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ABSTRACT: Despite substantial environmental and economic benefits, cold recycling of asphalt Review History:

pavements is not common due to some poor field performance reports. This study investigates the effect  Received: Sep. 02, 2021

of fiber reinforcement on the performance of cold recycled mixtures. For this purpose, cold recycled Revised: Dec. 19, 2021
mixtures were reinforced using polypropylene fibers at two different lengths and three different contents. ~ Accepted: Jan. 17, 2023
Indirect tensile strength, IDEAL-CT, and semicircular bending tests were carried out to find the optimum  Available Online: Feb. 07, 2023
length and content of the fiber. The effect of cement on the performance of fiber-reinforced mixtures was
also evaluated. The results show that although the use of polypropylene fibers reduces the wet strength  Keywords:
by up to 54%, it can increase the dry strength by up to 39%. The results also indicate a significant
improvement in fracture indices obtained from IDEAL-CT and SCB tests in the presence of fiber.
The crack tolerance index was 3.5 times and the flexibility index was 2.8 times higher at the optimum
fiber content and length compared with the control mixture. It was also concluded that the addition of
cement to fiber-reinforced mixture can eliminate the adverse effect of fiber on moisture sensitivity while
maintaining fracture properties similar to the control mixture. The study results show that the combined
use of fibers and cement can lead to an economical cold recycled mixture with reduced emulsified
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asphalt content and improved mechanical properties.

1- Introduction

Cold recycling is one of the most promising technologies
in the pavement industry in terms of environmental and
economic impacts [1]. However, cold recycled mixtures
generally suffer from high air void content, weak early
life strength, relatively high moisture susceptibility, and
long curing time [2, 3]. Fibers are expected to enhance
the tensile strength, energy absorption capacity, and
toughness of asphalt mixtures. Fiber properties such as
type, content, length, diameter, and surface texture highly
affect the mechanical performance of fiber-reinforced
asphalt mixtures [4]. The addition of polypropylene fibers
has shown the ability to improve the dry strength and stability
of both emulsified asphalt and foamed asphalt cold recycled
mixtures, although a significant change in wet strength was
not observed [5-7]. The combined addition of fibers and
cement to RAP aggregates has resulted in higher resilient
modulus values compared to the use of cement [8]. Moreover,
the combined addition of fibers and cement to foamed asphalt
mixtures resulted in better mechanical properties than the
addition of cement [9].

The current study evaluates the strength, moisture
susceptibility, and fracture properties of fiber-reinforced
emulsified asphalt cold recycled asphalt mixtures with and
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without cement.

2- Materials and methods

Cold recycled mixtures in this study comprised 100%
RAP without virgin aggregates. RAP gradation met
the medium gradation of AASHTO MP31-17. CSS-1h
emulsified asphalt with 63% asphalt residue from a PG64-22
base binder was used as the stabilizing agent. Polypropylene
fibers in two lengths (12 mm and 18 mm) and three contents
(0.1, 0.2, and 0.3% by the weight of RAP) were used to
reinforce the mixtures. A type III Portland cement (As per
ASTM C150) with 2% content (By weight of RAP) was
used for some of the mixtures. An SBR Latex is also used in
all mixtures having cement.

3- Results and Discussion
3- 1- Effect of fiber-reinforcement

Figure 1 shows the results of ITS and IDEAL-CT tests for
cold recycled samples reinforced by adding Polypropylene
fibers. “6E” in Figure 1, as shown by the horizontal dotted
line, represents the mixture with 6% emulsified asphalt
(By weight of RAP) without any additives or the “control
mixture” and provides a baseline to evaluate the effects
of additives. Fiber contents are shown in the horizontal
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Fig. 1. IDT and IDEAL-CT results for cold recycled mixtures reinforced by Polypropylene fibers

axes, and fiber lengths in mm are shown in labels. Based
on Figures 1.a and 1.b, the addition of PP fibers results in
comparable or higher dry strength while reducing the wet
strength. However, both dry and wet strengths decrease with
an increase in fiber content. As shown in Figures l.c and
1.d, IDEAL-CT results indicate an enhancement of both
CT,, ., and fracture energy with an increase in fiber content.
While the best dry strength is observed for lower length and
the lowest content, the best CT,_, and fracture energy were
obtained for higher length and the highest content.

3- 2- Combined Effect of fibers and cement

As the optimum IDEAL-CT result was obtained for 18
mm fibers at 0.3%, these values were used to evaluate the
combined effect of Polypropylene fibers and 2% cement.
Figure 2 shows the results. “4.SME2C” contained 4.5%
modified emulsified asphalt and 2% cement compared to
the weight of RAP and without fibers. The results show that
the combined use of fibers and cement provides both dry
and wet ITS results comparable to those obtained by adding
cement; hence the detrimental effect of fibers on wet strength
is compensated by the effect of cement. However, the
combined use of fibers and cement resulted in considerably
better CT, , and Flexibility Index results than the mixtures
having cement; hence the addition of Polypropylene fibers
significantly enhances the fracture properties of cement-
treated mixtures.

4- Conclusions
Given the results, it can be stated that:
- PP fibers are effective in enhancing the dry strength
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and fracture properties of cold recycled mixtures, but further
increase the moisture susceptibility too.

- The combined use of PP fibers and cement, while
maintaining the positive effects of cement on strength and
moisture resistance, significantly improved their fracture
properties.
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Table 1. Summary of researches on the use of Polypropylene fibers in cold and cold recycled asphalt mixtures
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Table 2. Properties of Polypropylene fibers, provided by the manufacturer
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Fig. 7. Fracture energy results for different contents and lengths of Polypropylene fibers compared to con-
trol mixture
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Fig. 8. Load-displacement curves for mixtures with 12 mm Polypropylene fibers in different contents
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Fig. 10. Dry ITS results of samples with optimum Polypropylene fibers compared to samples without fibers
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Fig. 11. Wet ITS results of samples with optimum Polypropylene fibers compared to samples without fibers
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Fig. 12. ITSR results of samples with optimum Polypropylene fibers compared to samples without fibers
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Fig. 13. CT, . of samples with optimum Polypropylene compared to control mixtures
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Fig. 14. IDEAL-CT fracture energy of samples with optimum Polypropylene compared to control mixtures
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Fig. 15. FI of samples with optimum Polypropylene compared to control mixture
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Fig. 16. SCB fracture energy of samples with optimum Polypropylene compared to control mixtures
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Table 7. ANOVA results for comparison of fracture energy results (a=0.05)

09,5 RS Aigos
A £¥AIQ 6E+0.3PP18
A DAY 6E

AB OVY/- 4.5ME2C+0.3PP18
B YEY/- 4.5ME2C

sl 25 208 4 @l Ao a8 plgl o

2 wade 336 Glogn b Sl oslaul e 5 ol @
S 0y 8L5L slabelswe (63 Sles Gluoguas

5 Jobo npeS 3 ik cpl polie g ool (o390 3 @
s IDT ilesl (5 coglie gl opyiae cobogp b LI e
2 S gl oyt SUI el jlade 5 Jobo cp iy )3 9 38 Jol
el s 4 IDEAL-CT Lol

L3l clabsle )5 Shgy b OIS w3 o il @
WS (oo 05 |y (gl i o (g 300

bgbro sl 5,Slos d9up0 50 gy (b BUI 34381 36 °
G el bgls .ol a5 395 a5 030l lages 1 4 Ll 1
SCB Jiulejl 3 ek 55l 3 (g S (talidl Sl b ate

Sl gy av e BB S 4 o pbillax] Lasls wisly

044

Lol 4l lages 58 bgle 45 GUI 59380l ol by 103,
Ol aly S8 boloe L avlie ) bl (pl cansls (555l gosas
5 Jplr @l 4 drgi b agd ot ol b (slaglio LB olis 4 5 03503
Cumss (¢ g Sllanil (oS s 39u00 53 SUI (39531 457 <SGl e Y

ol 0395 5 3890 Cans (65 4

S5 A -
ooy b SUIL oy (8L5L clabglre mlus Jimgh opl 5
sl Ban b plosws 5 Glogp (b BUI plojen sodlatul (yioen 4
b IDT ui}g.Laﬂ solaie Cpd by bbelsw pl o Slee
S e 5 Jsb e sl IDEAL-CT ulefl 5 5 5 Sis
oSt Sluogas caulio cas SCB islejl o 51 sliul LI

A AU glyls L;Lmjoyﬁm e g Al U lyls LgLeaJa}b'u 5



[6] C. Ling, A. Hanz, H. Bahia, Evaluating moisture
susceptibility of cold-mix

Research Record, 2446(1) (2014) 60-69.

asphalt, Transportation

[71 A. Modarres, M. Rahimzadeh, M. Zarrabi, Field
investigation of pavement rehabilitation utilizing cold in-
place recycling, Resources, Conservation and Recycling,
83 (2014) 112-120.

[8] I. Thanaya, S. Zoorob, J. Forth, A laboratory study on
cold-mix, cold-lay emulsion mixtures, in: Proceedings
of the Institution of Civil Engineers-Transport, Thomas

Telford Ltd, 2009, pp. 47-55.

[9] S.A. Cross, Evaluation of Cold In Place Recycled
Mixtures on US-283 (1999).

[10] X. Fang, A. Garcia-Hernandez, P. Lura, Overview on
cold cement bitumen emulsion asphalt, RILEM Technical

Letters, 1 (2016) 116-121.
[11] E.A. Taziani, E. Toraldo, F. Giustozzi, M. Crispino,

Investigation on the combined effect of fibers and cement
on the mechanical performance of foamed bitumen
mixtures containing 100% RAP, Advances in Materials

Science and Engineering (2016)
[12] J. Yan, Z. Leng, F. Li, H. Zhu, S. Bao, Early-age

strength and long-term performance of asphalt emulsion
cold recycled mixes with various cement contents,
Construction and Building Materials, 137 (2017) 153-
159.

[13] A. Kavussi, A. Modarres, Laboratory fatigue models
for recycled mixes with bitumen emulsion and cement,
Construction and Building Materials, 24(10) (2010)
1920-1927.

[14] E. Gartner, Industrially interesting approaches to “low-
CO2” cements, Cement and Concrete research, 34(9)
(2004) 1489-1498.

[15] H.K. Shanbara, F. Ruddock, W. Atherton, A laboratory
study of high-performance cold mix asphalt mixtures
reinforced with natural and synthetic fibres, Construction

and Building Materials, 172 (2018) 166-175.
[16] S.M. Abtahi, M. Sheikhzadeh, S.M. Hejazi, Fiber-

reinforced asphalt-concrete—a review, Construction and

Building Materials, 24(6) (2010) 871-877.

e

Copmbe o 5 Blagn (b s SUI ) plojen odlial @
bglbo 4 Cos g ITSR g 03,8 ol 1, SUI 51 (236 (gl
2y Jols lowws (gl

bis b gl 9 gy (b s SUL T plojen godlizal @
Sloogad ugh) plyp y3 Cuglio 5 Cuoglio jlate I lopw Cute ]
Al 5] g B JSS 4 ) gl (3l ol g cansls

olion b Bl odlizal & cosl o Slis uilly Jos @
ol o gl Mo LB yiol380 ) ¢ loagw 38 5 yloww s 93 4 40
ol o0l SCB islejl s FI

Slgi o Glogms 5 g b SIS Glojem (gosliial sy o i 4y

Sluogas Jpa> 5 smdsel o) (1ol gl 2 (63,50, 4
bl ol (agh )3 358 poeie J S bglses L alie (63 )Slas
FoS Ogmedgal 2003 VB 5 Glogs 203 Y 5 gy (b SUI )l
@l @ Shee slogasls (olod ) Loy (JuS bglsee 4 cuns

0ol s (539380 A8 bglste 4y s (s yie

&be

[1] F. Xiao, S. Yao, J. Wang, X. Li, S. Amirkhanian, A
literature review on cold recycling technology of asphalt
pavement, Construction and Building Materials, 180
(2018) 579-604.

[2] A.E. Alkins, B. Lane, T. Kazmierowski, Sustainable
pavements: environmental, economic, and social benefits
of in situ pavement recycling, Transportation research
record, 2084(1) (2008) 100-103.

[3] P. Ayar, Effects of additives on the mechanical
performance in recycled mixtures with bitumen emulsion:
an overview, Construction and Building Materials, 178
(2018) 551-561.

[4] F. Gu, W. Ma, R.C. West, A.J. Taylor, Y. Zhang, Structural
performance and sustainability assessment of cold
central-plant and in-place recycled asphalt pavements:
A case study, Journal of cleaner production, 208 (2019)
1513-1523.

[5] G. Thenoux, A. Gonzalez, R. Dowling, Energy
consumption comparison for different asphalt pavements
rehabilitation techniques used in Chile, Resources,

Conservation and Recycling, 49(4) (2007) 325-339.



asphalt using short polypropylene fibers, Advances in
Materials Science and Engineering (2013)

[23] G. Martinez-Arguelles, F. Giustozzi, M. Crispino,
G.W. Flintsch, Laboratory investigation on mechanical
performance of cold foamed bitumen mixes: bitumen
source, foaming additive, fiber-reinforcement and
cement effect, Construction and Building Materials, 93
(2015) 241-248.

[24]1 A.J. Puppala, S. Saride, A. Potturi, L.R. Hoyos, Resilient
Behavior of Cement-Fiber Treated Reclaimed Asphalt
Pavement Aggregates, in: Contemporary Topics in

Ground Modification, Problem Soils, and Geo-Support,

2009, pp. 433-440.

[25] H. Nikfarjam, “Performance Evaluation of Cold-
Recycled Mixtures (In Farsi),” M.Sc. Thesis, Civil
Engineering  Department, Sharif
Technology, Iran, Sharif Digital Repository, 53093 (09),
2020. [Online]. Available: http://repository.sharif.edu/
resource/479269/

University  of

[17] L.R. Hoyos, A.J. Puppala, C.A. Ordonez,
Characterization of cement-fiber-treated reclaimed
asphalt pavement aggregates: preliminary investigation,

Journal of Materials in Civil Engineering, 23(7) (2011)
977-989.

[18] G. Ferrotti, E. Pasquini, F. Canestrari, Experimental
characterization of high-performance fiber-reinforced
cold mix asphalt mixtures, Construction and Building

Materials, 57 (2014) 117-125.

[19] R.S. McDaniel, Fiber additives in asphalt mixtures,
2015.

[20] C.J. Slebi-Acevedo, P. Lastra-Gonzalez, P. Pascual-
Muiioz, D. Castro-Fresno, Mechanical performance of
fibers in hot mix asphalt: a review, Construction and
Building Materials, 200 (2019) 756-7609.

[21] B. de S. Bueno, W.R. Da Silva, D.C. de Lima, E. Minete,
Engineering properties of fiber reinforced cold asphalt

mixes, Journal of Environmental Engineering, 129(10)
(2003) 952-955.

[22] Y. Kim, T.-S. Park, Reinforcement of recycled foamed

DOI: 10.22060/ceej.2023.20436.7441

M. R. Sabouri, M. Sadeghi, Investigation on properties of cold recycled asphalt mixtures
reinforced with polypropylene fibers, Amirkabir J. Civil Eng., 55(3) (2023) 583-602.

o2 gl )l i il 4 Ay

)






