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Abstract: A thermally induced shape memory polyurethane modified asphalt (SMPU-MA) with
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enhanced self-healing capacity suitable for asphalt pavement service temperatures was developed

to prolong pavement service life. The SMPU prepolymer was synthesized by using prepolymer

method with polyethylene adipate-1, 4-butanediol ester (PBAG) as soft segment, toluene-2,

4-diisocyanate ( TDI) as hard segment, and trimethylolpropane (TMP) as chain extender for

matrix asphalt modification. The optimal preparation parameters for SMPU-MA were determined

through orthogonal experiments; modified asphalt properties were evaluated by softening point,

penetration, ductility, Brookfield viscosity, segregation tests, and shape memory performance

evaluation; the glass transition temperature and shape recovery mechanism of SMPU-MA were

investigated through differential scanning calorimetry and shape memory performance tests;

modification mechanisms were analyzed by using Fourier transform infrared spectroscopy and gel

permeation chromatography. The results shows that the molor ratio of PBAG, TDI, and TMP

for the optimal preparation parameters of SMPU-MA is 1 : 8 : 14/3, PBAG molecular weight is

3 000, reaction temperature of SMPU is 80 °C, and reaction duration of SMPU is 120 min;
compared with base asphalt, SMPU-MA exhibits 8.7 °C higher softening point, 87.1 (0. Imm)
penetration at 25 C, 12. 6 cm ductility at 5 C, 623 mPa * s viscosity at 135 °C, 0.2 °C

segregation softening point difference, 31. 4 “C glass transition temperature, and 53. 3% shape

recovery rate; the incorporation of SMPU enables SMPU-MA to demonstrate characteristic shape

recovery capability through glass-to-rubber transition of soft segments, which reduces the self-

healing index and consequently enhances asphalt’s self-healing capacity; chemical reactions

between —NCO groups in SMPU prepolymer and active hydrogen-containing functional groups in

asphalt as well as —OH in TMP chain extender form urethane linkages, so the addition of SMPU

increases the proportion of macromolecules while decreasing small molecules, thereby improving

storage stability and high-temperature performance of modified asphalt. 12 tabs, 9 figs, 34 refs.
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Table 1 Main performance indicators of 70% base asphalt
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Table 2 Performance indexes of polyethylene adipate-1,

4-butanediol ester

SF | B (KOH « | R (KOH « |Fh (60 C)/ ,
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i g 1) /mg g 1) /mg (mPa * s)
1 000 112 1.00 380 SRR ERINELN
2 000 56 0. 90 1300 SRR RINIELN
3000 28 0.85 2 350 SRR RINELN
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Table 3 Performance indexes of tolylene-2,4-diisocyanate
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Table 4 Performance indexes of trimethylolpropane
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Table 5 Orthogonal experimental scheme for

preparation process of SMPU-MA

o PBAG | SMPU #14 | SMPU #1%
PR RIRRCE i | e C | R min

1 1:4:2 1 000 60 90

2 1:4:2 2 000 100 120

3 1:4:2 3 000 80 150

4 1:6:10/3 1 000 100 150

5 1:6:10/3 2 000 80 90

6 1:6:10/3 3 000 60 120

7 1:8:14/3 1 000 80 120

8 1:8:14/3 2 000 60 150

9 1:8:14/3 3 000 100 90

i RAT A B 5 PBAG.TDI.TMP & & R 1t

B 1 SMPU il %% 5

Fig. 1 SMPU preparation device
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Fig. 2 Preparation flowchart of SMPU-MA
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Fig. 3 Shape memory performance test
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Table 6 Orthogonal test results of SMPU-MA

£ ABE(25 °CL,100 g, FEFE (S C, 135 CAi G BB/ 55 17 404k B 15 Ak i AR
2 - Al A/ C - - o O RY%
55)/0.1 mm 5cm e min~!')/cm (mPa + s) HE/C R/ C
1 97.2 54.1 10. 6 566 1.1 37.7 44.1
2 96. 5 56. 8 19.1 683 0.8 10. 6 50. 6
3 91.3 58. 1 17.0 664 0.7 39.1 50. 7
4 80. 3 55.0 8.8 726 0.5 13,1 19.5
5 91.1 60. 8 9.6 621 0.8 10.7 53.7
6 79.7 57.5 12.1 631 0.2 10.5 53. 1
7 91.6 57.7 14.2 653 0.4 16.7 51.6
8 82.2 56.9 1.1 654 0.3 12.2 51.2
9 89.3 56. 4 13.3 657 0.2 11.6 55.7
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B 3 S
= st
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Fig. 4 Range analysis results of orthogonal experiment of SMPU-MA
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Table 7 Ranking of influencing factors for different

performance indicators

P 135 C A | BSHTEK | HmIL
e | Ho | otk R
soir R | Mt | FsiR
Al ALD, C.B. A.D, C.D, A.B, A.D. B.A.

W7 C.B AD C.B AB D.C B.C C.D

E:ARKBRAMAEIL ;B KK PBAG 4 FF;C KK SMPU 4l &
B8 ;D X k& SMPU #] & &5 A ],
2.2 SMPU-MAHREHRETIZSHME
BT E AR g g PR KPR 5 4 BR A
Z BT B %, O T o3 A A T RN IR AR ik
TR e PR 2R SR RO SR T E SS IR B 2 K A A ik
FHE A ) P 2R 7 45 7K1 71 6 1 56 25 2R 52 i 1Y AL
L Rb 2w Ao A o R S LA A
IKF-H8 B 25 A3 52 ) KL EE (1) B 1 R TA T A5 48 A 19 AL
oy 1, A 3] SMPU-MA K [a] [ &R 78 %
KT A I 8 fr s . R4 8 i SMPU-
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18+ 14/3;PBAG 4T K 3 000; SMPU i 4
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Table 8 Impact weight of each factor level of SMPU-MA

2 R R IK -5 i AL
H&E K 135 CHi B MK P x Ak LA RE
AR L=t E JiE " - R.
[ B (¢~ e 78 i
1 0.133 2 0.064 9 0.139 5 0.045 3 0.086 2 0.139 4 0.107 0 0.715 6
S A - -
W1 2 0.151 2 0.066 7 0.091 8 0.043 9 0.155 2 0.1317 0.1150 0.755 3
3 0.129 5 0.065 8 0.115 2 0.044 1 0.258 6 0.125 3 0.116 5 0.8550
1 0.038 7 0.111 2 0.055 1 0.008 1 0.063 8 0.061 4 0.116 5 0.454 8
PBAG
. 2 0.038 6 0.116 4 0.065 0 0.008 1 0.074 5 0.063 3 0.124 7 0.490 4
ST
3 0.040 0 0.114 6 0.069 4 0.008 1 0.111 7 0.064 5 0.128 1 0.536 3
1 0.0615 0.120 8 0.057 9 0.153 1 0.029 4 0.0619 0.062 1 0.546 6
SMPU #il %
. 2 0.058 2 0.126 8 0.073 9 0.146 2 0.024 5 0.058 8 0.065 2 0.5537
S
3 0.059 9 0.120 8 0.070 8 0.137 1 0.029 4 0.059 4 0.065 1 0.542 4
1 0.092 5 0.030 8 0.075 4 0.142 9 0.043 9 0.080 7 0.033 4 0.499 5
SMPU #i %
) 2 0.095 8 0.030 9 0.102 5 0.134 0 0.061 4 0.075 8 0.0337 0.534 1
I I [
3 0.091 9 0.030 5 0.083 5 0.141 7 0.049 0 0.078 3 0.032 9 0.507 8
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H A 22 73 B RUZ U0 B ik ) 45 2R mT L i 22 o i 5
JE R I AL I o3 M B A — ot A 22 20 i v Al LA
JRVTE 2% PR 2% 0 1 6 45 2R 1 5 T 1) K0S B9 R I T A
JEU 3 B ik v AT BLRAS A TRER OKCE AL
U R H IE A 56 J2= U o A i 24 2R Al o e LR T 4%
ZEHAE .

9 IR T A SRR R 107 i1 = K48

bR B BT AL 22 0135 °C A R B B 1L e A2 T
JEM R, . &5 R L] SMPU-MA (107) % 2 Ak 15 5
TR 8.7 T35 CHEE N 12. 6 cm; FiJEH
623 mPa « s; BALRIZ N 0. 2, BB SMPU 5 1 75
A B A A s BB AL R AR MR AL 314 °C L O
10 LA it o R B AR A s TR AR A2 32 53,304 i THIE
SEIRIE T 75 0 BORE A UL HOR AR IO RE R 4T

®9 REHSEIZSHTH SMPU-MA HEEER

Table 9 Performance indicators of SMPU-MA under optimal preparation parameters

A (25 °CL,100 g, FERE (5 C, 135 “C A [% B Y 159 7 Ay
P B4 B - Bfb A/ C - N ) T R%
5s)/(0.1 mm) 5cm e+ min~ ') /cm ZhE /(mPa + s) mE/C R/ C
WA 87.9 57.8 12.6 623 0.2 31.4 53.3

2.3 SMPU-MA HEBUETEE

BE WA B AL S AT B 5 AR A IR AR A
MG AR K AET 5748, 78 DSC 14k F R
R LT mAwAS AT 1 AE Y. B 5 IR
FE 107 ) DSC MRS5S . M 5 o] LA . AR SCA
B SMPU-MA A5 & KB 10 245 b 175 fil e, B
WEBALF I B X A B JE 5 22 A TMP JB
P 8 B ) 4% o 26k BB ) 4 ke 31 T LA A £ T
A, #E ) SMPU-MA K 5 4K Bt 1Y 3% 38 512 I8 2
f10y 7 73 o S B R RE T AR GE A P R . B ARGE
TR W 45 8 TC TV 1 43 1 B 0 RE B e M
2R L TR R AR TF O 5 40 7 30 38 1 5 A0 0 R
P HEIEARICAZ R G WA BT RIS IR B . 5 I
[FE, 3 6 7] LLF th, SMPU-MA Wil & 1.2 %
BRORT L3 35 0 A A L B R R e KA 22 10 °C
Fe W5 1 1 SMPU-MA Bl 45 1202 %0, 7T LU
£ T R S 3R BE AR 19 SMPU-MA, D) 3& e T U 75
T K 2 B TR T AR IR . SRR 107 () B a Ak i
AR BE Ik 314 °C L HRT DUFE B ) I BE e ¥
HIE RIS PERE LU & W 1Y B @A RE S DI 4E
% T A i T A A
2.4 SMPU-MA BRI IZ 1 BE

JERTT SMPU-MA I AR 42 M BE - K 2
5 °CTm R B s A S5 AR IR DL 1 5 CLFE IR T
(9 2 h A 10 min & 1 KB, W T3k 17 ~
10/ Ry FI R, . 4n & 10 fiR. MR 10 ol LLFE H
ANE £ T2 250 SMPU-MA [#) R, 43 100 % ,
ULl SMPU-MA 752 8 5F J7 /5 F J5 43 3 ] Ge Hif&
IRk B TE AR . (HOR R 4 L2 2 %0 SMPU-MA
R, 2ZMEARK. A 9" M R, ikFE 17 R, &
H 11, 6,388 107 (19 R; #1 R, ¥ & F K £ % SMPU-
MA & A, U B 58 3 15 SMPU-MA R il 4 T. 2.5

il

—0.5}F
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I B/ C
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Fig.5 DSC test result of sample 107
F10 RE1F~10" BRIBIZRABER

Table 10 Shape memory test results of samples 1% -10%

e 17 2% 37 47 57 67 7= 87 9% | 107

Ri/%]98.3(99.8|99.5100.0|98.5]98.3(98.8]99.8]98.3[100.0

R./%|44.1|50.6|50.7| 49.5[53.7|53.1|51.6|51.2|55.7| 53.3
B 08 R 12t Re 15 B4R TE, SMPU-MA
1 R, &AL TP RICAL 1 8 1) B 55 248 b OB
R IZ T3 77 LA 45 2480, AT 1 3 5% i) SMPU-MA
FEE R A A rERE .

h T it — SN A B ] X SMPU-MA [ R,
s, B T 17 ~107 (1K [A) T IR A &2 1 i)
[ BF ) SMPU-MA 1y R, W& 6 frs

B 6 FTLLE Y 75 AE R R S s F s
0~20 min PJTEARIR 52 30 R A% K 3 J& B R 7690 1R
IR B B 5332 2 AH AR I B, A R D o il 0 R
SE Ao T B 4 FBE g 45 th T IR R 2t 7 22
—E W IR PRI A B B R AR K R R AR AR
[ i 38 % PR, 78 20 ~80 min [N , SMPU-MA [ JE Ik
PR A R 2 B, T HL A S SMPU-MA 5 B 11
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Fig. 6 Shape recovery rates of samples

17-107 at different time

R, AL W34, 3 & A 20~80 min X ji T+ 10 C ~
35 °C By il B 1B B o 24 J ) 43 3K 31— > 3% BR Y 1
Y1 [ A 336 6 4 I 4 45 i 3 A = B b SR I PN e
5 FNVEE Bz gk 52 B D R 1 2 93 O 75 IR B YRR
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A AR YR B AR 35 °C ~50 °C, H SMPU-MA 1y
RWKIZAE 20 °C ~50 CHHIG KA R, X5 E
ARACIZ R A W IE R PR
2.5 SMPU-MAHBRIEIERED

ST A AR 107 75 AN [6] (] 8RS [A] A ) 45
HETHAGEGREA H kL 11 fion. R 11 #]
DL H . 6 ]k s 18] 09 36 . 2% 5 9 7 5 SMPU-
MA B B @A f8hs H — H 2T B3, LW ] gt
(B W T I B A TR RE AT . A AH (] A9 [ Bk
[T, SMPU-MA ) H ¥J/NT 557 i % . I H. 8] 8k
R SMPU-MA [y H N Bl B2 RO . 22 ] ¢
B[] 43 3 K 10,30,60 min B}, SMPU-MA () H [ %
W H A9 T 30.9%.55.0%.72. 1%, %
B SMPU ¥ fin A$ETH T W5 & 9 B & 4 e 1, 9 HLIH
YT )RR L Wi T 0 B G BE ) B T i O

F11 ZREFHES SMPU-MA i B RA IR
Table 11  Self-healing indexes of matrix asphalt and SMPU-MA

) AN [R] 1] B[] Cmin) R Y H
FE 5
10 30 60
B35 RliN 7.258 8 5.640 3 4,014 5
SMPU-MA 5.014 5 2.536 5 1.119 4

2.6 SMPU-MA B& #1182
2.6.1 SMPU-MA % B_@ #L32
SMPU Fi ¥ . 707 &P & M kE 17 ~ 107

A LLAMERE NG 7.8 Fron . A 7 0] A% i SMPU
TSRy 1) W A e L W L AE 3 330 R L 540 em !
HBLAY 2 MRS f 2R SR A A R N H 4 R
L MG AE 2 269 em ' H B g, p S O B
N=C=O X PR 4 {xsh 7= £ 1 724 em " H
f 1 A g IR AT i 2R B 2 A C=OM i i &
FEAAEPRC T 371 em AR SRR i N—C=0
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Fig.7 FTIR test results of sample 10¥ , SPMU prepolymer,

and matrix asphalt
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FE 17 ~ 107 o (i &0 56 W R iR 55 A1 — &8 43 th TDI
H1—NCO 5 PBAG Hf—OH ¥ i Bl » 55—
4y SMPU fi R Y 1)—NCO 55 & dh Z 50 & 1
R AE e A 555 TMP v i) —OH BB I JE B »
Pl SMPU Hi R W f1 TMP 5 FEHE KE T AR
[vi) B 14 2 B
2.6.2 SMPU-MA #4835 FEREH A

i 3 B B O A AU E SMPU i R W) L
JE Wi A SMPU-MA [ 5 #4r 7 &8 M, B3 01
it M, Z 5y F i M, L M, B
M, MZ0WERRd WK 12 R, XF3ETEDH
1 SMPU-MA 1 #E i 2 % 1015 B 28 17 40 22, % 2
B I R I ] 4 B K Ay F X (LMS) | H )
X (MMS) | /N T X (SMS) , 3 % 58 SMPU-MA
1) LMS.MMS.SMS [ [t 55 & 2 WA GBI &
WE 9 frn., W& 12 Al A SMPU Bl R Y Z ¥ 4%
THER 25 722, RIEFHRY M, B A — 2 REE
Mo —HBORUL, o FREBR, SRR, M0 5
(i) F1%) 20 245 i1 JEE 45 o e B 22 L 2 00 3R B Oy B RE 4
et HUk, 4 FREAE 25 000 A4 R R Y. K
VA SR R R L T DA JE S A &k R I i
AT . SMPU BLR Y Z 5 8 R4 d N 1. 76,
BN UL SMPU Fiil 58 9y ] & aof 78 b R A A 2E I
7 AR B R B 7 AR D o R Ay A
FF W E M SMPU-MA 1 £ 43 8 & B 22 BEAR /1N,
ULE SMPU it A J5 % £ 248 W 19 3 5 M
SMPU 5 5 % 1A 25 M B 4f . FF SMPU i 54 i
ARFEWH M, M, .M, M, M, #5& | F#
Fe, UL SMPU [ A I 5 o K45 9 ot b A5
BE /NGy F LG B P SMPU-MA )
ST RERHRTEBYH X AE— &R E L

*12 SMPUBIRY . ERHEE SMPU-MA KIS F&
Table 12 Molecular weights of SMPU prepolymer,
matrix asphalt and SMPU-MA

B i M, M, M M, M, d

SMPU ¥4y |17 214 | 9 764 |25 72216 816 | 16 047 | 1.76

IR 2619 961 | 8 067 995| 2165| 2.72

SMPU-MA 2 755 988 | 8559| 1032 2275| 2.79
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Fig. 9 Gel permeation chromatographies of matrix

asphalt and SMPU-MA
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