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EVALUATION OF ASPHALT MIXTURES
WITH FORTA FI FIBERS

1. BASIS OF THE WORK

This report was prepared by the Road Construction Division, Faculty of Civil and
Environmental Engineering, Gdansk University of Technology, based on contract no
WILIiS/F/031499/002/2015 signed on 23 June 2015. The contract was ordered by
Wegarten Construction Sp. z o.0. for carrying out laboratory tests and analysis of
asphalt mixtures with addition of FORTA-FI fibers.

2. OBJECTIVES

The objective of the research is to determine the influence of FORTA FI fibers on
selected properties of asphalt mixtures for wearing and binder course of pavement
structures. The research program was defined to identify eventual differences
between asphalt mixtures with and without reinforcing fibers. The program includes
evaluation of parameters responsible for pavement behavior both in low and high
temperatures. Additionally, the influence of different methods of fibers application on
selected properties of asphalt mixtures was also evaluated.

This report is the final stage of the entire research program and presents final results
of laboratory tests and their analysis.

3. SCOPES

Scopes of the work included following laboratory tests and analysis:

1. Assessment of stiffness modulus and indirect tensile strength of asphalt mixtures
in the following temperatures: 0°C, +13°C, +25°C; and -20°C, 0°C, +20°C.

2. Assessment of asphalt mixtures sensitivity to water and frost action according to
the standard PN-EN 12697-12' and procedures included in the document WT-
2:20142,

3. Assessment of asphalt mixtures resistance to permanent deformations according
to the standard PN-EN 12697-22°, method B conditioning in air.

4. Assessment of asphalt mixtures resistance to low-temperature cracking with two
research methods. The first one, developed at Gdansk University of Technology
(GUT) is based on analysis of results obtained during bending rectangular beams
of asphalt mixtures with constant speed. The second one based on fracture
mechanics theory.

" PN-EN 12697-12: 2008 Bituminous mixtures. Test methods for hot mix asphalt. Part 12.
Determination of the water sensitivity of bituminous specimens

2 Asphalt Pavements on National Roads. WT-2:2014 — Part I, Bituminous mixtures. Technical
Recommendations.

* PN-EN 12697-22:2008 Bituminous mixtures. Test methods for hot mix asphalt. Part 22: Wheel
tracking.
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The influence of the method of fiber application during production of asphalt mixtures
was an additional element of the research. It was determined by comparison of
results of selected tests, obtained for specimens of asphalt mixtures prepared in two
different ways: the first one, when fibers were added to the aggregate before adding
bitumen (which is recommended by the producer), and second, when fibers were
added directly to the asphalt mixture just after adding bitumen to the aggregate and
primary mixing stage.

4, MATERIALS

4.1. Fibers

The reinforcing fibers for asphalt mixtures FORTA-FI® HMA™ that were used during
research program were provided by the Polish dealer — Wegarten Construction Sp. z
0.0.

The FORTA-FI product is a mix of aramid-polyalphaolefin fibers, which are designed
for use as reinforcing fibers in asphalt mixtures in pavement structures.

The FORTA-FI fibers are produced in three variants: HMA, WMA and PAT. Each
variant is dedicated for different type of asphalt mixture. The FORTA-FI HMA fibers
used in this research are recommended for typical asphalt mixtures, which
temperature of production and compaction is in the range from 121°C to 190°C. The
FORTA-FI WMA fibers are designed for warm mix asphalt and FORTA-FI PAT fibers
are recommended for cold mixes used for fast potholes repairs. The length of the
fibers is 19 mm in all variants of the product.

According to the producer recommendations, the fibers should be added to mixture
with a dosage rate of 0,5 kg per 1000 kg of asphalt mixture. The fibers are dosed dry,
ie. they are added to the hot aggregate mixture in pugmill mixer, before liquid asphalt
is added.

During specimen fabrication for this research program, fibers were added to the hot
aggregate before adding bitumen to the whole mixture, as recommended by the
producer. Additionally, to evaluate influence of fiber application method on asphalt
mixtures parameters, for selected laboratory tests specimens were fabricated with
different fiber application method, when fibers were added to the mixture after
bitumen was added and initial coating of aggregate by bitumen was already
achieved.
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4.2. Asphalt mixtures

Composition of aggregate mix and amount of asphalt cement in asphalt mixtures
used in this study was based on requirements described in documentWT:2-2014%..
Following types of asphalt mixtures were used in this study:
e Asphalt concrete for wearing course AC 11 S with neat bitumen 50/70 for
medium traffic load category KR3+4,
e Asphalt concrete for binder course AC 16 W with neat bitumen 35/50 for
medium and heavy traffic load category KR3+7,
e Asphalt concrete for binder course AC 16 W with polymer modified bitumen
PmB 25/55-60 for medium and heavy traffic load category KR3+7.

Asphalt concretes for binder course with neat bitumen 35/50 and polymer modified
bitumen PmB 25/55-60 had the same aggregate mixture composition, which was
originally developed for mixture with polymer modified bitumen PmB 25/55-60. The
second variant of the asphalt concrete for binder course with unmodified bitumen
35/50 was adopted only by replacing the type of bitumen while keeping the volume
ratios of components.

All asphalt mixtures were prepared in laboratory conditions. During the production
process the reinforcing fibers were added. Mixtures with the addition of FORTA-FI
fibers were marked with abbreviation symbol “FF”. The reference mixtures were
prepared with the same bitumens but without reinforcing fibers.

Asphalt mixtures were prepared in two ways. For preliminary tests and assessment
of volumetric properties, mixtures were mixed manually in metal pans. In later stage
of the research, mixtures were prepared in laboratory mixer. For both mixing
methods, no difficulties in aggregate coating or segregation occurred. There was no
need to extend mixing time due to addition of fibers. It was observed that in each
type of asphalt concrete the addition of fibers caused less segregation of mixture
components, and the degree of coating of coarse aggregate particles by mastic was
somewhat higher.

Due to the character of the research, which objective was to evaluate the influence of
fibers on parameters of asphalt mixtures it was decided not to implement anti-striping
agent in composition of used asphalt concretes, in order to avoid any possible
influence of its presence on obtained test results.

Basic parameters of asphalt cements used in tested asphalt concretes are given in
table 4.1.

* WT:2-2014 Asphalt pavements on national roads. Bituminous Mixtures. Technical Requirements.
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Table 4.1. Parameters of asphalt cements used in tested asphalt mixtures

Properties of bitumens

Type of bitumen 35/50 50/70 PmB 25/55-60
Penetration in 25°C, 0,1 mm,
PN-EN 1426 48 63 28
Softening point, °C,
PN-EN 1427 %3 47 62
Dynamic Viscosity, Pa-s,
PN-EN 12596 in temperatures:
e 60°C 659,333 238,795 nt
e 90°C 15,935 7,413 66,622
e 135°C 0,635 0,406 1,616
. 160°C nt nt 0,452
Properties of bitumen after TFOT aging
Penetration in 25°C, 0,1 mm,
PN-EN 1426 45 61 26
Softening point, °C,
PN-EN 1427 57 51 68
nt - not tested
4.21. Asphalt concrete AC 11 S for wearing course

Gradation and type of aggregates used in asphalt concrete for wearing course AC 11
S is presented in table 4.2. Composition of designed asphalt concrete AC 11 S is
presented in table 4.3. Gradation of designed aggregate mixture of asphalt concrete
AC 11 S and its gradation curve are presented in table 4.4 and figure 4.1

respectively. Volumetric properties are shown in the table 4.5.

Table 4.2. Gradation of aggregates used in asphalt concrete AC 11 S

Coarse Coarse Coarse Fine .
) ) Limestone
Sieve size aggregate aggregate aggregate aggregate filler. %
#[mm] 8/11, % 5/8, % 215, % 0/2, % retai;1ed
retained retained retained retained
224 0,0 0,0 0,0 0,0 0,0
16 0,0 0,0 0,0 0,0 0,0
11,2 9,0 0,0 0,0 0,0 0,0
8 76,3 4,6 0,0 0,0 0,0
5,6 11,6 80,4 6,9 0,0 0,0
2 0,9 11,2 79,1 12,7 0,0
0,125 0,7 2,4 12,4 73,7 3,4
0,063 0,5 04 0,7 9,8 16,1
<0,063 1,0 1,0 0,9 3,8 80,5
Aggregate Nordkam Nordkam Nordkam Yeoman Lafarge
source Eikefet Eikefet Eikefet Glensanda | Wapienno
Type of stone || Granite Granite Granite Granite Limestone
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Table 4.3. Composition of asphalt mixture AC 11 S

. Aggregate Asphalt
No. Materials Source mggurs (%] mixtt?re [%]
1 | Coarse aggregate 8/11 Nordkam, Eikefet 25,0 23,6
2 | Coarse aggregate 5/8 Nordkam, Eikefet 15,0 14,2
3 | Coarse aggregate 2/5 Nordkam, Eikefet 23,0 21,7
4 | Fine aggregate 0/2 (crushed sand) Yeoman, Glensanda 30,0 28,3
5 |Limestone filler Lafarge, Wapienno 7,0 6,6
6 | Bitumen 50/70 Lotos Asfalt 5,6

Table 4.4. Gradation of aggregate mixture of asphalt concrete AC 11 S

Limits by
Sieve size # % passing PN-EN 13108-1:2008 and WT-
[mm] 2:2014 for traffic load KR3+7
Minimum Maximum
16,0 100,0 100 -
11,2 97,8 90 100
8,0 78,0 60 90
5,6 61,4 48 75
4,0 49,8 42 60
2,0 37,5 35 50
0,125 11,8 8 20
0,063 7,4 5 11

AC 11 S KR3+6 PN-EN 13108-1 and WT-2:2014

100 100 100
20 s U limi | aon r:n
+ pper limit 90 =/= 90
Lower limit
< 80 1"
E 75 I/
g
® 60 60-—=—Ff—=-60
©
g 50 50-—= 5 48
& 40 = 42
c s 35
g 30 /
& 20 20 =
10 11
s 5 =38
0
0,01 0,10 1,00 10,00

100,00

Sieve sizes [mm]

Figure 4.1. Grading curve of used asphalt concrete AC 11 S
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Table 4.5. Volumetric properties of used asphalt concrete AC 11 S for wearing

course
Parameter AC 11 S 50/70 AC 11 S 50/70 FF
Binder content, % 5,6 5,6
Air voids in Marshall specimens [%] 2,6 2,8
Voids fill with bitumen VFB [%] 83,4 82,8
E(/)Z]lds in the mineral aggregate VMA 15.9 16,0

4.2.2.

Asphalt concrete AC 16 W for binder course

Gradation and type of aggregates used in asphalt concrete for wearing course AC 16
W is presented in table 4.6. Composition of designed asphalt concrete AC 16 W is
presented in table 4.7. Gradation of designed aggregate mixture of asphalt concrete
AC 16 W and its gradation curve are presented in table 4.8 and figure 4.2
respectively. Volumetric properties are shown in the table 4.9.

Table 4.6. Gradation of aggregates used in asphalt concrete AC 16 W

Sieve size Coarse Coarse Coarse Aggregate Fine Limestone
#lmm] aggregate aggregate | aggregate with aggregate filler, %
8/11, % 5/8, % 215, % continuous 0/2, % retained
retained retained retained grain size retained
0/5, %
retained
22,4 0,0 0,0 0,0 0,0 0,0 0,0
16 6,0 5,0 0,0 0,0 0,0 0,0
11,2 42,0 42,0 0,0 0,0 0,0 0,0
8 39,0 41,0 8,0 0,0 0,0 0,0
5,6 11,0 9,0 32,0 1,0 0,0 0,0
2 1,0 2,0 56,0 32,0 4,0 0,0
0,125 0,0 0,0 3,0 48,0 88,0 3,0
0,063 0,0 0,2 0,1 4,1 4,8 12,3
<0,063 1,0 0,8 0,9 14,9 3,2 84,7
Cemex KG KG Lafarge Krusz.ywa Lafarge
Aggregate . . . . ] . Polskie .
Mirowo Gniewkéw | Gniewkow | Wapienno . Wapienno
source Rybaki
Type of stone | Granite Granite Granite Limestone | Granite Limestone
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Table 4.7. Composition of asphalt mixture AC 16 W

. Mineral Asphalt
No. Materials Source aggregate [%] | mixture [%]
1 | Coarse aggregate 8/16 Cemex Mirowo 15,0 14,3
2 | Coarse aggregate 8/16 KG Gniewkéw 23,0 21,9
3 | Coarse aggregate 2/8 KG Gniewkéw 20,0 19,1
4 Aggregate with continuous grain size Lafarge Wapienno 220 210
0/5 (crushed stone)
5 | Fine aggregate 0/2 (crushed sand) Kruszlg\;vsaiiolskle 15,0 14,3
6 |Limestone filler Lafarge, Wapienno 5,0 4,8
7 | Binder 35/50 or PmB 25/55-60 Lotos Asfalt 4,6

Table 4.8. Gradation of aggregate mixture of asphalt concrete AC 16 W

Sieve size # . Limits by PN-EN 13108-1:2008 and
[mm] [%] passing WT-2:2014
Minimum Maximum
31,5 100 - -
22,4 100 100 -
16,0 98 90 100
11,2 82 70 90
8,0 65 55 80
2,0 35 25 50
0,125 9 4 12
0,063 6,4 4 10

AC 16 W KR3+7 by PN-EN 13108-1 and WT-2:2014

100 |
90 + = Upper limits

80 1 *® Lower limits

70

60

50

40

30

Percentage passing [%]

”
20 Pl

= 25

-
(@»]
L]
N
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3
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—_
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100,00

Figure 4.2. Grading curve of used asphalt concrete AC 16 W
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Table 4.9. Volumetric properties of used asphalt concrete AC 16 W for binder course

AC 16 W AC 16 W AC16 W AC16 W
Parameter 35/50 35/50 FF PmB 25/55- | PmB 25/55-

60 60 FF
Binder content, % 4,6 4,6 4,6 4,6
Air voids in Marshall specimens [%] 5,5 6,2 6,8 7,0
Voids fill with bitumen VFB [%] 65,8 62,6 60,5 59,7
Voids in the mineral aggregate VMA [%] 16,0 16,7 171 17,3
5. PREPARATION OF SPECIMENS

In accordance with recommendations of the producer, fibers were added to hot
aggregate with a dosage rate of 0,05% by weight of asphalt mixture (0,5 kg of fibers
for 1000 kg of asphalt mixture) before adding liquid bitumen. For this reason the
mixing process was divided into two stages. At first stage the aggregate was mixed
with fibers, then the bitumen was added and entire asphalt mixture was uniformly
mixed.

In order to test the effect of a different method of fibers adding an additional set of
specimens was prepared for selected tests. Fibers were then added in different way.
In the first step, hot mineral aggregate and bitumen were mixed together. In the
second step fibers were added to the initially coated asphalt mixture, and then entire
mixture was remixed again.

Asphalt mixtures for tests were prepared in laboratory mixer in accordance with
standard PN-EN 12697-35°. Before compaction asphalt mixtures were conditioned to
simulate the process of short-time aging in accordance with the procedure given in
the Appendix 2 of the WT-2:2014 document. The conditioning process consisted of
holding the loose material at 135°C for two hours and then for one hour at the
temperature of compaction.

Four different methods of compaction were used:

e Specimens fabricated at the design stage of asphalt mixtures to verify
volumetric properties— were compacted with the use of Marshall hammer
according to standard PN-EN 12697-30° by applying 75 blows on each side of
the specimen.

e Specimens for assessment of stiffness modulus, indirect tensile strength and
resistance to low temperature cracking were compacted with the use of

® PN-EN 12697-35+A1:2008 Bituminous mixtures - Test methods for hot mix asphalt. Part 35:
Laboratory mixing.

® PN-EN 12697-30:2012 Bituminous mixtures - Test methods for hot mix asphalt. Part 30: Specimen
preparation by impact compactor.
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gyratory compactor according to standard to PN-EN 12697-31". Parameters of
the compaction process in gyratory compactor were set to obtain target
density in the range of 98-100% of Marshall density.

e Specimens for assessment of resistance to water and frost action were
compacted with the use of Marshall hammers according to standard PN-EN
12697-30° by applying 35 blows on each side of the specimen.

e Specimens for assessment of resistance to permanent deformations and low
temperature cracking by Gdansk University of Technology method (GUT
method) were compacted with the use of roller compactor according to
standard PN-EN 12697-33°. Parameters of the compaction process were also
set to obtain target density of 98-100% of Marshall density.

According to the requirements of WT-2:2014 document specimens of asphalt
concrete with bitumen 35/50 and 50/70 were compacted in the temperature of 135°C
+ 5°C. For specimens of asphalt concrete with polymer modified bitumen PmB 25/55-
60 compaction temperature of 145°C £ 5°C was used.

In both cases no difficulties in mixing or compacting of asphalt concretes were
observed. Also there was no need to prolong the process of mixing due to added
fibers. It could be observed for each of asphalt concrete that reinforcing fibers caused
less mixture segregation and better coating of coarse aggregate particles by mastic.

" PN-EN 12697-31:2005 Bituminous mixtures - Test methods for hot mix asphalt. Part 31: Specimen
Erepared by gyratory compactor

PN-EN 12697-30:2012 Bituminous mixtures - Test methods for hot mix asphalt. Part 30: Specimen
Ereparation by impact compactor.

PN-EN 12697-33+A1: Bituminous mixtures - Test methods for hot mix asphalt. Part 33: Specimen
prepared by roller compactor.
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6. STIFFNESS MODULUS AND INDIRECT TENSILE STRENGTH

6.1. Stiffness modulus test method

Stiffness modulus test was conducted with the use of Nottingham Asphalt Tester
(NAT) device that allows applying load to the specimen in the IT-CY scheme, which
is described in appendix C of standard PN-EN 12697-26'°. Stiffness modulus tests
were performed in the scheme of indirect tensile with the vertical force applied along
the peripheral surface of the cylindrical sample. The scheme of fixing of specimen in
loading frame is shown in the figure 6.1.

Figure 6.1. Specimen fixed in loading frame during stiffness modulus test in IT-CY
scheme

During IT-CY stiffness modulus test load was applied to the specimen in a pulsed
manner. Time of the increase of the load equaled 120+4 ms, and time length of one
cycle was 3 s. Pulse value was determined by the software on the base of 10
conditioning cycles conducted for horizontal deformation of specimen. The test was
conducted in the strain control mode with the horizontal strain set to 5 ym.

The test was conducted for two perpendicular planes. In each plane, the specimen
was subjected to 5 pulse loads. On the base of 5 measurements of pulse loads, the
stiffness modulus was calculated according to the formula (6.1):

g _Fx(v+0,27)

6.1
" (zXh) (6.1)

where:

'O PN-EN 12697-26:2012 Bituminous mixtures - Test methods for hot mix asphalt. Part 26: Stiffness
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Sn - stiffness modulus, MPa,

F — maximum vertical force value, N,

% — Poisson ratio, (-)

z — the amplitude of the horizontal deformation obtained during the loading
cycle, mm,

h — average height of the specimen, mm.

The result for one specimen is the average value of the stiffness modulus
measurements obtained in two perpendicular planes. The tests of stiffness modulus
were conducted in three temperatures: 0°C, 13°C and 25°C.

6.2. Indirect tensile strength test method

Indirect tensile strength test was conducted on the same specimens which were used
previously for stiffness modulus test. The test was conducted with the use of
laboratory press with constant speed of deformation equal to 50 mm/min. Load was
applied through loading frame equipped with spacers 12 mm wide and with inner
curvature of 50,5 mm. The indirect tensile strength was calculated with the use of
measured maximum force that occurred at failure point. The indirect tensile strength
test was performed in accordance with the standard PN-EN 12697-23"".

The view of specimen fixed in loading frame is shown in figure 6.2.

Figure 6.2. Specimen fixed in loading frame for indirect tensile strength test

The indirect tensile strength was calculated using the following formula (6.2):

" PN-EN 12697-23:2009 Bituminous mixtures. Test methods for hot mix asphalt. Part 23.
Determination of the indirect tensile strength of bituminous specimens
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R = 2X—P (6.2)
TxDxh
where:
R — indirect tensile strength, MPa,
P — destructive force, kN,
D — diameter of specimen, m,
h — height of specimen, m.

The indirect tensile strength test was conducted in three temperatures: -20°C, 0°C
and 20°C.

Both in stiffness modulus test and indirect tensile strength test, three specimens of
each asphalt mixture were tested in each temperature.

6.3. Test results

The results of stiffness modulus test are presented in tables 6.1, 6.2 and 6.3. The
average values of stiffness modulus are summarized in table 6.4 and presented in
figures 6.3, 6.4, and 6.5. The results of indirect tensile strength are presented in
tables 6.5, 6.6, 6.7. The average values of indirect tensile strength are summarized in
table 6.8 and presented in figures 6.6, 6.7 and 6.8.
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Table 6.1. Stiffness modulus of asphalt concrete AC 11 S with neat bitumen 50/70

Specimen Temperature Stiffness ':\t\i/f?r:ae%(sa Star_1dgrd Coeff!cit_ant
No. C] m[f\)/ldFL)J;L]JS modulus d?l\\;llg’gcljn of v?or/:’?tlon
[MPa]
440/1 15800
440/2 0 17707 15546 2299 14,8
™ 440/3 13131
2 | 440/4 7389
ﬁ 440/5 13 7571 7484 91 1,2
= 440/6 7492
S | 44017 3089
440/8 25 3037 3055 29 1,0
440/9 3040
441/1 12807
441/2 0 13152 13669 1206 8,8
o 441/3 15047
% 441/4 8269
2 441/5 13 7655 7777 443 57
g 441/6 7409
< | 4417 2784
441/8 25 3036 2904 127 44
441/9 2893
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Table 6.2. Stiffness modulus of asphalt concrete AC 16 W with neat bitumen 35/50

Specimen Temperature Stiffness ':\t\i/f?r:ae%(sa Star_1dgrd Coeff!cit_ant
No. C] m[f\)/ldFL)J;L]JS modulus d?l\\;llg’gcljn of v?or/:’?tlon
[MPa]
436/1 15012
436/2 0 12762 13772 1142 8,3
- | 4363 13543
% 436/4 9338
g 436/5 13 9807 10249 1195 11,7
© 436/6 11602
2 436/7 4968
436/8 25 4664 4739 202 4,3
436/9 4585
4371 15164
437/2 0 15970 15708 472 3,0
= 437/3 15991
@ 437/4 10790
= 437/5 13 10455 10405 411 3,9
g 437/6 9972
< 437/7 5854
437/8 25 6164 5896 249 4,2
437/9 5671
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Table 6.3. Stiffness modulus of asphalt concrete AC 16W with polymer modified
bitumen PmB 25/55-60

Specimen Temperature| SUMSSS | Sifness | Senderd | Cosficen
No. [C] modulus o
[MPa] MPa] [MPa] [%]
438/1 12277
L | 4382 0 15660 13336 2015 15,1
é 438/3 12071
B | 438/4 9613
B | 438/5 13 9489 9054 864 9,5
% 438/6 8059
S | 438/7 4925
< | 4388 25 5252 5180 229 4,4
438/9 5365
439/1 14809
439/2 0 14528 15015 616 4,1
3 | 4393 15707
§ 439/4 9429
g 439/5 13 9454 9422 36 0,4
© | 43906 9383
< 439/7 5181
439/8 25 5075 4945 321 6,5
439/9 4580

Table 6.4. Summary of results of stiffness modulus test

Stiffness modulus [MPa] in
temperature [°C]:

0 13 25
AC 11 S 50/70 FF 15 546 7 484 3 055
AC 11 S 50/70 13 669 7777 2904
AC 16 W 35/50 FF 13772 10 249 4739
AC 16 W 35/50 15708 10 405 5896
AC 16 W PmB 25-55-60 FF 13 336 9 054 5180
AC 16 W PmB 25/55-60 15015 9422 4 945
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Figure 6.3. Stiffness modulus of asphalt concrete AC 11 S with neat bitumen 50/70
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Figure 6.4. Stiffness modulus of asphalt concrete AC 16W with neat bitumen 35/50
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Figure 6.5. Stiffness modulus of asphalt concrete AC 16W with polymer modified
bitumen PmB 25/55-60

Table 6.5. Indirect tensile strength of asphalt concrete AC 11S with neat bitumen

50/70

Specimen | Temperature Stiffness Average stiffness ?;?/?;?gg ;ovzf:::it?gr:
No. [*C] modulus modulus [MPa] [MPa] [%]

[MPa]

440/1 4,39
440/2 -20 4,87 4,58 0,26 5,6

T 440/3 4,49

R | 4404 5,04
g 440/5 0 4,78 4,85 0,17 34

= 440/6 4,73

Q | 4407 1,98
440/8 20 1,84 1,90 0,07 3,9

440/9 1,88

441/1 4,80
441/2 -20 5,07 4,63 0,54 11,6

o 441/3 4,03

S 441/4 4,76
n 441/5 0 5,02 4,88 0,13 2,7

g 441/6 4,87

< | 4417 1,79
441/8 20 1,88 1,83 0,05 2,5

441/9 1,84
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Table 6.6. Indirect tensile strength of asphalt concrete AC 16W with neat bitumen

35/50
Specimen | Temperature itggnjsz Average stiffness g;i?:t?c:g ;ovzf:ii;it?:r:
No. [°C] [MPa] modulus [MPa] [MPa] [%]
436/1 3,77
436/2 -20 3,75 3,77 0,02 0,6
o | 436/3 3,79
% 436/4 3,32
g 436/5 0 3,54 3,51 0,17 49
© 436/6 3,66
Q 436/7 1,99
436/8 20 2,00 1,93 0,11 5,9
436/9 1,80
437/1 3,40
437/2 -20 3,63 3,75 0,43 11,4
S 437/3 4,23
g 437/4 4,09
= 437/5 0 4,04 4,06 0,02 0,6
g 437/6 4,06
< 437/7 2,35
437/8 20 2,32 2,28 0,10 4,2
437/9 2,17
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Table 6.7. Indirect tensile strength of asphalt concrete AC 16W with polymer modified
bitumen PmB 25/55-60

Specimen | Temperature Stiffness Average stiffness g;i?:t?c:g ;ovzf:ii;it?:r:
No. [°C] modulus modulus [MPa] [MPa] [%]
[MPa]
438/1 3,98
L 438/2 -20 3,77 4,01 0,26 6,4
Lé 438/3 4,28
s 438/4 3,65
e 438/5 0 3,81 3,73 0,08 2,1
E 438/6 3,75
5 438/7 2,13
< | 4388 20 1,97 2,01 0,11 5,3
438/9 1,93
439/1 4,56
439/2 -20 4,59 4,58 0,01 0,3
3 | 4393 4,58
S | 4304 4,01
g 439/5 0 3,98 4,05 0,09 2,1
© 439/6 4,14
Q 439/7 1,98
439/8 20 1,83 1,90 0,07 3.9
439/9 1,89

Table 6.8. Summary of the results of indirect tensile strength test

Indirect tensile strength [MPa]
in temperature [°C]:

-20 0 +20

AC 11 S 50/70 FF 4,58 4,85 1,90
AC 11 S 50/70 4,63 4,88 1,83
AC 16 W 35/50 FF 3,77 3,51 1,93
AC 16 W 35/50 3,75 4,06 2,28
AC 16 W PmB 25-55-60 FF 4,01 3,73 2,01
AC 16 W PmB 25/55-60 4,58 4,05 1,90
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Figure 6.6. Indirect tensile strength of asphalt concrete AC 11S with neat bitumen
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Figure 6.7. Indirect tensile strength of asphalt concrete AC 16W with neat bitumen
35/50
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Figure 6.8. Indirect tensile strength of asphalt concrete AC 16 W with polymer
modified bitumen PmB 25/55-60

In the case of indirect tensile strength an additional test of the impact of the method
of fibers dosing on test results were conducted. For asphalt concrete AC 11S the
additional specimens were prepared, in which the fibers were added after initial
mixing of aggregate with bitumen. The results are given in table 6.9 and in figure 6.9.

Table 6.9. Indirect tensile strength of asphalt concrete AC 16 W with polymer
modified bitumen PmB 25/55-60

Specinen | Tomparsurs MO el | v it | Strirg | Cosfon

: [MPa] [MPa] [MPa] [%]
503/1 4,26

~ | 5032 20 5,27 4,60 0,58 12,5
LLC';L 503/3 4,28
& | 503/4 4,46

% 503/5 0 4,78 4,66 0,17 37
= | 503/6 4,73
2 | 5037 1,78

2 | so3 20 1,76 1,78 0,01 0,5
503/9 1,78
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Figure 6.9. Indirect tensile strength of asphalt concrete AC 11S with bitumen 50/70

6.4.

Analysis of test results

The following conclusions could be drawn from the research:

1.

The addition of fibers did not influence significantly on values of stiffness
modulus of analyzed asphalt concretes. In temperatures above 0°C results for
asphalt concrete with and without addition of fibers were similar. Slight
differences could be observed at 0°C, but these differences are within the
range of 15%. In the case of asphalt concrete for wearing course the addition
of fibers increased stiffness of asphalt concrete which is a negative effect in
terms of low-temperature cracking. In the case of binder course the addition of
fibers decreased stiffness, which can be regarded as positive effect.

The addition of fibers did not influence significantly on values of indirect tensile
strength of all analyzed asphalt concretes, particularly in the case of asphalt
concrete for wearing course, where the values of indirect tensile strength are
almost identical for mixtures with and without fibers. In temperatures above
0°C results for asphalt concrete with and without addition of fibers were
similar. Slight differences could be observed at 0°C and -20°C, but these
differences are within the range of 10. In the case of asphalt concrete for
binder course the addition of fibers decreased indirect tensile strength but the
analysis of statistical differences of significance has shown that this decrease
is not significant from the statistical point of view.

Conducted tests indicate that the addition of fibers had no impact on stiffness
modulus and indirect tensile strength of tested asphalt mixtures.
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4. Additional series of tests of indirect tensile strength on specimens of asphalt
concrete AC 11 S, have shown that different method of specimens
preparation, where fibers were added to the mixture after adding bitumen and
initial coating, had no impact on tested parameters. There was a slightly lower
value of the indirect tensile strength at 0°C, but these differences are not
important from the statistical point of view. At temperatures -20 and +20°C
values of indirect tensile strength were almost the same as for normal fiber
dosing method, recommended by the producer.

7. RESISTANCE TO WATER AND FROST ACTION
71. Test method

Resistance of asphalt mixtures to water and frost action was evaluated according to
the standard PN-EN 12697-12"? and Appendix 1 of the document WT-2 2014.

To assess the resistance of asphalt mixtures to water and frost action 10 cylindrical
specimens of each asphalt mixture were prepared. Each set of 10 specimens was
divided into two groups of 5 specimens with similar average height, volumetric
density and air voids content.

The first group (5 ,wet” specimens) was conditioned according to the instruction
given in WT-2 2014 while the second group (5 ,dry” specimens) was a reference
group and was kept in temperature +20£5°C.

In the first stage of conditioning process, specimens from of the ,wet’ set were
saturated with water in temperature 20°C in vacuum chamber. In the next stage
saturated specimens were held for 72 hours in water bath in temperature 40°C. Then
specimens were taken out from water, wrapped in foil, inserted into plastic bags
containing 10 ml of water and then finally placed for 16 hours in freezing chamber at
temperature of -18°C.

Resistance of asphalt mixtures to water and frost action is measured by a ratio of
indirect tensile strength of reference specimens from “dry set” compared to indirect
tensile strength of conditioned specimens from “wet set”. The indirect tensile strength
test was performed in accordance with standard PN-EN 12697-23" at the
temperature of +25+2°C.

12 PN-EN 12697-12: 2008 Bituminous mixtures. Test methods for hot mix asphalt. Part 12;
Determination of the water sensitivity of bituminous specimens.

'3 PN-EN 12697-23:2009 Bituminous mixtures. Test methods for hot mix asphalt. Part 23.
Determination of the indirect tensile strength of bituminous specimens
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7.2. Test results

The test results of resistance of asphalt concrete to water and frost action are
presented in tables from 7.1 to 7.3 and are summarized in table 7.4 and in figures 7.1
and 7.2.

Table 7.1. Test results of resistance to water and frost action of asphalt concrete AC
11 S 50/70, performed according to the standard PN-EN12697-12 and procedure
described in WT-2:2014 document, test temperature +25°C

snﬁzg_ Air voids |Saturation| Force to | Indirect tensile Average ITSR
No [%] level [%] (failure [kKN]| strength [kPa] | strength [kPa] [%]
T 4111 3,0 - 12,1 1228
§ |41112 3,3 - 11,6 1170
w §‘g 411/3 3,4 - 11,9 1187 1206
[1'8
o |8 [411/4 3,2 - 12,1 1212
S5 [a115 3,2 - 12,3 1232
B 99,8
w4116 3,0 58 11,8 1187
S § 411/7 3,1 56 11,9 1192
< |E §| 4118 3,1 56 11,9 1202 1204
s |[411/9 3,2 60 11,5 1159
© 41110 3,1 59 12,6 1279
S [412/1 3,0 - 11,9 1198
& [4122 3,2 - 11,5 1148
3 ©1412/3 2,8 - 11,2 1124 1148
28 [4124 3,0 - 11,3 1099
15 [41255 3,4 - 11,7 1172
@ - 4126 3,0 56 10,7 1073 90,9
olg [4127 3,0 62 10,1 1012
<2 841258 32 59 10,3 1026 1043
g 412/9 3,2 63 10,3 1030
© la12110] 31 56 10,7 1076
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Table 7.2. Test results of resistance to water and frost action of asphalt concrete AC
16 W 35/50, performed according to the standard PN-EN12697-12 and procedure
given in the WT-2:2014 document, test temperature +25°C

Sg:ﬁ'_ Air voids |Saturation Eorce to | Indirect tensile Average ITSR
No. [%] level [%] (failure [kN]| strength [kPa] | strength [kPa] [%]
B | 405/1 6,1 - 17,1 1638
& [4052| 6,3 - 16,3 1571
L §‘3,‘> 405/3 6,1 - 16,9 1634 1601
S |8 [4054 6,5 - 16,3 1563
B |5 [a055]| 65 - 16,6 1600 205
2 (5 |[4056 6,3 84 12,2 1183 '
e g _[4057 ] 64 80 12,1 1149
3 £ 340518 6,7 62 9,6 906 1135
S [ 405/9 6,7 80 11,9 1149
©  l405/10| 6,6 61 13,3 1290
S | 406/1 7,2 - 16,4 1558
& |[406/2 75 - 15,4 1444
o §§ 406/3 7.4 - 14,3 1352 1489
218 [406/4 7,0 - 16,8 1 604
“;" S | 406/5 6,9 - 15,5 1485 645
© |o [406/6 7,3 84 11,3 1067 ’
9 %.. 406/7 73 60 9,5 907
£ 3| 406/8 7,3 74 11,3 1066 960
S [406/9 74 68 8,4 792
©  lla06/10 7,7 84 10,2 966
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Table 7.3. Test results of resistance to water and frost action of asphalt concrete AC
16 W with PmB 25/55-60, performed according to the standard PN-EN12697-12 and
procedure given in the WT-2:2014 document, test temperature +25°C

No Air voids |Saturation Eorce to | Indirect tensile Average ITSR
[%] level [%] (failure [kKN]| strength [kPa] | strength [kPa] [%]
N § 409/1 6,5 - 17,9 1721
s |409/2 6,6 - 17,4 1 664
@ |3 g 4003 6,5 - 17,9 1708 1715
© 18 |409/4 6,5 - 18,3 1750
S S | 4095 6,5 - 18,0 1733 878
Elg [4096 6,4 87 15,8 1501 '
= | 5 _[4097 6,7 87 15,6 1458
© | E §| 40958 6,4 83 16,1 1534 1505
Q5 [4099 6,8 77 16,5 1577
©  lla09/10 6,2 80 15,4 1457
T [4a101 7,5 - 15,6 1471
S § 410/2 7.7 - 15,8 1488
3 'g‘ﬁ 410/3 7,5 - 16,2 1548 1528
w g |[410/4 7,7 - 16,7 1579
@ S |4105 8,0 - 16,6 1 556 89.9
a5 |[4106 7,6 84 14,9 1422 ’
E %.. 410/7 78 82 13,8 1310
S 1E 84108 7,6 83 15,8 1481 1375
<5 (4109 8,2 82 14,3 1347
© lat0110 8,3 87 14,0 1313

Table 7.4. Summary of the test results of resistance to water and frost action

Type of asphalt mixture I-E"SA)T
AC 11 S 50/70 FF 100
AC 11 S 50/70 91
AC 16 W 35/50 FF 7
AC 16 W 35/50 64
AC 16 W 25/55-60 FF 88
AC 16W 25/55-60 90
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Figure 7.1. Summary of the test results of resistance to water and frost action of
asphalt mixtures, indirect tensile strength
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Figure 7.2. Summary of the test results of resistance to water and frost action of
asphalt mixtures, indirect tensile strength ratio (ITSR)
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7.3.

Analysis of the test results

On the basis of performed tests of resistance to water and frost action it can be
concluded that:

1.

The resistance to water and frost damage was evaluated in accordance with
conditioning procedure of specimens described in WT-2: 2014. Asphalt
concrete AC 16W with bitumen 35/50 with and without fibers did not reach the
minimum ITSR value of 80%, which is required by the document WT-2: 2014
for asphalt mixtures designed for binder course. An addition of anti-stripping
agent to the asphalt mixtures would certainly increase the ITSR ratio. Due to
the fact that the main purpose of the research program was to assess the
influence of fibers on selected properties of asphalt concretes, the failure to
achieve the minimum specified value of ITSR assumed in WT-2:2014 does not
affect final conclusions.

The application of FORTA FI fibers increased absolute values of indirect
tensile strength both in the case of reference specimens and conditioned
specimens. The increase of strength varies from 5%, for reference specimens
of asphalt concrete AC 11 S with bitumen 50/70, to \15’(0 for reference
specimens of asphalt concrete AC 16W with bitumen 35/50!

For asphalt concrete AC 11 S with bitumen 50/70 and AC 16 W with bitumen
35/50 the application of FORTA FI fibers increased values of ITSR ratio. In
case of asphalt concrete AC 16 W with polymer modified bitumen PmB 25/55-
60 with FORTA FI fibers the ITSR ratio was slightly (2,1%) lower than ITSR
ratio for reference mixture without fibers. It must be noted that the ITSR only
describe the change of the value of indirect tensile strength after exposing set
of specimens to destructive effect of conditioning process. ITSR does not
apply to the absolute values of strength. It must be emphasized that absolute
values of indirect tensile strength of conditioned samples of asphalt concrete
AC 16 W with PmB 25/55-60 and FORTA FI fibers were at the same level as
ITS of samples of reference mixtures (without fibers) that did not undergo
conditioning process.

During tests of resistance to water and frost action the indirect tensile strength
of specimens containing FORTA-FI fibers was higher than for specimens
without FORTA-FI fibers for each case. This trend did not occur during testing
indirect tensile strength in several temperatures, which results are described in
chapter 6. The differences can be caused by different compaction level. For
indirect tensile strength tests described in chapter 6, specimens were
compacted in gyratory compactor and obtain target density close to the 100%
of Marshall density. Specimens used to evaluate resistance to water and frost
were compacted in Marshall hammer with 35 blows for each side. This
compaction method refers to 98% of Marshall density. It suggests that the
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positive effect of application of reinforcing fibers could be more visible in cases
of inadequate compaction of pavement layers. During compaction of asphalt
mixtures in field conditions, compaction index usually lies within the range of
98 to 99%. In such cases the positive effect of fibers application will be more

evident.
8. RESISTANCE TO PERMANENT DEFORMATION
8.1. Test method

Resistance of asphalt mixtures to permanent deformation was evaluated according to
standard PN-EN 12697-22, in a small device, method B, conditioning in air. The test
temperature was 60° C. Specimens were prepared and compacted gradually, so as
to obtain the same time period between the compaction and the test, which takes 4
days.

Resistance of asphalt mixtures to permanent deformation was evaluated on the basis
of proportional rut depth PRDar and wheel tracking rate WTSar.

8.2. Test results

The test results of resistance to permanent deformation of asphalt concrete are
shown in Table 8.1. Figure 8.1 shows the rut depth (RDar, in mm) depending on the
number of cycles.

Table 8.1. Summary of test results of resistance to permanent deformation of asphalt
concrete, according to standard PN-EN12697-22 method B, conditioning in air

Proportional roAc\)/r?ir:r?:I rut Wheel tracking | Average wheel
Specimen|| Type of asphalt rut depth pdepth PRD slope WTSpar | tracking slope
No mixture PRDair [10000 P AR [mm/10° WTSar [mMm/10°
o [10000 cycles,
cycles, %] %] cycles] cycles]
4111 12,0 0,21
2112 AC 11 S 50/70 FF 12.3 12,1 0.19 0,20
4121 12,3 0,21
4122 AC 11 S 50/70 15.0 13,6 0.24 0,23
405/1 [ AC 16 W 35/50 5,0 0,07
4,5 0,07
405/2 ||FF 4,0 0,06
406/1 4,3 0,06
40612 AC 16 W 35/50 4.2 4,3 0,04 0,05
409/1 | AC 16 W 25/55- 3,0 0,04
29 0,04
409/2 |60 FF 2,8 0,03
4101 . 3,0 0,03
AC 16 W 25/55 33 0.03
410/2 |60 3,7 0,03
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8.3.
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Figure 8.1. Resistance to permanent deformation according to standard PN-
EN12697-22, rut depth RDar

Analysis of test results

Based on the study of resistance to permanent deformation following conclusions
could be drawn:

1.

Improvement in resistance to permanent deformation was observed in the
case of asphalt concrete for wearing course AC 11 S with 50/70 bitumen and
asphalt concrete for binder course AC 16 W with polymer modified bitumen
PmB 25-55/60.

In the case of asphalt concrete AC 16 W with 35/50 bitumen and addition of
fibers, @1 depth results were somewhat lower than for a mixture without
fibers.

The resulting differences between all analysed mixtures were however small
and insufficient to determine a clear effect of the addition of fibers on
resistance to permanent deformation.
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9. RESISTANCE TO LOW TEMPERATURE CRACKING

9.1. Bending test according to GUT method

9.1.1. Test method

Resistance to low temperature cracking of asphalt mixtures was performed according
to the method developed at the Gdansk University of Technology (GUT) by Judycki'.

Following parameters were identified:
» modulus of flexural stiffness,

* ultimate strain,

« flexural strength,

» stiffening index.

During the test, a concentrated load is applied at the midspan of a simply supported
beam. A constant deformation rate of 1,25 mm/min is applied by laboratory press.
The specimens are rectangular beams 50x50%x300 mm cut from compacted slabs.
Test equipment records a relationship between the applied load and deformation of
the sample.

Scheme and general view of specimen used for testing are shown in figure 9.1 and
9.2 respectively.

150 mm
[ |

%F

l w0 e
La

| 260 mm |
L 300 mm |

50 mm

Figure 9.1. Scheme of specimen during bending test at low temperatures

" Judycki J. Bending test of asphaltic mixtures under statical loading. Fourth International RILEM
Symposium, Mechanical Tests for Bituminous Mixes, Characterization, Design and Quality Control.
Budapest; 1990. p. 207-27.
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Figure 9.2. General view of the specimen during bending test at low temperatures

Described method involves following procedures:

1. The specimens were conditioned in the temperature chamber (-20°C or
+10°C) for at least 18 hours before testing.

2. Each specimen was placed in special support frame and then vertical load

was applied in the midspan of the beam.

Constant deformation applied to specimen was 1,25 mm/min.

4. During test strain was recorded at the bottom of specimen with use of LVDT
transducer and at the same time force was recorded every 0,125 s.

5. Test was finished at the moment of specimen failure (test in temperature -
20°C) or at the moment when maximum force was recorded (test in
temperature +10°C).

w

A test series consisted of five identical specimens tested in the same conditions.
Final result is a mean value of five measurements.

Ultimate strain and flexural strength were determined from the following equations:

E e = L2 X (9.1)
€ c+a
~ 3xF I
“ 2xbxh? (9.2)
where:
Eutimate - average strain along measurement base “e” at the bottom of tested
specimen,
Pmax - displacement of the LVDT transducer during bending at maximum load Fax
[mm],
e - measurement base — axial distance between steel plates, [mm],
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a - distance between bottom area of specimen and axis of LVDT transducer
[mm],
C - half of the specimen height [mm],

R, - flexural strength [MPa],
Fmax - maximum force [kN],

h - height of specimen [mm],

I - specimen span between supports [mm],

b - weight of specimen [mm],

c - stresses at the bottom of specimen in the midspan area [MPal].

Modulus of flexural stiffness was determined on the basis of relationship between
stress and strain during bending of specimen. Values of strain were determined from
the displacements of LVDT transducer at the bottom of tested specimen. Values of
stress were determined from the force measurements and geometrical sizes of
specimens. Modulus of flexural stiffness was determined from the following equation:

s-ho
Ae (9.3)
where:
S - modulus of flexural stiffness,
Ao - change in stress values ,
Ae - change in strain values.

Evaluation of tested asphalt concretes was carried out on the basis of: ultimate strain,
flexural strength, modulus of flexural stiffness and stiffening index as an additional
parameter , which is defined as follows:

SI=§ (9.4)
AT
where:
Sl - stiffening index,
AS - change in modulus of flexural stiffness during bending at different

temperatures (+10° i -20°C),
AT - change in temperatures (between +10°C i -20°C).

On the basis of stiffening index behavior of asphalt concrete during cooling can be
evaluated.

There are no criteria for evaluating resistance to low-temperature cracking of asphalt
mixtures. One can only conclude that more favorable characteristics of asphalt
mixtures at low temperatures are:
1. Higher flexural strength R, at low temperatures because it can withstand
higher thermal stresses during cooling.
2. Higher ultimate strain eytimate at low temperatures because of less brittle state
and more flexibility of asphalt mixture.
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3. Lower modulus of flexural stiffness S at low temperatures because values of
thermal stresses occurring during cooling of mixture are directly proportional to

values of that modulus.
4. Lower stiffening index Sl, because in that case asphalt mixture is less thermal

sensitive.

9.1.2. Test results

Test results of resistance to low temperature cracking of tested asphalt mixtures are
presented in tables from 9.1 to 9.6 and figures from 9.3 to 9.6.

Table 9.1. Results of resistance to low temperature cracking of tested mixture
AC 11 S 50/70 FF

Test Flexural strength Ultimate strain Modu;Tiif:;;ISexural
R, [MPa Eqran [% iffening i
temperature r [MPa] gran [%o] S [GPa] Stlfferélrﬁ]mdex
[°C] X ; .
Single 7 ls Single %ls Single % |s
sample sample sample
8,57 0,89 9,73
8,42 sd sd
o | N < | © < | @
w -20 789 |o| K| 061 |~|Y] 1388 ||
© S o 5 A -
,'cj 8,53 Sl 079 S 1066 || %
S 8,40 0,68 11,91 ©
Te] ™
n sd sd sd =)
S 2,93 o 1583 | _ | | 025 ©
< 10 277 |8 |8 1198 |T|2] 028 |88
N =) ~ - © o
2,94 11,68 0,25
2,87 14,50 0,19

X — average value
S — standard deviation
sd - the specimen was damaged during the test
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Table 9.2. Results of resistance to low temperature cracking of tested mixture
AC 11 S 50/70

Test Flexural strength Ultimate strain Modu;ﬁfrc]);lsexural
R, [MPa Eqran [% iffening i
temperature r [MPa] gran [%o] S [GPa] Stlfferglnﬁ]mdex
[°C] : . _
Single 7 ls Single %ls Single 7 ls
sample sample sample
7,74 0,66 12,11
7,92 0,65 12,45
ol| @ o | o | ©v
-20 8,32 - | 8 0,69 © 8] 1236 || T
® | S SRS S
E 8,05 sd sd
3 8,49 0,72 13,09 -
7] <
= 3,16 11,63 0,26 o
Q 3,23 10,73 0,30
< ™ <t Y] (o] © AN
10 3,32 N8 13,96 | N |2 0,23 NS
| S o s|s
3,24 12,53 0,25
3,23 12,40 0,26

X — average value
S — standard deviation
sd - the specimen was damaged during the test

Table 9.3. Results of resistance to low temperature cracking of tested mixture

AC 16 W 35/50 FF

Test Flexural strength Ultimate strain Modu;liif:(fa:;axural
es
R, [MPa Eqran [% iffening i
temperature r [MPa] gran [%0] S [GPa] Stlffergln[gi]mdex
[°C] X , .
Single 7ls Single 7ls Single 7 ls
sample sample sample
6,18 0,58 10,70
6,19 0,49 12,31
| ® N o m
-20 sd oL sd 0|8 sd =18
& © | 5 o | g R
o 6,46 0,56 11,49
w0
o 6,46 0,44 13,89 ©
™ ™
= 4,80 6,53 0,72 =)
g 4,20 5,12 0,81
o o - | ©
< 10 467 |3 |9 | 49 |[R|2| 094 |&|T
< | S To Y cls
5,10 ° 1l 572 1 088 ©
4,39 6,47 0,68

X — average value
S — standard deviation
sd - the specimen was damaged during the test
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Table 9.4. Results of resistance to low temperature cracking of tested mixture
AC 16 W 35/50

Test Flexural strength Ultimate strain Modu;Tiifr?;;I:xural
R, [MPa Eqran [% iffening i
temperature r [MPa] gran [%0] S [GPa] Stlfferglnﬁ]mdex
[°C] . , ,
Single 7 ls Single %ls Single 7 ls
sample sample sample
sd sd sd
6,48 0,45 14,61
o |8 ~ | R N X
-20 642 |N 12| 053 |3 |3| 13238 || &
© | g o S ® S
3 6,08 1 o048 | 1275 e
0
N 6,16 0,42 14,39 ™
= <
© 4,61 5,08 0,89 =)
Q 4,70 5,91 0,79
< ™ N < N ~— !
10 4,25 0o |2 4,97 o |8 0,84 © |8
< 3 Lo S o .
4,44 S| 612 ° | o7 ©
4,63 5,61 0,81

X — average value
S — standard deviation
sd - the specimen was damaged during the test

Table 9.5. Results of resistance to low temperature cracking of tested mixture
AC 16 W 25/55-60 FF

Test Flexural strangth Ultimate strain Modu;liif:;lsxural
es
R, [MPa Eqran [% iffening i
temperature  [MPa] gran [%o] S [GPa] Stlffergln[gi]mdex
[°Cl : , ,
Single 7ls Single 7ls Single 7 ls
sample sample sample
7,18 0,81 9,12
6,37 0,72 8,97
o w0 ~ o (o] N~
- -20 7,42 S| 3 0,61 ~|12] 1237 | S| S
Nl o S|s 2|
3 6,48 sd sd
5 7,56 sd sd -
& ™
g 4,21 3,57 1,15 S
© 4,63 5,38 0,84
(a2 © N
< 10 475 |3 || 379 |S|®| 023 |29
4,81 5,08 0,93
4,74 4,51 1,03

X — average value
S — standard deviation
sd - the specimen was damaged during the test
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Table 9.6. Results of resistance to low temperature cracking of tested mixture
AC 16 W 25/55-60

Test Flexural strangth Ultimate strain Modu;Tiif:;;I:xural
R, [MPa Eqran [% iffening i
temperature r [MPa] gran [%o] S [GPa] Stlfferglnﬁ]mdex
[°C] . , ,
Single 7 ls Single %ls Single 7 ls
sample sample sample
6,03 0,65 9,35
6,50 0,57 11,62
- | = © | X N | ©
-20 6,74 n|Y 0,78 © |3 8,41 213
3 ©| s S|s SH N
o 6,28 0,58 11,17
v
o 7,01 0,73 9,56 o
(32]
= sd sd sd =)
(o]
5 4,44 4,15 1,04
(o] < To)
< 10 474 |B|Q] 475 |8|Q| 098 |&|F
< 3 < S o y
4,31 | 589 ° | o072 ©
4,80 4,81 0,98

X — average value
S — standard deviation
sd - the specimen was damaged during the test

Flexural strength,

-20°C

9,00
= 850 T
o RN
=, 8,00 \§%
e« \/
< 750 \/ DAC 11 S 50/70 FF
2 \/ @AC 11 S 50/70
S 7,00
% \/ BAC 16 W 35/50 FF
= 6,50 \ / T
g \/ = DAC 16 W 35/50
§ 600 x / mAC 16 W 25/55-60 FF
[T

5,50 \ BAC 16 W 25/55-60

5,00 \ -

4,50 \ -

4,00 N

Figure 9.3. Flexural strength
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Figure 9.4. Ultimate strain
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Figure 9.5. Modulus of flexural stiffness
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Stiffening Index

0,45
T 0,40 7
/
£ S/ ®mAC 11 S 50/70 FF
£ 035 \ mAC 11 S 50/70
c
£ \ BAC 16 W 35/50 FF
o \ BAC 16 W 35/50
0,30 \ mAC 16 W 25/55-60 FF
\ BAC 16 W 25/55-60
0,20 k
Figure 9.6. Stiffening Index
9.1.3. Analysis of test results

Based on the test results it can be concluded that:

1. The addition of fibers to the asphalt mixture had a positive effect on flexural
strength. For each mixture this parameter was increased. The highest increase
was the for asphalt concrete AC 16 with modified bitumen PmB 25/55-60, then
for asphalt concrete AC 11 S with bitumen 50/70, and the lowest increase was
observed for asphalt concrete AC 16 with bitumen 35/50.

2. The positive effect of the fibers addition was also highlighted in the case of
ultimate strain, which for mixtures with fibers was always greater than for the
reference mixtures without fibers.

3. It was observed that the modulus of flexural stiffness of asphalt mixtures with
fibers was lower in the case of mixtures: AC 11 S with bitumen 50/70 and AC 16
W with bitumen 35/50 compared with reference mixtures without fibers. Modulus
of flexural stiffness of asphalt concrete AC 16W with modified bitumen PmB
25/55-60 was slightly higher for samples with fibers.

4. The addition of fibers decreased stiffening index of asphalt concrete AC 11 S with
bitumen 50/70 and AC 16 W with bitumen 35/50, which is a positive effect in
terms of resistance to low temperature cracking. Stiffening index of asphalt
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concrete AC 16 W with modified bitumen PmB 25/55-60 was slightly higher for
the specimens with fibers.

5. The addition of fibers to the asphalt mixture AC 16 W with bitumen 35/50 had
positive effect on parameters tested at low temperatures, however this increase
was not high enough to reach the level of similar parameters obtained for asphalt
concrete with modified bitumen PmB 25/55-60, even without the addition of
fibers. This means that the type of bitumen (modified or unmodified) is more
important in terms of resistance to low temperature cracking than addition of
fibers.

9.2. Fracture toughness test

Fracture toughness was evaluated with the use of semi-circular bending test
performed according to standard PN-EN 12697-44 PN-EN 12697-44'°. Because
crack propagation test is not commonly used in Poland, the test methodology
described by standard PN-EN 12697-44 was modified. Modification of the procedure
was based on literature review'®'”. Standard method included in standard PN-EN
12697-44 is based on determining the resistance of asphalt mixtures to fracture Kic
which is calculated on the basis of maximum force recorded during bending of the
specimen. For further classification of mixtures in terms of fracture properties, an
additional value of the J-integral was measured, which characterizes the critical strain
energy release rate.

9.2.1. Specimen preparation

For Semi-Circular Bending test, semi round specimens with a diameter of 150 mm +
1 mm, height of 75 mm £ 1 mm and a thickness of 50 mm + 1 mm were used.
Specimens were cut from bigger cylindrical samples compacted in the gyratory
compactor. The diameter and height of original cylindrical samples were 150 and 105
mm respectively. From each original sample four semi-circular specimens were cut.
To initiate crack at the bottom of each specimen a notch was cut on bottom plane of
the specimen. Three depths of notch were cut — 10 mm, 20 mm and 30 mm. The
width of the notch was 2 mm.

® PN-EN 12697-44:2010 Bituminous mixtures. Test methods for hot mix asphalt. Part 44: Crack
propagation by semi-circular bending test.

'® Mostafa A. Elseifi, Louay N. Mohammad, Hao Ying, Samuel Cooper Ill, Modeling and evaluation of
the cracking resistance of asphalt mixtures using the semi-circular bending test at intermediate
temperatures, Road Materials and Pavement Design, Vol. 13, No. S1, June 2012, 124-139

7 X.-J. Li & M.O. Marasteanu, Using Semi Circular Bending Test to Evaluate Low Temperature
Fracture Resistance for Asphalt Concrete, Experimental Mechanics 2010, 50:867—-876
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9.2.2. Test method

The semi-circular specimen was subjected to vertical load applied monotonically by
laboratory press. The specimen was supported by metal frame that allowed to obtain
three-point bending load configuration. During the test, load and vertical
displacement were continuously recorded. Specimen and loading frame during the
test were placed in thermostatic chamber of the press to maintain constant desired
test temperature.

Fracture toughness characterizes the behavior of asphalt mixture during propagation
of the crack. To initiate a crack, each specimen was cut before the test at the mid-
span of the tension zone.

It is assumed, that if a small micro crack is initiated in asphalt layer, acting forces can
load sides of the crack in three modes, which are shown in figure 9.7.

TYP I TYP II TYP III

Figure 9.7. Types of crack loading™®

From the point of view of real behavior of asphalt layers in pavement structure, mode
| is recognized as mode which suits the best to real conditions. In mode | the stress
acts perpendicular to the fracture area. In a critical situation, when stresses reach
critical value, uncontrolled propagation of the crack occurs in the pavement. On the
basis of critical stresses (critical forces) and strains at the time of their occurrence
following parameters characterizing the resistance of asphalt mixtures to cracking are
calculated:

« critical stress intensity factor, Kic, called fracture toughness,

« critical value of the J-integral, Jc characterizes the energy release rate.

Fracture toughness is calculated with the use of formula (9.5) °:

K; = o,YWma (9.5)
where:
a - depth of the notch,

'® Artamendi I., Khalid H. A., A comparison between beam and semi-circular bending fracture tests for
asphalt, Road Materials and Pavement Design, volume 7, supplement 1, 2006, pages 163-180
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Oo - maximum stress during the test,
Y| - normalized stress intensity factor in the type | of crack loading.

The maximum bending stress in the specimen is calculated using following formula
(9.6):

F
% =5z (9.6)
where:
F - maximum force during the test,
r - radius of the specimen,
B - thickness of the specimen.

The normalized stress intensity factor Y, depends on the type and shape of the
specimen. Its value can be determined using finite element method. For semi-circular
samples with the ratio of the mid-span beam to the specimen diameter equal to 0.8
the normalized stress intensity factor is calculated from the following formula (9.7):

a a
Y, = 4,782 — 1,219 (;) +0,063exp <7,045 (;)> (9.7)
where:
a - depth of the notch,
r - radius of the specimen.

The critical value of the J-integral that characterize strain energy release rate during
crack propagation was calculated by method used among others by Elseifi at al.®
This method involves calculating the relationship between the change in notch length
that was cut in the bottom plane of the sample, and change of strain energy
measured to failure. The J-integral was calculated by formula (9.8):

1\ dU
Je=— <§)E (9.8)
where:
U - strain energy to failure of the specimen,
a - depth of the notch,
B - thickness of specimen

dU/da - change of strain energy with changing of notch depth.

In order to determine the change of strain energy with the change of notch depth,
tests were carried out on specimens with different depth of initial crack, which was 10
mm, 20 mm and 30 mm.
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During the test specimens were subjected to bending load which was applied with
constant speed. For each specimen, a value of force and vertical displacement were
measured. The displacement rate was 1 mm/min. All tests were carried out at -20°C.

Sensor of
displacement

Figure 9.8. SCB specimen placed on loading frame

On the basis of the value of maximum load recorded at the corresponding vertical
displacement critical stress intensity factor, Kic was calculated.

Strain energy to failure was calculated as the area under the graph F(d) and from the
analysis of the graph that illustrate relationship between deformation energy and
depth of the notch. From the graph U(a) were determined equation of linear
regression in which the slope of the function is the derivative dU/da.

9.2.3. Test results

Figures 9.9 to 9.14 presents relationship U(a) between strain energy and notch
depth. Equations of linear regression that were used to calculate the value of the
integral Jc are also presented.

Summary of the test results of fracture toughness are shown in Table 9.7. and Figure
9.15 and 9.16. Detailed results are presented in Appendix 1.

Site 45 from 62



Evaluation of Asphalt Mixtures with FORTA-FI Fibers

Asphalt concrete AC 11 S 50/70 FF
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Figure 9.9. Relationship between strain energy and the notch depth, asphalt mixture
AC 11 S with bitumen 50/70 FF

Asphalt concrete AC 11 S 50/70
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Figure 9.10. The relationship between the strain energy and the notch depth, asphalt
mixture: AC 11 S with bitumen 50/70
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Asphalt concrete AC 16 W 35/50 FF
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Figure 9.11. The relationship between the strain energy and the notch depth, asphalt
mixture: AC 16 W with bitumen 35/50 FF

Asphalt concrete AC 16 W 35/50
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Figure 9.12. The relationship between the strain energy and the notch depth, asphalt
mixture: AC 16 W with bitumen 35/50
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Asphalt concrete AC 16 W PmB 25/55-60 FF
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Figure 9.13. The relationship between the strain energy and the notch depth, asphalt
mixture: AC 16 W with PmB 25/55-60 FF

Asphalt concrete AC 16 W PmB 25/55-60
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Figure 9.14. The relationship between the strain energy and the notch depth, asphalt
mixture: AC 16 W with PmB 25/55-60
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Table 9.7. The results of fracture toughness test at -20°C, the average values from
four specimens

. a | Fooe | U P Ke | dUida | Jo
Type of asphalt mixture |\ 1\ Iy | (Nimm?] | INFmm 2| (N | [kdim?]
10 | 9699 |1648,8| 1,3 34.7
AC 11 S50/70 FF | 20 | 7645 [1049,0] 1,0 39,3 | -51,05 | 1,02
30 | 5097 | 627,8| 0,7 353
10 | 9082 |1482,8| 1,2 32,4
AC 11'S 50/70 20 | 7562 [1118,3| 1,0 389 | -3824 | 0,76
30 | 5005 | 718,1| 0,7 34,7
10 | 8154 | 8146 | 1.1 29,1
AC 16 W35/50 FF | 20 | 6299 | 563,7 | 0,8 324 | -19,73 | 0,39
30 | 4001 | 4200 | 05 277
10 | 7832 | 698,8 | 1,0 28,0
AC 16 W 35/50 20 | 5879 | 546,1 | 0,8 303 | 14,63 | 0,29
30 | 3352 | 406,2 | 04 23,2
10 | 8750 |1095,7] 1,2 313
AC 16 W 25/55-60 FF | 20 | 5914 | 657,7 | 0,8 304 | 34,58 | 0,69
30 | 4307 | 4040 | 06 29,8
10 | 8403 | 663,8 | 1,1 30,0
AC 16 W 25/55-60 | 20 | 6268 | 587,9 | 0,8 323 | -12,60 | 0,25
30 | 4449 | 411,9| 06 30,8
70,0 N L
[T L o o
60,0 R 2 = o 5 @
3 3 i = 3 10
50,0 2 e z z = g
& O O 2 © =4 ©
"’E40,o =T 2 2 2 9
T
Z. N 7 F T
><930,0 \\ ? ha T
20,0 \ /
10,0 § /
NN

0,0

Figure 9.15. Fracture toughness K¢ of investigated asphalt concretes for notch depth
a=10mm
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Figure 9.16. Integral Jc investigated asphalt concretes

For fracture toughness parameter, an additional series of specimens was tested to
evaluate the influence of fibers dosing method on test results. Besides the method
recommended by the producer according to which fibers are added to hot aggregate
before bitumen is added, another method was used, where fibers were added to the
mixture with already added bitumen and initially coated. Such specimens were
marked as FF2.

Asphalt mixtures prepared in this manner were aged before compaction according to
short term aging procedure. In addition, another asphalt mixture for binder course AC
16 W 35/50 produced in asphalt plant was also tested at this stage. The composition
of this mixture was different than mixtures for binder course used through earlier
stage of research. In this case, previously produced asphalt concrete was re-heated
and fibers were added. Due to the fact that this mixture was produced in asphalt
plant, a short term aging procedure was omitted.

Results of additional research are shown in Figure 9.17, and 9.18. The mixture that
was produced in asphalt plant and reheated in laboratory to add fibers is marked as
AC 16 W 35/50 WMB.
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Figure 9.17. The test results of fracture toughness K¢ of investigated asphalt

concretes for notch depth a = 10mm - additional research
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Figure 9.18. The integral Jc investigated asphalt concretes - additional research

9.24.

Analysis of test results

Based on the study of fracture toughness it can be concluded that:

1.

At the temperature of -20°C the fracture toughness measured by the stress
intensity factor Kic is slightly higher for mixtures containing FORTA-FI fibers in
comparison with mixtures without fibers, which can be recognized as positive
result.

The fracture toughness measured by the J-integral was significantly higher for
mixtures containing FORTA-FI fibers as compared to mixtures without them. J-
integral takes into account not only the maximum force but also strain at the
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time of specimen failure. In terms of real conditions that occur in pavement
layers this measurement can be considered as more reliable. Increased value
of the J-integral means that more strain energy must be used to propagate the
crack.

3. The largest increase of J-integral occurred in case of addition of fibers to the
asphalt concrete for wearing course AC 11S with bitumen 50/70 and for asphalt
concrete for binder course AC 16W with polymer modified bitumen PmB 25/55-
60. Change of J-integral for asphalt concrete AC 16 W with bitumen 35/50 was
smaller, but absolute value of J-integral for this asphalt mixture with FORTA FI
fibers was higher than for specimens of asphalts concrete AC 16 W PmB 25/55-
60 without fibers.

4. The additional research conducted on specimens of asphalt concretes that were
prepared in a different way than recommended by the producer (fibers were
added to mixture after bitumen was added and initial coating was done) showed
that the method of fiber application can influence fracture properties of asphalt
mixtures measured by the J-integral. In each case the value of the J-integral for
additional specimens was higher than the value of the J-integral for mixtures
where fibers were applied before adding the bitumen.

10. DYNAMIC MODULUS TEST IN AMPT/SPT APPARATUS
10.1. Test method

Dynamic modulus test in Asphalt Mixture Performance Tester/Simple Performance
Tester (AMPT/SPT) apparatus was made on the basis of proposed American
guidelines NCHRP 9-29: PP 02 as included in the NCHRP Report 614. This is a
revised and simplified version of the dynamic modulus test based on AASHTO TP62.

The study was conducted on cylindrical specimens of 100 mm in diameter and height
of 150 mm, which were compacted in the gyratory compactor device. Before actual
testing, the upper and lower parts of the specimens were cut precisely in order to
obtain two flat and parallel surfaces.

The dynamic modulus test was based on axial sinusoidal loading of cylindrical
specimen by vertical force with given frequencies and measuring the deformation by
three LVDT transducers mounted on the lateral surface of the specimens. LVDT
transducers were spaced every 120°. View of the AMPT/SPT apparatus is shown in
Figure 10.1.
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Figure 10.1. View of the AMPT/SPT apparatus

The parameters measured in the test were dynamic modulus and phase angle. The
load frequencies were used as follows: 25 Hz, 20 Hz, 10 Hz, 5 Hz, 2 Hz, 1 Hz, 0.5
Hz, 0.2 Hz, 0.1 Hz, 0.01 Hz. The specimen was placed in a transparent, moveable
chamber in which constant temperature was kept during the test. The sample was
then loaded axially by an actuator. The measurement of the dynamic modulus and
phase angle was performed at 3 temperatures according to the US Guidelines: +
4°C; + 20°C and + 40°C in the frequency range from 25 Hz to 0.01 Hz. According to
the guidelines, in the frequency of 0.01 Hz test was made only for the highest
temperature. For each temperature 3 cylindrical specimens were tested.

The dynamic modulus test was conducted in order to obtain the characteristics of
asphalt mixtures in the form of Master Curves. In that case tests were performed to a
limited extent, only for one mixture AC 11S with of bitumen 50/70.

10.2. Test results

The test results of the dynamic modulus for asphalt mixture AC 11S are shown in
Table 10.1. The phase angles for the examined mixture are presented in Table 10.2.
The results are presented as average values of dynamic modulus and phase angles,
with coefficients of variation.
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Table 10.1. The average values of dynamic modules for asphalt concrete AC 11 S
with and without FORTA FlI fibers

Temp.| 1YPeof Test frequency f, Hz
[°C] f‘nﬁﬁgig 25 20 10 5 2 1 0,5 0,2 0,1 0,01
AC 11S FF | 18469 | 18176 | 17085 | 15953 | 14375 | 13178 | 11952 | 10511 | 9330 nt
40 CV [%] 713 | 703 | 690 | 652 | 625 | 595 | 553 | 597 | 513 nt
AC11S | 20163 | 19768 | 18483 | 17170 | 15385 | 13997 | 12580 | 10723 | 9348 nt
CV [%] 511 | 514 | 519 | 505 | 480 | 457 | 423 | 350 | 2,75 nt
AC11SFF | 8872 | 8551 | 7338 | 6179 | 4775 | 3833 | 2998 | 2096 | 1546 nt
200 CV [%] 343 | 365 | 4,02 | 429 | 416 | 380 | 344 | 446 | 4,91 nt
AC11S | 8965 | 8631 | 7359 | 6159 | 4730 | 3794 | 2974 | 2062 | 1513 nt
CV [%] 340 | 372 | 423 | 418 | 408 | 387 | 384 | 378 | 3,71 nt
AC11SFF | 1525 | 1376 | 948 | 634 | 368 | 251 176 | 117 90 47
40,0 CV [%] 7,36 | 820 | 956 | 10,79 | 12,04 | 12,59 | 13,02 | 14,29 | 14,45 | 9,09
AC11S | 1897 | 1743 | 1235 | 856 | 510 | 355 | 255 | 174 | 136 84
CV [%] 201 | 227 | 218 | 089 | 1,83 | 1,70 | 246 | 383 | 511 | 245

CV - coefficient of variation
nt — not tested

Table 10.2. The average values of the phase angles for asphalt concrete AC 11 S
with and without FORTA FlI fibers

Temp. Type of Test frequency f, Hz
Fcy | 2senat 25 | 20 10 5 2 1 05 | 02 | 01 | 001
AC11SFF | 8,04 | 835 | 9,35 | 1042 | 12,03 | 13,38 | 14,94 | 16,97 | 18,81 | nt
cVi%l | 365 | 287 | 280 | 270 | 258 | 269 | 284 | 093 | 065 | nt
40 ™ actis | 845 | 853 | 9,54 | 1062 | 1221 | 13,60 | 1547 | 17.55 | 19,62 | nt
CVi%] | 055 | 105 | 090 | 068 | 054 | 085 | 118 | 167 | 163 | nt
AC 11S FF | 21,23 | 21,71 | 24,02 | 26,32 | 29,36 | 31,43 | 33,50 | 34,87 | 3534 | nt
cVi%l | 203 | 185 | 207 | 215 | 219 | 204 | 174 | 1,78 | 190 | nt
200 T2 C11s | 2124 | 21,86 | 2418 | 2647 | 29.52 | 31,57 | 33.30 | 35.41 | 3571 | nt
CVI%l | 114 | 063 | 074 | 084 | 1,01 | 120 | 135 | 1567 | 160 | nt
AC 11S FF | 42,69 | 41,64 | 41,52 | 41,23 | 40,36 | 38,61 | 36,34 | 32,77 | 29,72 | 20,33
CVI%l | 187 | 149 | 197 | 278 | 325 | 319 | 311 | 290 | 349 | 084
400 T AC11s | 4131 | 4002 | 39.80 | 39.26 | 38,32 | 36,61 | 34,37 | 30,98 | 28,05 | 18,63
CVI%l | 137 | 131 | 100 | 145 | 089 | 1,05 | 149 | 255 | 331 | 345

CV - coefficent of variation
nt — not tested

To determine the equation of the master curve for dynamic modulus the final version
of the formula given in section 10.1.3 of the Guidelines NCHRP 9-29: PP 02 was
used. This formula is as follows (10.1):

(Max —3)

AE, [(1)(1 (10.1)
14 eﬁﬂ{logf+19.14714“T}(TrH}
where:

|E*| - dynamic modulus, psi (1 MPa = 145,0377 psi)

log‘E*‘ =0+
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Max - specified limiting maximum modulus; psi

f - frequency of loading in test temperature, Hz
Tr - reference temperature, K
T - test temperature, K

AEa - activation energy (treated as a fitting parameter).
8,8,y - fitting parameters.

To determine the reduced frequency during determining the master curve Arrhenius
equation was used as described in section 10.1.2 of the guidelines NCHRP 9-29: PP
02. The formula is as follows (10.2):

AE, (1 1
log f. =log f+———9 | ———
og/, =log] 19.14714(T T] (10.2)

To determine the master curve, average dynamic modulus values obtained from tests
performed at 3 temperatures were used. The reference temperature value of +20°C
was selected. Resulting master curves are shown in Figure 10.2.

25000
= AC 11S FF Test results
o © AC 11STest results 4 |
£ 20000 {~~< X AC 11S FF Master curve
3 ----- AC 11S Master curve
% \Q\
2 15000 A A
Q
.2 \o
§ e
€ 10000 A 5
& R
O
5000 AN
%‘%‘%
R -
0 | | | | e OO O 6 e e
10000 1000 100 10 1 0,1 0,01 0,001  0,0001

Reduced frequency [Hz]

Figure 10.2. Master curves determined for asphalt mixtures of AC 118S type,
reference temperature T=20°C

10.3. Analysis of test results

Results obtained in the AMPT/SPT test of dynamic modulus for most of the reduced
frequencies were very similar. Differences occurred only at reduced frequencies from
100 to 10,000 Hz, which corresponds to the properties of asphalt mixtures at low
temperatures. Asphalt mixture AC 11S FF obtained somewhat lower values of
dynamic modulus, which is advantageous from the point of view low-temperature
behavior. However, the difference between results is not too significant and it is equal
to about 1 500 MPa.
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Master curve analysis showed no effect of the fiber addition on the properties of
asphalt mixtures in the reduced frequencies range of 0.0001 to 100 Hz, which
corresponds to properties at high temperatures.

CONCLUSIONS

Based on the results of the research concerning selected properties of asphalt
concretes with and without FOTRA-FI fibers, that fulfil Polish technical requirements
of the WT-2 2014, the following conclusions can be drawn:

1.

The addition of aramid FORTA-FI fibers improves performance characteristics
of asphalt concretes, primarily resistance to low-temperature cracking. In
particular, positive effect of fibers was observed in the case of asphalt concretes
with neat bitumen and softer bitumen. Positive effect in asphalt concrete with
polymer modified bitumen (PmB) and harder bitumen was not so distinctive.

The addition of FORTA-FI fibers does not cause problems in the design and
production procedures of asphalt mixtures in the laboratory. Evaluation of full
scale production of asphalt mixtures with addition of FORTA-FI in asphalt
mixing plant was not the objective of this research program.

The application of FORTA-FI fibers did not change significantly the stiffness
modulus in the temperature range from 0°C to 25°C and did not change
significantly the indirect tensile strength of the asphalt concrete in a temperature
range from -20°C to +20°C. However, It should be noted, that the addition of
fibers for asphalt concretes with the compaction index of about 98% (specimens
used in the research of resistance to water and frost action) in each case
increased indirect tensile strength at temperature +25°C for 5-12%.

Application of FORTA-FI fibers in asphalt concrete with neat bitumens (without
polymer modification) definitely improved strength indicators during test of
resistance to water and frost action. However, in the case of polymer modified
bitumen no effect was observed.

There was no significant increase of resistance to permanent deformation of
asphalt concretes after FORTA FlI were implemented in their composition.
However, some increase of resistance to permanent deformation was observed
in particular for asphalt concrete for wearing course with bitumen 50/70.

Application of FORTA-FI fibers in asphalt concrete clearly improves resistance
to low temperature cracking. For every type of tested asphalt concrete, increase
of flexural strength, ultimate strain and reduction of flexural stiffness modulus in
-20°C was observed. This can indicate that asphalt concretes with the addition
of FORTA FI fibers can be more resistant to low temperature cracking. The
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10.

11.

stiffening index for asphalt concretes with FORTA-FI fibers was also lower in
temperature -20°C.

Increased resistance to low temperature cracking of asphalt concretes with
FORTA-FI fibers was clearly confirmed in tests of fracture toughness at
temperature -20°C. All tested asphalt concretes with application of fibers had
higher fracture energy compared to asphalt concretes without fibers. The same
trend was observed in the analysis of the stress intensity factor, but conclusions
were not so clear.

Study of the dynamic modulus (E*) of asphalt concrete for wearing course with
application of fibers confirmed the capability to improve properties at low
temperatures. No clear differences in frequencies that correspond to properties
of asphalt mixtures at high temperature were observed.

Preliminary study of the effect of different application method of FORTA-FI
fibers to asphalt concrete (ie. when added to the asphalt mixture, after initial
coating) showed its positive effect on the mechanical properties and
performance. More favorable results of low temperature cracking resistance
measured by the energy to failure were achieved for specimens prepared using
a method when fibers were added to mixture after bitumen was added and
initial coating was done. This issue requires further research.

Increased capability of asphalt concretes with use of fibers in fracture
toughness test was observed, so it would be advisable to carry out more
research work in the area of fatigue life of asphalt mixtures, which results could
further highlight benefits of FORTA-FI fibers application.

In summary, conducted research has shown positive potential of FORTA-FI
fibers usage, mainly in the area of resistance of asphalt mixtures to low
temperature cracking. This is a very important issue in Polish climatic
conditions. Another possible area which could show the potential benefits of
FORTA-FI fibers application is fatigue life of asphalt concrete and pavement
structures. Because of the vast knowledge concerning this topic it was not
analyzed at this stage of the research.
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APPENDIX 1. Detailed results of the fracture toughness test
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Type of Notch Average Average
asphalt depth S';'; OL Frnax IN] ’;‘:"era[‘,%]e & [mm] Ag’[er;arﬁf Emax [%] /zver?oi? N /r‘jfmzl o N ,rﬁ'fnsxz] Kic u A"elrjage dU/da int:-ral
mixture [mm] p max max [N/mmZ] [N/mm3/2] o]
424/13 9888 0,29 0,4 1,3 35,3 1547,77
424/14 8935 0,26 0,3 1,2 31,9 1246.28
10 9699 0,33 0,4 1,3 34,7 : 1648,8
424/15 10084 0,37 0,5 1,3 36,0 1980,65
424/16 9890 0,40 0,5 1,3 35,3 1820,36
L
g 424/17 7411 0,26 0,4 1,0 38,1 1054,83
~
S 424/18 8178 0,27 0,4 1,1 42,1 1170,99
0 20 7645 0,25 0,3 1,0 39,3 1049,0 -51,05 1,02
@ 424/19 7796 0,23 0,3 1,0 40,1 994,07
é 424/20 7194 0,24 0,3 1,0 37,0 975,95
424721 4647 0,21 0,3 0,6 32,2 54313
424/22 4887 0,23 0,3 0,7 33,8 453,16
30 5097 0,23 0,3 0,7 35,3 627,8
424/23 6041 0,27 0,4 0,8 41,8 938,15
424/24 4812 0,22 0,3 0,6 33,3 576,59
423/13 8356 0,30 0,4 1,1 29,9 1492,89
423/14 9380 0,23 0,3 1,3 33,5 12
10 9082 0,29 0,4 1,2 32,4 38,58 1482,8
423/15 8844 0,33 0,4 1,2 31,6 1598,95
423/16 9748 0,30 0,4 1,3 34,8 1600,64
g 423/17 7708 0,23 0,3 1,0 39,7 1020,65
3 423/18 7468 0,33 0,4 1,0 38,4 1325,01
2] 20 7562 0,27 0,4 1,0 38,9 1118,3 -38,24 0,76
s 423/19 7583 0,28 0,4 1,0 39,0 1156,31
2 423/20 7487 0,22 0,3 1,0 38,5 971,20
423/21 4906 0,22 0,3 0,7 34,0 609,05
423/22 5728 0,21 0,3 0,8 39,7 799,21
30 5005 0,25 0,3 0,7 34,7 718,1
423/23 4125 0,31 0,4 0,6 28,6 709,22
423/24 5260 0,25 0,3 0,7 36,4 754,81
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Type of Notch No of Average Average o Average Oo Average Kic Average Average J-
asphalt depth sample Fmax [N] Finee [N] 6 [mm] & [mm] Emax [%] e [%] [N/mm?] G0 [N/mm®?] Kic " u U dU/da integral
mixture [mm] max mex [N/mm?] [N/mm™9]
413/13 7473 0,12 0,2 1,0 26,7 529,59
413/14 8657 0,22 0,3 1,2 30,9 1018.92
10 8154 0,18 0,2 1,1 29,1 0189 814,6
413/15 8495 0,23 0,3 1,1 30,4 1064.84
413/16 7991 0,15 0,2 1,1 28,5 645.10
W ,
[T
S 413/17 6695 0,13 0,2 0,9 34,5 505,30
2 413/18 5650 0,21 0,3 0,8 29,1 50149
20 6299 0,17 0,2 0,8 324 563,7 -19,73 0,39
E 413/19 6778 0,20 0,3 0,9 34,9 740 54
é 413/20 6072 0,15 0,2 0,8 31,2 507,65
413/21 3821 0,15 0,2 0,5 26,5 317,89
413/22 3702 0,14 0,2 0,5 25,6 287.26
30 4001 0,17 0,2 0,5 27,7 ” 420,0
413/23 4464 0,21 0,3 0,6 30,9 673,77
413/24 4017 0,18 0,2 0,5 27,8 401,08
41413 - - - - - -
414/14 - - - - - -
10 7247 0,18 0,2 1,0 25,9 698,8
414/15 6843 0,21 0,3 0,9 24,4 783,82
414/16 7650 0,15 0,2 1,0 27,3 613,72
3 414/17 6368 0,17 0,2 0,8 32,8 722,39
v
® 414/18 5688 0,18 0,2 0,8 29,3 573.46
= 20 5879 0,16 0,2 0,8 30,3 - 546,1 -14,63 0,29
© 414/19 5543 0,15 0,2 0,7 28,5 439,74
2 414/20 5915 0,13 0,2 0,8 30,4 448 86
414/21 3758 0,30 0,4 0,5 26,0 592,06
414/22 - - - - - -
30 3367 0,20 0,3 0,4 23,3 406,2
414/23 3418 0,14 0,2 0,5 23,7 300,43
414/24 2926 0,17 0,2 0,4 20,3 326,07
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Type of Notch Average Average
asphalt depth s':r?ns; Fmax [N] ?rvera[]r%? & [mm] ASVFr;argf Ema [%] /zver?f’%? [N/r?;)mz] % [N/nflr;”] Ke v AveLrJage du/da int:g-;ral
mixture [mm] max mex [N/mm?] [N/mm?*?]
418/13 8323 0,21 0,3 11 29,7 1055,52
418/14 9157 0,20 0,3 1,2 32,7 1065.94
10 8597 0,22 0,3 1,1 30,7 : 1095,7
418/15 8312 0,26 0,3 1,1 29,7 1165,63
w 418/16 - - - - - -
[T
3 418/17 5606 0,18 0,2 0,7 28,8 546,58
0
© 418/18 - - - - - -
& 20 6193 0,19 0,3 0,8 31,9 657,7 -34,58 0,69
= 418/19 6780 0,21 0,3 0,9 34,9 768,76
e 418/20 - - - - - -
)
< 418/21 4301 0,11 0,1 0,6 29,8 303,93
418/22 4635 0,19 0,3 0,6 32,1 518.53
30 4307 0,16 0,2 0,6 29,8 : 404,0
418/23 3608 0,18 0,2 0,5 25,0 379,63
418/24 4685 0,15 0,2 0,6 32,4 414,05
419/13 8047 0,11 0,1 11 28,7 481,02
419/14 8488 0,15 0,2 1,1 30,3 685.25
10 8403 0,14 0,2 1,1 30,0 : 663,8
419/15 8432 0,14 0,2 1.1 30,1 678,96
419/16 8645 0,17 0,2 1,2 30,9 810,00
o
E 41917 6079 0,17 0,2 0,8 31,3 533,57
e 419/18 6274 0,15 0,2 0,8 32,3 546.57
g 20 6268 0,17 0,2 0,8 32,3 : 587,9 -12,60 0,25
= 419/19 6212 0,15 0,2 0,8 32,0 490,47
é 419/20 6507 0,22 0,3 0,9 33,5 781,03
419/21 4320 0,16 0,2 0,6 29,9 402,31
419/22 4800 0,19 0,3 0,6 33,2 1
30 4449 0,16 0,2 0,6 30,8 516,36 411,9
419/23 4319 0,14 0,2 0,6 29,9 357,11
419/24 4358 0,16 0,2 0,6 30,2 371,63
Type of Notch Average Average
asphalt depth s':r%SL Frmax [N] ,;k:ver?sl]e & [mm] Asvfr;?g]e Eman [%] /j-:\ver?f’%(]e [N/r(::)mz] % [N/r:lrfns/z] K ., u Aveﬁage du/da int:;]ral
mixture [mm] max max [N/mm?] [N/mm?*?]
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505-1 6559 0,18 0,2 0,9 23,4 647,66
505-2 7636 0,25 0,3 1,0 27,3 1239,35
10 7399 0,19 0,3 1,0 26,4 : 851,2
505-3 8003 0,15 0,2 1.1 28,6 666,58
~ 505-4 - - - - - -
oy 505-5 6609 0,23 03 0,9 34,0 782.35
o
ﬁ 505-6 4460 0,16 0,2 0,6 23,0 341,68
™ 20 5573 0,19 0,3 0,7 28,7 738,4 -21,59 0,43
= 505-7 5650 0,19 0,3 0,8 291 613,16
[{e]
S 505-8 - N - - - 1216,53
< 505-9 3974 0,14 0,2 0,5 27,5 325,57
505-10 3943 0,20 0,3 0,5 27,3 449,32
30 3999 0,19 0,3 0,5 27,7 419,4
505-11 4245 0,19 0,3 0,6 29,4 432,01
505-12 3834 0,23 0,3 0,5 26,5 470,66
504-1 9211 0,36 0,5 1,2 32,9 1852,67
504-2 8027 0,24 0,3 1,1 28,7 1091,14
10 8386 0,32 0,4 1,1 30,6 1491,4
504-3 8430 0,41 0,6 1,1 30,1 1906,93
E 504-4 7875 0,26 0,4 1,1 1114,76
[T
3 504-5 5921 0,24 0,3 0,8 30,5 786,97
8 504-6 - - - - - -
Ire) 20 6385 0,20 0,3 0,9 32,9 7461 -54,08 1,08
g 504-7 7005 0,20 0,3 0,9 36,0 863,19
© 504-8 6230 0,16 0,2 0,8 32,1 588,06
e 504-9 - - - - - -
504-10 4723 0,17 0,2 0,6 32,7 492,31
30 4326 0,15 0,2 0,6 30,0 409,8
504-11 4011 0,16 0,2 0,5 27,8 387,77
504-12 4244 0,13 0,2 0,6 29,4 349,36
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