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ABSTRACT

This paper reports on a large test series of laterally and vertically rein-
forced masonry columns subjected to axial compression. The deformation beha-
viours and bearing strengths of piers differing in types of bricks, mortars,
reinforcements, and slenderness are investigated. The experimental results
comprise the effect of the shapes of reinforcement, strenath enhancements
and Toad decreases due to slenderness. A design method is proposed taking
into account the parameters investigated.

1. INTRODUCTION

Brickwork Toaded in compression is subjected to a triaxial stress state. This
stress state is different for the bricks and the mortar due to their different
expansion behaviours: the mortar tends to expand laterally more than the brick
thus inducing lateral tensile stresses on the brick. Since the brick acts as

a confining material the mortar is subjected to lateral compressive stress.
Failure occurs when the lateral tensile stress exceeds the tensile strength

of the brick. Earlier research work [1] has shown that embedding horizontal
reinforcement in the bed joints of brickwork piers is an effective means in
terms of restraining the lateral expansion of the mortar. It yields a reduc-
tion of the tensile stresses induced in the brick and, consequently, an en-
hancement of the bearing capacity of the whole structure.

Since the publication of the investigation [1] results of which were presented
at the 6th IBMaC at Rome, 1982, tests have been continued using more types of
bricks, additional vertical reinforcements, and piers varying in heights and
widths. Effects of the different shapes of reinforcements were quantified and
formulae and coefficients were presented to predict the strengths of short

and slender masonry piers.

2. TESTING PROGRAMME

2.1. Materials

Bricks used were sand-lime perforated bricks (abbreviation KS 2 DF, length/
width/height = 240/115/113 mm) and perforated clay bricks (abbreviation P 2 DF,
same dimensions). Standard compression tests were conducted in accordance with
the German standards DIN 105 and 106 [2]. Results are shown in Table 1.

Two types of mortar were used being type Ila a hydraulic-lime-cement mixture
and type III  a portland-cement mixture. Standard compression and flexural
tensile tests of the 40/40/160 mm cubes complied with the German standard
DIN 1164 [3]. Results are shown in Table 2.
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type of German Average compressive brigk used in
brick abbreviation strength PIEFS et
[N/mm? ]
perforated H1Z
. P19 ... P25
clay brick | 0,8/6/2DF 7,98 B i
(P 2 DF) DIN 105 e
perforated KS1 14,46 KS 30 ... KS 34
sand-]ime 1,4/12/2 DF 20,65 KS 45, KS 47
el DIN 106 16,09 KS 46, KS 50,
(kS 2 DF) KS 51, KS 52
Table 1 Characteristics of bricks
mortar mortar mix water ratio 2verage com- | average flexural
group by weight CRWENL pressive tensile strength
cement: masonry- strength [N/mm?2]
cement: sand [N/mm?]
Ila 1:2:8 0,41 10,1 2,47
LT 120:4 0,50 20,8 2576
Table 2 Characteristics of mortars

Since earlier tests [1] had shown that square hoops were ineffective in terms
of strength enhancement only two shapes of reinforcement were used (fig. 1):
a wire mesh @ 3 mm commonly used in reinforced concrete structure and a round
hoop consisting of a steel bar @ 6 mm which was carefully welded together on

both ends. According to the cross sections chosen to construct the masonry

piers (fig. 2) two sizes of the Tlateral
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dimensions of piers see
table 4 and fig. 3 to 8.
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Fig. 2 Section and elevation of piers tested

2.2. Specimens

Due to the results obtained in the first part of the test series [1] not all
possible combinations of the types of bricks, mortars and reinforcements were
investigated. Variations of the parameters chosen for the tests can be ob-
tained from Table 4. A11 specimens consistently had a joint thickness of

12 mm. After completion they were capped with a thin layer of gypsum to pro-
vide an even and parallel surface. They were cured for 28 to 29 days in a
laboratory where the temperature was maintained between 10 to 17° Celsius

and the relative humidity between 50 and 70 %. Strains were measured verti-
cally spanning over 1 or 4 joints, horizontally spanning over one vertical
joint or just transversing the brick.

A1l piers were tested in accordance with the German standard DIN 18 554 [4].
Load was applied axially in equal increments, and the load was held constant
while strain readings were taken. To determine the plastic deformations of the
piers under working stress conditions the specimens were subjected to cyclic
loading five times up to about 40 % of the expected ultimate load. Then, the
6th loading was conducted till failure.

3. TEST RESULTS

3.1. Mode of failure

As was the case for the piers tested in [1] two major failure modes were re-
corded: All short unreinforced piers splitted vertically along the joints

and straight through the bricks. The laterally reinforced piers showed local
spalling of the bricks which was distributed unregularily over the complete
height of the specimen. Due to buckling of the inner column formed by the four
vertical reinforcing bars and@ the brick core (fig. 2) the vertically reinforced
piers exhibited an even more "emplosive" crush when failure load was approached.
Piers having additional lateral hoops showed a failure pattern similar to that
of the reinforced specimens witheut vertical bars. But the relatively weak
brick boné® of the 3657365 mm speeimens was less effective in terms of lateral
expansion than that of the 240/240 mm cross section piers and therefore
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tended to break up at higher loads. The horizontal reinforcement was not
able to prevent this phenomenon.

A1l slender columns tested ( A = 11,46; 16,15) failed in buckling; failure
produced a nearly complete destruction of the cross section at which crushing
was led off while other parts of the column were unharmed. This was the case
for all reinforced and unreinforced specimens, the latter showing slightly
more gaping cracks. Fig. 9 shows typical failure patterns of the piers tested.

3.2. Stress-strain-relationships

The stress-strain-curves (fig. 3 to 9) confirm the theoretically assumed
strangling effect of the horizontal reinforcement: in most cases the rein-
forced piers exhibit a steeper inclination and a greater radius of curvature

in the upper range of the stress-vertical strain-curves than did the unrein-
forced piers. The lateral expansion curves of the unreinforced piers show
significant strain increases in the upper third of the loading range. The re-
inforcement provides a strain reduction in this area and straightens the curve
as a whole thus delaying or even cancelling the critical phase where micro-
cracks begin to lead off the failure procedure. In the case of the slender
columns the load deflection curves do not reach this "cracking zone" due to the
fact that buckling occurs before the compressive strength of the pier can fully
be exploited. Nevertheless the reinforcement does cause a strain reduction at
comparable strengths yielding significant load enhancements.

4. DISCUSSION OF TEST RESULTS

Ultimate loads, strengths and important strain readings are listed in Table
4. The strains monitored prior to final loading represent the maximum Tateral
and vertical deflections of the specimens after cyclic loadings within the
working stress. The values obtained - about 0.02 %o for lateral and 0.06 %o
for vertical strains - were found constant after 4 to 5 loading cycles. They
appear to be slightly influenced by the type of brick rather than the shape
of reinforcement. Since reinforcement is effective when higher stress states
are reached lateral hoops or wire meshs do not affect the plastic deformations
caused by load cycles within the working stress.

Load enhancements due to the use of bed joint reinforcements are up to 33 %

not dependent on the shape of the cross section used (see fig. 2). The maximum
values are obtained with short piers because the full compressive strength of
the specimen is exploited. For slender columns failure is determined by buck-
ling and, hence, the load increase caused by the hoops and wire mesh only

comes up to 24 %. The effect of the bed joint reinforcement is based on the
fact that the mortar which tends to expand laterally under vertical compressive
stress is subject to a constrainment due to strangling forces induced by the
reinforcement. This effect, of course, cannot be provided by vertical reinfor-
cing bars, but considering the results of [5,6] the test carried out with this
type of reinforcement aimed to find out if the vertical load applied could be
taken by the masonry and, to a certain extent, by the reinforcement. Further
calculations based on strain readings (for more details see[7]) show that a
maximum of 10 % of the whole compressive stress was taken by the reinforcing
bars. Together with the inner brick core surrounded by them the bars form a
slender column within the 365 mm cross section of the.pier so that when the
ulimate load is approached failure is due to buckling of this inner column
rather than exceeding the compressive stress of the brickwork. As a conclusion,
vertical reinforcement used in the way tested herein is considered to be ineffec-
tive.
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5. STRENGTH PREDICTION

5.1. Short piers without buckling

Statistical regression analyses were carried out to describe the stress-strain
diagrammes mathematically. On the basis of analytical calculations of the de-
formation work stresses oy were calculated which, for each pier, represent
the beginning of the failure comparable to the crack load (for more details

see [7]). Statistical consideration of all short piers reported herein and in [1]
yielded the expression

where

Oy = failure strength of an unreinforced or reinforced masonry pier

z = coefficient representing the type of mortar and shape of reinforcement
(table 3)

¢® = coefficient representing the difference between crack load and ultimate
load (table 3)

Bst = compressive strength of brick according to the German standard com-
pression test ([2])

c = coefficient representing the type of brick
lightweight concrete blocks: ¢ = 610
perforated clay bricks: c = 380
perforated sand-1lime bricks: c = 300

Equation (1) predicts the ultimate strength of short laterally reinforced masonry
piers as a function of brick strength, type of brick, type of mortar, and shape
of reinforcement, respectively.

A comparison of strengths computed with equ. (1) and experimental results pub-
lished in [5,6,8] showed a good agreement.

5.2. Strength reduction due to buckling

Evaluating the tests carried out on slender columns (test group sand-lime bricks
- mortar III) decreasing strengths with increasing slenderness ratios were recor-
ded. To check the experimentally obtained results a computer programme was
applied taking into account the non-Tinear deformation laws of the brickwork
piers. For an assumed initial excentricity of length/1000, good agreement was
obtained between experimental and theoretical failure loads. To determine the
strength reduction as a function of the actual slenderness ratio of a pier fur-
ther evaluations lead to a In-function expressing the pier strength in reference
to the brick strength and a certain "limit slenderness ratio". Being different
for each shape of reinforcement this value was defined as to divide the ranges of
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shape of type of z )
reinf. mortar
[VNNWH

no Il a 0,783

reinf. LT 0,89
0,592

wire IT a 0,941
mesh IT1 1,032
round Il a 0,941 0,684
hoop TET 1,177
Table 3 Coefficients z_ and o

slenderness ratios where the strength of the structure is determined by failure
with or without the influence of stability. The 1imit slenderness ratios Agrenz
were found to be greater for horizontal round hoops than for wire mesh and unre-
inforced piers. Referr1ng either to short reinforced piers or, more generally, to

a short unreinforced pier with the brick-mortar combination KS-MG III the fo110w1ng
reduction factors were established:

(A =~ &)

M grenz
(2)

(o]
(]
o

k - m. A

where
grenz = limit slenderness ratio of each shape of reinforcement
k, m; = coefficients expressing the strength decreases with increasing

slenderness ratios (for more details see [7])

Fig (10,11) show the slenderness coefficients c,, c,' as a function of the slen-
derness ratio A of a pier. The graphs demonstrate that the actual German stand-
dard DIN 1053, part 1, does not well approximate the tests results obtained so
that designing a pier in accordance with the standard by far overestimates the
strength reduction due to buckling.

To predict the bearing capacity of a pier having slenderness ratios greater than
the 1imits given in fig. (10,11) formula (1) can be used multiplied by the co-
efficients ¢, or c,".
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6. CONCLUSIONS

1. Embedding lateral reinforcement, such as round hoops or wire meshs, in
the bed joint mortar is a suitable means for enhancing the bearing capa-
city of a brick masonry pier. Due to restraint of the lateral expansion
of the mortar the tensile stress acting in the brick is reduced yielding
strength increases of 33 % (short piers, X = 4,79) and 23 % (slender
columns, X = 16,15).

2. Vertical reinforcement is nearly inefficient in terms of strength en-
hancement.

3. Based on the evaluation of test results presented herein and in an ear-
1ier investigation [1] equation (1) was found which predicts the ulti-
mate strength of a masonry pier as a function of type and compressive
strength of brick, type of mortar, and shape of lateral reinforcement,
respectively.

4. Failure load decreases with increasing slenderness ratios of the piers
tested were found to be in disaccordance with the requirements of the
German standard DIN 1053, part 1. For the test group sand-lime bricks/
mortar III coefficients (2) and (3) were derived expressing the influ-
ence of slenderness in reference to the strength of short reinforced
or unreinforced piers.
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type of A strains after cyclic loading ultimate strain
[Tortar | cross | failure|strength y : measured
pier type of] section load Tt Uit m;: average z;: average |verticalflateral
No. |reinf. Himensions, Oult,
lem/em] | [kN) [vc—:;—f—] no reinf. | €, €01 €oq €oq &1 €q
[%o] [%0] [#%0] [%0] [%0] [%0]
Ny LD
P 19 § lndhod: Lok o5 gg?:g 0,64 | 1,00 8:8?? 0,008 8:828 0,054 | 1,342 |1,502
peofflie | 720 gé?:; 0,59 | 0,92 gzggg 0,055 g:ggg 0,031 | 2,347 |1,420
p 212 |12 | 728 1358 [ oo | 002 | 32533 | o.06 g:g?g 0,011 | 1,670 | 0,494
paad | UL 1 020 |38 | 069 | 1.0 0000 | 0002 [ 9018 | 0,017 | 1,170 | 0,657
paad | ME | 120 |03 | ot | nr | Oofap | 0.018 | §:852 | owoar | t.ass | 0,522
posd | ML [, 128 12000 | 077 | s | 0085 | o007 | gegoe | o.006 | 0902 | 0,217
k308 | e be2% Miaea | 087 1o | 3035 | 0.039 | g:03 | .08 | 1,781 0,800
k32| ML T8 Nans | 1205 | n2o | grggs | o008 | 533 | o.0s0 | 1,763 | 0,600
kssz | UL L A28 110302 | tare | 135 | guoas | 0.0 | 9:0dg | o.0t6 | 2,201 | 1,307
ks3ap| M LB DT | voa| o [ 955 | oo | 9053 | o.0ar | z.011] 0,512
ks3ap| ML LTS 1130 | aee| vos | 905 | o.0e0 | Oobgr | o.ost | zise0) 1,19
P 7 bl imintbetags ["soar2 | 01| 1.0 02003 | w002 | 5037 | o.020 [ 1,352 | 0,308
P38y ;Lih o 13;2:9 0,75 | 1,07 8:883 0,007 8:8?8 0,008 | 1,892 | 0,563
pagg | A 35§}§25 }}gg:f 0,87 | 1,23 8:885 0,003 8:8?2 0,012 | 1,512 | 0,543
paog| I 36§};25 ggg:g 0,63 | 0,89 8:885 0,006 g:g;g 0,023 | 1,234 | 0,610
wagg [ I [ 18 [ B3 | 48] 0 0022 | 0,028 | 92805 | 0.007 | 1,40 | 0,310
SRUTA NI L ALY 09a0 | 0.0a3 | 3:0% | 0,010 | 1,587 | 0,446
Ks 47 § éff> 1595 (8105 | 0| 12 | gu0as | o.s0 | geggg | .008 | 1,322 | 0,254
ks 505 |t eintl 2arns |28 | .84 1.0 Dx0ee | 0.050 | $:0% | 0,009 | 1,661 | 0,261
essig | L1 de [are | ool 1 D03 | o.0a7 | 3:00% | 0,005 | 1,847 | 0,409
ksszp | AN |aeas [0 | nes| na 00ea | o050 | Od0s | 0.008 | 1,819 ] 0,277
Table 4

Test results
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