friried applied
o sciences

Article
Pushover Analysis on Infill Effects on the Failure
Pattern of Reinforced Concrete Frames

Ning Ning, Dehu Yu, Chunwei Zhang * and Shan Jiang

School of Civil Engineering, Qingdao University of Technology, Qingdao 266033, China;
ningning@qut.edu.cn (N.N.); yudehu@qut.edu.cn (D.Y.); jiangshan@qut.edu.cn (S.J.)
* Correspondence: zhangchunwei@qut.edu.cn; Tel.: +86-134-6589-7899

Academic Editor: Stefano Invernizzi
Received: 27 March 2017; Accepted: 20 April 2017; Published: 23 April 2017

Abstract: This paper presents a pushover analysis using ABAQUS (Dassault Company, Providence,
Rhodes Island, USA) for spatial reinforced concrete (RC) frames. The main purpose is to study the
effect of the infills on failure patterns of the RC frames. The Finite Element Method (FEM) model
considered an RC frame with fulfilled infills, half-filled infills, and without infills. Column moment,
the effective width of the cast in situ slab, and the required ratio of column to beam strength are
calculated and analyzed. Research findings indicate that the location of the inflection point varied
because of the effect of infills. Some of the calculated values of column moments are larger than
those values according to the design code. The effective slab width and the required ratio of column
to beam strength are found to be reduced due to the infill effects. The actual effective width of the
slab should be considered in the required ratio of column to beam strength. Reasonable advice is
proposed and discussed for design purposes.

Keywords: structural seismic design; infill walls; reinforced concrete (RC) frames; failure pattern;
strong column-weak beam; strong shear-weak bending

1. Introduction

Worldwide, seismically-induced structural damage demonstrates that “strong column-weak
beam” ductile failure mechanisms have not been fully, or even partially, realized, which is inherently
contradictory with the philosophy that has been adopted by design codes [1-6]. Seismic damage
investigation [7,8] and relevant studies revealed that such mechanical behaviors should have been
substantially changed due to the interactions between infills and surrounding frames. Improper
openings and half-filled infills resulted in short columns, which betray the so called “strong shear,
weak bending” principles [9-12], as shown in Figures 1 and 2.

EC8 [13] and ASCE 41-06 [14] point out that diagonal strut force of infills are applied. Chinese
code [15] specifies that infills can be considered as non-structural components. Only a reduced period
factor is introduced to consider the infills” effect on the dynamics of the structures. This method
simplifies the design process, but ignores the infills” effect on the seismic performance of structural
components and what shall be passed on to the whole structure. Neglecting the interactions between
the infills and the surrounding frames will lead to discrepancy. How to evaluate the internal force of
reinforced concrete (RC) components correctly and propose appropriate recommendations become
challenging issues.
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Figure 2. Failure of an infill wall and the surrounding frame.

During recent decades, studies of frames with infills have been carried out. In the 1960s,
Holmes [16] and Smith [17] proposed that the carry capacity and stiffness of frames could be increased
due to infills. Zovkic [11] and Bertero [18] studied infill material effects on the seismic performance
of structures and pointed out that the performance of the infill was of great relevance to material
strength. Mehrabi [19] stated that a strong infill weak frame had better hysteretic energy dissipation
capacity. However, existing studies showed that a weaker floor is another important reason for
non-ductile failure [20]. Low frequency cyclic loading experiments were carried out by Stavridis [21]
and Sigmund [22] to research infills with openings. Tests results indicated that the hysteretic energy
dissipation capacity was decreased due to openings, and the failure mode of infills was related to the
height and location of the openings.

The above studies focused mainly on the effect of infills by subassemblies. However, only a few
studies have been carried out in RC frames structures. The joint effect of cast in-situ slabs and infills
are still insufficient. To guarantee accurate and safe design of RC frames with infills, this paper carries
out a pushover analysis using ABAQUS (Dassault Company, Providence, Rhodes Island, USA) and
focuses on the internal forces, such as the bending moment at the ends of columns, the effective slab
width affected by infills, and the required ratio of column-to-beam strength. Recommendations are
proposed based on the analysis results.

2. Numerical Modeling

Three-dimensional validation models have been developed using ABAQUS (Dassault Company,
Providence, Rhodes Island, USA). A damaged plasticity model is applied to simulate the cracking
behavior of the concrete. Concrete and reinforcement element types are C3D8R and T3D2, respectively.
Reinforcement is embedded into the concrete in the model. The main element size is 50 mm.
The loading program is low frequency cyclic loading and the loading path can be found in [23].



Appl. Sci. 2017, 7, 428 30f14

The displacement of the test is from 0.1% story drift to 4.2% story drift. The loading increment follows
£3 mm (0.1%), £6 mm (0.2%), £9 mm (0.3%), 12 mm (0.4%), 17 mm (0.6%), +23 mm (0.8%),
+29 mm (1%), 36 mm (1.25%), +43 mm (1.5%), £58 mm (2%), =72 mm (2.5%), £86 mm (3%),
£101 mm (3.5%), £110 mm (4%), and £120 mm (4.2%). The full Newton Raphson solution technique
is used in the analysis. The unbalanced force convergence criterion and the displacement criterion are
used in the simulation. The convergence standard of the unbalanced force is 5 x 10~*. The comparison
of the skeleton curves of RC-2 in [23] is shown in Figure 3. The comparison characteristic displacement
and load are summarized in Table 1. The analysis results show that the Finite Element Analysis (FEA)
data fit the experimental results well and can be used to conduct parametric analyses.
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Figure 3. Comparison of the skeleton.
Table 1. Characteristic displacement and load.
Py Pmax Ay Amax M Ru
(kN) (kN) (mm) (mm) u= Amax/Ay Ru = Apmax/H

test 69.90 84.25 30 80 2.67 1/36
FEM 65.63 77.88 33.26 93.5 2.81 1/31

The pushover model is extended based on the experiment frame RC-2 and is also scaled 1:2.5.
The model is 1 bay x 2 bay with one story. The plan dimension is 2.4 m x 3.2 m. The height of the
model is 1.44 m. The cross-section dimension of the column and beam are 160 mm x 160 mm and
100 mm x 200 mm, respectively. The thickness of the slab is 50 mm. Constitutive equations of steel
and concrete are shown in Equations (1)—(9) [24].

Constitutive equations of steel:

Eses, e5 < &y

fyrrey <é&s <euy

fy,r + k(es — guy)/fuy <és < gy
0,e5 > ¢y

Os =

)

where E; = the elastic modulus of the steel bar; 05 = stress of the steel bar; f, , = the representative yield
strength of the steel bar; ¢, = the yield strain corresponding to fy ,; £,y = the strain at the starting point
of hardening; ¢, = the peak strain; and k = the slop of the hardening section.

Constitutive equations of concrete:
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The stress-strain curve under axial compression:

o= (1-d;)Ece 2
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where «, = parameter for declining segments in the stress-strain curve under axial compression;

fer = the representative strength of the concrete axis compression strength; e., = peak strain

corresponding to f.,; and d. = parameter of damage evolution for concrete axis compression strength.
The stress-strain curve under axial tension:

o= (1—d;)Ece @)
1—p1.2-02x%,x <1
dy = _ Pt (8)
{ 1 m(xfl)Ner’x >1
_ ft,r
pr = Eeerr )

where a; = parameter for the declining segments in the stress-strain curve under axial tension;
ftr = representative strength of the concrete axis tensile strength; ¢; , = peak strain corresponding tof; ;
and d; = parameter of damage evolution for the concrete axis tensile strength.

The axial compressive ratio of edge and corner columns are 0.6 and 0.3, respectively. Details of
the components are shown in Figure 4.

Fired bricks are used in the pushover model, and the constitutive relation of the material is shown
in Equation (10) [25].

s =2(s) - (8) 0= § <10 00)
Lo=12- 0.2(%),1.0 <£<16

According to [23], the compressive strength of concrete was f. = 28.4 MPa and the elastic modulus
was 2.85 x 10* MPa for the RC frames. The steel bar yield strength of diameter 6, 8, and 10 are
294 MPa, 304 MPa, and 384 MPa, respectively. The steel bar yield elastic moduli of diameters 6, 8, and
10 are 1.51 x 10° MPa, 1.68 x 10° MPa, and 1.56 x 10° MPa, respectively. The compressive strength of
infill is 2.67 MPa and the elastic modulus is 4272 MPa.

A surface-to-surface contact algorithm is applied to simulate the interface behavior between infills
and the surrounding frames. A penalty function was used for tangential friction and the friction
coefficient is 0.7. Hard contact is adopted in the normal behavior. Axes A, B, and C designate the
frames with a half-filled infill wall, non-infill wall, and full-filled infill wall, respectively. The FEM
model is shown in Figure 5.
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Figure 4. Design of the specimens. (a) Cross-sections of columns and beams; and (b) details of the slab
and plan view of the model (top view).

Figure 5. FEM model.

3. Results and Discussions

3.1. Damage Phenomenon of the Models

The frame damage cloud chart in tension is shown in Figure 6. The cracks in columns with
infills are shown to be focused not only on the ends of the columns, but also within a certain length
around those ends, such as those shown in column 1 and column 5. The damage of beams along
axis C is shown to be more severe than that along the axis A. Such phenomena can be attributed to
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the participation of infills. According to the ASCE 41-06 [14], when cracks occurred in the infills, the
mechanism of infills can be considered as struts. Therefore, infills should have substantially changed
the mechanism of columns and beams. The computational model of half-filled infills has not been
considered in [14], but in FEM analysis the trend of cracks from the half-filled infill wall in axis A
indicates that the strut may not be distributed and developed along the diagonal direction of the infill
wall. Therefore, an appropriate computational model must be investigated and developed.

(c) (d)

Figure 6. Damage cloud chart. (a) Damage of the whole structure; (b) damage of the full-filled wall and
the surrounding frame; (c) damage of the half-filled wall and the surrounding frame; and (d) damage
of the slabs.

3.2. Shear Force of Columns

The strut effect of infilled walls should be taken into account in the calculation of column shear
force. The stress between the frame and the infilled wall is simplified as a rectangular shape. The contact
length is equal to a.h1, where a, is the equivalent contact length factor and  is the net height of the
column, and can be calculated by Equations (13)-(16). The computing model of column 5 is shown
in Figure 7. Suppose the second-order effect of the column is ignored, the equations are shown in
Equations (11) and (12).

octmy + Vem = Mc—top (1)
Ve(h —m) — (ach — m)(fct(”‘ch{m +h—m) = M._po
Ve—top = Ve +octm (12)
VC—bOt - VC - Uct(ach - m)

where, M¢—top and M, _j,; = the bend moments of top column and bottom column, respectively; t = the
thickness of the infilled wall; V1, and V._p,; = the shear forces of top column and bottom column,
respectively; V. = shear force at the inflection point; m = the distance between the column top and the
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location of the inflection point of the column; and o, = the equivalent stress of the infilled wall, and
can be calculated by [26].

h-m

Vbot

Mc-bot

N

Figure 7. The computing model of RC Column 5 with a full-filled wall.

In the case of the column with the half-filled wall, the strut acts on the middle part of the column.
The computing model of Column 1 is shown in Figure 8. The equations are shown in Equations (13)
and (14). The second-order effect of column is also ignored.

Figure 8. The computing model of RC Column 1 with a half-filled wall.

Vem = Mcftop (13)
Ve(h —m) — achoet(a — %) = M,
chtop =V
14
{ Ve_pot = Ve —achoct 14)

where, a = the height of the infilled wall.
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The computing model of Column 2 and Column 6 is shown in Figure 9. The equations are shown
in Equations (15) and (16).

Me-top

Vtop

Ve

Ve

h-m

a.
3 % Vbot

\‘T : Mc-bot
N

Figure 9. The computing model of RC Column 2 and Column 6 with a half-filled wall.

Verm= Mc—_top (15)
Voo (h—m) + achoct®s" = M, py
Ve = Vtop
16
{ Ve +achot = Vi (16)

Shear force of each columns calculated by Equations (11)—(16) are shown in Table 2. It can be seen
that the results of the columns with infilled walls have large deviations compared to Chinese code [15],
ECS8 [13], and ASCE41-06 [14]. Chinese code [15] and ACI [27] code do not take infilled walls into
consideration, and the computing model is shown in Figure 10. EC8 provision 5.9 defines the clear
column length equal to the length of column not in contact with the infills, considering the height of
the infills is smaller than the clear length of the adjacent column. ASCE provision 7.4.2 points out that
the reduced column length should be taken into consideration. The values are 1.56 to 5.02 times larger
than those calculated by the codes. Shear failure of the column may appear in frames with infilled
walls and shall be considered in the design process.

Mc-top

Vtop

Ic

Ve

Vbot

Me-bot
N

Figure 10. Computing model of column shear in the Chinese code.
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Table 2. The calculated maximum column shear force.

The Maximum Column Shear Force /kN
Axis A (Half-Filled Infilled Wall) Axis B (Non-Infilled Wall) Axis C (Full-Filled Infilled Wall)

Location
Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
Calculated by Equations (11)—-(14) 27.7 49.4 6.3 10.1 71.0 50.2
Chinese code [15] and ACI 318-14 [27] 10.8 13.3 6.3 10.1 11.8 9.9
EC8[13] 15.2 18.5 6.3 10.1 11.8 9.9
ASCE41-06 [14] 21.6 26.6 6.3 10.1 12.8 10.7

3.3. Base Shear Distribution of Each Axis Frame

The base shear of each axis frame is shown in Figure 11. It can be indicated that during the loading
process the base shear distribution appeared among the three axis frames. At a displacement of 3 mm,
the maximum base shear appeared in the axis C frame, while the minimum base shear appeared in
the axis B frame. Due to the damage of the full-filled walls, the shear of axis C decreased while the
shear of axis A increased when the displacement was larger than 12 mm. The shear of axis A began to
decrease after 30 mm, which indicated that the half-filled wall was damaged. The shear force shifted
to the axis B frame and the base shear of the axis B frame increases. The base shear of axes A and C are
significantly greater than axis B at 39 mm, which illustrated that the infilled wall plays an important
role in the whole lateral stiffness of the structure.

180
160
140

— Axis C
Z 120 AxisB
=S 100 Axiz A
2 Total basze shear
S o
ER
77}

40

20

0
0 10 20 0 40 30

3
Displacement d [nmm

Figure 11. Base shear distribution of each axis frame.

3.4. Bending Moments of Columns

According to the Chinese code [15], 2% story drift can be defined as strong earthquakes. Thus, the
bending moments of columns are calculated at 2% story drift and are compared in Figure 12. Figure 12
shows that the infills affect the bending moment of columns significantly, especially for the half-infilled
and full-filled frames. The height of the inflection point within the column moved to 0.89 h (Column 5
of axis C) and 0.85 h (Column 1 of axis A) from the column feet borders, respectively. In the inflection
point method, the inflection point is at 2/3 h from the column feet for the 1st floor columns (where
H is the clear height of the column). Table 3 summarizes the comparison between calculation results
by codes and FEM analysis. The values of the column moments are calculated by the inflection point
method. Some FEM analysis results indicate that by considering the actual infill contribution, the
bending moments could be 6.1%—-30.9% larger than those according to the design codes. It could be

dangerous, according to the standard design approach. Therefore, infills should be paid sufficient
attention in seismic design.
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Figure 12. The bending moments in columns (kN.m). (a) Column bending moment of axis A;
(b) column bending moment of axis B; and (c) column bending moment of axis C.

Table 3. Summary of column bending moments.

Column Moment/kN.m
Axis A Axis B Axis C

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6

Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top  Bottom
FEM 45 8.9 7.2 9.3 2.0 59 6.4 6.1 52 9.5 44 8.0
Chinese code [15]

and ACI 318-14 [27] 45 8.9 55 11.0 2.6 52 42 8.4 49 9.8 41 8.2
EC8 [13] 6.3 12.6 7.7 15.4 2.6 52 42 8.4 49 9.8 41 8.2
ASCE41-06 [14] 8.9 17.8 10.9 21.9 2.6 52 4.2 8.4 52 10.4 43 8.6

3.5. Effective Slab Width

Stress of the top and bottom slab reinforcement is shown in Figure 13. Figure 13 indicates that the
rebar near the beams yielded at 2% story drift. Stress of the top reinforcement is slightly larger than
that of the bottom reinforcement. A comparison between axis A and axis C indicates that infill affects
the stress of the slab reinforcement. The participation of slab reinforcement on two sides of the beam
of axis B is larger than those of axes A and C. Meanwhile, participation of slab reinforcement on two
sides of the beam of axis A is larger than those of axis C. It can be concluded that role of the slab is
weakened by infills and the effective slab width should be adjusted according to the infill types.

The expression for the effective slab width (b,) is defined in Equation (17), where the equivalent
strain method is used [23]:

Jo o(x)dx
b, =% b

(17)
Opmax

The calculated results of each axis are summarized in Table 4. The effective slab width decreases

significantly due to infills, and values according to the ACI code [27] and other researchers [28,29] are

on the conservative side, especially in the full-filled infill case. According to the FEM results, effective
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slab width should be equal to b + 4t for interior joints and b + 2f for exterior joints with full-filled infills.
The effective slab width should be equal to b + 6t for interior joints and b + 3t for exterior joints with
half-filled infills (where f is the thickness of the slab). The effective slab width of axis B is larger than
the ACI code and existing research results, which means it might be unsafe during the design process.

250 top

bottom

=

300 1000 15000 AV A 20000
U 1A LN LU LI i LY

Stress of slab reinforcem ent os[NAnm2 ]|
>
-

Axis A Axis B Axis C
Distance from side of axis A beam  d [nm]

Figure 13. Stress of the slab reinforcement.

Table 4. Effective slab width (mm).

Axis A Beam Axis B Beam Axis C Beam

FEM 250 756 205

Effective slab width (b + bef) /mm ACI318-14 [27] 300 700 300
Zerbe et al. [28] 300 500 300

Ehsani et al. [29] 300 500 300

3.6. Required Ratio of Column to Beam Strength

The required ratio of column to beam strength is defined in Equation (18). The calculated results
of each joint are shown in Table 5.

Y M.
= (18)

T ™,
where ) M, = sum of moment of columns calculated at the 2% story drift; and ) M = sum of moment
of beams calculated at the 2% story drift. Where the slab is in tension under moments at the face

of the joint, slab reinforcement within an effective slab width can be calculated with the proposed
equations above.

Table 5. Required ratio of column to beam strength.

Axis A Axis B Axis C
Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Joint 6
Sum of column moment/kNm 45 8.9 72 9.3 2.0 59
Sum of beam moment (consider slab)/kNm 10.2 10.4 12.7 13.4 9.0 9.5
Sum of beam moment (ignore slab)/kNm 7.9 8.0 7.6 8.0 7.7 7.9
Moment of column-to-beam (consider slab) 0.61 1.13 0.10 0.76 0.68 0.81
Moment of column-to-beam (ignore slab) 0.80 1.48 0.17 1.28 0.79 0.97

It can be seen that the required ratio of column to beam strength is smaller than 1.0 with full-filled
infill, which demonstrated that the infilled wall has changed the behavior of the frame. The required
ratio considered slab is 16-70% larger those ignored slab. In other words, the required ratios of Joint 2
of axis A and Joint 4 of axis B, when the slab is ignored, are 1.48 and 1.28 , respectively. When the slab
is taken into consideration, the values change to 1.13 and 0.76, respectively. Thus, if the effective width
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is ignored, the amplified factor in the column may still not be enough to achieve a “strong column
weak beam”. The effective slab width should take infills into consideration and the effective width
should take the infill type into account.

4. Conclusions

Based on the pushover analyses, the following conclusions are made:

(1) The columns’ shear forces calculated by FEM results are 1.56 to 5.02 times larger than those
calculated by design codes. Shear failure of a column may appear in frames with infilled walls.
This shall be considered in the design of the column.

(2) Infilled walls exhibit a significant effect on column bending moments, however, this has not been
sufficiently addressed in the current design code and practice. According to the FEM analysis,
bending moments of some columns are shown to be 6.1%-30.9% larger than those obtained
from the design codes. It will be inherently unsafe according to the standard design approach.
The influence of infills on the location of the inflection point should be taken into account when
using the inflection point method.

(3) Amplified factors of the sum of column bending moments are normally used for the purpose
of achieving a “strong column weak beam” design philosophy. However, most of the available
design codes neglect the role of cast in situ slabs. Analysis results show that the effective slab
width will be particularly reduced by the existence of infills. Combined action of slabs and infills
should be taken into account in the design. According to the FEM results of the current model,
the effective slab width is recommended to be equal to b + 4t for interior joints and b + 2t for
exterior joints with fulfilled infills, whereas the effective slab width is recommended to be equal
to b + 6t for interior joints and b + 3t for exterior joints with half-filled infills, respectively.

(4) The required ratio of column to beam strength is reduced when infill exists, i.e., particularly
the full-filled case, which indicates that the infilled wall has changed the behavior of the
frame substantially. If the effective width is considered, the columns could become “stronger”
than presumed.

Owing to some limitations, the above analysis demonstrated only partial parameters’ effects on
the behavior of reinforced concrete frames, with or without infills, in the context of structural seismic
design, particularly relevant to “strong column weak beam” philosophy. More parameters, such as
different material models and properties, openings, and axial load ratios, etc., shall be taken into
consideration in further investigations to present a comprehensive understanding of the gaps between
the current design standard and the practice.
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