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Abstract

To address the dual demands of recycling and reusing waste batteries and enhancing the perfor-
mance of road asphalt materials, a novel WBP/SBR/PU composite modified asphalt material was
successfully prepared by creatively blending waste battery powder (WBP), styrene-butadiene rub-
ber (SBR), and polyurethane (PU) into the base asphalt. Through multiple stress creep recovery
(MSCR) tests and Fourier transform infrared spectroscopy (FTIR) analysis, the high-temperature
performance and microscopic interaction mechanism of this material in unaged, short-term aged
(Rolling Thin Film Oven Test, RTFOT), and long-term aged (Pressure Aging Vessel, PAV) states were
comprehensively investigated. The research results show that compared with the base asphalt, the
high-temperature performance of the WBP/SBR/PU composite modified asphalt has been signifi-
cantly improved at all aging stages. At a stress level of 0.1 kPa, the creep recovery rate R increased
by 348% (unaged) and 142% (short-term aged), respectively; at a stress level of 3.2 kPa, the creep
recovery rate Rincreased by 673% (unaged) and 235% (short-term aged), respectively. In addition,
the non-recoverable creep compliance Jnr was significantly reduced, with a decrease of 89.5% at a
stress level of 0.1 kPa after long-term aging, which is better than the 80.6% decrease of the base
asphalt. Further analysis revealed that the stress sensitivity indices Raif and Jurair of the
WBP/SBR/PU composite modified asphalt decreased by 23.5% and 13.7%, respectively, after long-
term aging, demonstrating its superior anti-aging performance at high temperatures. Through FTIR
analysis, the microscopic synergistic interaction mechanism of the WBP/SBR/PU composite modi-
fied asphalt was revealed. SBR and PU enhanced the elastic modulus of the asphalt through physical
blending and hydrogen bonding, while WBP, as a functional filler, significantly improved the inter-
facial bonding performance. This synergistic effect enables the WBP/SBR/PU composite modified
asphalt to exhibit low stress sensitivity and superior anti-aging performance in high-temperature
and heavy-load scenarios.
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Table 1. Main technical indexes of 70 A matrix asphalt
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Table 2. Basic properties of SBR-WBP composite modified asphalt
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0% SBR + 0% WBP 1950 46 10.3
0% SBR + 6% WBP 2010 51.5 5.5
0% SBR + 9% WBP 2060 55.5 3.6
0% SBR + 12% WBP 2150 64.0 2.7
2% SBR + 0% WBP 1870 51.1 47.0
2% SBR + 6% WBP 1870 573 6.4
2% SBR + 9% WBP 1960 623 52
2% SBR + 12% WBP 2040 62.2 4.7
3% SBR + 0% WBP 1400 48.0 71.0
3% SBR + 6% WBP 2010 60.3 6.6
3% SBR + 9% WBP 1820 593 5.5
3% SBR + 12% WBP 1610 58.0 6.7
4% SBR + 0% WBP 1160 483 89.2
4% SBR + 6% WBP 1700 63.2 10.1
4% SBR + 9% WBP 1900 62.3 7.3
4% SBR + 12% WBP 2170 64.3 5.6

SEEG I, SBR-WBP & & B0 15 [ Ak sl AN BE BB S RV 75 oK, (HAE BE M RRAFAEAN 2. FLBE
# WBP BB WA, X5 MR E R A BORA R [4], X BN T #2/% WBP/SBR/PU
HAEWMEDEWICEER, WBP MBEAEE K. H—7J7H, WBP FHEs LEE G NE3], X
T LA e (VY B D P AN I (A BG4, DU R A &) 5575 A il s, R Re k% WBP &2
FIMIEEMER[13] [14].

Nt DARACIE FE R, IS H PU SELEAR T : — 5T, PU 40 a5 H R e [ -
NHCOO-) 55 & A B Be A R B i &8, wTLAESR 7 FIME J1s 55—, PU MIZRMHRERYS

DOI: 10.12677/hjce.2025.146165 1537 T AT


https://doi.org/10.12677/hjce.2025.146165

Wil 2

SBR[ /A 48 REWS R AE T FIME R, 7824 SBR HUAHENF . # 3% 6%+ 9% 12%[¥] PU % A\ 5| SBR-WBP
SEWMEIT, HA SBR Al WBP KI5 N EARHE 2 6T 04T 2 LR 4%F0 1%, 31T 28 5 S 06 4,
Wil PU B AT . B ILE 3,

Table 3. Elongation (5°C, 5 cm/min)
3. EE(5C, 5cm/min)

PUBNE 3% 6% 9% 12%
JEFE /cm 14.6 20.2 13.2 11.8

SRIGR, 4 PUBEN 6%KT, WBP/SBR/PU & SNt 1 5 CEEEBH BN E NIRRT 5l
B, R PU B AW LA RREN T WBP I ST 50 o

5T FRERST, WBPWBP/SBR/PU & &SI & MIH & L2508 B, EMIMELE 140°C F AR
flitk, BEJEB N 4% SBR, (EARIE H MR L 160°CHEE, 2000 r/min HIEZ BT 20 min, N MEAE(RIE
10min, #il#3 SBR eI HIK, ¥ 1%80T BB K5 6% PU AN % SBR St 7, 7 RA
PHE o B AR AR, 7E 160°C +5°C, 4000 r/min A3 R 55# 811 45 min, FLL 1500 r/min K%
BY) 10 min RBRSIE; &S5, 7E 160°C %A+ FHKE 30 min, BIATHI|H WBP/SBR/PU & &M -

3. SRR X
3.1. EFHiRe

AL IR CA B TREN S LIRS RIS HAEY JTG E20-2011), SFH sLitbikis. miHE
HARTE S B LBH-1 B4 75 e 5% AR (RTFOT), & AR A 1 7 0 A% 35 I 7E(35.0 £ 0.5) g, EHLil
FEWE N 163°C, ZART KN 85 min. KHIZAWRLE R PAV-1 B K 2R84, B &N
(50.0+0.5) g, ZMIEE N 100°C, EILBTK A 24 he

3.2. MSCR iR I&

KIS (A TR &R G EHAIG AR ) (JTG E20-2011), R/SFIH A (BRI ARZN.
T KB BRI A e 5 ) AT T AN BT AR 5200, St IR E #HI7E 64°C .

EEXPIXSFREA, 1E 0.1 kPa 15 3.2 kPa PR G0N T, SEt 1SRN “Indk - #0E” JEER .
FEANFEA (IR RS2 300 #2, 412 30 NEIA, #T 20 ANEWIZE 0.1 kPa NiE4T, J5 10 NEWIE 3.2kPa R
BEAT, BEANEBAE 1 AP EIR A A 9 MR ENEIK B BL A R . TR, 1T 10 AN AR N A&
R, ASHEIE T

FIF DSR B 10 KGN E W i B N AR HE . K4 ASTM D7405-15 FrifE, A MSCR SE5aH 75
ARG IEB T J, FUIREME R R WA KBS EAFNSIKETR, a0 EH Ros Razy Juwods
Jwszs Rags Jwag S5 WHEARXWT:

&

R:gc_l'
£ —&

Cc

— gr_go

J

nr

T
(R, — R;,)x100%

diff = R,
.1
J (Jnr3.2 B ‘]nrO_l ) X 100%

nrdiff’ = J
nr0.1

R

DOI: 10.12677/hjce.2025.146165 1538 T AT


https://doi.org/10.12677/hjce.2025.146165

M 5

K o gen & 20 IR ASINER A IWIUE N AR « WEAH AR AR 28T, « A ST B 117K F o Jor
Ju32 53 A2 0.1 kPa Fl1 3.2 kPa N 71 F 10 IRIGAS KR JE I S, FHIME; Roas Rax 73 HRAHRIN /3 I R
PIIME o Ragrs Juraigr VE N FTBUBANEFEHR o
4. BERETi8
4.1. SRMREDHT
4.1.1. BT E

1R T HFPIE & WBP/SBR/PU B4 MM HEAEANFZMRAET, F0.1kPa 5 3.2kPa v J1%%
NP R R YA =E

1600 ERTE —
— HJRPEH (RTFOT) 25000 {—— HFWiT (RTFOT)
1400 FJFIHHE (PAV) FEFPiE (PAV)
—— WBP/SBR/PUK & B0 —— WBP/SBR/PUS & B 75
—— WBP/SBR/PUE A Bt 7 (RTFOT) —— WBP/SBR/PUSL & EtVEi 7 (RTFOT)
1200 4—— WBP/SBR/PUK & Bkt t: i #F (PAV) 20000 q—— WBP/SBR/PUSE & et 5 (PAV)
1000
& £ 15000 1
£ 800+ B
el B

600 1 10000 1

Wy :—gj:j:j:jii_:_:if_

0 T T T T O T T T T
0 20 40 60 80 100 0 20 40 60 80 100
A ) /¢ 18]/t
(a) 0. 1kPa (b) 3.2kPa

Figure 1. Effect of aging on asphalt strain
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Figure 2. Effect of aging on the creep recovery rate of asphalt R
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Figure 3. The Rayyvalue varies with the degree of aging
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Figure 4. Ju- value changes with aging degree
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Table 4. The positions of characteristic peaks before and after the modification of the modifier and asphalt and the correspond-
ing functional groups
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PU [22]-[24]
1534 N-H & iz s
2918
MR BE A (C-H) I 4 3R 3 0
2851
HERIH 1600 55 BN (C=C) 45 R3]
WBP/SBR/PU 1457 [25]-[27]
I TR ==
R e CH,/CH [1725 1 4 5
1375
809 75 BFIAR AL BN C-H T4 th PR 5h

SBR 7E 964 cm™ bR AR T M C-H HAMRSNIELRFEFRE, 1XFRIH SBR ¥ HLPE X 208 i HEAE
5 PU BINIHESE BUE R T Y ER A BS54 o

WBP ] 3389 cm™ 4b N-H $REhIE 5 IR 2851 cm™ A kel C-H I&3%A HILES, XiFsk 74
JE A ARSI H R TH P2 R (-OH) S5 i 5 R i 41 43 R AR T R

42.2. FFERREEEI T

7t WBP/SBR/PU 175K 21, 5|\ SBR 5 PU 270 T4 M NE 24 il ek, Wige ) pq
R TE UMD T RO AT, AR B R ARFRARE, ot RIFIFRAME, RedLRIVER, d5R
PEfE. b, SBR HIMRIREERETE MY & ISR ABINE, T PU MEZE PRI 5E R, 1
SR FL PN R RN ER A . X P R B R R o T REMTE S R S I & NG, A BT s —
MO EE R, B IEAE 2, TR R AP e

WBP 5] N A REXT X B A= A A MR o AR B4 M R AR 7 Hh SAERE, — TR+ T
FEANIYE, 55— 77 H ] fE 23R SBR A PU S5 10 B30 P47 . SR, SGiEdiaian, WBP FIRFHIEIE
HAR G 57 B A A S S RS, R REMmA M, 304 SBR M PU FIHHFIZN RS
M, YERROUE DS ROW A M e E
4.2.3. WM S EMMEREX B 24T

MRS 7387, 51N SBR. PU Fl WBP Ji7, Wi (05> T it b or kR AE 48 fk . SBR %
JR 5T B AG  E IXAR G5, IR T IR ARIR AR R T BRI R . PU AE It Ik (4] 5 S Ve BUMH BLAE A
A REETE T W I iR AR e VEAN ST AR I o R 2 TH R o AR AR g ERE, AR RO TH I 7 P Ak S
ek, MmAL T HoR S RE A BUK IR ERE ).
5. &g
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4 H5EBEACER, WBP /R NIEEHE A SR 2, Ao et 20 I /EH

2) WBP/SBR/PU & & Bt A KIZAL G, 0.1 kPa N JJF R {5 (32.4%) NE AR I 2.42 1%, J.r
18.(69.3 Pa~")B&AIK 89.5%, H.IN FTBUBMEFEFER Rair (54.3%) 5 Juraigr (27.8%) 73 L T2 T 19.7%H17.7%,
RHHPUKAZ I A )1 BE T

3) WBP/SBR/PU &M H A KIAEN G, B ESIEDIE 1 Ruy EFFEIEIE 23.5%, Juar (B4R
13.7%, REAHPUENNEREFNIN ATERER TAE G T, & T i A Rl g 5t

4) ARXWAFERRYE, WARHEEAFEBEC T it fe S, ERIRTTRMES BRE I EN
JITHI R Z RN L, JEeE g6 2 R A T AT 4T .

E&WE

IR RF G NZRTt RIUH , P “ W7 F——2 T R 10 ks AR (WBP) SO I 75 HoR 1 BEBIE 72
(HIFCE (2024) 191(S20243425)).
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