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Abstract A measurement technique (digital image

correlation) is used for a critical evaluation of

simplified models for infilled framed structures. It

allows for the assessment of displacement and strain

fields in the panel of interest. Several specimens,

including infilled and partially infilled frames were

subjected to cyclic lateral loads. It was found that two

very different deformation mechanisms appear in the

masonry panels namely, a first one during the hard-

ening phase and another one, completely different,

during the softening stage. For the former, strain

concentration bands are observed. After the peak load,

horizontal bands appear in the middle of the panels.

The Polyakov assumption, i.e. that the panel can be

replaced by struts in the analysis, is validated in the

hardening stage. However, the orientation of the struts

suggested in the literature was not found experimen-

tally. The experimental results demonstrate that the

inclination of the bands depends on the brick dimen-

sions and arrangement. Further, the final failure

mechanism corresponds to a sliding shear mode.

Keywords Framed structures � Masonry � Models �
Correlation technique � Failure modes �
Seismic behavior

1 Introduction

The necessity for including the masonry in the analysis

of the global behavior of framed structures such as

buildings subjected to overloads like earthquakes,

settlements, impacts or explosions has been well

established.

Numerous experimental studies carried out on

infilled frames are reported in the literature; amongst

them, let us mention those of [1–12]. These works

describe tests that range from one bay-single story

specimens to two bay-four story buildings [4]; many

of them subjected to cyclic lateral loadings that are

intended to represent seismic effects.

Asteris et al. [13] classify the failure modes

observed experimentally into five categories as shown

in Fig. 1.

A state of the art of the models for the analysis of

infilled frames can be found in Asteris et al. [14]. In

that paper the approaches for the modeling of the

behavior of the infill frames are classified into two

categories, namely micro-models [14–23] and macro-
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models [1, 2, 13, 24–34]. In the former, the masonry is

represented as a continuum discretized into numerous

finite elements. Each element describes in a very

detailed way the heterogeneous nature of the material

degradation; in some cases using homogenization

techniques, or even including distinct sub-elements for

each material of the infill. In the later approach, the

infill is usually substituted by a single diagonal strut,

or a set of them.

The micro approach gives a rich description of the

phenomena taking place in the infill under overloads

including the interface between frames and infill [15].

The corresponding models intend to consider all

possible failure modes, but their use is limited to very

simple structures due to the complexity of the analysis

and the large amount of data that is collected. For large

structures such as buildings, any of the aforemen-

tioned macro models is usually chosen. Very simple

and schematic results are obtained in that case,

generally describing only one or two failure modes

[13], but they are considered accurate enough for

engineering purposes.

The case of the infill frames with openings has been

deeply studied because of the complexities involved

[13, 35–37]. The modes of failure of infilled frames

with openings are far more complex than those of solid

infill panels. The multiple-strut models provide better

modeling of both the infill and its interaction with the

RC frame, but cannot be used in general purpose finite

element software because of the complexities

involved in their implementation [13]. The modeling

of the masonry infill with openings is still an open

subject and requires further studies [37].

In this work, the macro approaches are experimen-

tally evaluated. The difference between this study and

the aforementioned ones is the use of digital image

correlation (DIC) to enrich the experimental database.

When this technique is used, the specimen surface is

prepared in order to create a random texture. The

specimen is loaded and digital pictures are taken at some

predetermined intervals. The pictures are subsequently

analyzed by using a correlation software (CORRELI-Q4 in

present case) [38] that determines displacement and

strain fields with respect to some reference image as

described in the third section of the paper. The use of the

DIC technique gives objective and quantitative data of

the amount and location of strain and cracking concen-

trations. As a result, the strut approach is validated

although not in the way that has been proposed in any of

the references cited in the paper.

The experimental tests and the kinematic measure-

ments obtained using the DIC technique are described in

the fourth section of the paper and the critical evaluation

of the different macro-models is given in the last section.

The observations presented in this paper can be used

in the development ofnew and simpler models that might

describe the masonry behavior in a more precise way.

2 Simplified approaches for masonry analyses

The substitution of the masonry panel by a single

diagonal strut element was proposed in the pioneering

work by Polyakov [25], as it is shown in Fig. 2. In the

case of cyclic loadings, the infilled panel is repre-

sented by two diagonal strut bars.

P
(a)

P
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P
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P
(d)

P
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Fig. 1 Different failure

modes of masonry-infilled

frames: (a) corner crushing

mode; (b) sliding shear

mode; (c) diagonal

compression mode;

(d) diagonal cracking mode;

(e) frame failure mode
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Zarnic and Tomazevic [27] proposed a modified

version of Polyakov’s model. The diagonal strut is

connected to the frame at some distance of the beam-

column joint such as indicated in Fig. 3. The justifi-

cation of this modification was that the damage in the

upper part of the panels, in some tests, occurred far

from the diagonal.

The introduction of multiple struts in each direction

has also been proposed [1, 24, 28, 30, 39]. The

descriptions given in those references are shown in

Figs. 4, 5.

2.1 Digital image correlation technique

DIC is applicable to a wide range of nano and micro

[40, 41], meso [42] and macro scales [43]. DIC is an

optical method to measure displacements on an object

surface [42] or in the bulk [44, 45] by comparing the

object texture at different states, usually one before

loading and the other one after being deformed. The

displacement field, for example of a planar object, has

two in-plane components, say u and v, and one out-of

plane component, w. The two in-plane displacement

components are directly computed by DIC. Subse-

quently, the displacement gradients are then derived

by spatial differentiation of the displacement field

data. More details regarding this approach are pro-

vided by [38, 40–46].

3 Experimental analysis of confined and partially

confined masonry walls

3.1 Single bay infilled frame (IF1)

The results of four specimens tested at the Laboratory of

Structural Mechanics of Lisandro Alvarado University

[47, 48] are presented in this work. The first one, referred

to as IF, is a one-bay infilled frame as shown in Fig. 6a.

The specimen was subjected to prescribed cyclic

displacements at the top as shown in Fig. 6b and the

response is presented in Fig. 7a. A heavy concrete beam

was built at the top of the frame to avoid tractions. The

details of the frame are included in Appendix 1. The size

of the concrete masonry blocks was 40 9 20 cm with a

thickness of 15 cm. The infill was built in the standard

overlapped way.

VVFig. 2 Diagonal strut

model

P

Fig. 3 Zarnic and Tomazevic’s model [27]

(a) (b)

(c)

Fig. 4 Multiple strut models according to (a) Smith [1];

(b) Chrysotomou [39]; (c) Crisafulli et al. [30]
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Figure 7 shows the strain fields. In Fig. 7b, it is

possible to appreciate high levels of strains at the

borders between the frame and the infill that appear at

the peak of the first loading. Low strain values are

observed in the remainder of the wall. Notice too that

the lower left and upper right corners exhibit no

significant strains. Figure 7c shows the strain field

when the direction of the lateral force changes. The

same strain pattern is observed with a change of the

unloaded corner.

Strain fields during the second cycle are shown in

Fig. 7d, e. A sudden change in the deformation pattern

is observed. Diagonal bands at a roughly 45� angle

appear in the wall for positive (Fig. 7d) and negative

displacements (Fig. 7e). Figure 7f, g show the strain

fields at a subsequent cycle after the peak of the

applied force. A different pattern of deformation is

observed with predominant horizontal bands with high

strain levels. These bands are connected with the

corners of the frame by short 45� branches.

3.2 Single bay partially infilled frame (PF)

In the present test, the same frame was partially

infilled as shown in Fig. 8 and subjected to the loading

path presented in Fig. 6b. This type of configuration is

commonly found in scholar facilities in Venezuela and

other tropical countries.

The global response of the specimen is indicated in

Fig. 9a. The strain fields at the third cycle are shown in

Fig. 9b, c. Two different sets of diagonal bands are

observed. Although the deformation pattern is com-

plex, the bands start at the corners of the wall and

follow an approximately rectilinear trajectory with a

45� angle again. It is important to underline the

presence of two different branches in this specimen

when compared with the IF1 test. As in that test, the

deformation pattern with diagonal bands changes to a

set of predominantly horizontal branches after the

loading peak as shown in Fig. 9d, e.

3.3 Two-bay partially infilled frame (TF)

A two-bay frame (Fig. 10), also partially infilled, was

tested the same way. The details of this specimen are

included in Appendix 2. The force versus stroke curve

is shown in Fig. 11a. There were no significant

differences between the deformation patterns in the

PF and TF tests. The strain fields are shown in

Fig. 11b–e.
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Fig. 5 Multiple struts

models according to (a) El-

Dakhakhni et al. [24];

(b) Chrysostomou et al. [28]
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Fig. 6 (a) Single bay

infilled frame (IF1);

(b) history of jack

displacements
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3.4 Squat infilled frame (SF)

It is worth noting that in the PF and TF tests there are

different sets of 45� bands while in the IF1 test the

branch could be interpreted as a corner-to-corner strut,

as usually assumed in the macro-models, but also as a

45� compression band. In order to determine whether

the difference in behavior is due to the aspect ratio of

the wall or because of the partial confinement of the

infill, a new test was carried out. A masonry wall with

the same aspect ratio as the PF test, but completely

confined (Fig. 12) was subjected to the same cyclic

loading. As seen in Fig. 13b, the bands at 45� of the PF

test are again observed during the first cycles. After the

peak, the bands become predominantly horizontal as

shown in Fig. 13c.
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Fig. 7 Single bay infilled

frame (IF1); (a) force vs.

displacement curve; (b) and

(c) strain fields in the first

cycle; (d) and (e) strain

fields in the second cycle;

(f) and (g) strain fields in a

subsequent cycle after the

peak
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3.5 Single bay infilled frame (IF2)

In order to evaluate the influence of the aspect ratio

of the blocks in the deformation pattern, an infilled

frame was built using concrete blocks of

20 9 27 cm with a thickness of 15 cm. The spec-

imen (Fig. 14a) was subjected to the mono-sign

loading presented in Fig. 14b. The strain field

during the test is shown in Fig. 15. As can be

appreciated in this figure, several sets of diagonal

bands appear in the wall but this time with an

inclination of 56�.Fig. 8 Single bay partially infilled frame (PF)
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Fig. 9 Single bay partially

infilled frame (PF) (a) force

vs. stroke response; (b) and

(c) strain fields in the third

cycle; (d) and (e) strain

fields in a subsequent cycle

after the peak
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4 Evaluation of the simplified approaches

and conclusions

Two different deformation patterns were observed

during the tests. In the first stage, during the hardening

phase, inclined bands appeared (see for instance

Fig. 7d, e, 9b, c, 13b, 15b, c). In all the tests, the end

of this stage coincided with the maximum load

capacity of the structure. A different pattern of bands

was observed during the softening phase of the tests

(see for instance Fig. 7f, g, 9d, e, 13c). These bands

were predominantly horizontal and connected to the

beam-column joint by short inclined bands.

If these observations are related with the failure

modes described in Fig. 1, it is interpreted that there is

a shift from a predominantly diagonal compression

mode of deformation to a sliding shear degradation

mode.

The use of the DIC technique confirms the validity

of the Polyakov’s approach but only during the

hardening phase of the loading, namely, the infill

masonry panel may be substituted by compression

struts because concentrated strain bands are observed

in the wall while the rest of it remains mildly

deformed.

As proposed in some aforementioned references,

more than one compression band appears in the panel.

During the hardening phase of the tests, a single

dominant band was observed in two cases (IF1 and TF

tests); in the other three tests (IF2, PF and SF), two

distinct bands are identified.

A significant difference between the DIC results

and the models proposed in the literature is related to

the inclination of the ‘‘struts.’’ In the tests, the bands

are oriented at approximately 45� with respect to the

horizontal line in the specimens built with blocks with

aspect ratios equal to 1:2 and 56� in the one where the

aspect ratio was equal to 1:1.5. The struts in the model

are always related to the corner to corner inclination of

the wall. In walls with an aspect ratio close to one,

which corresponds to most of the cases studied in

laboratories, both criteria coincide. This result dem-

onstrates that the inclination of the bands depends on

the brick dimensions and arrangement.

As aforementioned, a sudden modification of the

deformation pattern occurs at the beginning of the

softening phase. The bands change from inclined to

predominantly horizontal. In this second stage, multi-

ple bands were observed.

Taking into account that the physics of the critical

softening stage is not correctly described by the

diagonal strut model, it would be interesting to

develop a new macro-model based on a more realistic

deformation pattern, namely, one that would be able to

describe the two dominant cracking modes. On the

other hand, in order to be attractive for practical

Fig. 10 Two-bay partially infilled frame (TF)
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applications, the formulation of new model should not

add significant mathematical complexities.

DIC could be very useful for the verification of the

boundary conditions considered in the analysis per-

formed with micro-models. As it is explained by

Asteris [15], one of the main problems found in the

analysis of the behavior of infilled frames under lateral

load is to do a realistic estimation of the contact

conditions between the infill and the RC frame. In the

images, it is possible to evaluate the evolution of the

contact lengths between the panel and the frame

with the variation of the lateral load magnitude and
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direction. In general terms, it is observed a rapid

separation between masonry and frame, remaining

contact only at the corners of the diagonal. Addition-

ally, it can be observed that there is not contact for the

opposite diagonal; this fact validates the unilateral

behavior hypothesis, i.e. the struts are active only when

are subjected to compression stresses.
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Appendix 1

See Fig. 16.
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Appendix 2

See Fig. 17.
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