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THE OBSERVED PERFORMANCE OF PARTIALLY REINFORCED MASONRY
PIERS SUBJECTED TO COMBINED HORIZONTAL CYCLIC AND
COMPRESSIVE LOADS

G.C MANOS!, B. YASIN? J. THAUMPTA® K. STYLIANIDES' And P. TRYLIRAKIS

SUMMARY

The earthquake performance of partially reinforced masonry piers when subjected to seismic
loading is examined here. This paper includes some of the results from a current experimental
investigation with partially reinforced piers employing a “Greek” type brick, which is developed
and manufactured by Filippou Structural Clay Products. Thisresearch is currently under way at the
Department of Civil Engineering, Aristotle University and is under the financial support of the
Greek Ministry of Energy and Industry, General Secretariat of Research and Technol ogy.

INTRODUCTION

The earthquake performance of reinforced masonry piers when subjected to various types of loading has been a
topic of research for some time. Extensive experimental programs have been performed both in the USA. as well
asin various European Institutions in order to examine the performance of structural elements of this type, when
subjected to various types of loading. Most of these tests employed masonry piers with various reinforcing
arrangements, which were subjected to combined constant compression together with horizontal load reversal of
varying amplitude (cyclic loading) in order to investigate the influence of certain parameters on the response.
The most significant parameters that are usually examined are the type and strength of the materials (mortar and
masonry units), the geometry of the masonry piers and their reinforcing arrangement (in quantity and structural
details), and the level of axial compression (Tasios 1987). The behavior of masonry piers for seismic loads has
been studied in the past by subjecting these piers simultaneously to combined horizontal and vertical loads
(racking tests, Hidalgo et.al. 1978). The influence of various reinforcing arrangements on the pier’s behavior was
also studied under these loading conditions (Hidalgo et.al., 1978, Tomazevic et.al., 1993). In order to achieve a
reasonable simulation of the actual earthquake loading conditions, the horizontal 1oads are usually applied in a
cyclic manner, in order to represent the alternating nature of the seismic loads; the gravity action, simulated by
the vertical concentrated load is assumed to remain almost constant, an assumption that can be considered
reasonably valid for low-rise buildings that represent the majority for this type of construction in seismically
active regions. The basic structural components of this type of masonry building are connected together with
diaphragms (with a varying degree of flexibility) so that each one of the basic masonry components is subjected
to simultaneously in-plane and out-of-plane horizontal seismic actions on top of the gravity loads. Despite this, a
large number of experimental research has focused on the in-plane behavior separately from the out-of-plane
behavior. As was shown by Manos and co-workers (Manos 1983, Gulkan 1990), this can be a reasonable
assumption under certain conditions. The dominant role in the earthquake performance of masonry buildings is
played by the in-plane satisfactory performance of masonry piersthat are distributed in such a way asto form the
“shell” of a masonry building and to provide its earthquake resistance by in-plane actions in both horizontal
directions. As a consequence, the importance of investigating the in-plane behavior of masonry piers and the
influence that a reinforcing arrangement may have on this behavior becomes quite obvious. The current research
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effort belongs to this category of investigation by studying the in-plane behavior of masonry piers when they are
subjected to in-plane loads simul ating the combined earthquake and gravitational actions.

TESTING ARRANGEMENT

Figure 1 depicts the testing layout whereby the masonry pier specimen is placed within a steel reaction frame
with its foundation being anchored to that frame. This reaction frame, which is part of the Earthquake Simulator
Facility of Aristotle University, also provides the support for the horizontal servo-hydraulic actuator, which has a
capacity of 250KNt, a stroke of + 50mm and a capability of displacement control with a good fidelity in its
response in the frequency range from 0 to 50Hz. Moreover, the same reaction frame al so provides support for the
vertical hydraulic jack that has a capacity of 200KNt and a stroke of + 200mm, with the force being applied
statically. Because this vertical jack is not displacement-controlled, a system of accumulators was added in order
to avoid variations of the vertical force, when the specimen develops at the post-cracking stage excessive
deformations that also include significant vertical displacements. Thus, whereas the vertical load is kept almost
congtant at a predetermined level, the applied at the top horizontal force is varied in a cyclic manner; this results
from controlling the imposed horizontal displacement at this point of the masonry pier in a predetermined way.
The imposed cyclic displacement time history is depicted in figure 2, in terms of displacement amplitude versus
number of cycles. The frequency of this cyclic loading is also one of the studied parameters and it can be
specified at the beginning of the test for each pier. The prescribed horizontal displacement depicted in figure 2
has been aready applied with two distinctly different frequencies; the first being a rather slow variation of the
horizontal forces at 0.01Hz whereas the second is a rather fast variation of the horizontal forces at 1.00Hz. The
former simulates the prototype earthquake forces only in the reversible (cyclic) nature of the loading whereas the
latter both in the cyclic nature as well as in the frequency content, which is quite representative of the dominant
frequency content that is expected to develop in the erarthquake response of such masonry components being
part of alow-rise masonry building. The validity of this assumption will be further investigated numerically. A
large number of masonry piers, with a height of 1330mm, were tested in the reaction frame of figure 1. Selected
results are included in paragraph 5.1.

A limited number of Qjﬁ zjf:

relatively large piers, with a
height of 2475mm, were
also tested, utilizing the
strong reaction frame of the
Laboratory of Reinforced
Concrete  Structures  of
Aristotle University, which = = = I~
includes a 250KNt vertical BR300
actuator and a 1000KNt ] o i J‘po.os -
horizontal actuator in an ‘ | oso 1
arrangement similar to that [ e )]
of figure 1. Selected results s B ﬂuﬂ ]
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for these large piers are | || 100
included in paragraph 5.2. ‘ ‘
The imposed horizontal s e 0 s e
displacement for the large ,,,@7 ﬂ 1 7
piers is similar to that “ DD@
depicted in figure 2, but |
with amplitude twice as ‘
much reaching a maximum [
[

displacement equal to —
40mm at the top of the pier. ﬂ" v gy /WA‘L v o

The variation in time of the SR il | 060
imposed displacement for | - -
this later testing u

arrangement  was  kept

adways al alow speed. Figure 1. Masonry pier being subjected to theracking test in the strong

steel reaction frame.
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MASONRY SPECIMENS. D D
_ _ _ { 7.33*7.43
All masonry specimens were constructed with the special “ Greek” D D
brick with vertical holes depicted in figure 3. This masonry unit 1T
was initially developed as a pilot brick unit in the framework of a [—] ) )
Brite-Uram project by the industrialists Filippou Structural Clay L 15*3.67 l )
Products in cooperation with the Technical University of Athens ‘ T
under the leadership of Professor T. Tasios. Moreover, during this 15.40 !,
Brite-Euram research effort, the mechanical properties of the 15.80cm ‘

masonry unit in itself as well as that of masonry piers built with it,
similar to the ones of the current project and under similar loading
conditions were also examined (Psylla et.a., 1996). The whole
Brite-Euram research effort was related to the use of reinforced
masonry for building in all seismic zones (Modenaet.al. 1996).

Figure 3. “Greek” brick unit Cross-section

The geometry of this pilot brick unit underwent certain modifications with regards to its height as well as the
dimensions of its vertical holes in the current research effort. Moreover, the reinforcing arrangements that are
studied here during the current project are also different as what is investigated now is the applicability of this
type of construction for low-rise housing (1 or 2-story buildings) in moderate hazard seismic zones of Greece
(zones 1 and 2 of the 1992 Greek Seismic Code). The tests that have been performed so far, utilizing the testing
arrangements described in paragraph 1, included partialy reinforced piers of the following geometry:

- Length 1330mm , height 1330mm and thickness 154mm.

- Length  660mm , height 1330mm and thickness 154mm.

Apart from the above geometry, which must be considered as 2 scaled specimens and represent the bulk of the
testing sequence, a limited number of specimens near to prototype scale were also tested. These specimens are
of the following geometry:

- Length 2700mm , height 2475mm and thickness 320mm.

- Length 2700mm, height 2475mm and thickness 154mm.

These later specimens were tested, as described in paragraph 1; however, only the dow variation of the
horizontal forces at 0.01Hz was applied in this case. All these test specimens were constructed with the “Greek”
brick masonry units with vertical holes; these were initially developed in the framework of a Brite - Euram
project by Filippou Structural Clay Products industry. The units, shown in figure 3, were modified in terms of
their basic dimensions and composition of their ceramic material in the framework of the current project;
moreover they are currently produced by Filippou industry under full production that implied certain
modifications in the furnace and dryer conditions. The compressive strength of the mortar employed in the
construction of these piers was aimed to have the following strengths :

- Category O, target compressive strength 2.5Mpa

- Category N, target compressive strength 5.0M pa.
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Finally, various longitudinal and transverse reinforcing arrangements were examined together with a variation
of the level of uniform compression.

STANDARD TESTS.
A number of standard tests were carried out prior to the Load Cell 50¢

complex racking tests. These included the following: i ‘ ‘ ‘ ‘

| JLvdt Lvdt Lvdt Lvdt
- Simple compression tests of the masonry units. =112 =11 \L:113 [=113

- Simple compression tests of cubes taken from mortar FTW@ W T?««\ H
during the construction of the racking specimens. ~a0d] Lvass {vits | L-as3
1295#{5 S— - : :
|
|
‘ i

2

- Simple compression tests of cubes taken from the
grout during the construction of the racking specimens.

- Simple tension tests of the reinforcement used in the
construction of the racking specimens.

- Simple pull-out tests of the reinforcement used in the
congtruction of the racking specimens from cubes of
grout.

Figure 4. Standard compression test of unreinforced
piers.

- Simple compression tests of masonry piers, without reinforcement. These piers had 660mm length, 1330mm
height and 154mm thickness; they were constructed at the same time and with the same materials used in the
construction of a group of racking specimens.

- Simple diagonal tension tests of masonry specimens without reinforcement. These specimens had length
99.5mm, height 106mm and thickness 106mm; they were constructed at the same time and with the same
materials used in the construction of a group of racking specimens.

Instrumentation was provided so that during some of these standard masonry tests the variation of the applied
load together with certain important deformation levels was recorded. Thisis depicted in figures 4 and 5, for the
simple compression and figure 6 for the diagonal tension tests, respectively.

Diagonal Tension Test Mortar Type Stress 6 (Kg/cn@Brick Units Type
18 i (50 kgl cnp) 60 (15.5*32*15)

E 16 50
2 14
3 1,2 40
~ 1
© 82 Morter Type | (50 kg/cm2)
9 0a Brick Unite A (25 x 32 x15.5) 2
9 From Horiz. Deformation 3 From Vertical Defornation
~ 0.2 o}
» 0

-0,26 0,0001 0,0002 0,0003 0,0004 0,0005 ©

o -0,0015 -0,001 -0, 0005 0 0,0005 0,001  0,0015
Strain &(mm/mm) Strain & (mimm

Figure5. Resultsfrom Compression Figure 6. Standard Comression test
INSTRUMANTATION FOR THE CYCLIC TESTS.

For the racking tests, the specimens were instrumented with a number of displacement transducers in order to
record the peak displacement response at the top of the pier as well as a number of deformations at critical points
together with the maximum compression and horizontal cyclic loads. Figure 7 depicts the used instrumentation
scheme with 14 displacement transducers and two load cells in order to monitor the variation of the horizontal
and vertical load. Asaready mentioned, a system of accumulators was attached to the vertical loading system in
order to minimize the fluctuations of the vertical load during the racking test from a set value selected at  the
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beginning of each test. The load cell that monitored the vertical load was intended to check whether this system
operates satisfactorily with the fluctuations of the vertical load kept to a minimum.

Testing Parameters. <Lcohalc} cell
Load cell
: (Ch.0) LVDT1(Ch.2
The measured response has been treated in such a — / 4a:wmz<c11_3) 2
e T T .
H | % —ﬂ SyD12

way as to deduce the most significant state of stress. @313 ;\H [
In general the following dominant response modes ﬂ_ il TTTTIT ] |
are expected to devel op in these masonry specimens: | N\U . H 1 H/L W

- A predor_ninantly rocking mode at the founda_tio_n ‘ T H \ W i H M1
level that is due to the development of a limit ‘ Il H T ‘W w T ‘[
flexural state of stress at the foundation level under Wbt

the combined action of the horizontal and vertical ~ ©k11) ‘ iy H 1 H i 1

I | i I |

\ ‘ SVDT1
‘ : ‘ . (Ch.8)
loads. %4 =TI s R
DCDT1 ‘ ‘ ‘ ‘ ‘ H]j(“;LT—"” k]& SVDT5 (Ch.p4)
- A predominantly flexural mode for the rest of the DCQ;E == H 2 D@m ~
. . (Ch.12 (Ch.12) ———
masonry pier, apart from the foundation level due to sypr
the flexural state of stress for the rest of the masonry e
pier under the combined action of the horizontal and ) )
vertical loads. Figure 7. Used Instrumentation scheme

- A predominantly diding mode at the foundation level that is due to the development of a limit diding state of
stress at the foundation level under the combined action of the horizontal and vertical loads.

- A predominantly shearing mode for the rest of the masonry pier, apart from the foundation level, that is due to
the development of a shearing state of stress for the rest of the masonry pier under the combined action of the
horizontal and vertical loads.

The variation of the basic parameters studied in the present test sequence were expected to exert an influence in
the development of the above dominant modes of response. The instrumentation scheme was aimed to be able to
identify the contribution of each one of the above response modes to the total response of the masonry piers
during the racking tests. The basic parameters whose influence was studied in the framework of the current
project are listed below:

- The geometry in terms of height over length ratio; one represents rather slender piers with height over length
ratio approximately equal to 2 whereas the second addresses less slender piers with height over length ratio
approximately equal to 1. This must be viewed together with the two different types of thickness, as described

in paragraph 2.
- Thetype of mortar; two distinct types, O and N are examined.
- Thelevel of axial compression that is applied on these piers together with the horizontal loads.

Thislevel of compression is set as a percentage of the compressive strength of the masonry specimens subjected
to the standard simple compression test presented in paragraph 3. As already mentioned, it was intended here to
investigate the performance of this type of masonry when applied in low-rise housing; for structural elements
composing such low-rise housing, it is expected that their level of axial compression is rather low. Consequently,
two levels of axial compression were adopted; the first is 4% of the masonry strength and the second is 8% of the
masonry strength. Moreover, alimited number of specimens were tested with no axial compression.

- The amount of horizontal (transverse) reinforcement in terms of ratio of the area of this type of reinforcement
of the corresponding gross cross sectional area; thus this ratio was varied from a relatively low value,
approximately equal to 0.05%, to a somewhat larger value, approximately equal to 0.150%.The amount of the
vertical (longitudinal ) reinforcement, in terms of ratio of the area of this type of reinforcement of the
corresponding gross cross sectional area, remained constant for all the specimens, approximately equal to
0.125%.

- In addition to the above parameters the influence of the frequency of the cyclic horizontal loading, as
mentioned in paragraph 1, isalso one of the studied parameters in the reduced scal e specimens.

5 0111



DISCUSSION OF TEST RESULTS.
Masonry Pierswith 1330mm Height

Some of the measured response during this test sequence, together with the observed damage patterns, are
presented and discussed in what follows. Figure 8 depicts the details of a specimen with dimensions 1330mm
length by 1330mm height and a thickness 15mm. The mortar used was of type N and the axial compression level
was 4% of the strength of this type of masonry in compression. The vertical and horizontal reinforcing
arrangement is also shown in figure 8 whereas figure 9 portrays the damage sustained by this specimen at the
end of itstest.

. . Load cell 1010 1068 168 1010
1610 108 (Ch.1) 108 1610
|

Load cell_{ | ZWNLP | ch2 [20mm] Wi INLE
b 4 WAL/L}17(|) 24/4/98
24/4/98
(Ch3 — 1
(Ch.low H | H | H | #ﬂ(cm) Ljuu L |
‘ Il \ \ ‘

#04 #04
|
T I
‘ i |
T

\

\
j H\#c?“ ¥ 11 Il #Cf“
s 3 /’U} o
g o | S
%‘F | ST | | JT%
T T AT Tesd- LI T I T

(ch.12 | | (en1z) g | 404/per bed joint | |

U

#04 E £

Q
N
IS
v
e
>
o

#04/ per bed joint
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Figure 8. Reinforcing Detailsof Wall 17N Figure 9. Observed Damage of Wall 17N

. . . WALL-17( )
Figure 10 depicts the horizontal load 6T

; - e BRICK UNIT : A (Height =15cm)
and horizontal displacement variation at #04 | per bed joint
the top of this pier. The following
observations can be made on the basis
of the observed behavior for this = '
partially reinforced pier (Wall 17N). N Z 70 20

Horizontal Load & (mm)

- The tested pier exhibits an increasing
horizontal load capacity up to the 9th
group of cyclic loading, which
corresponds to a maximum
displacement of 7.5mm.

Figure 9. Load-Deformation Cyclic Behavior of Wall 17N

- For this level of deformation, the load degradation observed for the subsequent two cycles, which are of the
same displacement level as the first cycle of this group, is rather limited.

- Anincreasing horizontal load capacity can also be seen even for the 10th group of cyclic loading, which
corresponds to a maximum displacement of 10mm. However, for this level of deformation the load degradation
observed for the subsequent two cycles becomes noticeable.

- For the remaining three groups of cyclic loading, from 12.5mm to 20mm, the pier cannot sustain the
maximum load that was measured before (just above 8t), and its capacity deterioratesin each subsequent cycle.
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The above observations are in agreement with the observed damage. Thisisinitialy of flexural type but, as the
imposed level of deformation is increased, the shear type of damage prevails, accompanied with the
disintegration of the central and upper part of the pier during the last group of cycling loading.

Masonry Pierswith 2475mm Height 8t

Vertical Actuator
This pier was tested at the strong reaction 1010 168 108 108 108 1010 |, o ontal
frame of the laboratory of Reinforced b~ Actuator
Concrete Structures of the Department of AWNLPL —
Civil Engineering of Aristotle University WALL-27(1) +/- 40mm
of Thessaloniki, utilising a horizontal 1 N O I [ I
actuator with maximum capacity of RN N I N I 1
1000KNt and a vertical actuator of l | | | | | | | 404
250K Nt capacity. Figure 11 depicts the [N 1 N N Y N
details of one of these large specimens | I | | | | | 45
with dimensions 2700mm length by LI I T | | L),
2475mm height and a thickness 15mm. , | | I | | | | a5
The mortar used for this specimen (Wall [N I N N I N I 8 s
27N) was of type N and the axia l | I I I | I I 5
compression level was 4% of the strength [N I N I N 0 ey
of this type of masonry in compression, | | | | | | | 404
as was for specimen 17N. The vertical | | | | | | | L1 esa
and horizontal reinforcing arrangement is | | | | | | | | wo5a
also shown in figure 11, which, as can be NN N N I N ey
seen, is similar to the one employed in \ I I I I I I I |
specimen 17N. Figure 12 depicts the #O4/per bed joint
horizontal |oad and horizontal GRAUT at the cells with the vertical reinforcement
displacement variation at the top of this
prer. Figure11. Reinforcing Detailsof Wall 27N
Final_ly, figure_13 po_rtrays the damage AWNLpL  FPTZONElLoad G
sustained by this specimen at the end of WALL27( ) By

this test. The following observations can o
be maede on the basis of the observed B ot oy
behavior for this partially reinforced pier

(Wall 27N). - =
-4 -4 KL G2 =T 15 20 25 30 35 40 45
- The tested pier exhibits an increasing ° 0
horizontal load capacity up to the 8th /
group of cyclic loading, which ? 51
corresponds to a maximum displacement #064.0/ per bed joint
of approximately 15mm. 20 =

Horizontal Displacement &(mm)

- For this level of deformation, the load
degradation observed for the subsequent
two cycles, which are of the same
displacement level as the first cycle of
this group, is noticeable.

Figure 12. . L oad-Defor mation Cyclic Behavior of Wall 27N

-For the subsequent two groups of cycling loading , which corresponds to a maximum displacements from 10mm
to 25mm, there is a moderate reduction in the horizontal load capacity. However, for this level of deformation
the load degradation observed for the subsequent two cycles does not accelerate.

- For the remaining three groups of cyclic loading, from 30mm to 40mm, the horizontal load sustained by this
pier israpidly decreasing to a small part of the maximum horizontal |oad capacity (equal to approximately 15t at
the 8" group of cycling loadong). This capacity deteriorates in each subsequent cycle.

- It isinteresting to note that the horizontal cyclic load capacity of this wall (Wall 27N) is amost twice as much

as the wall 17N, which was presented in paragraph 5.1. As already pointed out, the length and height of wall
17N are approximately ¥ of the corresponding dimensions of wall 27N.
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The above observations for wall 27N are in \L
agreement with the observed damage. This is initially

of flexural type, as was also observd for wall 17N, but 2

as the imposed level of deformation is increased the ng\_/;L(;L
shear type of damage prevails. However, this time no I I I l l I I |
disintegration of any part of the pier takes place. [ I [ I [ I [ I

I I I I
CONCLUSIVE REMARKS. ‘ H | H | H H | \H | H | H | H “
- The outline of an ongoing experimental sequence L [ | ) 1 | ]
has been presented, which is aiming to examine the L] [ ] |
seismic performance of partially reinforced brick L I 1T T [ T J]
masonry piers constructed by a newly developed L ¥ NN T
hollow “Greek” brick unit with vertical holes. This [~ S N
investigation is focusing on low-rise housing to be H [ L] |
constructed in low to moderate seismic zones of I H | | [\ ]
Greece. [ [T 1 1 & NN

- The basic parameters whose influence on the piers %ﬁ—

performance was studied are also outlined together
with the instrumentation scheme that was employed in
identifying the dominant modes of response.

Figure 13. Reinforcing Detailsof Wall 27N

- Finally, typical results related to two tested masonry piers, the first with 1330mm height and the second with
2475mm height, are presented and discussed. It can be seen that both these piers had reached their ultimate state
by the used loading system. Moreover, the employed instrumentation recorded this performance in a way that
adequately describes the observed behavior. The performance of both piersis well controlled up to drift values
of 0.6%. For deformation levels larger than this value the tested piers cannot sustain the applied horizontal load
and at the same time they develop damage that is rather of the shear type, with partia disintegration of the wall
integrity for deformation levels reaching drift values of the order 1.6% .
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