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Abstract

This work investigates the static and fatigue behavior of foam concrete reinforced by sisal
fibers under flexural loading. In particular, the effect of fiber content (0-0.3%) is determined by
measuring the strains at two positions (mid-span and near the support of the beam) to relate
with the bending stiffness. The results show that under static loading, the composite having a
sisal fiber content of 0.15% has the lowest bending stiffness when the specimen fractures. This is
especially the case at the mid-span of the beam where the bending stiffness degradation is more
obvious. Under cyclic loading, sisal fibers are effective in decreasing the bending stiffness
degradation of the composites. When the sisal fiber content is below 0.05%, a linear relation
between the bending stiffness and the logarithmic fatigue life of the composite was found. But
for a fiber content above 0.05%, a linear relationship is obtained when the fatigue life is used. It
was also found that the bending stiffness obtained from two positions are linearly related. If the
slopes of the fitting lines are fixed as 2, a mathematical model between the bending stiffness at
the mid-span and the bending stiffness near the support is obtained.
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1. INTRODUCTION

As a building material, concrete should have enough strength and toughness to withstand
specific loads depending on its final application [1]. Furthermore, the stiffness of concrete must
also be determined to quantify its resistance under deformation up to fracture. If the stiffness is
too low, the deformation will be high and the load capacity of the structure will decrease. For
most applications, concrete parts are under constant loading and their long term properties must
be determined for safety reasons. This is why the time behavior is of high interest which can be
determined via several characterizations like creep, relaxation and fatigue [2]. In most cases,
stiffness (modulus/compliance) is quantified under different conditions.

The loss of stiffness and the residual stiffness of concrete are affected by several factors such
as components [3], corrosion [4,5], structure [6], etc. For example, adding honeycomb structures
inside reinforced concrete leads to a global density reduction but high stiffness loss with
increasing volume content [7]. To enhance the flexural stiffness of concrete,
constraints/reinforcements in the beam can be added. So the number/type of fibers/bars is
important. To this end, a computational procedure was proposed to overcome the undesirable
effect of limited ductility [8]. This methodology was used to optimize the loading capacity and the
flexural stiffness of hyper-static beams. Furthermore, the effect of reinforcement content and
their location on the bending stiffness of reinforced concrete was discussed [9]. In terms of
experiments and numerical simulations, Sharaky et al. [10] investigated the effect of axial
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stiffness of near-surface mounted fiber reinforced polymer (NSM FRP) on the flexural
performance of strengthened reinforced concrete. The results showed that a critical axial
stiffness ratio (1 + Errp Arre / Esteet Asteer) OF 1.25 was obtained. Furthermore, a new calculating
method to achieve the effective stiffness of slender reinforced concrete column subjected to
complex stress states including axial stress and bi-axial bending was presented [11]. Based on
genetic programming (GP), an explicit formulation to determine the effective flexural stiffness of
circular reinforced concrete columns was presented [12]. Compared with static loading, when the
beam is subjected to a live load or fatigue loading, its flexural stiffness decreases (degradation)
even under external loads below its ultimate strength. For the dynamic response of concrete, the
relation between localized steel-concrete bond damage and dynamic stiffness is not obvious [13].
But bending cracks are directly affecting the dynamic response of reinforced concrete.

Combining the advantages of two materials, steel-concrete composites can produce higher
flexural stiffness. Considering possible interfacial slip between the steel and concrete [14], a
model was proposed to predict the stiffness of these composites under a negative moment. To
achieve a significant integral behavior, a reinforcing truss and an inverted U-shaped
reinforcement were adopted to produce stiffer steel-concrete beams [15]. For reinforced
concrete columns, the flexural stiffness is also of interest. So a new expression able to accurately
predict the stiffness of reinforced concrete was proposed [16].

For foam concrete, the main characteristics are lower density and strength. Youssef et al.
[17] discussed the effect of sand, pores and cement paste on the flexural stiffness of foam
concrete. But other components, such as palm oil ash and eggshell powder were also included to
improve the flexural performance of foam concrete [18].

As reported above, steel fibers can be added into reinforced concrete to improve the initial
and residual flexural stiffness [19]. Similarly, the flexural properties of foam concrete can be
improved by adding steel fibers or other reinforcements like polystyrene, glass fiber reinforced
polymer and steel [20-23]. In a previous work [24], the flexural performance of foam concrete
under static and cyclic loading was investigated. It was shown that the addition of sisal fiber can
efficiently improve the fatigue life of foam concrete when the fibers can be homogeneously
dispersed in the matrix. In this study, the focus is made on the bending stiffness of foam concrete
with different sisal fiber content. The work also includes a comparison between the beam
bending stiffness at different locations.

2. EXPERIMENTAL WORK

To investigate the bending stiffness behavior of foam concrete, static flexural and fatigue
tests were conducted. To determine the effect of sisal fiber content on the bending stiffness of
foam concrete, six concentrations (0, 0.05, 0.1, 0.15, 0.2 and 0.3%) were studied to form 6 groups
of tests. For the fatigue tests, three stress levels (0.75, 0.8 and 0.9), which are defined as the ratio
of the maximum fatigue load to the bending strength of the specimen, were used. Each stress
level includes 3 specimens. So a total of 54 specimens were used to complete the fatigue tests.
Materials

Although different fibers can be used to improve the mechanical properties of foam
concrete [25-28], sisal is widely used in concrete engineering such as sandwich structures and
bio-composites because of its biosourced origin, biodegradability and low cost [29, 30]. Sisal fiber
reinforced foam concrete contains several components such as: cement, aggregate, water, etc.



Except for the basic materials, fly ash and silica fume will be used in this study. Fly ash can
substitute the cement and improve the strength. Silica fume has a smaller particle diameter (0.1-
0.3 um), so it can be used as a filler to improve the compactness and the bending strength of
foam concrete. Similarly, a water reducing agent is used to improve the mechanical properties of
foam concrete. Hydrogen peroxide (foaming agent) and calcium stearate (foam stabilizer) are
used to produce the foam structure. As a natural material, sisal fiber was shown to efficiently
improve the mechanical properties of concrete [31, 32]. In this study, the sisal fibers were
obtained from Jiangxi Poyang Changjiang textile co. Ltd. (China). The original fiber length ranged
from 90 cm to 130 cm and the fiber purity was above 97%. To conveniently add the sisal fibers
into the matrix, they were cut to 10 mm in length. The properties of the sisal fibers are listed in
Table 1.

Table 1. Properties of sisal fibers.

Length after Diameter Moisture Fiber tension Elongation Density
cutting (mm) (um) regain (%) (N) (%) (g/cm?)
10 100-200 9.5 >800 5 1.34

The preparation of foam concrete includes the following steps: mixing of the mortar
compositions, addition of the foaming agent, high intensity mixing and pouring in a mold (300
mm x 100 mm x 100 mm). Before testing, each component was weighed as reported in Table 2. In
this study, the experimental steps to produce sisal fiber reinforced foam concrete are as follows:
1) cleaning of each equipment (mixer, mold, etc.) and coating the mold with engine oil to
facilitate sample demolding; 2) weigh the required amount of raw materials. Then, place the
cement, sand, fly ash and silica fume into the mixer and dry mix (JJ-5 planetary cement mortar
mixer, China) for 1.5 min and then sisal fibers are slowly added into the mixer to continue dry
mixing for another 2 min. Finally, the hydrogen peroxide and water are slowly added into the
mixer for another 3 min of mixing; 3) The mixture is placed inside the mold, compacted and
smoothed with a shovel. The mold is finally placed on a vibrating table (South China testing
instrument Co. Ltd., China), vibrated for 1 min and left to rest; 4) After 24 h, the sample is placed
in a curing room (20°C and 90% humidity). Finally, the specimen can be removed from the mold
after 28 days and used for flexural testing.

Table 2. Mixing ratio of the foam concrete.

Cement | Sand Water Water Fly ash Silica Foaming Foam
(kg) (kg) (kg) reducer (kg) (kg) fume (kg) agent (1) stabilizer (kg)
588 360 378 3 168 84 30 2

Mechanical characterization

For each type of test (static or fatigue), a three-point bending geometry was selected (Figure
1). The size of the beam was 300 mm x 100 mm x 100 mm and the span was fixed at 200 mm.
The load was applied on the top surface at the mid-section of the beam. The static bending tests
were carried out on a hydraulic universal testing machine WEW-300B (Jinan testing machine
factory, Jinan, China) with computer control. The loading rate was fixed at 0.02 kN/s. The fatigue




tests were carried out on an electro-hydraulic serve fatigue testing machine HYS-100 (Changchun
Hao Yuan testing machine Co., Ltd., Changchun, China), and the sampling frequency was 100 Hz.
The bending load (P,) can be used to determine the stress levels for fatigue tests. Three stress
levels (Sg= Pmax/Pu) of 0.75, 0.8 and 0.9 were applied to the middle of the specimen for each sisal
fiber content.

To measure the axial strains, five strain gauges were installed at different locations. Three
stain gauges were pasted at the upper, lower and central positions, while the other two strain
gauges were pasted close to the hinge supports. The specific positions of the strain gauges are
reported in Figure 1. The strains were acquired via dynamic resistance strain gauges TMR7200
(Tokyo measuring instruments laboratory Co., Ltd., Tokyo, Japan). The size of the specimens in
the fatigue tests were the same as for the static tests and again five strain gauges for each
specimen were installed at the same positions (Figure 1).

The parts located at different positions are under different stress states, so they will display
different bending stiffness. Since the strains for two positions (mid-span (M) and near the
support (S)) are measured by the strain gauges, the bending stiffness of the specimen can be
determined in terms of the tensile stresses related to their respective positions. With the theory
of mechanics of materials, the bending stiffness at both positions (M and S) can be obtained as a
function of the number of cycle (N) with respect to the load and deformation
measured/imposed.

3. RESULTS

Considering the weak bending strength of foam concrete, the sisal fibers were added to
improve their flexural performance. The rupture of a typical specimen is shown in Figure 2. From
this figure, it can be seen that the sisal fibers are well embedded in the matrix to prevent cracking
and premature rupture. But the fiber distribution in the matrix is uneven and agglomerations can
be seen. For all the flexural tests, fiber pull-out from the matrix occurs and there is no evidence
of fiber break-up. So interfacial slipping is highly present which dissipates a large amount of
energy when the specimen cracks, thus improving the ductility of foam concrete.

In order to conveniently compare the experimental data, the results are plotted in Figure
3A. The bending strength of the specimens with increasing sisal fiber content is presented by the
blue lines. Due to the bridging effect [33], increasing the sisal fiber content increases the bending
strength up to 0.15%. Above 0.15%, the bending strength decreases mainly due to fiber
agglomeration creating some defects in the structure. In fact, the dispersion of sisal fibers in the
matrix was severely affected by their shape, morphology and surface treatment [34,35].
Furthermore, sisal fiber addition improves the ductility of the foam concrete. For example, two
positions located at the mid-span (position 1, denoted by M) and near the support (position 2,
denoted by S) are selected to depict the deformation of the specimen. In Figure 3A, the tensile
strains at position 1 (red lines) and position 2 (black lines) are plotted, showing the axial
deformation as a function of sisal fiber content. Whatever the position (1 or 2), the tensile strain
is maximum when the fiber content is 0.15%, similar to the bending strength trend. This means
that the specimens have their maximum strength and maximum flexibility under the same
conditions.



Comparing the tensile strains located at both positions (S and M), under any conditions, the
tensile strain at position 1 is larger than that at position 2 when the specimen fractures. However,
when the fiber content reaches 0.15%, the tensile strain at position 1 increases rapidly and is
much higher than that for position 2. Because the sisal fiber efficiently improves the ductility of
the foam concrete, when the specimen fractures in the middle of the beam, large deformation
was produced.

Based on the theory of the mechanics of materials and the bending strength of the foam
concrete with different sisal fiber contents, the ultimate stresses at both positions (M and S) can
be obtained. The axial modulus is calculated by the ratio of the ultimate stress over the ultimate
strain, while the bending stiffness is obtained by the product of the axial modulus and the axial
moment of inertia. Because the axial modulus is related to the stress state, the bending stiffness
for different positions is different. Here, the bending stiffness calculated at position 1 and

position 2 are compared. The required values are computed by Equations (1-5) and the results
are listed in Table 3.
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where o and € refer to the stress and the strain respectively, My and Ms are the bending
moments at the mid-span and near the support respectively, | is the axial moment of inertia,
while h and b refer to the height and the width of the beam section.

Table 3. Mechanical parameters at position 1 (M) and 2 (S).

Sisal fiber content (V) (%) 0 0.05 0.10 0.15 0.20 0.30
Bending strength g, (MPa) 0.83 0.94 1.00 1.07 0.95 0.89
M-Ultimate stress gy (MPa) 0.581 0.658 0.700 0.749 0.665 0.623

M-Ultimate strain &y (p€) 93 123 175 582 368 231

M-Axial modulus E,, (GPa) 6.247 5.349 4.000 1.287 1.807 2.697

M-Bending stiffness ky (106kNmm?) | 52.06 44.58 33.33 10.72 15.06 22.47

S-Ultimate stress gs (MPa) 0.0872 | 0.0987 | 0.1050 | 0.1120 | 0.0998 | 0.0935
S-Ultimate strain &5 (pe) 41 78 106 131 120 101
S-Axial modulus Es(GPa) 2.126 1.265 0.991 0.858 0.831 0.925
S-Bending stiffness ks (106 kNmm?) 17.71 10.54 8.25 7.15 6.93 7.71




Table 3 shows that whatever the position (1 = mid-span or 2 = near the support), the
bending stiffness decreases with increasing sisal fiber content below 0.15%, but slightly increases
above 0.15%. For any fiber volume fraction, the bending stiffness of the foam concrete at
position 1 is higher than for position 2. This means that the part at position 1 is more difficult to
deform than that at position 2. To explain this phenomenon, three micro-elements are chosen to
analyze the stress states (Figure 1). Micro-element 1 (Figure 3B) is taken from position 1 and
micro-element 2 is taken from position 2. Micro-element 1 is under unidirectional tension and
micro-element 3 is under unidirectional compression. This case is different with the direct
tension because the upper side of the beam will resist the tensile deformation of the lower side
of the beam. In contrast, the micro-element 2 is under a complex stress state including tensile
and shear stresses. From Figure 3B, the shear stress in the micro-element 2 is beneficial to the
tensile deformation of the specimen. From the stress-strain analysis, the bending stiffness
obtained from the tensile stress and the tensile strain at position 2 is less than that at position 1.
The experimental data are consistent with the results of Mohammadhassani et al. [9] who also
reported that the stiffness away from the mid-span is lower than that at the mid-span.

To conveniently compare the bending stiffness of the foam concrete with the sisal fiber
volume fraction, the results obtained from two positions are plotted in Figure 4. Figure 4A shows
that the normalized bending strength varies with the fiber content. When the position 1 is
selected to calculate the bending strength, the optimal sisal fiber content leading to the
minimum stiffness is again 0.15%; i.e. the specimen has a maximum flexibility at 0.15%. However,
the bending stiffness of the specimen at the position 2 is minimum when the sisal fiber content is
0.2%. Comparing these two cases, the optimal sisal fiber content for position 1 is 0.15% which is
slightly lower than that for position 2 to get the maximum flexibility. Figure 4B shows that the
bending stiffness at position 2 rapidly decreases at the beginning and then slowly decreases with
increasing sisal fiber content below 0.15% (black curves). When the fiber content is higher than
0.15%, this is not the case for position 1 where the bending stiffness increases faster than that at
the position 2 (red curves in Figure 4B). From the analysis performed, the addition of sisal fiber
can improve the fracture flexibility of the foam concrete under the static load at low fiber

content, which is more efficient at the beam mid-span.

Bending stiffness vs. fatigue life

The bending stiffness of the samples can be illustrated with increasing time due to
mechanical fatigue loading. These changes in terms of the concrete beam bending stiffness can
reflect the differences to resist the deformation between each material. For sisal fiber reinforced
foam concrete, Figure 5A shows the relationships between the bending stiffness and the fatigue
life with different sisal fiber content under a stress level of 0.75. From this figure, the mid-span of
the beam has higher bending stiffness than that near the support. At low fiber content (0-0.05%),
three stages can be found: the bending stiffness initially decreases rapidly (crack initiation), then
a second stage has a constant slope (crack propagation), finally the bending stiffness tends to
zero in the last stage (complete fracture). When the sisal fiber content is larger than 0.05%, the
initially decreasing stage is not obvious. The curves mainly include the stable stage and the last
decreasing stage. When a higher stress level is applied (0.8 or 0.9), similar behaviors are obtained
in Figures 5B and 5C. Whatever the stress level, all the three stages are very clear without sisal



fiber. However, when sisal fibers are present, they are playing a bridging role restricting the
deformation of the composites and improving the stiffness degradation of the specimens. As the
fiber volume fraction is 0.05%, the three stages of the curves are still observed. But when the
fiber content is higher than 0.05%, the stiffness degradation of the specimens becomes slow and
the initial decreasing stage disappears.

To investigate the effect of sisal fiber content on the flexural stiffness degradation of foam
concrete, normalized bending stiffness-fatigue life curves under different stress levels are plotted
in the same figure. For example, when the stress level of 0.75 is selected, the relationships
between the bending stiffness and the fatigue life for different sisal fiber contents and for the
mid-span of the beam are plotted in Figure 6A. It is clear that the sisal fibers improved the
flexural stiffness of the foam concrete. When the sisal fiber content is 0.05%, the normalized
stiffness vs. fatigue life curves are close to that of the neat foam concrete which contains three
stages. At the first stage, the bending stiffness decreases rapidly. When the sisal fiber content
exceeds 0.05%, the bending stiffness degradation curves decrease slowly. A similar trend can be
seen in Figure 6B in which the bending stiffness is measured near the support. For higher stress
levels (0.8 or 0.9), the results are also gotten and all the curves decrease slower because the
fatigue life is reduced. In general, whatever the stress level, the presence of sisal fibers can
efficiently resist the loss of bending stiffness when a fatigue load is applied. This is especially the
case when the fiber content reaches 0.3% where an optimal effect is observed.

Bending stiffness degradation curves

For the foam concrete, the bending stiffness degradation curves include three stages. To find
a relationship between both properties, a linear regression analysis was conducted. Under the
three stress levels, the bending stiffness curves have the same trends, so all the points at each
position are used to perform the regression analysis. By taking the logarithm of the fatigue life,
the fitting curves related to the bending stiffness are obtained. Figure 7A shows the fitting results
for the position 1 and 2. The bending stiffness and the logarithm of the fatigue life of the neat
foam concrete have a good correlation with an adj. R? (coefficient of determination) of 0.891 and
0.831. Generally speaking, the bending stiffness at the mid-span is higher than that near the
support. When sisal fibers are added at low content, the stiffness degradation of the composites
is similar with that of the neat foam concrete. The two regression lines are plotted in Figure 7B.
However, the adj. R? is lower than the former. To make a more quantitative analysis, a
relationship between the bending stiffness (kv or ks) and the fatigue life (N) of the neat concrete
is proposed as:

k=a+blog,,N (6)

where a and b are fitting parameters.

The quality of linear regression can be measured by the coefficient of determination (COD),
or R?, which can be computed as [36]:

RSS

R =1-
7SS

(7)



where TSS is the total sum of square and RSS is the residual sum of square. In addition, the adj. R?
can be defined as:

RSS/d
2 — 1 _ fErmr (8)
TSS / dfTotal
where dfgqor and dfwia are the degree of freedom for RSS and TSS, respectively.
Because the intercept is included in the linear model, dfrta equals n-1 and df g..r €quals n-2
where n is the number of points (36 here). RSS is actually the sum of the square of the vertical
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For sisal fiber contents of 0% and 0.05%, all the fitting parameters are listed in Table 4. It can
be seen that when the sisal fibers are added, the linear correlation between the bending stiffness
and the logarithm of the fatigue life is decreasing. This means that higher sisal fiber contents are
less well represented by the model and some modification (improvement) must be made.

Table 4. Fitting parameters for the relationship between the bending stiffness and the fatigue life.

Sisal fiber content (%) 0.00 0.05
Position M S M S
Number of data 36 36 36 36
Degrees of freedom 34 34 34 34
Intercept g Value 323.4 131.2 203.6 93.4
Standard error 10.5 6.6 11.6 5.7
Slope b Value -51.0 -24.8 -23.7 -14.0
Standard error 3.0 1.9 3.2 1.6
Residual sum of squares 15190.4 5032.8 12721.9 3297.3
Coefficient of determination R? 0.8937 0.8362 0.6209 0.7018
Adj. R? 0.891 0.831 0.610 0.693
Pearson’s r -0.945 -0.914 -0.788 -0.838

Note: M and S refer to mid-span and support position; R is the correlation coefficient.

When the sisal fiber content is above 0.05%, the three stages of the bending stiffness
behavior are not obvious, and only two stages are clearly seen: the stable decreasing stage and
the last stage. It was difficult to find a suitable fitting curve to represent the whole process
including all three stress levels (0.75, 0.8 and 0.9). To get a good relationship between the
bending stiffness and the fatigue life, the stable decreasing stage under each stress level was
linearly fitted. When the sisal fiber content is in the 0.1%-0.3% range, the fitting curves under
each stress level (0.75, 0.8 or 0.9) are plotted in Figures 7C, 7D, 7E and 7F. Whatever the position



(1 or 2), the slopes decrease with increasing the stress level. In general, all the regression lines
can well reflect the relationship between the bending stiffness and the fatigue of composites.
Similarly, Equation (11) can be used as a first approximation:

k=c+d-N (11)

where ¢ and d are fitting parameters.

To conveniently compare the effects of the position and the stress level on the results, the
fitting parameters and their coefficients of determination are listed in Table 5.

Table 5. Fitting parameters of the relationship between the bending stiffness and the fatigue life.

. .. SR= 0.75 SR= 0.80 SR= 0.90
Fiber content (position) c d RZ c d RZ c d RZ
0.10% (M) 193.98 | -3.96 | 0.96 | 183.89 | -10.14 | 0.90 | 213.60 | -64.74 | 0.83
0.15% (M) 152.50 | -2.65 | 0.97 | 156.79 | -5.44 | 0.84 | 182.61 | -15.71 | 0.98
0.20% (M) 125.18 | -1.75 | 0.95 | 135.21 | -8.62 | 0.93 | 156.68 | -16.78 | 0.98
0.30% (M) 123.23 | -1.88 | 0.98 | 136.29 | -7.90 | 0.96 | 156.41 | -28.09 | 0.82
0.10% (S) 56.25 | -1.18 | 0.88 | 57.25 | -5.93 | 0.89 | 74.46 | -33.79 | 0.86
0.15% (S) 45.49 | -0.92 | 0.89 | 43.00 | -1.70 | 0.96 | 61.31 | -10.08 | 0.78
0.20% (S) 50.90 | -1.22 | 0.90 | 52.80 | -5.04 | 0.84 | 62.42 | -10.16 | 0.87
0.30% (S) 50.91 | -1.48 | 0.86 | 63.70 | -9.11 | 0.87 | 70.59 | -34.61 | 0.97

These linear regressions are not only used for foam concrete, but also for ordinary concrete
and high strength concrete. By normalizing the variables, Zhang et al. [37] also reported a linear
relationship between the dynamic stiffness of ordinary concrete and the number of cycles under
fatigue loading. For the second stage of the fatigue curve [38], it can be shown that the logarithm
of the stiffness is correlated with the logarithm of the fatigue life. Comparing the reports, the
relationships between the flexural stiffness of foam concrete and the fatigue life are consistent
with the results from the literature in which the parameters are different due to the different
formulation used.

Bending stiffness obtained from two positions

At the mid-span or near the support of the beam, because the stress states are different, the
bending stiffness calculated by the mechanics of materials is also different. From the previous
analyses at the mid-span, the lower part of the beam is elongated and the upper is compressed
under the bending moment, which is different compared to purely tensile deformation. But
concrete has a much higher compressive strength than its tensile strength. Since the stress state
under bending moment includes tensile, compressive and shear stresses, the tensile deformation
of the lower part is not isolated and limited by the compressive deformation of the upper part,
which results in larger bending stiffness of the mid-span of the beam. Despite this difference
between both type of solicitation, a relationship between the bending stiffness at the mid-span
and near the support was searched. To find a quantitative relationship between them, linear
regression analyses were conducted. Figure 8A shows the linear fitting results on both bending



stiffness without sisal fiber. As the correlation coefficient is 0.94, the bending stiffness of the
beam at the mid-span is linearly related to the bending stiffness near the support. The slope of
the fitting line is 2.0, which means that the bending stiffness from the mid-span increases more
rapidly than that from the support with increasing cyclic loading. Keeping the same slope (2.0) of
the fitting line, when the sisal fiber content is 0.05%, the fitting curve between both bending
stiffness is plotted in Figure 8B. In this case, the correlation coefficient between both bending
stiffness is 0.91. If the sisal fiber content is increased to 0.1%, 0.15%, 0.2% or 0.3%, similar trends
can be observed. For all these fitting curves, the correlation coefficients are higher than 0.8
(slopes fixed at 2.0). The related fitting parameters are listed in Table 6.

To build a quantitative relationship between both bending stiffness at the different

positions, a general equation is proposed as:
ky, =A+Bk; (12)

where kv and ks refer to the bending stiffness at the mid-span and near the support respectively,
while A and B are fitting parameters.

Table 6. Fitting parameters for the linear regression analyses of Equation (12).

Sisal fiber content (%) 0.00 0.05 0.10 0.15 0.20 0.30

A Value 58.0 31.7 65.7 54.0 29.5 24.8

Standard error 3.5 2.5 2.5 2.4 4.4 2.3

B (Fixed value) 2.0 2.0 2.0 2.0 2.0 2.0
Residual sum of squares 15819.3 7648.5 14289.7 10678.9 3587.5 6549.9

Adj. R? 0.89 0.77 0.83 0.85 0.92 0.84

Pearson’s r 0.94 0.91 0.93 0.94 0.96 0.92

From Equation (12), the parameter B was fixed at 2.0 and the parameter A was determined
based on the experimental data, which varies with the sisal fiber content. If a relationship
between the parameter A and the sisal fiber content is possible, a model between both bending
stiffness can be built. Based on the results obtained, a linear model is proposed and the best fit is
plotted in Figures 9. Although the parameter A is discrete with increasing sisal fiber content, they
have a good interdependence (Equation 13). The related parameters C and C; are also obtained
and the coefficient of determination is 0.93. All the fitting data are listed in Table 7.

A=C+C1Vf 13
Table 7. Fitting parameters for Equation (13).
C (fixed G Number of Degrees of Residual ) Adj.
value) Standard points freedom sum R R2
Value error of squares
56.67 -95.4 34.22 6 5 966.15 0.93 | 0.91

Based on the parameters C, C; and B, as well as combining Equations (12-13), Equation (14)
is obtained. This means that when a cyclic loading is applied, the bending stiffness obtained from




both positions (mid-span or near the support) has a direct relationship; i.e. one parameter can be
inferred by the other if the sisal fiber content is fixed to give:

ky =56.67-95.4V, +2.0k, (14)

4. CONCLUSIONS

In this work, sisal fibers were used as a component in building materials to improve the
stiffness of foam concrete. In particular, the effect of fiber content on the bending stiffness of
foam concrete under static and fatigue loading was investigated under three-point bending
conditions. For a more complete analysis, the bending stiffness at different positions of the beam
(mid-span and near the support) was also measured and discussed. The main results under the
range of conditions investigated are:

1. The foam concrete had different bending stiffness at different positions. In general, the
bending stiffness at the mid-span is higher than that away from the mid-span whatever the sisal
fiber volume fraction.

2. In static tests, the residual bending stiffness before the foam concrete fractures decreased with
increasing sisal fiber content. From a normalized bending stiffness analysis, when the sisal fiber
content reached 0.15%, the bending stiffness was minimal. At this volume fraction, the foam
concrete had the maximum residual flexibility.

3. Under cyclic loading, the bending stiffness of foam concrete will degrade. For the neat foam
concrete and foam concrete with low volume fraction of sisal fibers (0.05%), the bending stiffness
degradation contained three stages: initial decrease, stable stage and a final rapid decreasing. If
the sisal fiber content is above 0.05%, the initial stage was not obvious. In this case, the bending
stiffness variation only contained two stages: a stable decrease followed by a final stage.

4. Using linear regression analysis, the bending stiffness of the neat foam concrete was linearly
correlated to the logarithm of the fatigue life independent of the stress level. When the sisal fiber
content was only 0.05%, the relationship between the bending stiffness and the fatigue life was
similar as for the neat foam concrete. But above 0.05%, the bending stiffness degradation
included two stages and the bending stiffness during the stable stage was linearly correlated to
the fatigue life of the sisal fiber reinforced foam concrete.

5. The bending stiffness degradation obtained from both positions (mid-span (M) and near the
support of the beam (S)) under cyclic loading are different. Using regression analyses, a
mathematical model was proposed to represent the relationship between both bending stiffness
(kv and ks).
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