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SUMMARY

This paper contains the results of combined (vertical+horizontal) lo-
ading tests carried out on twenty walls of five different masonry types and
on the same walls after repair by cement-grouting (ten walls) and strength-
ening by the application of steel-mesh reinforced cement plaster layers
(ten walls). The results indicate that after cement-grouting walls built of
blocks reattain or slightly increase their original shear strength; on the
contrary stone-masonry walls increase their strength by a factor of 2-3 af-
ter grouting. In the case of strengthening of walls built of blocks with
reinforced plaster layers their shear strength is increased to the extent
that flexural failure consistently occurs first.

1.0 INTRODUCTION

Before repair works are carried out on the damaged buildings of an
earthquake-hit area it is necessary to reproduce in the laboratory walls
typical of these buiidings, to determine their resistance to combined ho-
rizontal and vertical loading, and then to prove the effectiveness of the
foreseen method of repair by retesting the same walls after repair.

In this paper only those methods of repair and strengthening are con-
sidered which lend themselves to mass use for the repair and strengthening
of earthquake-damaged masonry buildings. The effect of cement-grouting is
presented as a method of repair for walls built out of blocks, and as a met
hod of strengthening for stone-masonry walls. As a method for strengthen-
ing walls built of bricks and other kinds of blocks has been chosen the
application, on both sides of the wall, of a welded-mesh reinforced, 3 cm
thick cement plaster layer, the two layers being held together by horizon-
tal stirrups passing through predrilled holes in the wall.

Nearly all the wall tests were carried out under constant vertical
load and cyclic horizontal load pr:tdjloed by programmed displacements at a
frequency of 1 c.p.s. - Method "D" L], Because of their high shear strength
same of the strengthened walls could be tested only using the simple diago—
nal compression test - Method "B".
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2.0 THE EFFECT OF REPATRING WALLS BY CEMENT GROUTING

The repair of walls by cement—grouting was carried out as follows:
sealing of cracked areas in the basic wall, fixing of injection tubes, pre-
ssure grouting of the cracked parts of the wall through each tube in succ-
ession. The grout consisted of 90% Portland Cement and 10% pozzolana, dilu-
ted with water to the ratio by weight of 1:1.

In Table 1 an analysis has been carried out on the experimentally-ob-
tained results (horizontal and vertical loads at failure) for five diffe-
rent kinds of walls (2 basic and repaired walls of each type). In the Table
are also given: block type and average compressive strength of blocks, mor-
tar strength, wall thickness t and cross-section F = d.. t (wall height
"h" = 1,50 - 1,60 m). The tensile strength o_ of the basic and repaired
walls has been calculated from these resultsnusj_ng the equation given in
the Table, which is based on the assumption that the occurrence of X-cracks
depends upon a maximum principal tensile stress. On the basis of the obta-
ined values for o_ and assuming a uniform comparative bearing stress
o - camp = 1.5, %50 or 8.0 kp/cm2 (according to wall type), the corres-
pgnding comparative shear stresses at failure 1 - camp. have been calcula-
ted fram the g_}on given for Ty T COP., whilh defines the influence of
vertical loadingtsd,

The effect of repair by cement grouting on shear load capacity is gi-
ven by the ratio 1 comp. (repaired wall)/t_ camp. (basic wall). Fram the
calculated values of this ratio it can be sefn that in the case of walls
built out of blocks it is possible by means of cement-grouting to restore
the wall at least to its original condition, or to improve samewhat upon it
(up to 30%). In the case of stone-masonry walls, however, the latter s shear
strength can be very substantially increased (by a factor of 2.5 approx.).
This is easily understood, as by the cement-grouting of a relatively porous
wall a kind of "prepacked" material is produced.

Camparisons of the deformational characteristics of the basic and re-
paired walls (see the two typical H - § diagrams given in Figs 1 & 2) have
shown that, in general, the walls” initial stiffness K , and with it the
shear modulus G, does not change significantly after répairing, whereas the
ductility or capacity of the wall to absorb energy increases significantly
in the case of walls built of blocks. The failure of basic and repaired con-
crete-block wall 6A~ is shown in Figs 3 & 4.

3.0 THE EFFECT OF STRENGTHENING WALLS BY APPLYING TWO WELDED-MESH REINFORCED,
3 CM THICK CEMENT PLASTER IAYERS

The strengthening of walls,if necessary previously repaired by cement-
grouting, was carried out as follows: application of a thin layer of cement
plaster on both sides,placing of welded mesh reinforcement consisting of
6 mm dia. high-tensile wires at 15 cm centres in both directions, with mild-
steel anchoring stirrups dia. 6 mm passing through predrilled holes in the
wall (10 per m¢), and the application of plaster to a full thickness of 3cm.
The ncminal campressive strength of the concrete plaster was 200 kp/cm2. Due
to a l an gap at the top and bottom of the wall the plaster layers were not
loaded directly; in this way the conditions of strengthening approach those
in actual buildings.
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Walls strengthened in the above-described way were treated in the
calculations as hamogeneous walls, and it was assumed that the shear stren-
gth of such walls deperds on a maximum principal tensile stress in the pa-
nel o - The tensile strength of the walls ¢_ was calculated in the same way

as defcribed in section 2.0. In the case of“the diagonal campression tests
with a failure load P and a wall aspect ratio of h/d= 1.5, ¢ was calculated
as follows: o
_1, l 5 0)2

= P. .= _ P, .= L
Iy = 0.83 T 0.55 5 9= O

% T3t + 0,25 {= 0,62 SR

Taking into account a factor of stress reduction due to the corner holding
blocks (determined from finite element analysis) this gives o, = 0,49 P/F.

For a shear failure, the average shear stress at failure is given by
the expression:

) _ n 4%
T T35 |o_ +1 .

)

Also possible, and more likely in the case of walls of narrow aspect
and relatively high shear strength, is a flexural failure (seel3] ). I
this case the average shear stress at failure is given by the expression:

o]
To(f) =% (_rg—) (E_B_) ﬁ%m—f ee (2)

where B is the ccmpressz.ve strength of the wall under axial load and
o / (td /6) . The required value of (g /Bj is obtained from the di-
51033:1é—ss diagram of flexural failure (see™[3 ), for the known value of
= (g /fo).(o /B) The value of (¢_/B), which is taken as a constant
f8r an indivA dual of wall, is obtHined fram the results of axial ver-—
tical loading tests.

In Table 2 an analysis has been carried out on the experimentally-obta-—
ined results for four different kinds of walls. The results have been trea-
ted in a similar way to the result§ of Table 1, a uniform comparative bea-
ring stress of o - camp.= 8 kp/am® having been taken into account. The ho-
rizontal loads Ho ard values of (o /B? which correspord to a flexural
failure are alsocg}}gen The effect of strengthenmg by applying reinforced
concrete plaster layers is given by the ratio H (strengthened wall)/

(basic wall), where H (strengthened“W8X1) is the lower of the
t\?g“@alues for shear and f1e¥¥¥®1 failure. In the calculation of H the
actual cross-sectional areas of the basic and strengthened walls
taken into account.

Fram Table 2 it can be seen that in the case of strengthened walls of
high shear strength, the tensile strength o cannot be determined except by
using the simple diagonal campression test. suitability of this test met~
hod was specially tested within this series of tests with a basic modular
brick wall similar to walls 92, 927, 9B, 1l1A, designated "wall 29", with mor-
tar of campressive strength 100 kp/c:m2 (see Fig.5). The diagonal load produ-
cing failure was P = 14,3 Mp.This gives: o_ = 0,49 P/F = 0,49 x 14300/2850=
= 2,46 kp/c:mz. This value can be compared $ith the average value of 9 for
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the four previously-cited walls,increased by an experimentally determined
strength increase factor due to increase in mortar quality of 1,33: o, =
=1,77 x 1,33 = 2,36 kp/cm?. This result also agrees with the results of
other series of comparative tests (see [4]).

The factor of increase of horizontal load-carrying capacity, given in
Table 2, is in all cases limited by flexural strength, and has a value of
2 for normal-strength masonry w§lls and of 1.25 for walls of high initial
tensile strength o, > 3.0 kp/am®. In Fig.6 the failure of the strengthened
modular-brick wall 94 in the diagonal compression test is shown.

4.0 CONCLUSIONS FROM THE TESTS
The following conclusions have been drawn fram the tests:

1)  Concerning the repair of damaged brick or block-masonry walls of all
kinds: if the cracked areas are well cement-grouted the shear resis~
tance of the original, undamaged walls can be reattained.

2) Concerning the repair and strengthening of stone-masonry walls: a very
significant increase in the original shear strength of the walls -~ by
a factor of 2 to 3 -~ can be achieved by cement-grouting. Thus cement-
~grouting is an efficient way of revitalizing stone-masonry buildings.

3) Concerning the strengthening of brick or block-masonry walls of all
kinds: by the application to both sides of such walls of welded-mesh
reinforced, 3 oam thick, stirrup~tied cement plaster layers a large in-
crease in the wall structure’s tensile strength is achieved, and the
horizontal load-carrying capacity of normal strength masonry walls is
increased by a factor of 2. In the case of walls of high initial ten-
sile strength o > 3 kp/cn? it is increased by a factor of 1.25.
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TABLE 1: SHEAR RESISTANCE OF BASIC WALLS AND THE
SAME WALLS REPAIRED BY GROUTING

. A e Hiz _ 6 ©4-comp.
6, = 6°[ T+ |/(1 5 V)+025} yrcomp: 20 - ‘/ el
G, =VIF | %, =HIF
of BLOCK TYPE & |ui=|%E| pasic waLL | WALL REPAIRED FACTOROF
£ | NOM. STRGTH lipen?) |© 2 §8 BY GROUTING  INCREASE
7| WALL THICKNESS & Eé ;5 6n [G-comp.| 6n  [B.-comp.| OF
g CROSS - SECTION 2 Hlokm? kp/em2 | kp/em? kp/cm? | kplfem? go-comp.
§| ?TONE—MASONRY ¢ ls | 020 | 039
X = 60cm
Wl F = 6000 cm? D|s | 02 0-43 1.01 1.06 2.47
E QSSQAQESSRTQJO, Bl [5 | 069 | 1.32 | 108 | 17 130
£lt =25em :
2 F - 2375cm? B2 (30| 198 | 248 | 248 | 287 16
PULV. FUEL
ASH.BLOCKS (150 | E' |13 | 144 | 248 | 139 | 24 098
t =29cm
|F 22930 em2 E2 |13 | 156 | 257 | 220 | 3.16 123
£
G| MODULAR
3| BRICK BLOCKS (200) 98 (48 | 152 | 25 | 2.60 | 3.50 | 1.38
t =28,5cm
olF - 2850 cm? nA|61| 186 | 285 | 180 | 280 | 0.98
ORDY
o Slooks (dse 78 (29 | 1e1 | 290 | 281 | 367 | 127
t =29cm OMPAC
F - 2000 cm? wAsAY| 64 |58 | 422 | 479 | 465 | s | 107
(LOADS
EXPERIMENTAL RESULTS FROM COMBINED HORIZ/VERT. LOADING TESTS GIVEN IN'MP)
WALL [BASIC WALL | REP'D WALL |WALL |BASIC WALL | REP'D WALL |
DESIG.| H | Vv H ! v JDESIG.| H v H 'V
c [ 22 | 80 ! § EY [ 56 125 [ 68 215 |
| D 245 80 | 69 | N5 | E2 | S9 | 125 | 885 209
Bt | 32 125 ] 4% 126 | 9B | 61 | 150 | 107 273
| B2 | 60 125 | 740 150 § MA | 62 | 10 | 83 250
| 78 | 71 | 150 } 104 200
‘ , 6A" [ 48 | 280 | 184 430

259



TABLE 2 : RESISTANCE OF BASIC WALLS AND OF THE SAME
WALLS STRENGTHENED BY APPLYING TWO 3 cm
THICK WIRE-MESH REINFORCED PLASTER LAYERS

©g - comp. = 8 kp/cm?

BLOCK TYPE & | = & = [BASIC WALL | STRENGTHENED WALL FAS;OR
. ferm?) |
ﬁ”u‘c’{ﬁ&ﬁ‘gg"{() Og ] E_ SHEAR | SHEAR | FLEXURE |NCREASE
CROSS-SECTION | 2/Z 03| ©n |Hoomg 0 Heomg ®W/(@ |Heomp  OF
(BASIC/STRGTHD.) |3 Shokm?| kpiem?| up |kprem2| Mp | 7 | up | Heomp.
MODULAR BRICK
BLOCKS {200) 9A |52 | 186 | 81 [14.1 406 |0.35 1.9
£=285/305cm - 1+ -
F-=2850/3450¢cm :
(6 /(3 )yep, =025 |9A |50 | 185 | 81 |18 |512 | 0.29 2.0
PULV. FUEL ASH.
BLOCKS (200) E3 | 13| 159 7.6 | 4.35|17.8 | 0.45 2.0
t = 29/35¢cm — p e
F = 2930/3640 cm?
(6n/ rep. =0-10 E4 |13 | 171|795 4.5 [ 172 | 0.45|[155) | 2.0
NORMAL - FORMAT
SOLID BRICKS (200)
t= 25/31cm D2 | 4 |0S54 | 34 |3.45 [[2.3]| 052 |[18]] 3.5
F = 2375/2950 cm? ,
(Gn/ﬁ)rep_ =0.10
CONCRETE BLOCKS &
(6r/Crep. = 0.15 §|1A |5 | 452 [125 | 15 |350 | 0.28 13
t=29/ 35¢m s
|F=2000/%00cm? [ 5A'| 63 | 380 | 129 | 104 [32.3 [ 0.30 122
t=19725cm 2| a.
F=1900/2500cm? £8| B3| 3% [ 330 | 77 | 47 [12.9 [ 056 1.5
¥* FLEXURAL FAILURE
EXPERIMENTAL RESULTS (LOADS GIVEN IN "MP"]
BASIC WALL - [STRGTHD. WALL- BASIC WALL -  |STRGTHD:
WALL ’METHOD “D* | METHOD 0" |WALL | METHOD D" etk B
DESIG, - DESIG. e
H v H v H v P
| E3 | 595 | 125 | 202 [ 422 | 9A | 6.2 1.0 992
| E4 | 625 | 125 | 196 | 418 | 94 | 69 150 | 131.0
D2 |28 | 125 [ 1065|150 | 14 | 1725 | 380 82.5
B3 [ 77 | 150 | 1265 [200 | s& | 1365 | 270 %.5
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Fig.3: Failure of basic wall Fig.4: Failure of repaired
6A° wall 6A~°

Fig.5: Failure of wall 29 Fig.6. Failure of strength-
ened wall 9A





