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Abstract

In this paper, the seismic performance of reinforced concrete (RC) frames with crumb rubber mortar wall panels is reported.
The tests of the crumb rubber mortar were conducted to obtain model parameters for equivalent diagonal compression
struts. With a higher percentage of sand replacement by crumb rubber, the unit weight, the compressive strength, the tensile
strength, and the modulus of elasticity of the crumb rubber cement mortar are decreased. Nonlinear pushover analysis of a
simple frame shows that the RC frame with a wall panel with less crumb rubber demonstrates lower lateral deformation
ability. The failure modes are affected by the amount of crumb rubber and are dependent on the modeling choice of the
equivalent compression strut as the wall panel representative. Finally, the seismic performance of the RC building was
studied by the equivalent static approach to explore the influence of the crumb rubber mortar wall panels on internal forces
and deformations of the frame. With a higher percentage of crumb rubber, the weight of the infill wall panels and the
overall weight of the building are reduced, which meets lower seismic base shear demand. This benefit is, however, traded
off with higher lateral deformation and also higher inter-story drift of the studied building frames.
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1. Introduction

Handling waste materials is a vital environmental issue that certainly impacts the quality of life in each community.
An old car tire is one example that causes environmental concern as it takes a long time to decompose [1], and if
incinerated, the generated smoke affects air pollution [2—4]. Unused old car tires from millions of cars draw attention to
how to use recycled rubber from these old car tires [5]. In Thailand, the recycling industry manages to cut scrap tires
into small crumb rubber, which can be used for many purposes. Application of crumb rubber as a construction material
has been explored in the past. Researchers tried to investigate the possibilities of using crumb rubber as a replacement
for fine aggregate either in concrete [6—8] or cement mortar [9-12]. It was found that using the crumb rubber obtained
from waste tires to replace sand in concrete or cement mortar changed the intrinsic mechanical properties of composites,
resulting in a lower compressive strength, a lighter unit weight, and a lower modulus of elasticity [6-12].
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Although replacement of sand with crumb rubber in cement mortar or concrete yields a lower weight with a lower
strength compound, this recycled construction material may be useful for making lightweight non-structural components
of buildings, for example, infill wall panels to be installed in ordinary reinforced concrete buildings. The result of less
self-weight acting on a building responds to lower structural force demand for the building structure. The overall
construction cost of a building structure can be optimized, especially for the design and construction of buildings
subjected to seismic action. As seismic forces induced in a building structure depend on the level of the building weight,
the idea of substituting conventional infill walls with much lighter and more flexible walls to reduce the seismic demand
of the structure is interesting.

The present literature survey revealed that few studies of crumb rubber concrete were extended to precast wall panels
[13-16]. Crumb rubber was reported to enhance sound absorption, thermal insulation [13], and ductility performance
[15] of precast concrete panels in comparison with conventional concrete wall panels. The flexural resistance of standard
wall panels made of crumb rubber concrete was reported to decrease with increases in rubber aggregate replacement
[16]. A recent study [14] reported that improved energy absorption and ductile failure mechanisms could be achieved
for rubberized concrete interlocking masonry prisms under axial compression. Although the use of crumb rubber wall
panels in the form of crumb rubber concrete and/or crumb rubber mortar was motivated, the published information
regarding the seismic performance of building structures installed with crumb rubber wall panels was not available in
the present literature [17].

For ordinary reinforced concrete building frame systems, design engineers often neglect the presence of infilled
walls and treat infilled walls as non-structural components that do not interact or provide resistance. Such simplification
raises no arguments for buildings under the action of gravity but may not be conservative for certain loading conditions,
for example, seismic actions. In the past, attempts were made to study the effect of infill walls on reinforced concrete
frames under seismic load [18—22]. Under a seismic action, the interaction of the infill walls and the reinforced concrete
building frame was shown to affect internal force distribution in the frame [18-20]. The overall building frame was
shown to provide larger seismic resistance [23-28], but the interaction between the infill walls and the reinforced
concrete frame might yield undesirable failure patterns [21, 29, 30], as the shear failure mode could be observed in some
reinforced concrete columns. Modeling the infill walls could be done as a wall continuum model, but this took a
computational cost [31]. Inclusion of infill walls together with the reinforced concrete frame for modeling the seismic
response of the building during the detailed design was suggested by using diagonal equivalent struts as outlined in
several guidelines and standards [32, 33].

The modeling of an infilled wall was often performed by using an equivalent compression strut [32] or multi-strut
concept model [34-36]. For the one concentric strut model, the ends of the strut were at the center of column-beam
joints [32, 34, 37]. This type of model was used to analyze the overall behavior of a structure [32, 33]. Modeling the
strut as one eccentric strut model was recommended [32, 33] to investigate the impact of seismic action on the concerned
columns. The one eccentric strut acted on the columns eccentrically from the center of the column-beam joint. The
simplest form of a multi-strut concept model is the three-strut model [34, 36, 38], which was observed to resemble well
to laboratory test results. In this paper, the infill wall panels that are made of cement mortar with crumb rubber recycled
from tire rubber waste were modeled by the one concentric strut [32], the one eccentric strut [32], and the three-strut
model [34] to comprehensively study the possible interaction with the reinforced concrete frame subjected to lateral
seismic load.

This paper consists of three parts. The first part is the experimental finding of the mechanical properties of the cement
mortar using crumb rubber for various mixed proportions. These properties are subsequently translated into model
parameters for the inclusion of infill wall panels in the frame using the available diagonal strut models [32, 34, 37-39].
In the second part, in order to gain insight into the lateral resisting mechanism of the studied frame and wall, a nonlinear
analysis using the SAP2000 program is performed to study the load-deformation capacity curve. The interaction between
the infill wall panel made of cement mortar with crumb rubber and the reinforced concrete building frame in the form
of a simple one-bay, one-story model subjected to lateral load is investigated. Finally, the performance of a two-bay,
three-story building frame subjected to seismic force is evaluated by means of the seismic equivalent static force method
[32, 40, 41]. The methodology is summarized in Figure 1. The objective of this study is to provide the overall building
response for the assumed example building that adopts lighter and more flexible infill wall panels made of cement mortar
with crumb rubber. The understanding of this work will benefit future development of recycled wall panels made of
cement mortar with crumb rubber.
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Figure 1. The methodology flowchart

2. Mechanical Properties of Cement Mortar with Crumb Rubber

The basic mechanical properties of the cement mortar, including unit weight, compressive strength, tensile strength,
modulus of elasticity, and Poisson's ratio, were determined according to ASTM C109/C109M-01 [42]. In this study, the
cement mortar with no sand replacement consisted of a natural sand-to-cement ratio of 2.75 and a water-to-cement ratio
of 0.485 by volume. The used sand in this study had a grain size distribution as shown in Figure 2. Waste tires from a
local recycled tire industry were used. The used crumb rubber was also sampled and sieved to have the same gradation
as the used sand, as shown in Figure 2. The physical characteristics of crumb rubber were found to be wedged, not
round, soft, light, and floating. The crumb rubber was used as fine aggregate for sand replacement, so the adopted crumb
rubber was selected such that the fineness modulus and the size distribution were close to the properties of natural sand
with a fineness modulus of 2.74. The amount of sand in the cement mortar was also varied for sand replacement by
crumb rubber at a ratio of 0, 25, 50, 75, and 100 by volume. The mixed proportions for the cement mortar in this study
are summarized in Table 1. In total, 30 cylindrical specimens of 10 cm in diameter and 20 cm in height were prepared
to determine the compressive strength by the uniaxial compression test and the tensile splitting test according to ASTM
C192-19 [43].
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Figure 2. Gradation curve of the used fine aggregate

Table 1. Studied cement mortar mixed with ratio of sand replacement by crumb rubber

Sand replacement by crumb rubber (% by volume)

Mix
Sand Crumb rubber
RO 100 0
R25 75 25
R50 50 50
R75 25 75
R100 0 100
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2.1. Unit Weight

From the laboratory experiment, the specific gravity of the crumb rubber was found to be 1.22. As the crumb rubber
itself was lighter than sand, the unit weight of the cement mortar that was made by replacing sand with the crumb rubber

was lower for higher percentages of the crumb rubber volume. The obtained unit weights of cement mortar with crumb
rubber are shown in Figure 3.

25

21
20 18

15 14

10

Unit weight (kN/nr)

0 25 50 75 100

Sand replacement by crumb rubber (% by volume)
Figure 3. Unit weight of cement mortar with crumb rubber

2.2. Uniaxial Compressive Stress-Strain Relation of Cement Mortar with Crumb Rubber

The uniaxial compression test of the cement mortar with crumb rubber was conducted with measurement of the
induced axial and lateral strain as shown in Figures 4 and 5. The results of the stress-strain relation of the studied cement
mortar specimens with sand replacement by crumb rubber at 0, 25, 50, 75, and 100% by volume, labeled as mix No. RO,
R25, R50, R75, and R100, respectively, are as shown in Figure 6. The positive value of strain shown in the figure

represents compressive strain in the axial direction, whereas the negative value of strain indicates the lateral expansion
of the specimens.

e
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Figure 4. Uniaxial compression test of cement mortar with crumb rubber specimens

471



Civil Engineering Journal

Stress (MPa)

Stress (MPa)

Vol. 10, No. 02, February, 2024

—R25(1)-Axiall
—R25(1)-Axial2
—R25(1)-Laterall
—R25(1)-Lateral2
R25(2)-Axial |
—R25(2)-Axial2
—R25(2)-Lateral
—R25(2)-Lateral2
—R25(3)-Axial |
—R25(3)-Axial2
—R25(3)-Laterall
—R25(3)-Lateral2

40 40
35 —RO(1)-Axiall kX
—RO(1)-Laterall
30 30
—RO(1)-Lateral2
25 —RO(2)-Axial | 25
—_
—RO(2)-Axial2 5
20 20
—RO(2)-Lateral | =
<
s —RO(2)-Lateral2 g 15
—RO(3)-Axial | .
10 —RO(3)-Axial2 10
s —RO(3)-Lateral2 5
0

-0.007 -0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0003 0.004 0.005 0.006 0.007

Lateral Strain

Strain (mm/mm)

@

Axial Strain Lateral Strain

40 40
—RSO(1)-Axiall
35 ~—RS0(1)-Axial2 35
—RS0(1)-Lateral |
30 —RS0(1)-Lateral2 E
R50(2)-Axial |
25 25
—RS50(2)-Axial2 _
=
20 —RS50(2)-Lateral | & 20
~ RS0(2)-Lateral2 =
15 — RS0 g5
(3)-Axial z
—R50(3)- Z
0 RS0(3)-Axial2 # |,
—R350(3)-Lateral 1
5 ﬂﬁ — RS0(3)-Lateral2 5
|

0
-0.007 -0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0,002 0.003 0.004 0.005 0006 0007

Lateral Strain

Strain (mm/mm)

©

Axial Strain

0 /
-0.007 -0.006 -0.005 -0.004 -0.003 -0,002 -0.001 0,000 0,001 0002 0.003 0.004 0.005 0006 0007

Strain (mm/mm)

(b)

Axial Strain

—R75(1)-Axial |

= R75(1)-Axial2

~R75(1)-Laterall
R75(1)-Lateral2
R75(2)-Axiall
R75(2)-Axial2
R75(2)-Laterall
R75(2)-Lateral2
R75(3)-Axiall
R75(3)-Axial2
R75(3)-Laterall
R75(3)-Lateral2

Y

1}
-0.007 -0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004

Lateral Strain Strain (mm/mm)

(@)

40

35

Stress (MPa)
TR~

=

—R100(1)-Axiall
—R100(1)-Axial2
—R100(1)-Lateral |
—R100(1)-Lateral2
R100(2)-Axiall
—RI100(2)-Axial2
R100(2)-Lateral |
R100(2)-Lateral2
—R100(3)-Axiall
R100(3)-Axial2
—R100(3)-Lateral |
—R100(3)-Lateral2

—u

0
-0.007 -0.006 -0.005 -0.004 -0.003 -0.002 -0.001 0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007

Lateral Strain

Strain (mm/mm)

©)

Axial Strain

0.005 0.006 0.007

Axial Strain

Figure 6. Uniaxial compressive stress-strain relation of cement mortar with sand replacement by crumb rubber (a) RO, (b)
R25, (c) R50, (d) R75 and (e) R100 specimens
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2.3. Compressive Strength and Modulus of Elasticity

The uniaxial compression test of the cement mortar specimens (f.,,) was conducted at the age of 28 days. The
average compressive strength of the regular cement mortar without crumb rubber was found to be 38.5 MPa. As
demonstrated in Figure 7, the compressive strength of the cement mortar with crumb rubber decreases as the volume
of sand replaced by crumb rubber increases. Based on the stress-strain relation of the cement mortar with crumb
rubber shown in Figure 6, the compressive modulus of elasticity (E,,) of the cement mortar specimens was
determined following TMS402 Building Code Requirements for Masonry Structures [44]. As recommended in
TMS402, the chord modulus of a straight line connecting two locations on the compressive stress-strain envelope at
the stress magnitudes of 0.05f,,,, and 0.33f..,of an infill wall panel can be used to describe the modulus of elasticity
of the wall panel under compression, as shown in Figure 8. The compressive modulus of elasticity (E,,) of the cement
mortar specimens is summarized in Figure 9. For the normal cement mortar without crumb rubber, the average
compressive modulus of elasticity was 24,739 MPa. With increased volume of sand replacement by crumb rubber,
the compressive modulus of elasticity was lower. It was observed that replacing sand with the crumb rubber
decreased the rigidity of the compound. The level of strain at the compressive strength and the ultimate compressive
strain of cement mortar specimens increased with the amount of crumb rubber inclusion. The Poisson's ratios of the
cement mortar specimens were in the range of 0.19 to 0.22.
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Figure 7. Compressive strength of cement mortar with crumb rubber
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Figure 8. Modulus of elasticity for masonry wall prism [44]
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2.4, Tensile Strength

The tensile splitting test of the studied mortar specimens at the age of 28 days was performed as shown in Figure 10.
The relation between the tensile strength of the cement mortar with crumb rubber and the amount of crumb rubber is
summarized in Figure 11. The average tensile strengths were in the range of approximately 10 to 25 percent of the
compressive strength of the normal cement mortar. For the cement mortar specimens with 100 percent sand replacement
with crumb rubber (R100), one fourth of the normal cement mortar strength was obtained.
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Figure 10. Test of splitting tensile strength of cement mortar with crumb rubber
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Figure 11. Tensile strength of cement mortar with crumb rubber
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In this section, different amounts of crumb rubber were used to replace sand in the studied cement mortar samples
to find the intrinsic mechanical properties of composites. It was found that the increased amount of sand replacement
by crumb rubber reduced the unit weight, the compressive strength, the tensile strength, and the modulus of elasticity of
the composite. These results of the mechanical properties of cement mortar with crumb rubber were subsequently used
for the nonlinear analysis of reinforced concrete and crumb rubber mortar wall panels at the structural level.

3. Interaction of Reinforced Concrete Frame and Infill Wall Panel Under Lateral Load

In order to study the interaction between the reinforced concrete frame and the infilled wall panels made of cement
mortar with crumb rubber under lateral load, a typical reinforced concrete frame with one bay and one story was selected
with equivalent strut models representing the infill wall panel. Nonlinear frame analysis was performed, by using
SAP2000 structural analysis software to investigate the interaction and lateral resisting mechanisms of the studied frame
and the wall panel made of cement mortar with crumb rubber.

3.1. Typical Reinforced Concrete Frame with Infill Wall Panel

Figure 12 depicts the typical reinforced concrete frame with infill wall panels as common elements for residential
low-rise buildings in Thailand. The center-to-center distance between the two columns was 4 meters, and the height
between floors was 3.4 meters. Details of the columns and the beams are shown in Figure 13. The boundary conditions
at the column bases were assumed to be fixed.
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Figure 12. Reinforced concrete frame and infill wall model
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Figure 13. Details of columns and beams

The effective moment of inertia I,s, and the effective cross-sectional area A, of the beams and the columns were
taken as follows:

Beam: I;r = 0.35], Q)
Column: I¢f = 0.701, 2

where I, and A, are the gross moment of inertia and the gross cross-sectional area, respectively.
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For modeling the reinforced concrete frame, the concrete was assumed to have the compressive strength of 23.54
MPa, the modulus of elasticity of 22,979 MPa, the Poisson's ratio of 0.2 and the unit weight of 23.54 kN/m®. The
longitudinal steel reinforcements were deformed bars with the yield strength of 392.4 MPa. The stirrups were round
bars with the yield strength of 235.44 MPa. The infill wall panel was made of various mixes of cement mortar with
crumb rubber, and their mechanical properties were determined using the test results presented in Section 2 of this paper.

3.2. Modelling of Infilled Wall Panel by Equivalent Compression Strut

The stress-strain relation of the cement mortar with crumb rubber in Figure 6 serves as a basis for model parameters
of the equivalent compression strut to represent the behavior of the infill wall panel. To alleviate numerical issues that
might arise during nonlinear incremental-iterative computation, the response of the equivalent compression strut was
allowed to follow the adopted simplified tri-linear version of the stress-strain relation of cement mortar with crumb
rubber, as illustrated in Figure 14. The simplified tri-linear stress-strain relation consists of four stress-strain coordinates;
the first point corresponds to the origin, the second point is at 0.33f,.,, of the wall panel, the third point is at £, and the
fourth point is at the ultimate state corresponding to failure of the cement mortar specimens. The results of the simplified
tri-linear stress-strain relation of the studied cement mortar with crumb rubber are presented in Table 2.

40
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Z 20 =R100
-
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E 15
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10

5

__—.-—————___——_-—+—_.
0
0.000  0.001 0.002 0003 0004 0005 0006  0.007

Strain (mm/mm)
Figure 14. Simple stress-strain relation of the cement mortar specimens

Table 2. Simplified tri-linear stress-strain of cement mortar with crumb rubber

RO R25 R50 R75 R100
Point Stress Strain Stress Strain Stress Strain Stress Strain Stress Strain
(MPa) ¢ (MPa) G (MPa) ¢ (MPa) ¢ (MPa) ¢
1 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000 0.00 0.0000
2 12.70 0.0005 5.15 0.0006 1.82 0.0004 0.76 0.0003 0.65 0.0015
3 38.50 0.0023 15.60 0.0027 5.51 0.0023 2.30 0.0024 1.98 0.0045
4 37.28 0.0024 15.43 0.0029 5.18 0.0033 2.09 0.0039 1.87 0.0055

According to FEMA356 [33], the elastic in-plane stiffness of a solid unreinforced infill panel prior to cracking shall
be represented by an equivalent diagonal compression strut of width, a, given:

a= 0.175(Alhcol)(‘°-4)rinf 4)
where 1, is the coefficient used to determine the equivalent strut width, in which;
N1 = [(Em b, 5in(20)) [ (4Epeloothiy, )] 5)

where h, , is column height between centerlines of beams, hinf is height of infill panel, Ey, is expected modulus of
elasticity of frame, E,,, expected modulus of elasticity of infill, I.,, is moment of inertia of column, Ting is diagonal
length of infill panel, tins thickness of infill panel and equivalent strut, 8 is angle whose tangent is the infill height-to-
length aspect ratio.

0-25

In this study, it was assumed that the equivalent struts have the same thicknesses, and the modulus of elasticity
follows the assumed tri-linear stress-strain relation of the cement mortar with crumb rubber as the infill panel. The
parameters necessary for equivalent compressive strut modeling are summarized in Table 3.
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Table 3. The parameters used to simulate equivalent compression strut

Unit Weight Compressive Strength

No. En(MPa) A a(cm) 6, (degree)

(KN/m?) (MPa)
RO 20.55 38.50 2473919 00031  32.95 36.77
R25 17.65 15.60 938808 00024  36.30 36.40
R50 15.33 551 531644 00021 3842 36.17
R75 13.62 2.30 270073 00018  41.12 35.87
R100 12.15 1.98 46162 00012  49.06 35.00

To model the infill wall panel with crumb rubber, three equivalent compression strut models were applied. The
details of the one concentric strut model, the three-strut model, and the one eccentric strut model are shown in Figures
15(a), 15(b), and 15(c), respectively. The overall strut widths in the three-strut model were the same as the width of the
one strut in the one-strut models; the middle strut took half of the equivalent compression strut width, while each of the
upper and lower struts took one-fourth of the width, according to [34].
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Figure 15. Details of the equivalent compression strut models

3.3. Modeling of Nonlinear Frame-Diagonal Compression Strut Interaction under Lateral Load

In accordance with [34, 37], the concept for nonlinear modeling of the frame-diagonal compression strut interaction
under lateral load is shown in Figure 16. The interaction was analyzed by inclusion of flexural plastic hinges in the
reinforced concrete frame allowing nonlinear moment-plastic rotation of the frame to develop. For the behavior of the
reinforced concrete under flexural mode, the relation between moment-plastic rotation of the reinforced concrete frame
herein was adopted based on ASCE41 guideline [32], as shown in Figure 17. For the behavior of the reinforced concrete
frame under shear mode, the internal shear force developed in the frame was monitored and the frame was deemed to
fail under shear when the shear force in the frame reached the shear capacity of the frame sections. For the given details
of the columns, the nominal shear strength was 40 kN. For nonlinear modelling of the diagonal compression strut, an
axial hinge was provided to capture the nonlinear stress-strain relation of the diagonal compression strut under lateral
loading.
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Figure 16. Concept for nonlinear modeling of frame-diagonal compression strut interaction by means of one diagonal
equivalent strut representing wall panel
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Figure 17. Moment-rotation relation of the studied columns of the frame

In this study, nonlinear incremental-iterative analysis of the frame-strut interaction was performed by displacement
control of a control point. The nonlinear analysis was performed until failure, which could be in either the infill wall or
the reinforced concrete frame.

3.4. Results of Reinforced Concrete Frame and Infilled Wall Panel under Lateral Load

The predicted relationships of lateral force and lateral displacement from the nonlinear frame-strut analyses using
different diagonal compression strut concepts are shown in Figures 18-21. The results obtained by the one concentric
strut model are shown in Figure 18. The response of the bare frame was observed to experience the plastic hinge
formation of the column until the plastic rotation reached the level that triggered the collapse of some columns. The
results revealed that inclusion of the wall panel in the frame analysis provided stiffer behavior and improved load
capacity of the infilled frame in comparison with the bare frame. The amount of sand replacement by crumb rubber was
shown to affect the flexibility of the infilled frame response. Using a greater amount of crumb rubber led to a more
ductile frame response, whereas flexural hinge formation was observed at most of the hinges. The crushing failure of
the strut was observed in all of the crumb-rubber-mixed specimens when the ultimate strain of the strut was reached
prior to the failure in any of the reinforced concrete frame members. By using the one concentric strut model, it was
observed in the RO strut model that the lateral force acting on the infilled frame was dominantly resisted by the diagonal
strut joining the column-beam joint and barely contributed by both columns of the frame, as shown in Figure 19. As
such, the effect of the infilled wall-frame interaction on the columns of the frame cannot be explained by the one
concentric strut model.
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Figure 18. Relation between lateral force-displacement of the one concentric strut model
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Figure 19. Internal shear distribution for case R0 by the one concentric strut model

The results obtained by the three-strut model are shown in Figure 20. The overall load capacity of the infilled frame
in each case was regarded as more conservative in comparison with the results obtained by the one concentric strut
model, in particular for the RO, R25, and R50 strut models. With the larger amount of crumb rubber, as in the R75 and
R100 strut models, the infilled frame could undergo large deformation without the sign of failure in the columns. With
less amount of crumb rubber, as in the R0, R25, and R50 strut models, the response of the infilled frame was not only
stiffer, but it was also accompanied by the trigger of shear failure of the columns. It was noted that the deformation level
at the shear failure of the columns was relevant to the amount of rubber inclusion. Increasing the amount of rubber
inclusion could relatively improve the deformation ability of the infilled frame structure.

500
—-Bare Frame
450 —R0O
400 RS
R50
350 —=R75
— 300 —=R100
é X Flexural hinge at column
°l_:$ 250 A Axial hinge (fim') at strut
£ 200 O Strut failure
E ¢ Flexural failure at column
= 4
= 150 p )g) G)’)(() a8 O Shear failure at column
100 ! (2),(4) (1))
/ ¢ g— & —X—0
' r -~
3)
s0 |/, aw M
/ .3 a3 ©
0 4———&_——.__—._—*—4—_*_10 sy (J
< %
0 10 20 % 30 40

Displacement (mm)

Figure 20. Relation between lateral force-displacement of the three-strut model

The overall load-displacement relation obtained using the one eccentric strut model is shown in Figure 21. With a
larger amount of crumb rubber, the infilled frame could sustain much larger lateral deformation at approximately the
same lateral peak load. It was observed that the failures of all the infilled frames were governed by shear failures in
columns. The results obtained using the one eccentric strut model, in comparison with the other two models, could be
considered the worst-case scenario, as shown in Figure 22. The predicted failure modes of the studied infill wall panel
by various strut models are summarized in Table 4. In brief, inclusion of the wall panel in the nonlinear analysis resulted
in stiffer responses than in the case of the solely bare reinforced concrete frame model. The presence of the wall panels
within the frame could affect the deformation ability of the infilled frame in various ways.
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Figure 22. Lateral force-displacement relationships obtained by the strut models
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Table 4. The predicted failure modes

One concentric strut model Three-strut model One eccentric strut model
No. Failure mode 8, (mm) Failure mode 8, (mm) Failure mode &8, (mm)
RO flexural failure at column 4.22 shear failure at column N/A shear failure at column N/A
R25 strut failure 12.07 shear failure at column 441 shear failure at column N/A
R50 strut failure 13.97 shear failure at column 11.67 shear failure at column N/A
R75 strut failure 17.38 strut failure 16.07 shear failure at column N/A
R100 strut failure 18.78 strut failure 18.73 shear failure at column 10.66

Adopting the one eccentric strut model for analysis of wall-frame interaction showed that the wall panel could
interact with the columns by transferring the force into the columns of the infilled frame. The failure mode of the columns
when interacting with the wall panel was different from the case of the bare frame, depending on the amount of crumb
rubber used in the wall panel. The deformation ability of the infilled frame was less in comparison with the bare frame.
The lateral displacement of the infilled frame when the column reached the effective yield point (equivalent to point B
of the moment-rotation of Figure 17) is also collected in Table 4. When the shear failure was predicted to occur in a
column that controlled the deformation ability of the infilled frame prior to flexural yielding of the column, no effective
yield point of the column was reached. It was, however, noticed that the greater amount of rubber inclusion could
relatively improve the deformation ability of the infilled frame. While the choice in adopting the strut modeling concept
has still been an open issue [34, 45], the application of the one eccentric strut model has been recommended for
evaluation of forces that may be imposed on the columns by the infill wall panel [32, 33]. The distribution of the lateral
shear force in the columns is shown as an example in the case of the R75 strut model in Figure 23. The results from this
study support the recommendation in [32, 33] that the one eccentric strut model can capture the interaction between the
column and the wall more conservatively than the other two strut concepts.
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Figure 23. The maximum shear forces in the left and the right columns at the final state of the R75 model

In this section, the load-deformation capacity curve of the reinforced concrete-infilled frame and crumb rubber
mortar wall was studied. The influence of the mechanical properties of the cement mortar with crumb rubber on the
lateral force-resisting mechanism between the infilled reinforced concrete frame and crumb rubber mortar wall panel
was studied at the structural level. The present observations on the load-deformation capacity curve by using different
diagonal strut modelings showed that the overall deformation ability of the reinforced concrete-infilled frame and wall
was improved with higher percentages of the crumb rubber volume. The amount of used crumb rubber affected the
stiffness of the crumb rubber mortar wall. With the higher percentages of crumb rubber volume, the ductility of the wall,
as modeled by the diagonal strut, allowed for the higher deformation ability of the reinforced concrete-infilled frame
and wall system. This interaction of the infilled crumb rubber mortar wall with the reinforced concrete frame under
lateral load was affected by the compressive modulus of elasticity of the crumb rubber mortar. The compressive modulus
was considered a key parameter affecting the behavior of the wall under compression, similar to the previous study [14].
This example reinforced concrete infilled frame and wall system was extended for the real-scale low-rise building in the
next section to study the seismic performance of the infilled reinforced concrete frame with crumb rubber mortar at the
real-scale building.
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4. Seismic Performance of Example Building Frame with Infill Wall Panel

In this section, a simple building consisting of a regular frame and an infill wall panel was selected, as shown in
Figure 24. The details of the beams and the columns were identical to those of the typical frame outlined in the previous
section. The objective of this section is to investigate the potential seismic performance of the example building frame
with a wall panel made of cement mortar with crumb rubber of different unit weights and different modulus of elasticity.
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Figure 24. Details of the studied building

4.1. Details of Example Building

The example building was treated as an ordinary moment-resisting frame consisting of two bays and three stories.
The building was located in Chiang Khan District, Loei Province, Thailand. It was assumed that the building was placed
on normal soil layers. The design earthquake, for which its intensity level is two thirds of the maximum considered
earthquake following the Thai standards DPT1301/1302-61 [41], was adopted. The spectral acceleration at structural
period of 0.2 second (S,) was taken as 0.265g. The spectral acceleration at structural period of 1 second (S;) was taken
as 0.066g. The equivalent static approach was adopted with the natural period of the studied building being 0.204 second
and the design spectral acceleration (S,) being 0.28g. The response modification factor (R) was taken as 3. This building
was not designed to withstand earthquakes in the past and deemed as one of the typical existing low-rise buildings before
Thailand issued a legal design regulation for buildings located in seismic zones in the year 2021 [41].

The main reinforced concrete frame on grid line B was chosen for analysis. A unit weight of 23.54 kN/m?® was used
for the cast-in-place reinforced concrete column, beams, and precast concrete slabs. It was assumed that the frames were
equipped with a full infill wall with no openings. The R0, R25, R50, R75, and R100 wall panels were applied. For
comparison with general practice in Thailand, infill walls made of clay bricks and autoclaved aerated concrete blocks
were also considered, while no live load was considered. The total dead weight and seismic base shear for the sample
building frames with different wall materials are summarized in Table 5. It is noted that the wall weight imposed by the
clay brick panel was approximately 95% of the wall weight imposed by the RO panel, whereas the wall weight imposed
by the autoclaved aerated concrete block panel was around 80% of the wall weight imposed by the R100 wall panel.
The various levels of crumb rubber inclusion in the wall panels yielded the different total dead weights for the building,
as shown in Figure 25. With less weight in the building, the seismic base shear induced in the frame of grid line B was
less demanding, as shown in Figure 26.

Table 5. Total weight and base shear of the example building using different wall system

Type RO R25 R50 R75 R100 Clay brick  Autoclaved aerated concrete
Column 86.45 86.45 86.45 86.45 86.45 86.45 86.45
Beam 361.64 361.64 361.64 361.64 361.64 361.64 361.64
Floor 979.43 979.43 979.43 979.43 979.43 979.43 979.43
Wall 787.00 675.92 587.14 521.63 465.35 751.52 375.76
Total weight, W (kN) ~ 2,214.52  2,103.44 2,01466 1,949.15 1,892.87 2,179.04 1,803.28
Base Shear, V (kN) 265.74 252.41 241.76 233.90 227.14 261.49 216.39
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Figure 26. The base shear of the building imposed on the frame of grid line B

4.2. Influence of Crumb Rubber on Seismic Building Performance

The seismic analysis of the example building was performed by using the equivalent static approach [41], in which
the seismic base shear was distributed at each floor level of the frame. The eccentric strut model in the previous section
was used for the infilled frames, the details of which are shown in Figure 27. Although the bare frame analysis did not
include the wall model itself, the dead weight of the walls and the associated induced seismic base shear were directly
included in the analysis for comparison.
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4.2.1. Seismic Force Demand in The Columns

For the moment-resisting building frame system, the lateral load was resisted mainly by the columns of the buildings.
For the example building, the columns had the nominal shear strength (V,,) of 40 kN and the nominal moment strength
(M,,) of 22 kN-m. Figure 28 shows the internal shear force demand (14,) to shear capacity (1;,) ratio of a critical column
located on the first story, based on different levels of crumb rubber inclusion in the wall panel. With the eccentric strut
model, the predicted internal shear force induced in the column was greater than the result obtained by the bare frame
analysis. With a greater amount of crumb rubber in the wall panel, the building weight as well as the 1}, /V, ratio were
decreased in both the bare frame and infilled frame. Figure 29 shows the internal bending moment demand (M,,) to
nominal moment strength (M,,) ratio of the same critical column, obtained by using different models. The struts were
predicted to behave elastically based on the observed axial stress in the struts, as summarized in Figure 30. The predicted
internal bending moment in the column was less using the eccentric strut model than the bare frame analysis. This
implied that the wall-frame interaction might assist in reducing the amount of bending moment in the column, which
was contrary to the increasing shear. It was noted that, without including the infill wall model in the bare frame analysis,
the flexural demand of the column was lowered for a greater amount of crumb rubber in the wall panel. However, the
change in the flexural demand of the critical column might not be obviously seen from the infilled frame analysis of the
example building.
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4.2.2. Inter-Story Drift of The Example Building

The inter-story drifts along the height of the bare frame and the infilled frame are shown in Figure 31. It was found
that the inter-story drift of the bare frame model was significantly greater than that of the infilled frame analyses. The
maximum values of the inter-story drifts are summarized in Figure 32. It was observed that the inter-story drifts were
reduced by infill wall-frame interaction. For the example building, the maximum story drift was observed to take place
at the second-floor level of the frame. The maximum inter-story drift was increased with the increased rubber inclusion.
According to ASCE 41, the magnitude of the inter-story drift can be related to the structural integrity of the structure.
For the chosen building site of the study, the application of crumb rubber resulting in the maximum inter-story drift was
less than 1.00% which was the threshold to ensure the life safety performance requirement.
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Figure 31. Inter-story drifts of the example building
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In this section, the seismic performance of the building-scale infilled reinforced concrete frame with a crumb rubber
mortar wall was studied. The use of crumb rubber in crumb rubber mortar walls resulted in less dead load on the wall
imposed on the building frame. The analysis showed that the additional internal shear force induced in the infilled
reinforced concrete frame can be reduced depending on the amount of crumb rubber. The observed inter-story drift of
the present studied building did not exceed the level of life safety performance. This study demonstrated that the seismic
performance of the building could be improved by the approach of lowering seismic demand through the use of lighter
and more flexible crumb rubber mortar wall panels.

5. Conclusions

In this research, the engineering issues for the future use of crumb rubber to make non-structural wall panels are
explored. The investigation is made for the possible lateral interaction of the infill wall and the frame and its effect on
the seismic performance of the example building. The following conclusions can be drawn:

e The experiment to determine the mechanical properties of cement mortar with sand replacement by crumb rubber
is conducted. The amounts of sand replacement by crumb rubber in this study are taken as 0, 25, 50, 75, and 100
percent by volume. It is found that the unit weight, the compressive strength, the tensile strength, and the modulus
of elasticity decrease with an increased amount of crumb rubber. The unit weights are in the range of 12—21 kN/m?.
The compressive strengths at 28 days are in the range of 2-28 MPa. The tensile strengths at 28 days are in the
range of 0.5-3.5 MPa, accounting for 9-25 percent of the compressive strength. The moduli of elasticity are in the
range of 462—24,739 MPa. The Poisson's ratios are in the range of 0.19-0.22.

o Based on the properties of various mixes of cement mortar with crumb rubber, nonlinear analyses of infilled frames
are performed by using SAP2000 program. Based on three equivalent compression strut concepts, force interaction
between the wall panel and the columns can be most conservatively captured by using the one eccentric strut
concept. The deformation ability of the infilled frame is different from the bare frame itself. The inclusion of the
wall panel can trigger a different mode of failure in columns. Column shear failure mode can be observed for the
infilled frame response, while the bare frame response is controlled by column flexural bending. The deformation
ability of the infilled frame is shown to be improved with the increased crumb rubber inclusion in the wall panel.

¢ Based on the example building frame, seismic analysis by the equivalent static approach is carried out. It is shown
that the seismic performance of the building that includes the wall panels in the structural model is different from
the building performance predicted merely by the bare frame analysis itself. The shear force prediction in the
columns is more conservative when modeling the wall panel using the one eccentric strut concept. The maximum
inter-story drift of the building frame is reduced with the inclusion of the wall panels. Using the infill wall with a
higher amount of crumb rubber can decrease the weight of the building. As a result, the seismic demands, i.e.,
internal shear force and bending moment induced in the columns, are less despite being accompanied by higher
inter-story drift for the chosen building.

This paper demonstrates an evaluation example of the seismic performance of the building frame with the selected
crumb rubber mortar, the chosen geometry and size of the wall, and the building frame. The process can be extended to
cover different crumb rubber mortar and/or concrete compositions, as well as different building types. With a better
understanding of the interaction between crumb rubber wall and building structure, the efficient design and use of crumb
rubber mortar wall in the building can be optimized for future work with the recently proposed environmental viability
analysis for crumb rubber mortar application in construction [46].
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