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Abstract. Flexural performances of hybrid composite beams, a combination of two different layers of normal con(ae
and foamed concrete, were investigated numerically using FEM Analysis. Three beams were tested with dimension 150
mm in width, 200 mm in height and 3300 mm in length. Two composite beams were made with different depths of
foamed concrete, which were 50 mm (HB-50) and 100 mm (HB-100). The results of these beams were compared with
the control beam (CB) with full layer of normal concrete. The flexural performance of beams was evaluated in terms of
load-deflection response, load-strain of concrete anda:el bar, crack pattern and failure mode. The results showed that
foamed concrete at hybrid composite beams reduced the ultimate load of the beams. Compared to the control beam, the
ultimate load of HB-50 and HB-100 was decreased by 29.5% and 30.8%, respectively. However, different depth of
foamed concrete at the hybrid beams showed an insignificant effect on the ultimate load. The number of cracks on HB-50
and HB-100 was larger than that of CB. Some cracks in foam concrete do not propagate upward to the normal concrete
layer. Finally, all the beams failed under the crushing of compression concrete.

INTRODUCTION

Today, the number at which concrete is used is much higher than 40 years ago [1]. The estimation of the present
consumption of concn:m] the world is 11 billion metric tonnes every year. Concrete has many advantages over
Bjer materials such as possesses excellent resistance to water, can be formed into a variety of shapes and sizes and
the cheapest and most readily available material on the job [1]. The principal components for making concrete,
namely aggregate, water, and portland cement are relatively inexpensive and are commonly available in most parts
of the world.

Massive exploration of the natural materials for producing concretes affects the environmental condition and
global warming that may cause disasters such as flooding and landslides. Therefore, it is necessary to reduce the
effect of concrete materials on the environmental impact. The concrete should be used as efficiently as possible.
Thus, the research on the fields of concrete efficiency should be conducted intensively.

The natural behavior of concrete material is strong in compression and weak in tension. The lensll‘englh of
concrete 1s about 8 to 15 percent of the compression strength [2,3,4]. Therefore the contribution of the tensile
strength of concrete to the flexural capacity of the beams is neglected as illustrated in Fig. 1. The flexural capacity of
the beam is influenced only by the compression stress of the concrete and the tensile stress of the steel reinforcement
[2], as expressed in Eqs. (1) and (2).
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FIGURE 1. Compression and tension zone of RC beam due to {lexure [4]

Mn=0.85fc“pb(d—1£a) (1)
Mn = Acfy (d —32) 2)

where f7 is the concrete st.rengmb is width of the beam, d is the effective depth of the beam, a is depth of
equivalent rectangular stress block, A,is area of steel rebeu‘sa] fyis yield stress of steel bars.

In order to efficiently use the concrete materials, then the compressive strength of the concrete on the tensile
stressed section may be reduced, or the concrete on the tensile stressed section may be removed. However, this will
affect to the durability of the concrete structure. Some methods have been studied to replace concrete on the tensile
stressed section such as the use of hollow concrete [5,6,7], engineered cementitious composites [8] and styrofoam
concrete [9].

This slucmlevel()ped foamed concrete to replace concrete on the tensile stressed section. Research about the
ntchemicell properties of foamed concrete has been investigated by many researchers [10,11,12,13,14,15,16].
Foamed concrete or cellular concrete is either a morn or cement pastes in which air voids are artificially entrapped
in mortar. Foamed concrete has advantages such as low self-weight, nh flowability, minimal usage of aggregate,
controlled low strength, and cxccllcntcrmal insulation properties. Due to its lightweight and more economical
nature, its applications as a lightweight material in the construction industry are gaining growing popularity. Foamed
concrete has low compressive strength, therefore, its application on the hybrid structure may affect the behaviour of
structures.

In this regard, this study investigates the effect of foamed concrete on the flexural behaviour of hybrid composite
beams made of normal concrete and foamed concrete. This study was conducted numerically by using FEM
Analysis software. The flexural performance of beams was evaluated in terms of load-deflection response, load-
strain of concrete and steel bar, crack pattern and failure mode.

FOAMED CONCRETE

Foamed concrete 1s a mortar or cement pastes in which air voids are artificially entrapped in mortar. It possesses
low self-weight, high flowability, minimal usage of aggregate, controlled low strength, and excellent thermal
insulation properties. Foam concretes are given their structure for foaming by using foam generators or stiring up
the cement paste using foaming agents and fast rotating pug mill mixers. The paste consists of the binder, usually
cement, finely grounded quartzitic sand, water and foam generating admixtures. After molding the foam, the
concrete hardens under normal atmospheric conditions [10].

The foamed concrete consisted of Portland cement, sand, foam agent and admixtur shown in Fig. 2. The mix
design of foamed concrete was presented in Table 1. The type of foam agent was Texapon N70. It is a highly
concentrated sodium lauryl ether sulphate derived from natural fatty alcohols. During the mechanical foaming
procedure, a foam agent is added to the mortar. Numerous bubbles are mechanically introduced by high-speed
mixers. A relatively unstable foam develops with an irregular structure and undefined void structures [17]. In
practice, a more usual manufacturing method is physical foaming. A pre-manufactured foam consisting of water and
the chemical admixture is mixed with the additional components. Under these conditions, a more stable and fine-
pored mortar will result [17].
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FIGURE 2. Materials in foamed concrete

TABLE 1. Mix design of foamed concrete (per m*)

Cement Sand Water Sikament Foam Agent
LN
662.5kg 1,325 kg 232 liter 16.6 kg 30% of mortar portion
FEM MODELLING
Geometry and Meshing

The geometric details of the numerical models were defined according to the specimen as shown in Fig. 3. A
total of three beams weinvestigated by using FEM analysis. Detail of all beams is shown in Table 2. The
dimension of beams was 150 mm in width, 200 mm in height and 3300 mm in length. Two composite beams were
made with depth of foamed concrete was 50 mm and 100 mm. The results of these beams were compared with the
control beam made of full layer of normal concrete.

- ' B
"_‘A > Foamed concrete
150 2700 " 150
L ] 3m0 Ll B g
2d6 2d8
250 < d8-85  [,50| 100 < d8-175
3DI13 I 3D13
Foamed concrete depth
¢ ; | of 50 mm and 100 mm
150 ) 150
A-A B-B

FIGURE 3. The geometric detail of specimens

TABLE 2. Variation of specimens

Beam code Depth of foamed Remark
concrete (mm)

CB - Control beam

HB-50 50 Hybrid beam

HB-1100 100 Hybrid beam
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g nonlinear plane stress analysis is to be carried out on a model of a reinforced @cmtc beam. The 2-
dimensional model of control beam and hybrid beam is shown in Figs. 4 and 5, respectively. The reinforcement was
provided in the lower and upper face of the beam has a total cross-section area of 397.9 mm? (3D13) and 100.5 mm?
(2d8), respectively. The reinforcement WEISS() provided at the vertical direction of the beam as the transverse
rebars with the total cross-section of 100.5 mm?®. The superposition of nodal degrees of freedom assumes that the
concrete and reinforcement were perfectly bonded. It was assumed that the self-weight of the beam is negligible
compared with the applied load.

The model of control beam consists of two parts: the concrete elements and the steel elements
(reinforcement and dowels). The model of hybrid composite beam consists of four parts: the normal concrete
element, the foam concrete element, the steel elements (reinforcement and dowels) and interface between normal
concrete and foamed concrete. The concrete beam was modeled as surface while the reinforcement was defined as a
line. The reinforcement was modeled by the bar element during analysis. The mesh division of a 50 mm square was
adopted for the analysis

4 T '-\\ . f ¥
150 mm 3000 mm 150 mm
Compression rebars
Transverse rebars
| | A Tensile rebars
FIGURE 4. Numerical model of control beam (NC)

£ == === il\\? 3 : =S $
i | ™.

NP i i ; SR ¢ Z

\

=3¢

F Normal concrete

Foamed concrete

FIGURE 5. Numerical model of hybrid beam

Material Properties and Model
Concrete

To define the mechanical properties of normal concrete and foamed concrete, uniaxial compression tests were
performed on cylinder specimens with dimensim)f 100x200 mm. Compressive and tensile strength test were
conducted by using Universal Testing Machine at the age of 28 days as shown in Fig. 6. The compressive and
tensile strength tests followed ASTM C39 [18] and ASTME’S [19] specifications, respectively. Properties of
normal concrete and foamed concrete were presented in Table 3.
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a. Compressive strength test b. Tensile strength test

FIGURE 6. Compressive and tensile strength test

TABLE 3. Properties of normal concrete and foamed concrete

® Normal concrete Foamed concrete
Compressive strength (MPa) 20.37 5.70
Tensile strength (MPa) 2.07 0.52
Modulus of Elasticity (MPa) 21209 3823

In FEM Analysis, the typical stress-strain of the concrete that was used is shown in Fig. 7. A multi-crack
concrete (Model 94) was used. The multi<rack concrete model is a plastic-damage-contact model in which damage
planes form according to a aincipell stress criterion and then develop as embedded rough contact planes. In this
model, the input data was uniaxial compressive strength (f.), uniaxial tensile strain (fy), strain at peak uniaxial
compression (o,), strain at effective end of softening curve for distributed fracture (o), fracture energy per unit area
(Gp.

0.3fc’).. Compression
£o &y : H
B &y
Tension
A
fe

FIGURE 7. Stress-strain curve of concrete

Reinforcement

The properties of steel bars were determined by conducting a tensile strength test in the )rell()ry as shown in
Fig. 8. The yielding stress (fy), yielding strain (oy) and Young modulus (E) of steel bars were presented in Table 4.

TABLE 4. Properties of steel bars

Steel bars Yield stress Yield strain Young Modulus
diameter (mm) (MPa) (no) (MPa)
8 377.87 1960 193038
13 388.32 2020 214543
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FIGURE 8. Tensile strength of rebars

In FEM analysis, the steel bars are modeled by means of the embedded reinforcement menl (perfect
bounding). A bilinear elasto-plastic constitutive model 1s used to appropriately represent the stress-strain
relationship of reinforcing bars as shown in Fig. 9.

o
)
Ultimate strength
. Strain
Yield strength+—— hardening
modulus
T T -
Yield strain Elengation

at2in.
FIGURE 9. Stress-strain of steel bars

Boundary Condition and Loading Point

A simply sup[ﬂed boundary condition was assigned at the bottom of the beam at 150 mm from the edge. TW(
point loads were applied to the top of the beams at a distance of 1450 mm from the edge. This was to simulate a
four-point bending test as shown in Fig. 10. Plane stress (QPMS8) elements represented the concrete section, and bar

(BAR3) elements presented the reinforcement bars.

1450 mm Loading point
v b >
F
% B R R AR =
I Support

FIGURE 10. The boundary of beam at FEM analysis
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RESULTS AND DISCUSSION

Load-Deflection Curves

Figure 11 shows the load and deflection responses of all beams and the results of FEM Analysis are summarized
in Table 5. The deflection reported here was the deflection at the mid-span of the beam. Generally, all the beams
exhibited similar behavior until the first crack. After that, the slope of load-deflection curves reduced gradually. The
slope of CB was higher than that of HB-50 and HB-100. Meanwhile, the stiffness of HB-50 and HB-100 was almost
similar. This indicates that the use of foamed concrete at the hybrid beams affected the stiffness of the beams.
However, the different depth of f@ned concrete at the hybrid beam did not significantly affect the stiffness.

After the yielding load, the slope of load and deflection curve reduced significantly. The load was constant,
while the displacement still increased until the failure. This was a typical flexural failure mode.

As shown in Table 5, the first cracking load and deflection of CB were 5 kN and 0.53 mm, respectively.
The first cracking load and deflection of HB-50 were 5 kN and 1.60 mm, respectively. The first cracking load and
deflection of HB-100 were 4 kN and 1.55 mm, respectively. This indicated that the first cracking load almost similar
in all beams but the deflection of hybrid beam was higher than that of normal beam.

35
30
25 -
E 20
T
ﬁ 15
10 -=—-CB
—4—HB-50
5 —#—HB-100
"
0 : I I I i
0 50 100 150 200 250
Deflection (mm)
FIGURE 11. Load-deflection responses
TABLE 5. Results of FEM analysis
Beam Et crack Yield Ultimate Failure mode
P;(kN) do(mm) P,(kN) dy(mm) P,(kN) d,(mm)
CB 5 0.53 275 10.91 30.2 158.19 Flexural failure
HB-50 5 1.60 182 11.16 213 180.44 Flexural failure
HB-100 4 155 182 12.01 209 218.64 Flexural failure

At yielding, the load and deflection of CB was 27.5 kN and 10.91 mm, respectively. HB-50 was 18.2 kN and
11.16 mm, respectively and HB-100 was 17.8 kN and 12,01 mm, respectively. Compared to CB, the yielding load of
HB-50 and HB-100 was decreased by 33.8% and 35.3%, respectively. It means that the use of foamed concrete at
hybrid composite beam reduced the yielding load of the beams. However, the different depth of foamed concrete at
the hybrid beam showed an insignificant effect on the yielding load.

Finally, at the failure, the ultimate load and deflection of CB was 30.2 kN and 158.19 mm, respectively.
HB-50 was 24.0 kN and 180.44 mm, respectively and HB-100 was 23.8 kN and 218.64 mm, respectively. Compared
to CB, the ultimate load of HB-50 and HB-100 was decreased by 29.5% and 30.8% , respectively. This indicated that
the use of foamed concrete at hybrid composite beams reduced the ultimate load of the beams. Similar to yielding

load, the different depth of foamed concrete at the hybrid beams also showed an insignificant effect on the ultimate
load
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Load-Strain Curves

Figures 12a and b show the load and strain curves of steel bars and concrete, respectively. The location of steel
gauge was at the middle of the longitudinal rebars, while the location of the concrete gauge was at upper surface of
the beam.

35 - a5
2]
25 - 25 |
320- gzo_
§15- §15

10 | —=—CB 10 | »-CB
—a—HE-50 —a— HB-50
5 ~e—HB-100 5 —s—HB-100
ok . . . . . . 0 , . . . . .
0 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Strain (x10°%) Strain (x10%)
a. Longitudinal rebars b. Concrete

FIGURE 12. Load-strain curves

As shown, the longitudinal rebars has reached the yielding strain of 1500 go and the concrete also has reached
the ultimate strain of 2500 yo. The longitudinal rebars were yielded before the failure of concrete at the compression
zone. This was a typical under-reinforced failure mode. Therefore, the use of foamed concrete at the hybrid beams
did not change the failure mode of the beam which was failed under crushing of compression concrete.

Crack Pattern

Figure 13 showed the crack pattern of all beams at the first crack. The first crack of CB, HB-50 and GHB-100
was 5 kN, 5 kN and 4 kN, respectively. This crack occurred at the constant moment region. Further loading after the
appearance of the first crack, the other cracks appeared while the existing cracks propagated. The propagation of the
cracks moved toward the compression concrete. The long cracks were concentrated in the constant moment region at
the span center.

1,55695
1,81644
2,07593
Maximum 233542 at node 667

Minimum 0,0 at node 5

X

First crack

a.CB
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FIGURE 13. Crack pattern at the first crack

Figure 14 shows the crack pattern of all beams at the ultimate load. The ultimate load of CB, HB-150 and HB-
100 was 30.2 kN, 21.3 kN and 20.9 kN, respectively. Comparing to cracks number of the normal beams, the number
of cracks on -50 and HB-100 was larger. The long cracks were concentrated in the constant moment region at the
span center. The number of cracks on the tensile zone of the concrete on HB-50 and HB-100 was larger than that of
CB. This was because the foam concrete has a low tensile strength compared to normal concrete. Also, the cracks
that occur in the foam concrete do not propagate upward to the normal concrete layer. This was because there are

interfaces in the foam concrete and normal concrete, thereby reducing the composite action of the beam.

88,419
101,05

Maximum 113,682 at node 70
Minimum 0,0 at node 5 Concrete crushing
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FIGURE 14. Crack pattern at the failure

CONCLUSIONS

The flexural performance of hybrid composite beams made of normal concrete and foamed concrete was

conducted by using FEM Analysis, lead to the following conclusion:

1.

2.

3.

o Lh

The use of foamed concrete at hybrid composite beams reduced the ultimate load of the beams compared to the

control beam, the ultimate load of HB-50 and HB-100 was decreased by 29.5% and 30.8%,Iesmtively.

The different depths of foamed concrete at the hybrid beams had an insignificant effect on the ultimate load.

The ultimate load of hybrid beam with 50 mm depth of foamed concrete was almost similar to 100 mm depth.

The number of cracks on HB-50 and HB-100 was larger than that of CB. This was because the foam concrete
has a low tensile strength compared to normal concrete. In addition, some cracks in foam concrete do not
propagate upward to the normal concrete layer. This was because there are interface in the foam concrete and

normal concrete.
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