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Research on enhancement of GFRP-anchor’s
torsional strength
Abstract: This article mainly aims at experiments to
modify the matrix phase in glass fiber-reinforced plastics
anchor (GFRP-anchor), trying to achieve the enhancement
in the torsional performance of GFRP-anchor in order to
expand its application field. The experiments were to add
the mineral filling nano mullite powder and the toughening agent acrylic-polyurethane emulsion with different
proportions into the matrix phase which experienced a
vacuum-pumping process for the removal of bubble, while
the same reinforced phase glass fiber was used by all the
GFRP-anchor samples with the same forming process conditions. Torsion test and scanning electron microscopy
(SEM) observations were investigated, and the results
revealed that adding nano mullite powder into the matrix
phase as the mineral filling with the mass fraction ratio
of 1.5%, the acrylic polyurethane emulsion as the toughening agent with 5%, as well as the vacuum-pumping
process for the removal of bubble from the matrix phase,
can greatly improve the torsional strength of the GFRPanchor by 35%, 41%, and 51%, respectively.
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1 Introduction
Glass fiber reinforced plastics (GFRP) composite has
gained its popularity in civil and industrial constructions, such as concrete, corbels, and T-beam bridges.
The shear span to depth ratio, the corbel main reinforcement ratio, and the number and orientation of the GFRP
fibers are the test variables in the relevant research, and

such macroscopical mechanics properties as compressive
strength, tensile strength, and yield strength, are their
research aims [1–3].
The GFRP-anchor is another typical application of the
GFRP, the glass fiber being the reinforced phase material
and the thermosetting unsaturated polyester resin being
the matrix phase material. Compared with metal anchor,
GFRP-anchor has the following outstanding advantages:
no cutting sparkle is produced, no environmental pollution, higher specific strength, higher corrosion resistant
capability, and lower cost, etc. However, due to the brittle
characteristics of the matrix phase and the reinforced
phase materials, the poor wettability and weak interface
combination force between the matrix phase and the
reinforced phase, the GFRP-anchor has its own faults as
follows: low modulus of elasticity, low plasticity, low shear
resistant strength, and low wrest resistant strength in the
shear direction of the fibers [4]. All these faults manifest
the poor torsional resistant performance that affects the
applications of the GFRP-anchor.
To improve the torsional resistant performance of
the GFRP-anchor, some scholars launched researches.
Ma Nian-jie [5] made some improvements in the structure
of the GFRP-anchor body at the base of two patents: “one
kind of flexible GFRP-anchor with metal casing creasing”
and “one kind of GFRP-anchor with levorotatory thread.”
Li Ying-ming [6] and Yuan Guo-qing [7] analyzed the
force between the GFRP-anchor and terrane, discussed
the failure mechanical and stress release mechanism of
the GFRP-anchor body, which provided the precious reference value for the popular applications of the GFRPanchor. Shape, structure, and stress analysis are what
they were interested in. However, this article mainly
aimed at improving the microscopic interface combination between the matrix phase and the reinforced phase
by the modification of the matrix phase, and it would
finally improve the macroscopic mechanical properties
of the GFRP-anchor, especially the torsional resistant
performance. Accordingly, the application of the GFRPanchor would be enlarged in the roadway support
system.
As a key technology, safe and reliable roadway
support technology is a prerequisite to achieve high
yield and high efficiency in coal mining. The roadway
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anchor support technology in actual mining has developed very quickly in recent years, and high strength,
high reliability, and high rigidity have become its developing tendencies. This support system has obvious
superiority in improving the roadway support effect,
ensuring the security, reducing the labor intensity, and
simplifying the maintenance process of the coal face
end zone. So, it is very helpful in the rapid advancing of
the coal mining face, realizing high yield and high efficiency in coal mining. In the roadway anchor support
technology system, the GFRP-anchor has developed
quickly in recent years, and it is becoming the latest
generation of anchor as the beneficial supplement of
the metal anchor.

2 Materials and methods
2.1 Experimental materials
Methyl ethyl ketone peroxide (MEKP), cobalt naphthenate, and xylene resin were the curing agent, promoter, and plasticizer, respectively. Aluminum hydroxide, zinc stearate, white carbon black, tert-butyl
peroxybenzoate(TBPB), and calcium carbonate were
mixed as the filling. One hundred ninety-two unsaturated
polyester resin was used as the matrix resin glue, and its
performance parameters are shown in Table 1. They are
all usually used by the normal GFRP-anchor products.
Two more experimental materials, which are available in
the market, were both used in this article for exploring
the torsional resistant performance of the GFRP-anchor,
nano mullite powder mineral being the mineral filling
and acrylic-polyurethane emulsion being the toughening
agents. The mineral nano mullite powder had a spherical particle size of 25–40 nm, a specific surface area of
4.25 m2/g, so it was highly active. Acrylic-polyurethane
emulsion, with 40–42% solid content and 40°C film

Type

192

Appearance
Acid number/(mg KOH/g)
Viscidity/cpa.s (25°C)
Solid content percent/%
Gelatification time/min (25°C)
Water absorbability ratio/%
Heat distortion temperature/°C
Specific gravity (20°C)

Yellowy clarity liquid
17∼35
0.65∼1.15
62∼68
8∼20
0.15
72
1.23

Table 1 Performance parameters of 192 unsaturated polyester resin.

temperature, had self-crosslinkable interpenetrating networks structures, and it was in accordance with the green
environmental protection requirements because of its
excluding such organic solvent as acetone. All the above
materials were mixed into the matrix phase. The reinforced phase was a EDR480-T910-type glass fiber whose
performance parameters are shown in Table 2.

2.2 Experimental methods
The same reinforced phase material glass fiber was used
by all samples with the same forming process condition,
while nano mullite powder and acrylic-polyurethane
emulsion with different mass fractions were added into
the matrix phase; even the vacuum-pumping process was
implemented for the matrix phase, thus different GFRPanchor samples were obtained. First, the nano mullite
powder with the following different mass fraction ratios
of 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, and 3.0% was added
into the matrix phase, then samples 1–6 were obtained,
respectively. Second, the acrylic-polyurethane emulsion with the following different mass fraction ratios of
3.0%, 4.0%, 5.0%, 6.0%, and 7.0% was added into the
matrix phase, then samples 7–11 were obtained, respectively. Third, sample 3 and sample 9 were chosen as the
compared samples to implement the vacuum-pumping
process, and then sample 12 and 13 were obtained. The
vacuum-pumping process was carried out in a vacuum
drying oven, with -0.1 MPa pressure being maintained for
about 30 min until there was no bubble emitted. While the
normal GFRP-anchor product was labeled as a compared
sample 0, none of the three improvements above have
been implemented. The parameters of all the samples
are shown in Table 3. The enhancement provided by
the above three improvements on the torsional resistant
performance of the GFRP-anchor was discussed by this
article. There were three samples for each test parameter,

Type

EDR480-T910

Appearance
Diameter of single thread/μm
Density of single thread/Tex
Superficial energy/(MJ/m2)
Minimal pull strength/N
Twist or not
Loss by burning/%

White continuous fasciculi
9
4800
560
24
Not
0.55

Table 2 Performance parameters of EDR480-T910 glass fiber.
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Influence factors

Influence level

Compared sample

–
0.5
1.0
1.5
2.0
2.5
3.0
3.0
4.0
5.0
6.0
7.0
Compared with sample 3
Compared with sample 9

Nano mullite powder/mass fraction ratio%

Acrylic-polyurethane emulsion/mass fraction ratio%

Vacuum-pumping process
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Sample no.

Torsional strength/N·m

0
1
2
3
4
5
6
7
8
9
10
11
12
13

46
51
57
62
52
50
47
57
59
65
54
48
95
96

Table 3 Parameters of all samples.

and the torsional strength was the average value of the
three samples.

2.3 Samples forming process
All the GFRP-anchor samples were fabricated into a
Φ22 mm × 500 mm shape with the following processes:
First, after all the components of the matrix phase were
weighted accurately and mixed round fully in a container,
the matrix phase glue was prepared. Of course, one more
vacuum-pumping process was needed by sample 12 and
sample 13. Second, the reinforced phase glass fibers were
put into the container to soak up the matrix phase glue
fully. Third, the cling glass fibers were put into a taper
sleeve to remove the superfluous matrix phase glue and to
make it preformed, as shown in Figure 1A. Fourth, the preformed glass fibers were put into a hot-pressing mould to
get the final samples at the temperature 150°C, as shown
in Figure 1B and C.

2.4 Test methods
The torsion test according to standards MT/T1061-2008
was conducted on a ND-500C-type torsional tester produced by the Changchun Tester Institute (Changchun,
China), as shown in Figure 1D. In order to investigate the
interface combination between the matrix phase and the
reinforced phase, scanning electron microscopy (SEM)
observation was done through the S-3000N scanner produced by Hitachi Japan.

3 Results and discussion
3.1 Influence of nano mullite powder on
GFRP-anchor’s torsional resistant
performance
Owing to the gradually increasing mass fraction ratio of
the nano mullite powder in the matrix phase of samples
0–6, the torsional strength values of samples 0–6
increased sharply first, then declined gradually, reached
the maximum of 62 N·m by sample 3 whose mass fraction
ratio of the nano mullite powder is 1.5%. It increased by
35% compared with the unimproved sample 0 of which
the torsional strength value is 46 N·m. Moreover, the torsional strength values of sample 5 and sample 6 were very
close to values of the unimproved sample 0 because of the
too high mass fraction ratio of the nano mullite powder, as
shown in Figure 2.
As one kind of aluminum silicate minerals, evenly
distributed nano mullite powder played the dispersion strengthening role in the body of the matrix phase
because of the following advantages: uniform expansion, excellent thermal shock resistance and chemical
resistance, high softening point load, low value of hightemperature creep, high hardness, etc. [8, 9]. At the same
time, the fine grain strengthening was obtained by the
matrix phase because the nano mullite powder could
improve the crystal nucleation rate and reduce the matrix
crystallinity and grain size. The dual role of dispersion
strengthening and fine grain strengthening resulted in
the enhancement in torsional resistant performance of
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Taper sleeve and preforming

Hot-pressing mould

A

B

Hot-pressing mould

Taper sleeve
Final sample

Torsional tester

D

C

Final sample

Torsion strength values/N·m

Figure 1 Schematic diagrams of samples forming process and torsional tester.
(A) Taper sleeve and preformin. (B) Hot-pressing mould. (C) Final samples. (D) Torsional tester.

65
Sample 3

60
Sample 2

55

Sample 4
Sample 1

50

Sample 5
Sample 6

Sample 0

45
40
0

0.5 1.0 1.5 2.0 2.5 3.0

Mass fraction ratio of
nano mullite powder/ %
Figure 2 Comparative torsion strength value of the GFRP-anchor
body as a function of nano mullite powder content.

the GFRP-anchor. From a microcosmic dynamics view,
this enhancement effect depended on the combined effect
of two-phase-interface adhesion powder and interfacial
tension. The increase in the interface adhesion powder
made the combination of the two phases strong, while the
decrease in both the interfacial tension and the surfacefree energy made the nano mullite powder in the matrix
well dispersed, and then, the total contact area between
the two phases became larger. So the tensile and torsional
strength of the GFRP-anchor increased ultimately.
However, when the mass fraction ratio of the nano
mullite powder in the matrix phase was excessive and
more than 1.5%, the torsional strength of the GFRP-anchor

gradually reduced. As hard phase particles, excessive
nano mullite powder in the matrix phase easily gathered at the phase boundary, and even such defects as
particle segregation and fragmentation easily occurred
in the matrix phase, so the drop in torsional strength of
the GFRP-anchor was inevitable. Figure 3 shows the comparative SEM micrographs of the GFRP-anchor body with
different nano-mullite powder contents, and different
combination states of the two-phase-interface adhesion
appeared. The distinct interface, the dense interface, and
the fragmentation interface between the matrix phase
glue and the reinforced phase glass fibers is shown in
Figure 3A, B, and C, respectively.

3.2 Influence of acrylic polyurethane
emulsion on GFRP-anchor’s torsional
resistant performance
Owing to the gradually increasing mass fraction ratio of
the acrylic polyurethane emulsion in the matrix phase of
samples 7–11, the torsional strength values of samples 7–11
increased sharply at first, then declined gradually, reaching the maximum of 65 N m by sample 9 in which the mass
fraction ratio of the acrylic polyurethane emulsion was
1.5%. It increased by 41% compared with the unimproved
sample 0 of which the torsional strength value was 46 N·m.
Moreover, the torsional strength values of sample 10 and
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None-sample 0
Distinct interface

1.5%-sample 3

A

Dense interface
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3.0%-sample 6

B

Fragmentation interface

C

Figure 3 Comparative SEM micrograph of the GFRP-anchor body with different nano mullite powder contents.
(A) None-sample 0. (B) 1.5%-sample 3. (C) 3.0%-sample 6.

sample 11 were very close to the values of the unimproved
sample 0 because of the too high mass fraction ratio of the
acrylic polyurethane emulsion, as shown in Figure 4.
The chemical structure formed by the polyurethane
bond of the acrylic polyurethane emulsion and the ester
bond of the unsaturated polyester resin in the matrix
phase is an interpenetrating polymer network (IPN) [10,
11], which has a strong chemical combination tendency
and binding force [12], as shown in Figure 5. The chemical

Torsion strength/N·m

70
Sample 9

65
60

Sample 8
Sample 7

55

Sample 10

50
Sample 11

Sample 0

45

3.0 4.0 5.0 6.0 7.0
Mass fraction ratio of
acrylic polyurethane emulsion/ %

IPN structure reduced the penetration range into nano
scale, thus the combination of the reinforced phase
and the matrix phase was dense, and then, the tensile
and torsional strengths of the GFRP-anchor increased.
The more dense combination state of the two phases
in sample 9 is shown in Figure 6B, while the clear
interface, the loose combination, and even the separation
between the two phases in the unimproved sample 0 is
shown in the Figure 6A.
However, when the mass fraction ratio of the acrylic
polyurethane emulsion in the matrix phase was excessive
and more than 5%, the torsional strength of the GFRPanchor gradually reduced. Excessive acrylic polyurethane
emulsion in the matrix phase easily led to changes in size
or distortion to ordered three-dimensional IPN structure.
Even the continuous third phase occurred in sample 10
and sample 11 because of the even more excessive acrylic
polyurethane emulsion, so the drop in torsional strength
of the GFRP-anchor was inevitable.

0

Figure 4 Comparative torsion strength value of the GFRP-anchor
body as a function of acrylic polyurethane emulsion content.

O

N

C
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Figure 5 Single chemical bond of the IPN structure.

3.3 Influence of vacuum-pumping process
on GFRP-anchor’s torsional resistant
performance
A large number of bubbles were inevitably left in the
matrix phase glue during the mixing and distributing
processes, and then the holes or even the cracks, which
resulted in the separation of the two phases appeared in
the body of the GFRP-anchor after solidification, as shown
in Figure 7A.
After the bubbles were removed from the matrix phase
glue with the vacuum-pumping process, the close combination between the matrix phase and the reinforced phase
was in the body of the GFRP-anchor, as sample 12 with
the vacuum-pumping process shown in Figure 6B, and
the enhancement of the torsional strength of the GFRPanchor was obtained inevitably. Compared with sample 3
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None-sample 0

5%-sample 9

Clear interface

A

B

Dense interface

Figure 6 Comparative SEM micrograph of the GFRP-anchor body with different acrylic-polyurethane emulsion contents.
(A) None-sample 0. (B) 5% -sample 9.
Sample 0-without vacuum-pumping
Mass bubbles

Sample 12-with vacuum-pumping

A

B

None bubbles

Figure 7 Comparative SEM micrograph of the GFRP-anchor body without and with vacuum-pumping process.
(A) Without vacuum-pumping process. (B) With vacuum-pumping process.

and sample 9 without the vacuum-pumping process,
sample 12 and sample 13 with the vacuum-pumping had
an increase in torsional strength value by 53% and 48%,
respectively, as shown in Table 4.

4 Conclusions
1.

As filling materials into the matrix phase with the
mass fraction ratio of 1.5%, the nano mullite powder
greatly improved the torsional strength of the

Sample

3
12
9
13

Without/with
vacuum-pumping

Without
With
Without
With

Torsional
strength
value/N·m

Increase of
torsional
strength value

62
95
65
96

53%

Table 4 Comparative torsional strength value as a function of
vacuum-pumping process.

48%

GFRP-anchor by 35% because of the dual role of the
dispersion strengthening and the fine grain strengthening. However, excessive nano mullite powder in
the matrix phase resulted in a drop in the torsional
strength of the GFRP-anchor because of the particle
segregation and fragmentation.
2. As toughening materials into the matrix phase with
the mass fraction ratio of 5%, the acrylic polyurethane emulsion greatly improved the torsional
strength of the GFRP-anchor by 41% because of the
chemical IPN structure. However, excessive acrylic
polyurethane emulsion in the matrix phase resulted
in a drop in the torsional strength of the GFRPanchor because of the distortion of the ordered
three-dimensional IPN structure.
3. The vacuum-pumping process for the removal of
bubble from the matrix phase greatly improved
the torsional strength of the GFRP-anchor by 51%
because of the close combination between the two
phases.
4. At the base of the independent enhancement respectively provided by the nano mullite powder, acrylic
polyurethane and the vacuum-pumping process,
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the common enhancement brought about by the
combination of them should be investigated in deep
research.
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