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ABSTRACT Behavior of clay-unit masonry was found to be 
influenced significantly by repeated compressive 
forces. A total of 120 stack-bond test prisms were 
subjected to concentric axial forces. Amounts of 
sustained and alternating stress were varied as well 
as the mortar type. Results showed that reductions 
in static strengths as large as 30% were possible for 
as little as 40 cycles of loading at a relatively 
small amplitude of alternating force. Strength 
reductions were attributed to inelastic straining of 
mortar and accumulation of lateral tractions between 
mortar and brick. Specimens with stronger mortar 
were more sensitive to repeated loadings than those 
with weaker mortar. 

1. INTRODUCTION 

Response of masonry structures to dynamic loadings such as winds 
or earthquakes is difficult to describe analytically because 
resistance mechanisms are not fully understood. One basic un­
certainty is how the material behaves when subjected to a re­
peated force. An experimental study is described herein which 
examined behavior of stack-bond test prisms that were subjected 
to compressive forces that either increased monotonically to 
failure or were alternated about a constant leveI of sustained 
force. Parameters of the study were the mortar type and the 
relative amounts of sustained and alternating force. 

2. BACKGROUND 

Tests of one-story masonry wall panels subjected to repeated and 
reversed in-plane lateral loads (1,2,3) indicated that reduc­
tions in strength and stiffness were possible with successive 
cycles of loading. Very litt1e research has been done, however, 
on behavior at the material leveI for masonry under repeated 
stress. A sizable amount of research, however, has been done on 
this topic for plain concrete. Much of this work has been 
summarized by Hsu (4) and RILEM Committee 36-RDL (5). 

A previous study by McNary (6) examined the basic mechanics of 
clay-unit masonry under monotonically increasing compressive 
forces. The experimental study determined stress-strain rela­
tions for mortar and brick coupons subjected to multiaxial 
states of stress. A mathematical model proposed by Atkinson (7) 
was used to relate strains of the constituent materiaIs and 
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determine loading-deflection relations for a stack-bond prism . 
Through comparison of calculated and measured results, a theory 
for the mechanics of clay-unit masonry in compression was formu­
lated. 

Results of McNary's study showed that behavior of masonry under 
compressive stress is dependent primarily on the dilatant prop­
erties of the mortar. In masonry under compression, lateral 
stresses are developed in the brick and mortar in addition to 
compressive stress. Basically, the brick tends to confine the 
mortar thus inducing lateral compressive stress in the mortar. 
Conversely, the lateral expansion of the mortar induces lateral 
tensile stress in the bricks. Inelastic properties of mortar 
cause a much greater development of lateral tensile stress in 
brick than would mortar with linear elastic properties. Thus 
the confinement by the bricks causes an increase in vertical 
load capacity of mortar and lateral expansion of the mortar 
causes a decrease in vertical load capacity of brick. 

3.0 PROPOSED THEORY FOR REPEATED FORCES 

Results of the past study may be extrapolated to suggest behav­
ioral traits under a repeated compression. If residual trac­
tions are developed for a single 
load cycle, then an accumulation of 
these tractions would be possible 
for several cycles. If bond between 
brick and mortar is not broken, a 
splitting failure of a brick unit 
could occur at a prism compressive 
stress less than the prism failure 
stress under a monotonically in­
creasing force. 

According to this proposed theory, 
compressive strength of a prism 
would be related to the parameters ~ 
that cause inelastic strains in O 

...J mortar. Three such parameters would 
be (a) the maximum compressive 
stress, (b) the magnitude of alter­
nating stress, and (c) the number of 
loading cycles at a particular am­
plitude of stress. 

To help evaluate the proposed theo­
ry, brick and mortar specimens were 
subjected to uniaxial repeated com­
pressiono Although these stress 
states may have been simplistic, the 
tests did reveal that the brick 
(Fig. 1) behaved nearly elastically, 
and the mortar (Fig. 2) behaved 
inelastically for large-amplitude 
cycles. Residual mortar strains 
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were observed for each inelastic cycle in a geometric pattern 
that attenuated for early cycles and increased in later cycles 
near failure. 
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Fig. 2 Behavior of Type S Mortar 

It is also possible that splitting strength of a fired clay 
brick may deteriorate with repeated lateral tensile stress. 
Cracks originating from microfissures may propaga te progres­
sively with each cycle, and thus decrease the resistance to 
splitting. The crack propagation may be hindered because of 
effects related to strain rate, however. 

Behavior of a stack-bond prism under repeated stress is likely a 
complicated interaction of these two phenomena. Inelasticity in 
the mortar may influence the crack propagation in the brick, and 
correspondingly, progressive crack propagation within the brick 
may influence the internaI stresses and confinement of the 
mortar. The intent of the experimental investigation described 
in this paper was to study the interaction of these two phenome­
na. 

4. OBJECT AND SCOPE OF STUDY 

The object of the study was to investigate the mechanics of 
masonry prisms in resisting repeated compressive stress . 

A total of 120 geometrically identical prisms were fabricated 
using four different types of mortar and one kind of brick. 
Approximately one-half of the prisms were loaded monotonically 
to establish an average ultimate static strength for prisms of 
each mortar type. The remaining prisms were tested under 
various combinations of alternating compressive stress about a 
mean or sustained compressive stress; both values were identi­
fied as percentages of the average ultimate static compressive 
stress. 
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5. TESTING PROGRAM 

~1_~2~~im~~_Q~~~Ei2!iº~ 
Experimental specimens were obtained from stack-bond prisms 
(Fig. 3) which consisted of five clay bricks bonded with mortar. 
The prisms were fabricated in the laboratory using a steel 
alignment jig which insured essentially parallel units and a 
constant thickness of mortar joint. After air drying for one 
day, the prisms were placed in a fog room for five days and then 
removed to air dry for one more day prior to capping and 
testing. Full prisms were cut in half (Fig . 4) to provide 
sibling specimens of hypothetically the same strengths, however, 
variations in strengths of the halves were in many cases more 
than that for uncorrelated specimens. 

E 
E c 

'" co N N 
M 

Fig. 3 Test Prism Fig. 4 Sibling Specimens 

A hydrostone cap 1.2 mm thick (0.05 inch) was used on both ends 
of the specimen. Greased teflon sheets were used to reduce 
friction between compressive platens and the test specimens. 

5.2 Materials 
Masonry units were underburned solid clay bricks which were 
extruded and fired. Samples were tested in flatwise compression 
in accordance with ASTM Standard C67. The brick unit had an 
average compressive strength of 78.6 MPa (11.4 ksi) with a 
coefficient of variation of 16% for the six samples tested. 

Water content of mortar was evaluated by checking flow with that 
of a material of standard viscosity (ASTM Method No. C230-68). 
Water-to-cement ratios and relative amounts of sand, cement and 
lime for each mortar type are listed in Table 1. A single batch 
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of mortar was sufficient to buiId two full prisms. Cube sampIes 
were made for each batch of mortar. Mortar strength data is 
presented in Tab Ie 1. 

TabIe 1 - Mortar Properties 

NORTAR PROPORTIONS OF NUNBER OF CONPRESSIVE COEFFICIENT 
TYPE CENENT :LINE:SAND \v/C RATIO SPECU1ENS STRE NGTH OF VARIATION 

(psi) (NPa) 

N 1: 1/4 :3 . 546 18 5070 36 . 0 7. 8% 

S 1:1/2 : 4-1 /2 . 847 21 2638 18. 2 4 . 9% 

N 1: 1: 6 1.190 6 1265 8.7 5 . 4% 

o 1: 2: 9 1. 976 21 396 2.7 12.1% 

Q.~3 Loª9.in~atterns 
A servohydraulic load frame with a capacity of 500 kN (110 kip) 
was used to Ioad the specimens . Loads that increased to faiIure 
monotonically were applied in accordance with a constant piston 
veIocity equal to 0.1 mm/sec (0.005 inch/sec). The cyclic 
forces were applied with respect to a prescribed sinusoidal 
pattern which was centered about a constant leveI of sustained 
force. The cycle forces were applied at a frequency of 0.1 
cycIes per second which was considered slow enough so that 
strain-rate effects would be minimal. 

Prescribed vaIues of sustained and aIternating forces were quan­
tified from the average of static ultimate strengths of a set of 
counterpart specimens. Sustained forces ranged from 20% to 70% 
of ultimate static strengths. Alternating forces ranged from 
10% to 40% of static strengths. The number of Ioading cycIes 
was limited to 180 cycles. Specimens which did not fail at 180 
cycIes were subsequentIy Ioaded monotonically to failure. 

6.0 TEST RESULTS 

~~1-ªehavi2r UnQ~~_MQnQ!onically-InE~~ªsin~omEression 
Typical 10ad-defIection curves for test prisms fabricated of 
Types O and S mortar are shown in Fig. 5. Stiffness and 
strength of a prism were related to the mortar type. Deforma­
tions were linear with loads up to a limit which was dependent on 
the mortar strength. Failure of specimens with the stronger 
mortar were expIosive at maximum Ioads. Specimens with the 
weaker mortar revealed a softening behavior in the post-peak 
region. 
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Fig. 5 Behavior of Test Prisms Under Increasing Force 

Stresses and strains at maximum compressive force for specimens 
subjected to monotonic loading are listed in Table 2. As should 
be expected, average ultimate compressive st~ess increased with 
mortar strength. It is interesting to note, however, that the 
coefficient of variation of stress values also increased with 
mortar strength. 

Table 2 Measured Ultimate Stresses of Test Prisms Under 
Monotonically Increasing Force 

I 
Mor tar Apparent Average Apparen t Average 

I 
Type Stress Stress Strain Strain 

(ksi) (MPa) with % cov with % cov 

S 4.85 33 . 44 0 . 0067 
3 . 82 26 . 33 0 . 0063 
4. 87 33 . 58 0 . 0060 
4 . 67 32. 20 0 . 0055 
4. 03 27. 79 4 . 46 ksi 0 . 0050 0 . 0059 
4 . 08 28 . 13 30 . 75 MPa 0 . 0051 11. 0% 
4 . 97 34 . 27 16 . 6% 0.0060 
4 . 92 33 . 92 0 .0061 
5.23 36 . 06 0 . 0065 
5 . 33 36 . 75 0 . 0061 
2.81 19. 38 0 . 0046 
3 . 86 26 . 61 0 . 0063 

o 2. 73 18 . 82 -
2 . 92 20.13 -
2 . 46 16 . 96 2 . 72 ksi -
2 . 77 19 .10 18 .75 MPa -
2 . 70 18 . 62 5 . 5% -
2 . 63 18 .13 -
2. 86 19 . 72 0 . 0088 

6.2 Behavior Under Re2eated Com2ressive Loads 
A representative example of behavior under repeated loading is 
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depicted with the load-deflection relation seen in Fig. 6 . For 
this particular specimen fabricated with Type O mortar, the 
sustained stress was equal to 50% of the ultimate static 
strength, and the single-amplitude alternating stress was equal 
to 40% of this value. Failure was observed at 40 cycles of 
loading. 

CI) 

c: 
o 

150. 

O i 100. 
~ 11) 
O 2 
~ .2 

~ 
50. 

0.05 
Inches 

0.10 0.15 

30. 

III 

20. Q. 
~ 

10. 

o. ~-------L--------L-------~ ________ ~ ______ ~ 
1 0 2 .0 3 .0 4 .0 

Millimeters 

DISPLACEMENT 

Fig. 6 Behavior of Test Prism Under Repeated Force 
(Type O Mortar) 

Two characteristics of this curve are 
distinctly different from the curve 
obtained with monotonically increasing 
loadings (Fig. 5). One, axial defor­
mation increased without an increase 
in maximum compressive stress. Resid­
ual deformations accumulated for each 
cycle. These deformations were 
largest for the initial cycle and 
diminished geometrically with each 
successive cycle until the sixth cycle 
before failure when a reversal in this 
tendency was observed. Two, failure 
of the specimen occurred at a maximum 
stress, i.e., the value of sustained 
stress Elus the value of alternating 
stress, less than that observed under 
static loading. 

Although failure occurred at a lower 
maximum stress under repeated loading, 
the observed pattern of damage was 
quite similar to that observed for 
prisms under static loading. A verti­
cal splitting crack was observed in the 
brick unit (Fig. 7). The cycle number 
at which this failure was observed is 
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given in Table 3 f or al I specimens t e sted . S t ati c st r eng t h 
after cycling is g i ven i n the table fo r specimens wh i ch d i d no t 
fail before 180 cycles. 

Specimens that d i d not fa i l before 180 c y c l es we r e e ssentially 
as strong as specimens subjected t o stati c l oad i ng ( Table 2). 
The reason for t his may have been a ttri butabl e t o the fact that 
many of these specimens were l igh t ly loa ded, and effe ct s o f 
repeated forces were insignif i cant . Fur t h e r I oading o f t hese 
spec i mens beyond 1 80 cyc I es probably wou ld not have pro duced 
sizab I e strength reductions . 

TabIe 3 Strengths of Test Prisms Under Repeated Forces 

Test Pri sms wi th Type o Mortar 

5pecimen 5us tained/ Failure Compress i ve 
Number Alte r nat i ng a t Cy c1e 5tre ngt h af t e r 

Fo r ce Cycling (psi ) 

(1) ( 2) (3) (4) 

0- 1 0.2/0 . 2 * na 2700 
0- 2 na 2690 
0- 3 na 2650 

0- 4 0 . 5/0 . 2 na L990 
0- 5 na 2760 
0- 6 na 2310 

0- 7 0 . 1./0 .3 na 2440 
0- 8 na JO IO 
0- 9 na 2630 

O- lO 0 . 6/0 .2 na 2920 
0- 11 na 2300 
0- 12 na 2860 

0- 13 0 . 5/0 .3 na 2950 
0- 14 1 na 
0-15 74 na 
0- lb 36 na 

0- 17 0 . 4 / 0 . 4 69 na 
0-1 8 96 na 
0-1 9 11.6 na 

0-20 0 . 7/ 0 . 2 15 na 
0- 21 na 3020 
0- 22 12 na 

0- 23 0 . 5/0.4 4 na 
0- 24 3 na 
0-25 1 na 
0- 26 40 na 

* Percentages of nominal static s treng t h (Tab le 2) 
Note : 1. 0 psi = 0.00690 MPa 

Tes t Prisms wi t h Type 5 Mo r tar 

5pe cime n 5ustaine d / Failure Compressive 
Numb e r Alterna ting a t Cycle 5 t reng t h af t e r 

Force Cycling (ps i) 

(5 ) (6) (7) (8) 

5-1 0.2 / 0 . 2 na 4450 
5-2 na 4800 
5- 3 3070 

5- 4 0. 5/0 . 1 na 5440 
5- 5 na 4570 
5-6 na 4380 

5- 7 0. 4/0 .2 na 3610 
5-8 na 4560 
5- 9 na 3930 

5- 10 0 . 3/0 . 3 na 4560 
5-11 na 3600 
5- 12 na 4420 

5- 13 0 . 6 /0. 1 na 4730 
5-1 4 1 na 
5- 15 1 na 
5- 16 na 43 10 

5-1 7 0 . 5 / 0 . 2 na 4260 
5- 18 135 na 
5- 19 1 na 

5- 20 0 . 4/ 0 . 3 na 4130 
5- 21 1 na 
5- 22 7 na 
5- 23 50 na 

5- 24 0.7/0. 1 na 5250 
5- 25 1 na 
5- 26 1 na 

Fo r those specimens that did fail during cycIic loading, a wide 
v ariation was observ e d in the cycle number a t wh i ch fa i lure 
occurred, particularly for specimens buiIt with the st r o nger 
Type S mortar. For example, out of a total of four s pecime ns 
subjected to t he same Ioad i ng histo ry (60% susta i ned, 1 0% aIter­
nating ) two specimens failed during the f i rst cycle while t wo 
other specimens s u rviv ed 18 0 cycles. This may have be e n because 
of the large deviation i n strength values f or spec i mens with 
this type of mortar (0 . 17 coefficient o f v ar iation) . 

It is clear from resul t s of the Type O spec i mens tha t the 
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maximum value of compressive stress will not always be a reli­
able indicator of whether cyclic failure should occur or noto 
For example, where maximum stress was 80% of ultimate, alI of 
the specimens of a group of three failed for 40% alternating 
stress, three out of four specimens failed for 30% alternating 
stress, and none of three failed for a 20% alternating stress. 
This behavior was not as clear for the Type S specimens, where 6 
of 11 specimens failed below 180 cycles at a maximum total 
stress of 70% of ultimate. This difference may be attributed to 
the accumulation of residual tractions which occurs at a more 
rapid rate for the Type S specimens than for the Type O speci­
mens. For a relatively low number of prescribed load cycles, 
such as 180, most of the Type S specimens may have been affected 
by cycling, whereas definitely not alI of the Type O specimens 
were. For Type O mortar specimens, the amplitude of the alter­
nating stress appeared to be significant. 

The data listed in Table 3 are presented graphically in Figure 8 
to show the interaction relationship of alternating and sus­
tained force. A clear circle or square is used to show combina­
tions of alternating and sustained force that resulted in 
failure of alI or the majority of specimens in a particular 
group. A solid triangle designates a group of specimens that 
survived 180 cycles. The shaded upper half of the figure repre­
sents alI cases where the alternating force would exceed the 
sustained force, i.e., net tension (which was not examined). 
The line at 45 degrees and intercepting unity on both abscissa 
and ordinate is the locus of combinations summing to 1.0, or the 
strength that is assumed for monotonically increasing forces. 

The safe range has been defined in Figure 8 by extending a line 
through the data representing no failure and the abscissa at 
unity (to include the static load case). Specimens with the 
stronger Type S mortar were more vulnerable to alternating 
forces than specimens with the weaker Type O mortar. Maximum 
combined stress was 60% of ultimate static stresses for Type S 
specimens, and 70% to 80% for Type O specimens. This observa­
tion is reasonable based on the proposed theory because the 
stronger mortar would induce larger lateral tractions per cycle 
in the brick than would the weaker mortar. The number of cycles 
to failure would therefore be less for specimens with the 
stronger mortar. 

The effect of the amplitude of alternating stress may be seen by 
examining the tendency to accumulate deformation with cycling. 
The total axial shortening of a test prism is plotted versus 
cycle number in Figure 9 for specimens fabricated with each 
mortar type. Curves are ranked from top to bottom in the figure 
according to the amount of alternating stress. The maximum 
stress is the same for each specimen type. A sudden increase in 
the slope of a curve indicates when failure was imminent. It is 
clear from this figure, that failure occurred earlier for speci­
mens subjected to larger amounts of alternating force. Further­
more, the accumulation of deformation was much more rapid for 
specimens with the stronger Type S mortar. 
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7 . CONCLUSIONS 

A sizable reduction in compressive strength of clay-unit masonry 
may occur as a result of repeated forces. Tensile splitting of 
brick units was observed at stress leveIs as low as 70% of 
average ultimate static strengths. Strength reductions were 
observed to be influenced by mortar strength, the amplitude of 
the alternating stress and the number of cycles. 

Specimens fabricated with relatively strong mortar (Type S) were 
found to be more sensitive to repeated forces than specimens 
with a weaker mortar (Type O). Residual deformations per cycle 
were larger for Type S specimens and failure occurred within 
fewer cycles. Strength reductions were larger for specimens 
with the stronger mortar. 

The authors suggest that a mathematical model for masonry sub­
jected to repeated compression could be formulated based on the 
coupling of elastic straining of a brick unit with the inelastic 
straining of confined mortar. Reductions in splitting strength 
of a brick unit as a result of cyclic forces could also be 
included in the modelo 

Suggestions for future research include this formulation based 
on experimental investigations of the behavior of constituent 
materials subjected to multiaxial repeated stresses. Moreover, 
effects of repeated compression on response of test prisms 
fabricated using different types of masonry units, mortars, 
grouting procedures, and reinforcing schemes should be studied. 

8. ACKNOWLEDGEMENTS 

The study presented was part of an ongoing program of research 
into the earthquake resistance of masonry structures at the 
University of Colorado. Research was funded by the National 
Science Foundation under a University-Industry cooperative pro­
gram with the engineering firm of Atkinson-Noland & Associates 
in Boulder. Appreciation is extended to Mr. Peter Waugh, former 
graduate student in civil engineering, for collection and inter­
pretation of test data. 

9. REFERENCES 

(1) MACCI, G., "Behavior of Masonry Under Cyclic Actions and 
Seismic Design". Proceedings of the Sixth International 
Brick Masonry Conference, Rome, Italy, May 1982. 

(2) WILLIAMS, D., and SCRIVENER, J.C., "Response of Reinforced 
Masonry Shear Walls to Static and Dynamic Cyclic Loading". 
Proceedings of the Fifth World Conference on Earthquake 
Engineering, Rome, Italy, June 1973. 

575 



(3) WOODWARD, K., and RYAN, F., "Influence of Vertical Compres­
sive Stress on Shear Resistance of Concrete Block Mason ry 
Walls". U.S. Department of Commerce, National Bureau of 
Standards, Center for Building Technology, Report No . NBSIR 
84-2929, October 1984. 

(4) HSU, T.C., "Fatigue of Plain Concrete". Journal of the 
American Concrete Institute, No. 4, Proceedings Vol. 78, 
July-August, 1981, pp. 292-305. 

(5) Report by Rilem Committee 36-RDL, "Long Term Random Dynamic 
Loading of Concrete Structures". MateriaIs and Structures, 
Vol. 17, No. 97, Jan.-Feb., 1984, pp. 1 to 74. 

(6) McNARY, W.S., ATKINSON, R.H., ABRAMS, D.P., and NOLAND, 
J.L., "Basic Properties of Clay-Unit Masonry in Compres­
sion". Proceedings of Eighth World Conference on Earthquake 
Engineering, San Francisco, California, July 1984. 

(7) ATKINSON, R.H., and NOLAND, J.L., "A Proposed Failure Theory 
for Brick Masonry in Compression". Proceedings of the Third 
Canadian Masonry Symposium, Edmonton, Canada, June 1983. 

576 


