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THE EFFECTS OF PARTICLE SHAPE ON BOND

STRENGTH

IMPROVEMENT OF EPOXY-

PARTICLE COATING COMPOSITES

Jiang-Jhy Chang and Wei-Chung Yeih
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ABSTRACT

In this paper the effect of particle shape on the bond improve-
ment of epoxy-particle coating composite is evaluated. In our previ-
ous studies, it has been shown that adding foreign particles in the
epoxy may enhance the bond characteristics of coating. It has been
found that the enhancement of bond for coating by adding foreign
particles in epoxy may come from two reasons: one comes from the
mechanical improvement by foreign particles and the other comes
from the chemical reaction of foreign particles which yields a better
binding material. In our previous study, the size of foreign particle
influenced the degree of mechanical improvement has been concluded.
However, how does the shape of foreign particles influence the bond
improvement of coating remains a challenging topic. We used three
kinds of foreign particles with similar mechanical behavior and
similar size. They area ASTM C778 standard sand (size of 778 um),
ariver sand (size of 600 um) and a silica sand (size of 600 um). The
shape of ASTM C778 standard sand close to a sphere, the shape for the
river sand is most irregular and the shape of silica sand is between the
former two. Experimental results show that under the same weight
ratio of foreign particle/epoxy river sand shows a best improvement
of bond strength and C788 standard sand shows a worst improvement
among them. Other bond characteristics, the shear stiffness per unit
embedded length and the critical debonding shear load per unit
embedded length, have the similar trend as the bond strength. From
these results, it is concluded that the wedge effect of irregular shape
particle contributes a lot to the bond improvement. Electrochemical
experiments were conducted to show the corrosion prevention capac-
ity of coatings, results revealed that adding foreign particlesinside the
epoxy did not influence the corrosion capacity of coating.

INTRODUCTION

Increasing use of coated rebar to prevent possible
damage from corrosion in Northern America has been
reported [1]. It has been widely accepted that epoxy
coated rebar can prevent corrosion due to the prevention
capacity of penetration of hazard agents through a dense
coating. Although possible damage of coating may
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result in a more serious corrosion of rebar [2], coated
rebar is still popular nowadays. Careful work with
coated rebar has been suggested to prevent scratch of
coating, which is thought to be possible technically.
However, there exists another drawback using coated
rebar that is thought to be unavoidable; that is the bond
strength loss. It iswell known that coated rebar losesits
bond strength reported in many research articles [3-5].
Due to this, ACI [6] and ASSHTO [7] suggest a modi-
fication on the design parameters, e.g., the splice length.
However, increment of these parameters mean more
rebar should be used and thus becomes not economical.

Instead of modifying design parameters, Tsai [8]
has proposed a different idea: adding some foreign
particles in epoxy coating to enhance its bond
characteristics. Following this, Chang et al. [9] has
reported a size effect of sand used on the improvement
of bond. In their researches, foreign particles were
added in the epoxy to form a better coating composite by
the mechanical enhancement. Later, Yeih et al. [10] has
used fly ash as the foreign particle. They found that the
pozzolan reaction effect of fly ash enhanced the bond
characteristics chemically. From the experience of
composite engineering, we know that to improve the
material property we need to add some better-performed
particles inside the matrix. Such particles can improve
total behavior of the composite either by their better
property or by its chemical reaction to form a better one.
To add sand in epoxy belongsto thefirst kind. Theoreti-
cally speaking, the mechanical behaviors of sand, the
volume ratio of sand, the size of sand and the shape of
sand may influence the final property of this sand-epoxy
composite. In this study, the effect of shape of sand is
evaluated. Three different shapes of sand, the ASTM
C778 standard sand, silica sand and river sand, with
similar mechanical property and size were used. Among
them, the shape of ASTM C778 sand mostly close to a
sphere and shape of river sand is mostly irregular. A
single rebar pullout test [11-13] was conducted to evalu-
ate several bond characteristics: the bond strength, the
shear stiffness per unit embedded length and the critical
debonding shear load per unit embedded length.
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Furthermore, an open circuit potential experiment and a
DC linear polarization method for instantaneous corro-
sion rate measurement were both conducted to evaluate
the corrosion prevention capacity of coating.

EXPERIMENTAL
1. Materials

A unified concrete mix of w/c ratio equal to 0.62
was used. The details for the concrete mix design are
listed in Table 1. The average 28-days compressive
strength of the concrete was 23 MPa. Number 4 rebar
was used with a 'Y oung’s modulus of 203 GPa and yield
strength of 409MPa. The geometrical properties of the
rebar are shown in Table 2. The epoxy used was
Ameron Amerlock 400°. Three foreign particles were
adopted: ASTM C778 standard sand, silica sand and
river sand. The size of ASTM C778 standard sand,
silica sand and river sand was 778 pm, 600 um and 600
pm, respectively. Since the main chemical composition
of these three foreign particlesis SiO,, their mechanical
properties were very close (i.e., their strength and their
Y oung’s modulus were close). The chemical composi-
tion of silica sand is tabulated in Table 3.

2. Variablesdesign and parameter s measured

In this study, the main issue was the bond strength
improvement by different shape of foreign particles. To
simplify our research, it was better to use the concrete
and epoxy material with properties unchanged.
Therefore, as stated in the previous subsection, only one
concrete mix design was chosen. To keep the epoxy
coating material unchanged, the single epoxy was used
and the coating thickness was controlled such that bond
strength comparisons would be simple. For this reason,
we choose a coating thickness of 250 +30 um. By
keeping other factors unchanged, three kind of foreign
particles, ASTM C778 standard sand, silica sand and
river sand, were used. The size of ASTM C778 standard
sand, silica sand and river sand was 778, 600 and 600
um, respectively. The reason why we did not use all
particles of same size is that 778 pm is not a standard
sieve size such that a sieve size of 600 um (sieve #30)
was thus used. Among these three foreign particles, the
shape of ASTM C778 sand was mostly close to a sphere
and the shape of river sand was mostly irregular. Since
SiO, was the main chemical composition for these three
foreign particles, they show similar mechanical
properties. Our purpose is to see the shape effect on the
bond strength enhancement. For ASTM C778 standard
sand, the weight ratios of foreign particle/epoxy were
200%, 400% and 600%. For other foreign particles, the

Table 1. Mix design for concrete (w/c = 0.62)
Materials

Mix proportions (kg/m?)

water 193
ASTM type | cement 311
sand 889
coarse aggregate 971

Table 2. configuration of #4 rebar

¢ St > H 2:§:sosfection(mm2) 19
v d D (mm) 12.30
o v d (mm) 3.99
D » € Lr(mm) 1.36
BZav/igs- Sk
H (mm) 0.74
s Bt a(degree) 66
#4 rebar Sr(mm) I 823

Table 3. Chemical compositions of silica sand

Chemical composition Weight percentage
SO, 97.82
Al,O4 1.51
Fe,0s 0.06
MgO 0.18
Ca0 0.28

weight ratios of foreign particle/epoxy were 100%,
200% and 400%. From this designation, weight ratios
of 200% and 400% are those we make comparisons.

During the specimen pullout tests, the pullout |oad
values and slip displacement values of the rebar were
recorded. Asshownin Fig. 1, the average displacement
value from two LVDTs actually represents the slip
displacements at the very point one clipsthe rebar. This
location may vary from one experiment to another. To
have the displacement at the same position, one can use
a modified formula such as [14]

PL
measured Ef;: (1)

Ucal =U

where U, is the calculated displacement of point A on
the rebar, which just near the concrete surface as shown
inFig. 1. Upeasured 1S the measured displacement at the
point of clipping point B shown in Fig. 1. P isthe
pullout load. L is the offset length, the distance
between points A and B. E;isthe Young's modulus of
the rebar and As is the nominal cross-sectional area of
the rebar.
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A typical pullout force versus displacement curve
is sketched in Fig. 2. In thisfigure, P* isthe same as P
and U* isthe same as Uy, i.€., the displacement at point
A. There exist three stages in the pullout test. In the
first stage, the load and displacement keeps a linear
proportional relationship and no debonding occurs in
this stage. The slope of P/U is then called the shear
stiffness, Ks. However, the shear stiffness increases as

— > Specimen

Point A 4—\

LVDT «+——

—— LVDT

P —1» Steel Rod

Connector

1= Ball-Bearing Plate

Point B «—

——— Rebar

!

Load

Fig. 1. Displacement calculation for rebar near the concrete surface.

P* T
Prax 1: perfect bond stage
P 2: bend-over stage

3: descending stage

>

*

U

Fig. 2. A typical pullout load diagram versus displacement curve.

the embedded rebar length increases, and thusis not a
constant. In[13], a parameter called the shear stiffness
per length is defined as
KS
I-emb

K= (2)
where K is the shear stiffness per unit embedded rebar
length and Ly, is the embedded Iength of the rebar. It
isshown in [13] that this parameter is constant while the
rebar geometry is unchanged. After acritical load, P,
the curve bends such that the stiffness decreases. This
critical load also depends on the embedded length. For
the same reason we follow the definition in [13] to
define the critical shear debonding load per unit embed-
ded length gy as
- Pcr

4= 3)

The second stage is called the bend-over stage due
toits curve shape. The load then reaches the maximum,
Pmax- From the maximum pullout load, one can define
the bond strength by dividing it by the nominal embed-
ded area of the rebar. After the maximum pullout load,
the curve descends as shown in Fig. 2. This stage is
called the descending stage.

The above-mentioned three parameters were used
in this study to evaluate the bond characteristics.

3. Preparation of pullout specimens and experiments
conducted

The rebar was cleaned using #200 sandpaper to
remove surface rust before coating. Different compos-
ite coating materials were prepared by mixing different
foreign particles with designated amounts into the ep-
oxy as stated previously in subsection 2. The coating
was applied to the surface of each rebar using a paint
brush. The coated rebar was then cured at 200°C for one
hour after coating to achieve the best coating properties
according to manufacturer’ s suggestions. To ensure the
thickness coating control, for each specific group of
designated variables we painted 20 rebar, then the coat-
ing thickness of each rebar was measured at 30 points.
Eight rebar with the required thickness range for our
requirement were selected as pullout specimens. Our
previous experience indicated that if the embedded
length was too long then unwanted splitting failure
might occur. To guarantee a sliding failure along the
interface, the embedded length was only 40 mm, deter-
mining using a preliminary test. The exact embedded
length of each specimen was measured individually.
The specimens were cast in steel molds and demolded
24 hours later and cured in lime-saturated water for 28
days. To ensure the position of the rebar, we used a



156 Journal of Marine Science and Technology, Vol. 9, No. 2 (2001)

device to stabilize the rebar location, as shownin Fig. 3.
After the curing process, the specimens were then loaded
into atesting machine, as shown in Fig. 4. The machine
pullsthe rebar at arate of 1.27 mm/min. Pullout test was
conducted basically according to the specification in
ASTM C 234-91. The pullout displacement and force
were measured using LVDTs and a load cell, and re-
corded using a data acquisition system. In order to
calculate the desired displacement, as mentioned in
subsection 2, the offset length L.+ was recorded for
each specimen. For each group, once an unwanted
splitting failure occurred in a specimen, it was dis-
carded from that group. Among all 8 specimens, at |east
6 specimens had the desired pullout failure in our
experiments. Using four specimens from successful
trials in one group, we obtain the average bond charac-
teristics for this specific group.

To evaluate the corrosion prevention ability of
rebar, the same rebar from each group (with or without
coating) was immersed in a 3.5% NaCl solution and
tested using the open circuit potential and direct current
polarization methods. The instantaneous corrosion rates
then were calculated using the Stern-Geary equation
[15].

RESULTS AND DISCUSSION
1. The bond strength
The average bond strength for uncoated rebar was

reported as 7.43 Mpa. The average bond strength for
pure epoxy coated rebar was about 6.52 MPa. It can be

< Rebar
Screw —p -
< Acrylic fixer
A
4cm embedded
20cm <4——— Concrete
¢— Mold
A

Fig. 3. Preparation for the pullout specimen.

seen that there exists a 12% decrease in bond strength
when epoxy-coated rebar was used. The bond strengths
for various foreign particle-epoxy coating materials are
illustrated in Fig. 5. In thisfigure, the dotted line means
the average bond strength for naked rebar and the solid
line means the average bond strength for pure epoxy

Specimen ——
LVDT ————

Ball-Bearing Plate

li—_LVDT

ALl

Reinforcing Bars

Universal Testing Machine

Load Signal ——|

Average Apparatus

=

Disp. Signal

Data Acquisition System

Fig. 4. The single-rebar pullout test setup.

—&O————  River sand-epoxy coating
1 ——&—— Silica sand-epoxy coating
——{p—— C778 sand-epoxy coating
12 | -m==- Naked rebar
——— Epoxy-coated rebar

Bond Strength (MPa)

4 T T T T
100 200 400 600

Sand : Epoxy (Weight percentage) %

Fig. 5. Bond strength comparison for various coatings.
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coated rebar. It can be found that under the same weight
ratios (200% and 400%) the enhancement of bond
strength is most apparent for the river sand, the second
one is the silica sand and the worst one is ASTM C778
sand. Furthermore, for the ASTM C778 group and silica
sand group a better enhancement in bond strength was
found as increment in weight ratio. Nevertheless, the
bond improvement for the river sand group reached an
optimal value at a weight ratio of 200% then decreased
as increasing usage of river sand.

This trend can be explained as follows. To im-
prove the coating property, one can add a better-be-
haved particle inside the coating to form a composite.
Assuming no chemical reaction between foreign par-
ticles and epoxy, the influences of aforeign particle are
its volume ratio, its mechanical properties, its size and
its shape. In aprevious research [9], the effects of size
and volume ratio were reported. From the point of
composite materials, once such a particle is added the
property should improve more as the volume fraction of
this particle increases, provided that this compositeis a
sound composite. From this point of view, one can
claim that if the amount of foreign particles increases
the mechanical behavior of such a composite should be
better. Nevertheless, one condition is very important,
that is the composite should be sound. This means that
the biding force between the epoxy and the foreign
particles should be perfect. However, as the amount of
foreign particles increases, the amount of epoxy may
not be enough to cover each particle such that the
composite becomes unsound and the mechanical strength
decreases as a result. According to this, when the
amount of particles exceeds a critical value the bond
strength starts to decrease as the amount of particles
increases. In our result, for ASTM C778 standard sand
and silica sand the amount used in our designations did
not exceed their critical values such that no decreasing
could be found as we increased their weight ratios. On
the other hand, the river sand group showed a critical
usage at a weight ratio of 200%. We explained this
phenomenon by the shape of foreign particles. Remem-
ber that the condition we can have a sound composite is
that enough epoxy is used such that each foreign par-
ticles can be covered. It means that the surface area of
a foreign particle decides at least how much epoxy
should be used. Theriver sand, that has a more irregular
shape than others, then is expected to need more epoxy
to have a good coverage.

When the shape of a particle is moreirregular, the
shear resistance then will become stronger as shown in
our result. The reasons come from two parts. The first
part comes from alarger friction force. It iswell known
that a more irregular particle will result in a more
apparent friction asit relatively moves with respect to a

contact body as shown in Fig. 6(a). Another part comes
from a better wedge effect. When particles are more
irregular, contacts of them form a better interlock force
due to more wedge effects as shown in Fig. 6(b). From
this explanation, it is then easy to understand that why
river sand group had abest improvement in bond strength
and ASTM C778 standard sand had aworst improvement.

2. The shear stiffness per unit length and critical
debonding shear force per unit length

The shear stiffness per unit length, K, also had the
same trend as the bond strength, asillustrated in Fig. 7.
The critical debonding shear force per unit length, gy,
showed a similar trend as shown in Fig. 8. The critical
debonding shear force per unit length, gy, represents the
binding soundness for the concrete to rebar. When a
pure epoxy coating is applied, the value of g, drops
which means that the binding characteristics decrease.
However, when sand (no matter which kind) is added
appropriately to the coating, additional interlock force
and frictional force were contributed. The shear stiff-
ness per unit length, K, represents the rigidity of this
composite to aload. It then can be said that appropri-
ately adding sand (no matter which kind) can improve
the stiffness of the coating. The reasons for improve-

(a)

Wedge

(b)

Fig. 6. Effectsof anirregular shape: (a) more contact frictional forces, (b)
more interlock forces due to wedges.



158 Journal of Marine Science and Technology, Vol. 9, No. 2 (2001)

ment have been mentioned earlier in subsection 1.
3. The electrochemical experiments

Electrochemical experiments were performed to
examine the corrosion prevention capacity of various
coating composites. As shown in Fig. 9, the coated
rebar all had a nobler open circuit potential than naked
rebar. Not much difference in potentials could be found
for these coated rebar. This means that they all have the
same corrosion trend. Furthermore, the instantaneous
corrosion rates were recorded as shown in Fig. 10. It can
be seen in this figure that once rebar is coated, the
corrosion rate becomes negligible compared to naked
rebar. This once again confirmed our idea that adding

240

< -

£

)
<
z 200
< —
; River sand-epoxy coating

N Silica sand-epoxy coating
=l C778 sand-epoxy coating
= -

> Naked rebar

g Epoxy-coated rebar

=~ 160 —

@

<8

»

@ -

]

=
=
B 120 —

.

©

@
< -
w

80 T T

100 200 400 600
Sand : Epoxy (Weight percentage) %

Fig. 7. The shear stiffness per unit length, K, for various coatings.

———&—— River sand-epoxy coating

——&—— Ssilica sand-epoxy coating

—f—— C778 sand-epoxy coating
————— Naked rebar

5 ———  Epoxy-coated rebar

ay (kN/cm)
1

Ave.debond shear force perlength,

1 T T T T
100 200 400 600

Sand : Epoxy (Weight percentage) %

Fig. 8. The critical debonding shear force per unit length, gy, for various
coatings.

foreign particles into the epoxy coating can improve the
bond characteristics and still maintain the corrosion
prevention capacity. It should be mentioned here that in
these two figures only groups of foreign particles with
common weight ratios are demonstrated (that is only
data with weight ratios of 200% and 400% are used).
However, experiments for other groups have been also
conducted and not much difference can be found.

CONCLUSION REMARKS

In this study, the shape effect of foreign particle on
the bond characteristics of sand-epoxy coating is eval u-
ated by use of three different sands with a similar size
and mechanical properties: ASTM C778 standard sand,

Sand : Epoxy=200%
— — % — — Naked ASTM C778
0.4 — ——»—— Epoxy-coated ——@——— river sand (#30)
: —a&——— silica sand (#30)
Sand : Epoxy=400%
. ASTM C778
L ——&—— river sand (#30)
8 —a&—— ilica sand (#30)
- -0.5
2
°
>
E
c 0.6
bt \
> \,
a . & ~
~
~4 .
-0.7 — R S Y
T I T T T T T T T
o} 40 80 120 160 200
Immersion time{Hours)
Fig. 9. Open circuit potentials for various coatings.
250
—— 3
U
- - -
e
Ve
200 ~— e
7
= /& i
° -1 ’
- ’
E ’
5 150 — //
:: ’
2 B &
©
pat Sand : Epoxy=200%
c — — 4 — —  Naked ASTM C778
o 100 — —¥—— Epoxy-coated ———@—— river sand (#30)
g —&—— silica sand (#30)
‘5 - Sand : Epoxy=400%
S —f—— ASTM C778
——&——— river sand (#30)
50 — ——&A—— silica sand {#30)
o ___ﬁ_.—'—kHﬁﬁ_'_\

0 40 80 120 160 200
Immersion time(Hours)

Fig. 10. Instantaneous corrosion rates for various coatings.
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silica sand (sieve size of #30) and river sand (sieve size
of #30). It was found that the bond strength, the shear
stiffness per length and the critical debonding shear
load per length all had the same trend. For theriver sand
group, a weight ratio of 200% is the optimal usage
proportion to achieve a best bond. For other kinds of
sand, increasing amount of foreign particles increased
bond characteristics within our designated range. Un-
der the same weight of ratio, river sand shows a best
improvement in bond characteristics while silicasand is
the second and ASTM C778 sand isthe worst one. From
these experimental results, it is concluded that the ir-
regular shape of foreign particles needs more epoxy
usage to ensure a sound coating composite. Furthermore,
amore irregular shape of foreign particles can contrib-
utes more in frictional forces and interlock forces thus
increases bond characteristics more apparently. Elec-
trochemical experiments demonstrated that adding sand
to the epoxy composite maintains the corrosion preven-
tion capacity.
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