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Abstract: The creep performance of basalt fibre ( BF)
reinforced in asphalt mortar under uniaxial
loadings is investigated. The samples of basalt fibre asphalt
mortar ( BFAM) with different BF mass fractions (0. 1%,
0.2%, and 0.5%) and without BF in asphalt mixture are
prepared, and then submitted for the compressive strength test
and corresponding creep test at a high in-service temperature.
Besides, numerical simulations in finite element ABAQUS
software were conducted to model the compressive creep test
of mortar materials, where the internal structure of the fibre
mortar was assumed to be a two-component composite material
model such as fibre and mortar matrix. Finally, the influence
factors of rheological behaviors of BFAM are further
analyzed. Results indicate that compared to the control
sample, the compressive strength of BFAM samples has a
significant increase, and the creep and residual deformation
are decreased. However, it also shows that the excessive
fibre, i.e. with the BF content of 0. 5%, is unfavorable to the
high-temperature stability of the mortar. Based on the analysis
results, the prediction equations of parameters of the Burgers
constitutive model for BFAM are proposed by considering the
fibre factors.
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ibre asphalt mortar material, which consists of as-
F phalt mortar and fibre, shows complex thermo-rheo-
logical behavior at high temperatures'”. Adding fibre to
the asphalt mortar can fully use the advantages of the as-
phalt mortar and the fibre, such as stability, reinforce-
ment, crack resistance, and the toughening effects of the
fibre, and can greatly improve the performance of the as-
phalt mixture.
The enhancement effects of fibres on the performance
of the asphalt mixture have been studied in previous
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works. Serfass and Samanos'” showed that fibres lead to

rich asphalt contents, thus the mixture can display high
resistance to moisture, aging, and fatigue cracking. Kim
et al.
reinforced asphalt mixture by the indirect tensile strength
test, and the results indicated that fibres have a significant
tensile reinforcing effect. Ye'" investigated the rheologi-
cal performance of the asphalt binder and mixture rein-
forced by lignin fibre, polyester fibre and mineral fibre by
the creep test, and the results indicated that fibres can
change the viscoelastic properties of materials; i.e., total
deformation was decreased during the loading period, and
the elastic and retardant elastic deformations were in-
creased. Kumar and Garg"' showed that the addition of
the waste fibre can improve the properties of asphalt bind-
er such as penetration, softening point and ductility.
Basalt fibre ( BF) is a high-performance fibre made of

evaluated the performance of the polyester fibre-

basalt rocks which are melted at about 1 500 C and man-
ufactured into continuous fibres. BF has captured the in-
terest of the research community due to its good perform-
ance in terms of strength, suitability to a large range of
BF has
been used in asphalt mixture as a strengthening addi-
191 Compared with other prevalent additives, such
as polyester fibre, glass fibre and lignin fibre, BF has a
higher tensile strength, an elastic modulus, and a lower
elongation rate. BF retains 95% of its strength under
600 C and is resistant to water, acid, and alkali dam-

temperatures, and durability. In recent years,

tive

age . The high temperature resistance and good chemi-
cal stability makes BF an excellent modifier of asphalt
mixture.

The performance of asphalt mixture is largely depend-
ent on its components as a composite material. In particu-
larly, binding materials play an important role, which in-
cluds asphalt binder, asphalt mastic, and asphalt mortar.
The research on the stabilizing and reinforcing effects of
fibres on the performance of the components in asphalt
mixture has been a focus'""*.

However, most studies focused on the performance of
fibre-reinforced asphalt mixture or asphalt mastic, and
limited work described the effects of BF on the asphalt
mortar. In this paper, BF is added into the asphalt mortar
as an additive to prepare fibre-reinforced binding materi-
als. The
(BFAM) are prepared with various BF contents, and then

specimens of basalt fibre asphalt mortar
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tested at high temperatures using the uniaxial compressive
strength test and corresponding creep test. The effect of
BF is analyzed by comparing the testing results of BFAM
with plain material. Numerical simulation in finite ele-
ment (FE) ABAQUS software is also performed to model
the compressive creep tests of mortar materials, where the
internal structure of the fibre-reinforced materials is con-
sidered to build a two-phase composite material composed
of fibre and mortar matrix. The creep performance of the
model are further investigated under uniaxial compressive
loadings to evaluate the influence factors of BF to the de-
formation resistance of the mortar materials at a high in-
service temperature.

1 Materials

1.1 Raw materials

SBS modified asphalt of PG76-22 grade is used in as-
phalt mortar. Mineral powder and fine aggregate are
limestone and basalt, respectively. According to the
standard JTG E42—2005""" and JTG E20—2011"%", the
properties of component materials are obtained, and the

properties of the BF are shown in Tab. 1.

Tab.1 Properties of basalt fibre

Fibre Tensile strength/ Elastic modulus/  Elongation
MPa GPa rate/ %
Basalt fibre 4500 100 3.1
Polyester fibre 750 13 12
Lignin fibre 580 5.5 18

1.2 Asphalt mortar gradation

In order to study the effect of BF on asphalt mortar,
asphalt mortar and the corresponding asphalt mixture
should be prepared. Since the asphalt mixture with fibre
is used in the upper and middle course of the asphalt
pavement, the asphalt mortar of AC-13 gradation usually
used in the upper course of the pavement is selected in
this paper. Referring to the corresponding specification
JTG F40—2004 for the AC-13 aggregate gradation, the
aggregate size of asphalt mortar is less than 4.75 mm.
The asphalt mixture and corresponding mortar gradation
are shown in Tab. 2.

Tab.2 Asphalt mixture and mortar for AC-13 gradation

Sieve size/mm 2.36 1. 18 0.6 0.3 0.15 0.075 <0.075
Retained percentage of AC-13 gradation 16 10.5 7.5 5.5 3.5 4 6
Retained percentage of asphalt mortar gradation 30.2 19.8 14.2 10. 4 6.6 7.5 11.3
as
1.3 Basalt fibre content
. . . 4P
Fibre content is usually calculated by the mass fraction R = 7 (1)
T

of asphalt mixture, so the percentage of fibre content in
asphalt mortar can be obtained by the relationship between
asphalt mortar and its asphalt mixture in terms of fiber
content. In the present paper, the BF content are 0. 1%,
0.2% and 0.5% in asphalt mixture, and corresponding-
ly, 0.19%, 0.38% and 0.95% in asphalt mortar.

2 Tests and Results

For high-temperature performance tests, specimens
were fabricated by the Superpave gyratory compactor.
After adding fibres into the asphalt mortar, fibres may ab-
sorb a certain asphalt to make the bonding between aggre-
gate and asphalt insufficient, which leads to an increase
in the difficulty of specimen moulding, so the bitumen-
aggregate ratio of asphalt mortar is adjusted to 8.9%,
9.0%, 9.1%, and 9. 4% ; correspondingly, the BF con-
tents are 0%, 0.1%, 0.2%, and 0.5%, respectively.
The diameter and height of the cylindrical specimens are
all 100 mm. The uniaxial compression test is performed
by a loading instrument UTM-25 with a loading rate of 2
mm/min at 60 C, where two replicates are tested to ob-
tain the average values of specimens for each fiber content.

2.1 Compression strength test

The compression strength equation of BFAM is given

where R, denotes the compressive strength, MPa; P is the
maximum loads, N; d is the diameter of the specimen,
mm.

Fig. 1 indicates that the compressive strength increases
with the increase in BF content within 0. 2% BF content,
where the peak stress is improved by 31. 7% more than
that of the control specimen, but the corresponding strain
is not decreased, so BF is advantageous for the high-tem-
perature stability of asphalt mortar. However, when the
fibre content is 0.5% , the compressive strength of the
BFAM sample will be decreased, which is even lower than
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the result of the control specimen. It also shows that ex-
cessive fibre is unfavorable to the high-temperature stabil-
ity of the mortar,
0.5% BF content specimens is decreased by approximate-
ly 23% compared to the control sample. Based on the ex-
perimental results, it is proven that appropriate amounts

and the compressive strength with

of fibre additive can effectively enhance the strength of
asphalt mortar,
bonding between asphalt and other components.

but excessive fibres will decrease the

2.2 Compression creep test

Uniaxial compressive creep can be seen as a process of
deformation increasing with time under a constant uniaxial
load. In this paper, the loading stress of BFAM speci-
mens is set to be 20% and 30% of the compression
strength of the control specimen, namely, 0.28 and 0. 42
MPa, respectively. The creep loading was performed by
keeping to 30 min, and then the creep unloading was con-
ducted for about 10 min, where the maximum compres-
sive creep deformation is seen to be the peak value during
the loading process. The elastic and delay viscoelastic de-
formation are removed by unloading to obtain the residual
creep deformation.

Fig. 2 shows that the peak strain and the residual strain
of BFAM samples first decrease and then increase with
the increase in fibre content. Compared with the control
specimen, the BFAM specimen can make the creep de-
formation of asphalt mortar smaller and improve the de-
formation recovery rate, so it has a good high-tempera-
ture stability. However, when the BF content increases to
0.5%, the creep peak deformation, the creep rate, and
the residual deformation all increase, and the high-tem-
perature performance is decreased. This finding also indi-
cates that the BF in an appropriate content range can im-
prove the performance of asphalt mortar.

3.6
BF mass fraction/%:
3.01 —0at0.42 MPa
——0.1at0.42 MPa

E 2.4 —=-0.2at 0.42 MPa
S ——0.5at0.42 MPa
S 1.8 + 0at0.28 MPa
g - —~—0.1at0.42 MPa
£ 0.2 at 0.42 MPa
< 1.2 2 0.5at0.42 MPa
a

0.6
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Time/s
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Fig.2 Relationship of deformation with time

3 Numerical Simulation
3.1 Burgers model

The Burgers constitutive model of asphalt materials can
be obtained using a combination of the basic viscoelastic
models. The constitutive and creep equations of the mod-

el are as follows:

(2)

o+po+p,0=q,E+q, &

1 t 1 CE/ni
o) =0 [ g+t (1= )]
1 1 2

(3)

where p, = (n,E, + n,E, + n,E\)/(E\E,): p, =n,m,/
(E\E));q, =7n,;9, =n,m,/E,; E,, 0, are the elastic mod-
ulus and viscosity indices in the Maxwell model, respec-
tively; E,, n, are the elastic modulus and viscosity indices
in the Kelvin model, respectively. In this paper, the vis-
coelastic parameters of asphalt mortar can be obtained by
the compressive creep test.

3.2 Implementation of the model in ABAQUS

In the FE ABAQUS software, the mechanical behavior
of viscoelastic materials can be characterized by relaxation
modulus parameters with the Prony series form, including
the time domain and the frequency dependence types.
This research adopts the former with the shear relaxation
modulus to describe the viscoelasticity of asphalt mortar.
The viscoelastic parameters with the Prony series form
can be represented as follows:

G(1) =G, + Y, Ge™™ (4)
i=1

where G_, G, are the shear moduli; 7, is the shear relaxa-
tion time in series components.

The transformation steps of the Burgers model parame-
ters are as follows:

1) The conversion between the shear modulus and the
elastic modulus can be obtained as

G _L 5
"T2(1 +u) (3
G B 6
272(1 +u) (6)

2) The relaxation modulus can be obtained by the La-
place transform of the constitutive relationship,

4,5 + 4,8

Y(s) =——————
s(1 +p,s+p,s)

(7)

In addition, the relaxation modulus is obtained by the
inverse Laplace transformation in a time domain,

ﬂo=gé%5{@-%%ww(%_)aﬂ<m

Moreover, the shear modulus is

G(1) =0.5Y(1) = G‘B[(gj_ﬁ)ew _(%_B)e,m]

o —

The normalized processing is
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G(t) =G, +G,(ge " +g,e ™) (10)
1 G,
h G, =0; G, = G; = — =B =
where G, 0 1> & a_B("'Iz B) 8>
_1(G2 )'7 1.7_ l‘a 1(p+
- o = = = 5
a-B\n, I B : a 2p, :

1
M);B =27(p1 - M). Through the
2

above conversion method, the four parameters of the Bur-
gers model obtained by fitting the curve of strain with
time are converted into the shear relaxation modulus in
the Prony series form, so that the viscous-elastic material

parameters g,, g&,, 7T, T, can be implemented in
ABAQUS, where g, is the shear coefficients of relaxation

modulus; u is the Poisson’s ratio.
3.3 Simulation of asphalt mortar

The uniaxial compressive creep test for the control sam-
ple is simulated by ABAQUS software, and the diameter
and height of the cylindrical samples are all set to be 100
mm. The viscoelastic parameters of the Burgers model
and the compressive loading of the sample top in the
creep test simulation are listed in Tab. 3.

Tab.3 Parameter values for asphalt mortar at 60C

Parameters E;/MPa  E,/MPa 5,/(MPa-s) x,/(MPa-s) g I T T, Compressive stress/MPa
Values 49.5 155.3 697 062 12 950 0.24 0.76 63.2 18 324 0.28
The 3D stress contour and the vertical deformation of 1.4

the specimens after 1 800 s are shown in Figs. 3 and 4, 12 —— Testing

respectively. For the vertical deformation, the compari-
son results of testing and simulation are shown in Fig. 5,
indicating that the simulation results have a good agree-
ment with the experimental results. Consequently, the
mechanical model and the selected parameters are reason-
able, and the simulation of BF added into the mortar ma-
trix using the Burgers model in ABAQUS can be used for
further numerical simulations.

Mises stress/MPa.
0.353 == S

(=]

)

2
i

(=}
[\ ]
<
—_

I

(=]

—_
(=)}
(=]
W
P30l

Fig.3 3D stress contour under a creep loading
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Fig.4 Vertical creep deformation contour
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Fig.5 Results of testing and simulation for asphalt mortar

3.4 Simulation of BFAM

BFAM can be considered as a composite material com-
posed of two components including the BF and asphalt
mortar matrix. On the basis of asphalt mortar simulation,
fibres are embedded into mortar matrix to form BFAM
composites, which is used for further numerical simula-
ting and investigating the creep performance of BFAM at
a high in-service temperature.

When simulating the uniaxial compressive creep test for
BFAM, fibres should be as possibly as uniformly distrib-
uted in the mortar matrix. In addition, the deformation of
the top surface of the BFAM samples should be uniform.
Based on the previous numerical model, a rigid pressure
head is added to the top surface of samples with smooth
interaction to achieve uniform deformation. Moreover,
before conducting numerical simulations of BFAM, the
total number of fibres should be obtained. Nevertheless,
the total fibre volume compared with the mortar volume is
very small, so this research does not adopt the basic cal-
culation formula to obtain the total fibre volume. It can
be calculated by the ratio of the total content of fibres and
the content of a single fibre. For example, when fibre
contents are 0. 1% and 0.2% , the total numbers of fibres
are approximately 494 x 10” and 988 x 10°.

For convenience, BFs bound as fibre bundles are em-



476

Zhang Xiaoyuan, Gu Xingyu, Lii Junxiu, and Zhu Zongkai

bedded in the mortar matrix. When the BF content is
0.1% , the amount of the fibre bundles is about 308,
403, and 548 and the sizes of the fibre bundles are 0. 8
mm x0.8 mm, 0.7 mm x0.7 mm, 0.6 mm x0.6 mm
in width and height and 6 mm in the same length, respec-
tively. The fibre bundles of 0. 8 mm x 0. 8 mm x 6 mm
(type 1) and 0.6 mm x0.6 mm x 6 mm (type I )
with 0. 1% BF content are investigated.

For type [ , the fibre arrangement along the longitudi-
nal direction is divided into three layers with about 100 fi-
bre bundles in each layer, as shown in Fig.6(a). The
calculated displacement contour is shown in Fig. 6 (b) ,
indicating that the top deformation of simulation is close
to that of the test. For type II, the fibre arrangement
along the longitudinal direction is divided into seven lay-
ers at a 12 mm spacing between layers with about 75 fibre
bundles in each layer, as shown in Fig.7(a). Fig.7(b)
indicates that the top deformation of type [I BFAM is
smaller than that of type [ ; i.e., the deformation de-
creases from 0.747 to 0. 695 mm. For the fibre arrange-
ment of 0. 2% BF content, referring to the methods of
0.1% BF content, the number of the fibre layers in-
creased by twice or the distance at the interlayer was re-
duced by half.

(b)

Fig.6  Deformation of BFAM sample of type [ . (a) Fibre ar-
rangement along the longitudinal ; (b) Deformation contour

The results of simulation with different BF contents and
fibre sizes are listed in Tab. 4. It is found that the com-
pressive creep deformation of type [ at 1 800 s is closer
to the value of testing compared with that of type II , so

(b)

Fig.7 Deformation of BFAM samples of type II. (a) Fibre ar-
rangement along longitudinal; (b) Deformation contour

Tab.4 Results of the compressive deformation at 1 800 s and
60 C under 0. 28 MPa

Fibre mass Dimension/ Fibre Deformation/mm
fraction/%  mm X mm x mm number Simulation ~ Testing
0 0. 807 0.811
0.6 x0.6 x6 525 0. 695
0.1 0.737
0.8 x0.8 x6 300 0. 747
0.6 x0.6 x6 1 050 0.593
0.2 0. 657
0.8 x0.8 x6 600 0. 651

the dimension of type [ in the asphalt mortar model is
feasible, and the relaxation modulus with the Prony series
form characterizing viscoelastic behaviors of BFAM is ef-
fective.

3.5 Discussion and analysis

Combining the testing results with the simulation re-
sults of the creep behaviors of BFAM, the effect of BF on
asphalt mortar at 60 C was analyzed. In this study, four
parameters E, , E,, n,, and 7, of the Burgers model were
used to reflect viscoelastic creep behaviors, and the influ-
ence factors such as fibre content and modulus were con-
sidered under uniaxial compressive loadings. Under a
compressive stress of 0.28 MPa, the relationship of the
four parameters E, , E,, n,, and 7, with influencing fac-
tors are shown in Figs. 8 and 9.

Finally, the prediction equations of parameters of the
Burgers model can be obtained by considering various in-
fluencing factors, which are described as follows;
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(a)

and fibre modulus under the fibre mass fraction of 0.2% .
E,; (b) Ey; (¢) s (d) 72
E (a, b) =42.5a+0.55a/2 x (b -100) +49.01
(11)
E,(a, b) =345.5a +2.63a/2 x (b -100) +153.9
(12)

n,(a, b) =1 096 553a +10 545a/2 x (b -100) +
696 075
(13)
m,(a, b) =37 654a +125.1a/2 x (b —100) +13 294
(14)

where a represents the fibre mass fraction, % ; and b de-
notes the fibre modulus, MPa. The effect of @ and b on
asphalt mortar are assumed to be independent from each
other in the above equations.

From the above equations and Figs. 8 and 9, the chan-
ging rule of the parameters of the Burgers model is similar
under high in-service temperatures. The parameters of the
Burgers model have a positive correlation with the fibre
content and its modulus.

4 Conclusion

1) Based on the results of the compressive strength test
of asphalt mortar, it is found that the high-temperature
compressive strength and the peak stress increase with the
increase of fibre contents, but the corresponding strain is
not decreased. However, when the BF content is 0. 5% ,
the peak stress of specimens is decreased compared with
that of the control specimen.

2) Based on the results of the compressive creep test of
asphalt mortar, it can be found that the creep and the re-
sidual deformation decrease and the creep stiffness modu-
lus increases with the increase of the BF content. The
peak creep and its residual deformation are all decreased,
and the peak stiffness modulus is increased. However,
when the BF content is 0. 5% , the creep and the residual
deformations of BFAM are increased compared to those
of the control specimen, and the creep stiffness modulus
is lower than that of the control specimen. Therefore, it
is concluded that an appropriate content of the BF ( less
than 0.5% ) added into asphalt mortar can improve the
high-temperature stability of asphalt mortar.

3) Based on the results of numerical simulations, it
shows that compared to the control sample, the axial de-
formation of BFAM is significantly increased, and the
simulation results are in good agreement with testing re-
sults. Finally, the equations of the relationship between
each parameter of the Burgers model and influence factors
of fiber are established at 60 C.
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