


Table 1. Physical and Mechanical Characteristics of Prototype and Model

Property Prototype Model
Area in plan, m” 51,28 12,82
Size of door openings, mm 970 x 2170 485 x 1085
Size of window openings, mm 1120 x 1000 560 x 500
Story height, mm 2400 1200
Clay brick size, mm 60 x 120 x 240 30 x 60 x 120
Mortar joint thickness, mm 10 5

TC cross-sectional dimension, mm 120 x 120 60 x 60
BB cross-sectional dimension, mm 230 x 120 115 x 60
Slab thickness, mm 120 60
Size of foundation beams, mm 240 x 240 120 x 120
Diameter of longitudinal steel bars, in. (mm) 3/8 (9,5) 3/16” (4,76)
Hoop diameter, in. (mm) 4 (6,4) 1/8 (3,2)
Maximum size of aggregate, in. (mm) % (19) 3/8 (9,5)
Maximum size of sand grain, mm 4,76 2,38
Nominal strength of concrete, MPa 19,6 19,6
Nominal strength of mortar, MPa 12,3 12,3
Nominal yield stress of longitudinal steel, MPa 412 412
Nominal yield stress of hoops, MPa 245 245

Materials and Construction

Model clay bricks were especially manufactured in a typical brick factory near Mexico City. The mortar
used to join the units had a cement:lime:sand ratio of 1:0,5:3,5 (by volume). The grading of the sand was
scaled down to obtain a maximum size of 2,38 mm. The mortar joint had a thickness of 5 mm, with a 1-
mm tolerance. In TC’s and BB’s, concrete with a cement:gravel:sand ratio of 1:2:3 (by weight), a
maximum coarse aggregate size of 9,5 mm and a superplasticizer to facilitate concrete placement, were
used. Deformed 4,76-mm diameter wires were used throughout for the longitudinal reinforcement of
TC’s, BB’s and slabs; hoops were made of 3,2-mm diameter smooth wires. A heat-treatment process was
required to adapt the wire stress-strain characteristics to those required by the rules of similarity, i.e. the
characteristics of typical reinforcing steel in Mexico. In order to measure the mechanical characteristics of
the materials, small-scale mortar cubes, concrete cylinders, masonry prisms, and square masonry walls, as
well as wire coupons were sampled. Average measured mechanical properties of materials at the time of
testing are shown in Table 2.

Both models were constructed following the regular practice in Mexico City. Walls were built by halves;
firstly, the lower half of the walls, along with the lower half of the TC’s was constructed. Secondly, the
upper half was built. Finally, BB’s and floor slabs were cast monolithically.

Instrumentation and Test Program

To assess the global and local behavior, specimens were instrumented with acceleration, displacement and
strain transducers. During the tests, story displacements, table and story accelerations, wall deformations
and reinforcement strains were recorded.

Two earthquake motions recorded in epicentral regions in Mexico were used as basis for the testing
program. One was the motion recorded in Acapulco, Guerrero, in April 25, 1989, during a M=6,8
earthquake with PGA=0,34g. The other was that recorded in Manzanillo, Colima, in October 10, 1995,
during a M=8,0 quake with PGA=0,40g [7]. Both records were considered as Green functions to simulate
larger magnitude events (i.e. with larger instrumental intensity and duration) [8]. For the Acapulco record,
earthquakes with magnitudes 7.6, 7.8, 8.0 and 8.3 were simulated, whereas for the Manzanillo record,



earthquakes with magnitudes 8.1, 8.2 and 8.3 were simulated. Once the records were numerically
calculated, acceleration and duration were scaled, both in acceleration and duration, to fulfill the
requirements of similarity models.

Table 2. Mechanical Properties of Materials (MPa)

M1 M3
Compressive strength of clay brick units 11,8 11,8
Compressive strength of mortar (cubes) 19,7 16,2
Compressive strength of masonry (prisms) 7,0 6,9
Axial stiffness of masonry (prisms) 1630 1974
Diagonal compression strength of masonry (walls) 1,20 1,18
Shear modulus of masonry (walls) 1250 807
Compressive strength of concrete (cylinders) 26,2 21,8
Elastic modulus of concrete 17801 17009
Yield stress of longitudinal reinforcement 493 493
Strength (ultimate stress) of longitudinal reinforcement 584 584
Yield stress of hoop reinforcement 269 269
Strength (ultimate stress) of hoop reinforcement 320 320

M1 and M3 were subjected to a sequence of seismic excitations by gradually increasing the intensity of
motion at each test run up until the final damage state was attained. Because during testing of the
specimens, expected performance levels (i.e. damage states) were not attained due to the large lateral
strength and stiffness of the specimens, several modifications were done to the models. In M1, walls MC1
and MC3 were fully eliminated (Fig. 1), walls ME5, MO5, ME6, MO6 were cut into small narrow walls,
and a 47 percent extra mass was added. In M3, only walls MC1 and MC3 were eliminated. A total of 28
and 13 test runs were applied to M1 and M3, respectively. Between each test run, a random acceleration
signal (white noise) at 50 cm/s” (0,05 g) RMS was applied to identify changes in the dynamic properties.

TEST RESULTS
Crack Patterns

Final patterns of cracking are shown in Fig 2. As it was mentioned, models with their original wall
configuration only suffered minor cracking suggesting behavior within the elastic range. At this stage, the
response was characterized by horizontal cracks at the base of the walls. After removing the wall above
mentioned, and at larger intensity motions, damage in both specimens was governed by inclined cracking
of the N and S facades. Simultaneously, horizontal cracks uniformly distributed over the TC’s and walls
on the E and W sides were observed. Slabs also showed cracking perpendicular to the direction of the
base motion attributed to slab bending at the door openings. At the end of the tests, damage was
characterized by crushing of the masonry walls, cracking and crushing of the concrete TC’s and by
kinking of the longitudinal steel at the TC’s ends (dowel action). Similarly, shallow cracks in walls MO1
and MO4 at the West side, and out-of-plane sliding in walls MS4 and MN4 was observed, which suggests
some torsional response. Analysis of data later confirmed that shear deformations controlled the response.

In M1, damage was mainly characterized by horizontal and inclined cracks. The first inclined cracks
formed near the wall center, and propagated towards the corners TC’s ends, except for walls MS4 and



MN4, where behavior was dominated by a shear-sliding mechanism (horizontal cracks at the walls base)
and inclined cracks in the lower part. First diagonal cracking occurred at a drift ratio to 0,36%. Crack
propagation into the TC’s ends, thus shearing off these elements, was recorded at a drift ratio to 0,67%. At
the end of the test runs, maximum recorded drift ratio was 1,83%.

In M3, damage was mainly concentrated in the first story (ground floor). In general, walls exhibited one or
two large inclined cracks at 45-deg (X-shaped). First diagonal cracks formed at a drift ratio to 0,25%.
Penetration of inclined cracking to TC’s ends was recorded at a drift ratio to 0,43%. A full soft-story
mechanism was readily observed during test runs for which the maximum recorded drift ratio was 1,75%.
In the second story, few horizontal cracks at the base of the walls were observed, whereas in the third story
no cracking was observed.

Fig. 2 Final Cracks Patterns

Hysteresis Curves

To assess the overall performance of structures M1 and M3, the hysteresis curves in terms of the base
shear and lateral drift ratio of the first story are shown in Figs. 3 and 4, respectively. The base shear was
calculated from measured accelerations at each floor slab center of gravity and by considering the
specimen mass and extra mass from lead ingots.

Hysteresis loops were typical of CM structures. To facilitate comparison between specimens, and among
other specimens tested under dynamic or static conditions, three limit states were defined: elastic (E),
maximum or strength (M) and ultimate (U).

The elastic limit was defined by the occurrence of the first inclined cracking in the masonry wall; strength
was achieved when the maximum base shear was resisted; and the ultimate limit state was considered at a
lateral drift ratio when 20 percent reduction in strength was recorded. Cycles within the elastic limit



experienced some hysteresis attributed to wall flexural cracking at initial stages. As it is common in CM
structures, specimens attained their strength at loads higher than those associated to first inclined
cracking. Specimen M1 showed stable and symmetric loops up to large drift ratios, whereas in M3,
hysteresis curves were stable and symmetric up to the strength limit state, after which a severe strength
and stiffness decay, because of damage over the panels and at TC’s ends, was developed. As it is
customary in shear-governed members subjected to inelastic deformations, response curves exhibited
severe pinching, especially at very large lateral drift ratios associated to failure of the structure. In M3, at
the ultimate limit state, a fast degrading process, involving sliding along the first story inclined cracking
and crushing of masonry and concrete, was clearly observed. It was apparent that stories 2 and 3 laterally
deformed very slightly, suggesting a rigid body motion over the first story. This phenomenon led to a
concentration of deformations and damage at the first story which performed as a soft-story with a shear-
governed mechanism.

The envelope curve for M3 in Fig. 4 is drawn with different colors and markers depending on the
specimen wall layout. The line and square markers in blue correspond to the specimen with the original
wall layout. For this structure, the wall density index was 4,1 percent. The wall density index was
calculated as the ratio of the wall area in the direction of loading and the floor plan area. The line and
round markers in red relate to the specimen response after MC1 and MC3 had been removed (walls
removed are indicated by two red X’s in the figure), thus leading to a lower wall density index (2,9
percent). Wall removal in the middle axis evidently modified the trend of the envelope curve. In an effort
to visualize a possible envelope should the original wall index had been kept constant, envelope values for
the modified specimen (i.e. without walls MC1 and MC3) were affected by the ratio of the wall density
indexes, namely, 4,1 / 2,9=1,4. The envelope of this virtual specimen is shown with the line and triangles
in green.

Comparing the shape of the envelope curves for M1 and M3, as well as the force and drift ratio values for
the three limit states identified, it is apparent the similitude in the response. The latter supports the idea
that the performance of the three-story structure, M3, was controlled by the first story which, in turn, was
governed, as in M1, by shear deformations.

Also drawn in the response envelopes curves in Figs. 3 and 4 are the strength predictions using the
Mexico City Building Code requirements, MCBC [9-10]. The calculation involved measured material
properties at testing and actual wall dimensions. It is clearly evident that the specimens” overstrength were
2,0 and 1,3, for M1 and M3, respectively.

Test results are summarized in Table 3. Seismic shear coefficients and first story drift ratios at the limit
states selected are presented for M1 and M3. For comparison, the results two-story full-scale 3D structures
tested under static lateral loading are also included [11]. It is apparent that for M1 and M3, drift ratios at
first inclined cracking (i.e. limit of the elastic range) were more than double the average drift observed in
static tests. On the other hand, drifts at strength in dynamic and static tests were comparable for M3, but
much larger for M1. These findings are quite important because, many design regulations, such as
Reference 10, limit the lateral drift ratios to values that were basically derived from static tests on isolated
walls and wall subassemblages. For example, the inclined cracking lateral drift ratio for design is 0.15%,
whereas the inelastic drift ratio permitted for CM structures is 0.25%. From these results it is clear that
drift ratios for inclined cracking could be increased, while the largest drift to be permitted should be
limited to that observed at strength, i.e. 0.4%, approximately. Evidently more studies and data are needed,
especially to consider the variability of drift ratios.
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Fig. 3 Hysteretic Curves and Response Envelope for M1
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Fig. 4 Hysteretic Curves and Response Envelope for M3



Table 3. Measured response characteristics

Seismic shear coefficients (g) Drift ratio at first story (%)
Test Model Elastic Maximum Ultimate Maximum | Elastic | Maximum | Ultimate Maximum
Elastic Elastic

Dynamic M -3,83 -4,18 -2,41 1,09 -0,36 -0,66 -1,61 1,83
3,56 3,74 2,22 1,05 0,28 0,67 1,83 2,39

M3 -1,53 -1,71 -1,27 1,12 -0,26 -0,48 -1,75 1,85

1,44 1,58 1,31 1,10 0,24 0,38 0,79 1,58

Static 3D -2,56 -3,17 -2,69 1,24 -0,08 -0,39 -0,55 4,88
2,80 3,43 2,63 1,23 0,13 0,36 0,50 2,77

To assess the force response of M3 under dynamic excitations, envelopes of the maximum lateral forces
induced by the runs were plotted for the limit states above mentioned (Fig. 5). The inertial force at each
floor slab was calculated by multiplying the maximum recorded acceleration in the slab center of gravity
and the tributary mass of that particular story. The tributary mass comprised the masses of the slab and
lead ingots, plus half of the mass of walls above and/or below the story.

From the graph is evident that lateral force distributions up to the elastic limit clearly followed the
commonly assumed triangular shape distribution. This is an indication that the first mode was the
fundamental mode of vibration. In contrast, for larger lateral drift ratios, when the maximum load carrying
capacity (strength) and ultimate were reached, force distributions changed by concentrating the forces in
the first story, again suggesting the formation of a soft-story mechanism (see the cyan line for the ultimate

limit state).
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Fig. 5 Lateral Force Distribution for Different Limit States for M3

Stiffness Degradation
Previous test programs aimed at assessing the main characteristics of the hysteretic response of CM

structures have indicated that loss of stiffness is typical even at drift ratios significantly smaller than those
at initial inclined masonry cracking. Moreover, a parabolic decay has been noted so that at drift ratios to
0.5%, the remaining stiffness is of the order of 20 percent of the initial, uncracked stiffness [4]. To assess
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the stiffness degradation phenomenon, peak-to-peak stiffnesses, K, were calculated for representative
cycles in both models. Normalized peak-to-peak stiffness - first story drift ratio curves for M1 and M3
models are shown in Fig 6. The peak-to-peak stiffnesses were normalized with respect to the initial
stiffness of M1 and M3. Similarly to the envelope curves for M3, values corresponding to the specimens
with modifications in the wall layout are presented with different colors in lines and markers.

Stiffness decay was observed at low drift ratios, even before first inclined cracking became apparent. This
phenomenon is attributed to incipient wall flexural cracking, and perhaps, to some micro-cracking
(invisible to the naked eye) in masonry materials, local loss of mortar bond and adjustment of brick
position. After first inclined cracking, but before reaching strength, the decay increased with drift ratio. At
larger drift ratios, K, remained nearly constant. At this stage, stiffness decay is associated to cracking and
crushing in masonry walls and RC confinement members.
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Fig. 6 Stiffness Degradation

The response recorded for M1 and M3 closely resembles that calculated for specimens tested under static
loading in Mexico, as can be noted by comparing to several stiffness curves included in Fig. 7. Such figure
is taken from Flores [3].

Energy Dissipation

The energy dissipated during the tests was computed as the area within the hysteresis loops from
the base shear—drift relations. The total cumulative energy dissipated for M1 and M3 are shown
in Fig.8. It is evident that M1 dissipated, in absolute terms, more energy that M3; moreover, at
same drift ratios, M1 also dissipated more energy. At present, it is contended that the failure
mode of M1, characterize by shear and sliding mechanisms, contributed to the difference.
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CONCLUSIONS

Based on the observations made during the tests and the limited data analysis conducted so far, it may be
concluded that the dynamic performance of CM structures clearly indicated that actual design
requirements in Mexico are quite safe; actually, are quite conservative. This conclusion may justify the
need for reducing the number and complexity of stringent requirements in the code. Comparing the
calculated and the measured strengths, it was found that the level of overstrength of CM structures is of
the order of 2. Also it was found that the drift ratio corresponding to cracking was about 2,5 times the
average value observed in static tests, and that the maximum drift ratio to be allowed for the design of CM
structures is 0.4%. Such results are of significance should a performance based seismic design approach is
decided for CM structures. Based on the failure mode observed, the analytical model for design and
assessment could be simplified by assuming that all inelastic deformations would take place at the first
story and would be controlled by shear.
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