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Abstract

The use of infill walls as part of structural system affect strength, stiffness, dynamic response and overall seismic response
of the structure. However, inappropriate arrangement of the infill walls may result in twisting when the structure subject to
earthquake loading. In the current design standards, an equivalent strut model is prescribed to account for the stiffness and
strength of the infills. Backbone model of the equivalent strut is defined based on a bilinear model that includes only
effective parameters of infill i.e. ultimate strength and stiffness. Use of this model involves several deficiencies which
include inability to track crack propagation, unrealistic behavioral compared to actual response of the infill and in some
cases, inappropriate prediction of the infill behavior.

In This study, the main objectives are to identify effective parameters of the frame behavior and to propose a model which
accounts for influential parameters. A micro-model of the steel infill frame is first created using the ABAQUS finite
element software. The parameters affecting the response of the infill frame were studied after validation of the model
against experimental results. A model was then proposed by replacing the infill by an equivalent strut to overcome some of
the shortcomings of the current models. The proposed model consists of initial stiffness, cracking point, secondary stiffness,
maximum capacity and failure point, which are presented using a multi-linear response. The results showed that the effect
of fillers on the behavior of infill frame is so significant. Response of the frame is also influenced by vertical mortar or
mortars amongst beams, columns, and infill. Furthermore, the proposed multi-linear model can present a more accurate
estimation of the infill behavior.

Keywords: steel frame, masonry infill, micro-modeling, compressive strut, multi-linear model

1. Introduction

Unreinforced masonry infills are widely used in buildings as the exterior walls and partitions. The interaction
between infill and frame results in increasing the bearing capacity and stiffness of the composite frame compared
to the bare frame. In design, buildings are typically considered as frames consisting of key structural members
such as beams, columns, and shear walls; whereas, the role of infill is neglected in the structural analysis and
design.

So that consideration of infill role in analysis and design process is necessary. In modern structural design
standards, design recommendations and behavioral models have been provided.

The behavioral models proposed by researchers e.g. Mainstone [1] are generally based on the use of an
equivalent strut which is represented by the stiffness and ultimate capacity. The proposed models in literature
have developed with several simplifications which may results in conservatism in the predication of the overall
structural behavior or overestimation of local damages.

In this paper, the effect of influential parameters on interaction between the steel frames and infills are
considered. Additionally, recommendations are presented to improve the existing models which includes the
initial stiffness, cracking point, and secondary stiffness and failure point.
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2. A review of the previous research studies on composite steel frames

Polyakov [2] performed a research on the composite steel and concrete frames under lateral loading. The study
concluded that the response of the frame and infill is combined until cracks emerge. Also, the idea of application
of diagonal member was proposed in this study. Malcolm Holmes [3] suggested an equivalent strut model based
on the experimental studies conducted on steel frames with infills. He proposed the strut width as a coefficient of
the infill diameter.

b

L

In the study by Stafford Smith [4], the stiffness parameter of the infill-to-frame was used in the modeling and the
contact length between the boundary element in the frame and infill wall was determined. In 1968, Stafford
Smith conducted an experimental program under uniform distributed load applied on the upper beam of a single-
span one-story steel frame. A significant increase in the lateral strength of the infill frame was observed, which
depends on the aspect ratio of the infill [5]. In 1977, Bura and Marlic [6] verified the parametric relationship
proposed by Smith by means of a testing program performed on the composite steel frames. Mainstone [1]
proposed an empirical relationship in order to calculate the width of the equivalent compressive constraint. In
this relationship, the concept of equivalent compressive constraint is used. Riddington and Stafford Smith [7]
performed finite element analysis on several models of infill frames. Empirical relations have been used to
calculate shear, diagonal tensile, and vertical compressive stresses at the center of the wall. They found that the
stresses at the center of the infill are strongly influenced by height to the length ratio of the infill. Also, it was
found that they are not influenced by the frame stiffness and inter-boundary friction. Stafford Smith and
Riddington [8] proposed a method to design the composite steel frames. In this approach, the probability of
occurrence of each failure mechanism including shear, tensile and corner failure has been considered. In 1980,
Klingner [9] confirmed the final relationship proposed by Mainstone [1].

Liauw and Kwan [10] proposed an empirical relation based on the geometry for the first time. Then, Liauw and
Kwan [11] presented a method for plastic analysis based on the laboratory observations and performing
nonlinear analyses on the composite frames with regard to the stress redistribution in the infill. In this method,
several relationships were proposed to calculate the ultimate load for different failure modes.

Moghaddam and Dowling [12] have conducted some experiments on the composite steel frames which have a
distance equal to 10 mm between the boundary elements and infills. Dawe and Seah [13] studied the effects of
different factors such as bracing the infill to the column, strength of the mortar, and the friction between the
frame and infill. EI-Haddad [14] developed a program to analyze the composite frames using the finite element
method and fracture mechanics. The program considers several factors including the size and location of the
crack, the relative stiffness of the infill and the frame, the geometry of the frame, and the contact length of the
infill.

Paulay and Priestley [15] suggested that in analyzing the composite frames, the infill could be considered as the
diagonal bracing members with hinge ends. Also, they found that the effective width of the compressive
constraint can be considered equal to one quarter of the wall diameter in order to calculate the stiffness of the
composite frame. Durrani and Luo [16] found that the strut width can be defined as a factor including the column
characteristics in a proportion of the infill diameter. Mosalam et al. [17] conducted a series of quasi-static
experiments on the composite steel frames. EI-Dakhakhni et al. [18] developed a two-dimensional finite element
model to analyze the composite steel frames using the ANSYS finite element program. In this model, the
masonry infills with three compressive constraints are replaced by nonlinear element with force-deformation
characteristics. This method could easily be used in nonlinear analysis of the solid frames under uniform static
lateral loads with peak/maximum bearing capacity. Amato et al. [19] presented a new dimensionless parameter
for stiffness ratio and proposed a new relationship for the strut width based on the test results. Skafidaet.al.
presented four relationships to obtain the strength of equivalent compressive strut [20]. They used the Decanini
and Fantin relationship to compute the strut width [21].
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3. 'Numerical studies

In this study, a numerical simulation has been performed in order to assess the behavior of infill wall. It is felt
that there is a need to propose an elaborate model. For the proposed model, the test model by Flanagan and
Bennett [22] has been used. Flanagan and Bennett tested a composite single- span one-story steel frame at the
University of Tennessee, Knoxuville. In this test, the height to span ratio is equal to unity and the loads of the
frame are applied based on UBC 1991 specifications. The beam and column sections are W310x52 and
W250x45, respectively. The infill dimensions are 2100 x 2100 mm (seven tiles in length and height of infill).
The width of brick unit in the hollow form is 20cm (Fig. 1) [22]. Lateral loading, including incremental uniform
lateral load is applied to the left corner of the wall using hydraulic jacks. For validation purpose, the frame was
modeled using the ABAQUS software and the results were compared with test results. At the loading point, an
elastic element is specified. To model the infill, the brick and half-brick are used. Due to the lack of information
on the type of mortar, the friction angle and mortar cohesion were obtained based on the engineering judgment
.In [22], intervals (0.5 - 0.7) and (30-50) are assumed for the coefficient and friction angle, respectively. A
sensitivity analysis was performed which led to a value equal to 0.526 for the cohesion and 42 degree for the
friction angle [23]. These values are close to the test results by Flanagan and Bennett .The interaction element
called the Drucker - Prager behavioral model, as shown in Table 1, was used to simulate the mortar in the model.
The contact element was used between bricks and structural elements. Octagon cube elements were used for
modeling the beams and columns. The connection of beam and column was simulated using a tie element. The
required restraint was obtained by defining the boundary conditions at column connections. The geometric
characteristics of the frame and the material used are given in Fig. 2 and Table 2, respectively. All other
parameters can be found in [22].

Bl dbee
Table 1 — Characteristics of the brick used in software | [ o
Resilient modulus [23] kg/cm2 56550 j | | I*m_“i“m
Density[23] kg/cm2 0.00086 ! "_
Angel of Friction 44 8 - E, l
Drucker Prager Flow Stress Ratio 1 G
Dilation Angle 50 e e o e

24 he. cold = 11.7%
1 he. boll = 12.1%
8 hr. boll = 12.4%

Fig. 1 —Clay tile property [22]
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Table 2 — Characteristics of the used material in the laboratory model [23]

Parameter Amount Unit

o 14.8 MPa Tile compressive strength

o 5.6 MPa Compressive strength of coherent masonry material
E, 5390 MPa Modulus of elasticity of masonry material at x direction
Ey 2160 MPa Modulus of elasticity of masonry material at y direction
Y 0.14 - Poisson ratio for masonry material

M 0.5-0.7 - Mortar friction coefficient

r 817 Kg/m? Specific weight of masonry material

B)
Fig. 2 —A) Flanagan and Bennett frame [24], B) finite element model

Fig. 3-A, the chart obtained by interested testing infill under cyclic loading has been shown. Since the testing
model is loaded statically and dynamically for studying real behavior of structure under seismic loads, the
backbone of hysteresis curve has been used in order to validate pushover analysis. Fig. 3-B shows a comparison
between the results obtained from the finite element model of the infill frame and the test results. The
comparison reveals a good agreement between the results of finite element and experimental data. The
differences seen in the failure stage is due to difference in type of loading.

0]

200 —
-
P
100 = r
£ w0 -
o -
- = d
< — e
= ] ; 15 P “\
z & r/ ‘\ = = =Experimental
= e P
- 2 - ! — - FEM
'g 0] . [l ] .
d [
-100 | 2 g .
i ~
5 ,’f Ne———
7 ----
-200 o
=50 25 0 25 30 ° : . y :
Displacement (mm) Displaceent (cm)

Fig. 3— A) In-Plane Hysteresis Behavior [22] B)The force-displacement curve of the frame [22]
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The model verified against the experimental results was used to investigate the response of the composite frame.
Characteristics of this model are presented in Table 3:

Table 3 — Characteristics of developed models

Model Base of Model Changes made
MainFEM Flanagan & Bennett model -
AFM30 Main Angle of friction 30
AFMA40 Main Angle of friction 40
AFM50 Main Angle of friction 50
CFMO0.5 Main coefficient of friction mortar 0.5
CFMO0.5 Main coefficient of friction mortar 0.6
CFMO0.5 Main coefficient of friction mortar 0.7
VM Main Remove the vertical mortar
CM Main Remove mortar between columns and infill
BM Main Remove mortar between beam and infill
FEM LH1/2 - length to the height ratio equal 1/2
FEM LH2 - length to the height ratio equal 2

4. Sensitivity analysis of the parameters affecting the behavior of the infill

In this section, the sensitivity of the behavior of the infill with respect to the influential parameters are
investigated. By this change that dimension of the frame is selected equaled to 3x3 since these dimensions are
applicable and close to reality and conventional constructed structures.

4.1 Effect of the friction angle of the mortar

The friction angle is a parameter of the mortar that representing interaction and restraint between mortar and
brick. This parameter is presented in the Mohr-Coulomb relation in the form of a tangent, and its value is
increased by increasing the mortar strength. In the Chen relation, this parameter depends on the masonry
compressive strength. But in this study, only changes in the friction angle on the strength of a masonry unit is
investigated without any change in the compressive strength.
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Fig. 4 —investigation of the mortar friction angle

As shown in Fig. 4, as the mortar friction angle increases, the initial stiffness, e.g. primary slope, is not affected
but the ultimate capacity and the maximum capacity of the composite infill frame are augmented.

4.2 Effect of the mortar friction coefficient

The friction coefficient is a parameter of the mortar that is presented as a coefficient in the Mohr-Coulomb
relationship. In the test specimens used in this study, only variation in the friction coefficient is considered in the
strength of the masonry unit. No change was applied to the compressive strength and the friction angle.
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Fig. 5 —investigation of the mortar friction coefficient

As shown in Fig. 5, as the mortar friction coefficient increases, the boundary crack initiates in the plots. Also, the
initial stiffness is significantly increased. For the coefficients equal to 0.50 to 0.55, the crack initiates in the
diagonal and failure takes place in the corner of the infill. Furthermore, for the friction coefficients between 0.6
and 0.7, these failure modes do not develop. So, the plots show an ultimate failure point. The infill ultimate
failure occurs when the coefficient increases for larger lateral loads and smaller displacements. However, the
maximum capacity of the composite infill frame has not changed significantly, whereas, the ultimate capacity is
reduced as the friction coefficient increases.

4.3 The mortar cohesion

In the masonry infill, different mortars can be used to connect the bricks with two important properties including
cohesion and friction coefficient. Cohesion depends on the strength of the masonry unit. Several test results and
relationships are available to determine the cohesion value. Based on the Pauly and Priestley [15] relationship,
the cohesion strength is obtained from:

7, =0.04 f] (1)

!
Where fm is the compressive strength of the masonry material.

In this paper, the cohesion of the vertical mortar between bricks and infill, between bricks and columns, and
between bricks and beams are investigated.

Based on Fig. 6, it is shown that an increase in cohesion has no significant impact on the initial location of the
crack (boundary crack) but it causes to relatively increase the initial stiffness of the infill. However, the

maximum capacity of the infill is dramatically increased. Also, it’s the impact on the ultimate capacity is lower
than the maximum capacity.

Removing the cohesion between mortar and the column does not indicate significant change in the location of
the boundary crack. The initial stiffness of the infill is significantly reduced while the crack and ultimate failure
of the infill occurred in much lower lateral loads.

By removing the cohesion between mortar and the beam, the infill behavior is independent of cohesion before
diagonal crack initiates. Small difference can be seen in the behavior of the infill when the maximum capacity is
reached.

In general, if the frame and infill are connected, the cohesion has no significant effect on the behavior of the
infill frame. This reason being the separation of the frame and the infill.



q’@ 16" World Conference on Earthquake, 16WCEE 2017
| N

:‘ C Santiago Chile, January 9th to 13th 2017
30
e el
g 4 e
._: / LI ____)__,_...-.- " —
g 15 /AR :
@ = = Main FEM
[ : . w—=Main FET
& 1 _/ /-"’ - =BM
= — VM
3 // - CM
0
0 2 4 6 8 10 12

Displacement { cm )
Fig. 6 —investigation of mortar cohesion
4.3 Aspect ratio

To investigate the frame geometry, three samples are considered. The length to the height ratios equal to 1, 0.5
and 2 were called main, LH1/2 and 2LH infills, respectively.

For LH1/2 infill, the displacement corresponding to the infill maximum capacity did not have a significant
change, while the maximum capacity and initial stiffness were significantly reduced. The boundary crack
occurred in smaller loads and larger displacement. The infill ultimate capacity was less increased with respect to
the maximum capacity.

For 2LH infill, the boundary crack occurred in smaller displacement compared to the other infills. No
pronounced change was observed for the initial stiffness but the maximum capacity was significantly increased.
Diagonal crack, corner failure, and the ultimate failure occurred in larger lateral loads and larger lateral
displacements. Noted that the behavior beyond maximum load cannot be interpreted based on the results
obtained and need further investigations (Fig 7).
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Fig. 7 —Investigation of the height to span ratio of the infill

5. The proposed model

In this section, it has been tried to study all of presented models with regard to acceptable hypotheses based on
results of parametric studies in previous sections and to consider the deficient of prior models and finally to
choose a comprehensive behavioral model through evaluating previous suggestions. It is obvious that estimation
based on the bilinear model has some deficiencies including tracking the locations of the cracks and
inappropriate estimation of the response. This model consist of several parameters and key points: initial
stiffness, cracking point, secondary stiffness, maximum capacity, and failure point.

As shown in Fig. 8 and Fig. 9, the proposed model was verified. The infill was modeled by two methods
including micro-modeling and the equivalent strut. The first method was used for research purpose and the

7
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second one was used for engineering applications. The proposed model was based on use of solid element for
frame and strut as an equivalent for infill. Characteristics such as area, elastic modulus, and strength of strut are
required for definition of this element. To present a comprehensive behavioral model, the results of the
equivalent strut and those of the parametric study were plotted and compared. Then, three models from the
previous parametric studies were chosen. In order to generalize the proposed relationships, three different span
to length ratios were selected.

T maximum capacity
Basze Shear

Es=f E;

cracking point

E

e
-

Dizplacement

Fig. 8 -modeling of the composite frame Fig. 9 —Proposed model the equivalent strut

5.1. Initial stiffness

In the models presented so far, the initial stiffness of the infill frame was neglected before separation develops
between the frame and infill for simplification. Meanwhile, this assumption is far from reality to obtain the
stiffness, period, base shear, and the overall seismic behavior of the structure in the lower levels of loading. For
smaller loads, until the crack occurs, the infill act together with the frame and this is confirmed by the stiffness
previously obtained. Additionally, due to strut performance of the infill, it is concluded that the use a strut with
larger values is appropriate. So that, a coefficient of infill diameter is proposed as the strut width to calculate the
initial stiffness and the strength of the masonry unit. Also, the modulus of elasticity of the strut is taken equal to
that of the masonry unit. Since the above-mentioned method assumes 0.36 x infill diameter as the strut width, as
shown in Fig.10, this method is investigated for the height to span ratio of the strong frame.
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Fig. 10 —Comparing the initial stiffness with the proposed method in different height to span ratios (strong
frame)

5.2. Cracking point:

Moghaddam suggested that separation of the frame from the infill developing at the beginning of the first step of
failure leading to nonlinear behavior of the composite frame [12]. Few researchers have reported this parameter.
This is mainly due to the lack of data. The Mohr-Coulomb relationship is the most important and reliable
relationship in order to determine the cracking force. Equation (2) depends on the frame geometric
characteristics as well as sliding- mechanical characteristic such as the friction angle, cohesion of the mortar, and
masonry unit. =But this is independent of the infill compressive strength. It should be noted that due to the
dominant mode and the materials used in practice, it is assumed that the cracking is of the shear type and the
tensile mode is neglected (Fig. 11). In this relationships, | and t are length and thickness of infill; H and F; are
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exerted force on infill and allowable tensile stress of masonry material, respectively. To and ¥ are shear cohesion
and frictional coefficient in shear surface, respectively.
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Fig. 11 —Achieving the cracking point in different height to span ratios

5.3. Secondary slope

In multi-linear model, it is not permitted to use a slope parallel to the bilinear models, which are previously
presented by others, to obtain the secondary slope. Since all the relationships presented for the strut width are
only used to achieve the ultimate capacity , it is possible to use the width strut proposed by Liauw and Kwan
since the stiffness obtained from FEMA relations is smaller than the stiffness of the cracking point up to the

ultimate capacity. The coefficient @ can be obtained using the values of cracking stress fer) and the stress
corresponding to the maximum capacity (fymax) as follow:

El = Em (3)
, =L (F e — Forir)
W, 4 a = A fa (7
Ap =dt (5) (Elﬂlj )Ezl‘qz B chm)
Ay = Wt (6)

where, Wz is the strut effective width obtained from the Kalory and Papia [19] relationship and W, is the
effective width proposed by FEMA.

5.4. Ultimate strength

In FEMA 306 [25], it is suggested to use of the strut strength considering the alternative compressive strut. This
approach is so common tool while FEMA 356 [26] suggests that the sliding of the infill mortar is the
determining factor in ultimate strength of the composite infill frame. Some researchers such as Mohammadi [24]
have used the minimum values obtained from the Liauw and Kwan relationship and the shear force in the mortar
for the weak frames, whereas, FEMA 306 [25] approach was used for appropriate frames (Fig. 12).

In the proposed model, the strut with a width presented by Mainstone and utilized by FEMA was used in order to
achieve the ultimate capacity. The elastic modulus of the infill was defined for the strut. In this study, the
strength of the strut was obtained from the following equation and the S values obtained from Table 4.
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The m value, which is obtained from the combination of the relations presented by Liauw and Kwan [11] and
Wood [27], is the smallest value among the following relations:

2(My; + Myc) __ 1 2(My; + Myp)
J Mmth? " T tan(6) | M th® m
©) (10)

Where, Mp;, Mpc and Mpy, are plastic moments of beam to column connection, column and beam, respectively.
The A value is equal to:

AM,,; 1
= 2 + 2(3))
fmth?*  6max(l, tan (11)

m =

A =2.66m*-1.37m+0.406 <0.45 (12)
And the m value is equal to:
m= 8M PJ
flt (13)
Table 4 — the S values
Infill type Frame type
weak Intermediate Good
0.73 0.73 1 Strong

The coefficients of the Table 4 represent the importance of the strength ratio of the frame to infill such that the S
value is approximately taken equal to 1.0 for both the frame and infill are weak or strong. If one of them is
weaker than the other one, this ratio is taken equal to 0.7. Note that the parametric study is performed for the
hollow brick; so that the relationships are true for the hollow brick masonry materials. Their applications for the
solid bricks need more investigations.
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Fig. 12 —-Comparing the models proposed for the ultimate capacity with different height to span ratios.
5.5. Ultimate slope (the slope beyond ultimate capacity)

In the previous behavioral models, a boundary was typically selected in order to avoid numerical error.
Researchers such as Mehrabi proposes 0.8 times the ultimate capacity as the failure point as is the case in
FEMA. In the model prescribed in FEMA, the relative deformation of the composite frame with masonry infill
has been proposed equal to 1.5 percent of ultimate point. In the proposed model, FEMA procedure is
recommended if the failure point is required.

10
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Theﬂproposed multilinear model is compared to the results of finite element model of the composite frame (Fig.
13).
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Fig. 13 —Comparing proposed model for infill in steel frames with model obtained by finite element software

6. Conclusion

This study was conducted to investigate the behavior of the unreinforced brick infill in steel frames under the in-
plane demands as well as to provide a behavioral model for infill frame based on the dominant failure mode.
Parametric studies were performed on micro-models in the ABAQUS software. Considering the parametric
studies and previous studies, a model was proposed by replacing the infill by compressive strut. This model
includes several parameters and key points including initial stiffness, cracking point, secondary stiffness, and the
maximum capacity. This model is capable of realistically estimating of the ultimate capacity. The main findings
of this study are summarized as follows:

1) In steel composite frames with masonry fillers, the vertical mortar had a significant impact on the infill frame
behavior so that maximum capacity and ultimate bearing capacity increased 37% and 21%, respectively.

3) In composite frames with infill connected to the external columns, the maximum capacity increased up to
33%. But the connection to the upper beam did not have significant effect on the results.

4) The cohesive effect of the mortar used between the infill and columns on the ultimate capacity was negligible
and cohesion of the mortar used between infill and the beam on the ultimate capacity was relatively important.

5) As the stiffness is increased, the friction coefficient increases; while, no significant change was observed in
maximum capacity but the ultimate capacity is decreased.

6) The maximum capacity increased by increasing the friction angle, while, there was no significant impact was
observed on the initial stiffness.

Using strut compressive strength for individual failure mode according to the least calculated strength led to
unrealistic values. The combination of the modes during the failure could also be considered in future studies.
The relationships prescribed in FEMA356 for the compressive strut strength of the infill predicts the ultimate
capacity lesser than the actual values. This relationships, may introduce conservatism due to their lower capacity
estimation compared to the actual values but, since its estimated force is small for controlling the infill effect,
therefore, they act in the contra-confidence direction.
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