in 1300 presents now 
some subvertica1 cracks at the apse . Tests were performe d by flat jacks 
for a detailed analysis of the static condi tions of the s truc ture on 
external and internal masonry of the bell-tower a nd abse section. Fig 11 
shows a testing point at the base of the bell-tower and Fig 12 illustrate 
the measure of the stress on internal arch. Measurement bases were also 
installed on the main cracks of the church to check deformations versus 

time. 
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Fig . 11 liSt o Eufemia Church" - Verona Fig . 12 "St . Eufemia Curch " 

Measure of the stress at Measure of stress on in-

the base of the bell tower terna I arches 

4.1 . 6 " Madonna deI Prato" Church - Gubbio 

The c hurch, designed by Borromi­

ni , presents some cracks on the bearing 

stone maso nry and on the dome . To check 

the static condi tions of the structure 

and pIan restoration work, use was made 

of information provided by flat-jack 

test carried out on the externaI wall 

and on the arches support ing the vaults 

(Fig 13) . In this example flat - jack te­

sting technique was appl ied on a stone 

masonry wi th very satisfactory resul ts . 

The mechanical parameters determined in 

situ were used as imput data for a 

tridimensional finite eIement model car­
ried out by ISMES . 

Fig. 13 " Madonna deI Prato" - Gubbio 

Measure of stress an a 

stone masonry 
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4.2 Recovery of old building for habitation purpose 
4.2.1 Building in "Piazzale Dateo" - Milan 

This is a square-plan building built at the beginning of XX century, 
and presenting evident signs of deterioration. To carry out a restoration 
plan of the building for habi tation purpose, an extensi ve investigation 

was conducted to analyze the static behaviour of the structure. 

4.2.2 "Collegio Massimo" - Rome 

The building, which dates back 

to the XVIII century , is at present 
concerned with a plan for total reha­
bilitation. This has called for a de­
tailed analysis of the static condi­
tions of the bearing structures . Fig 

14 shows a test wi th two jacks on a 
wall of the building. In this case 

the masonry was made by aI ternating 
layers of bricks and volcanic stones. 

4.3 Control of static behaviour of 
old structure 

Flat-jack testing technique has 
recently been used for the study of 

static behaviour of masonry linings of 
two tunnels; 

"St . Pedrino" Railway Tunnel 
(length 16 km - diameter 5 m) 

Tunnel of an old aqueduct in Puglia 

(length 16 km - diameter 3 m) 

Fig. 14 "Collegio Massimo"- Rome 
Deformability test on a 

composite masonry 

Also the stone masonry of the old dam of Lake Ballano in Emilia 

Romagna was successfully studied by using 60 x 30 cm flat-jacks . 
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