Hans Journal of Civil Engineering =K T2, 2026, 15(3), 83-98 Hans XM
Published Online March 2026 in Hans. https://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2026.153057

IREETIER - SkE - BUEEXNBRHIHIBR
i

*2E
MR A RO A R A ], IR KD

Woks H . 20264F2H 100 FHER: 20264F3H3H; &AM HM: 202643 12H

R

NEARAFIRY, SKREEWERE=FREEARHF AP INE, BHERRZEEM
DU, BT T BN 3P S ALR BT CA LR BY YRR (2t Ry, BB S EKHERE (0%, 1%, 2%,
3%, 4%) K3 ZAMBRCREL. FHZL. KHZA), MBR=RREFTREERE. EdYEEee.
TR KR IR, RAMT=F LM ERSEANREFHF RN, XALERTEDT
BUERREREEAREENE, RIS m AR . SRR BATRE., SKERE
WA EEIXHE A F R AR B E R, Hrh BN R B AE R EE KT (p<0.01), ZFRK
L EAEHIEBBEKF(p <0.05); WARHEBHFIGKRERZUERABRM: SKEEEMN1%, RE
. EHZURKBZ MRS TR FTEE DA TP TES.2%. 8.7%M12.3%, HEWEEMEAK
SR BRI BRI BT AR R S5 2 W RAMBEIR AL, MXHREDT5%, ARAREH
MR . FFARLRANERIABFM TRAFRZET KR AR T 2 B IKE.

X 5in
RBHHF, EARE, &KkE, ZHER, Bewm, sl

Research on the Effects of Warm-Mix Agent
Type-Moisture Content-Aging Degree on
Warm-Mix Asphalt

Jingchun Shi

Hunan University Design and Research Institute Co., Ltd., Changsha Hunan

Received: February 10, 2026; accepted: March 3, 2026; published: March 12, 2026

XEGIH: LAF. RS KR EFEE SR T D). KR TAE, 2026, 15(3): 83-98.
DOI: 10.12677/hjce.2026.153057


https://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2026.153057
https://doi.org/10.12677/hjce.2026.153057
https://www.hanspub.org/

Pz e

Abstract

To reveal the influence laws of the coupling effect of three factors—the type of warm-mix agent, the
moisture content, and the aging degree—on the performance of warm-mixed asphalt, and to clarify
the mechanism of multi-factor interaction, this study selected three typical warm-mix agents (or-
ganic viscosity-reducing type, foam type, and chemical modification type), set up 5 moisture content
gradients (0%, 1%, 2%, 3%, 4%) and 3 aging stages (un-aged, short-term aging, and long-term ag-
ing), and constructed a three-factor full-factor experimental matrix. Through physical properties,
rheological properties, and water stability tests, the influence of the three factors alone and their
coupling effect on the performance of warm-mixed asphalt were systematically analyzed. Multifac-
tor variance analysis was used to quantify the significance of each factor and the interaction effect,
and a multiple linear regression prediction model was established. The results show that the type
of warm-mix agent, moisture content, and aging degree all have significant effects on the perfor-
mance of warm-mixed asphalt. Among them, the main effect and pairwise interaction reach an ex-
tremely significant level (p < 0.01), and the three-factor interaction reaches a significant level (p <
0.05). The foam-type warm-mix agent has the best resistance to water damage and aging. For each
1% increase in moisture content, the elongation of warm-mixed asphalt in un-aged, short-term ag-
ing, and long-term aging states decreases by an average of 5.2%, 8.7%, and 12.3%, respectively.
Moreover, the aging degree intensifies the deterioration effect of water on the performance of as-
phalt. The established prediction model was verified by residual analysis and external data, with a
relative error of less than 5%, and has high prediction accuracy. The research results provide a
quantitative basis for the scientific selection of warm-mix agents and durability design under com-
plex environmental conditions.
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Figure 1. Aggregate gradation curve
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Figure 2. Test results of penetration value of warm-mix asphalt under different test conditions
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Figure 3. Test results of the softening point of warm-mix asphalt under different test conditions
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Figure 4. Test results of the elongation of warm-mix asphalt under different test conditions
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Figure 5. Test results of warm-mix asphalt rutting factors under different test conditions
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Figure 6. The stiffness modulus of warm-mix asphalt under different test conditions
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Figure 7. The creep rate of warm-mix asphalt under different test conditions

7. FRIRE TR TR ERERSR

BARGD AT T -

1) B—FFEEW: EKEMN 0%IEINE] 4%, Kzl FIZM. KZWRET, 3 MiRHEEDE
FE A B 3 AR 23 A 37.5% 37.8%+ 38.2%, m fH FIIFEIE /3N 25.0% 25.0%- 26.1%, KK
RN SHSRII AR NE, H55 ARG ), BB MR S — 0 ORI B EH; 24k

DOI: 10.12677/hjce.2026.153057 92 T AT


https://doi.org/10.12677/hjce.2026.153057

SEHK

FEEMTRKIAZAN, 0% 2% 4% SKZET, FHEBEFAEIESS A8 112.5%. 110.0%. 100.0%, m
E-FIIBETR 73 0 28.1% 28.6%. 29.6%, KUEZMN 2 BERIEFMRENIVE, FEACLIEERRS, mEl
IR RS MRS RKBMZWIRES T, SHERER/NEF AN WMA-3>WMA-1>WMA-2, m fHK/)
HF N WMA-2>WMA-1>WMA-3, KRR EGR P AT 2GS i IR A e, Aotk R A
FI 2= 5 E IR TR ) -

2) MEMEREm: TEMERER, BEEFREA). FKEB). BWREEC) LFPILE/EHA
x By A x C. B x C)Xth B F AT m H 1 RENA I8 BB 538 K F(p < 0.01), =R HAEH A %K
F(p <0.05). N EHFHNC>B>A>BXxC>AXxC>AxB>AxBxC, EKMZN +4%5KE
A T, WMA-3 FIEhEREIL 960 MPa, BRZEM + 0% & /KR THLIEIN 610 MPa, 315 174.3%,
m {HACA 0.13, FEIE 56.7%: 11 WMA-2 K13 EE 5y 840 MPa, H41E 189.7%, m {54 0.17, F£1E 50.0%,
RUE AR IIENS K, (B4 EMET WMA-3, H mEE 5, EUHEKERFERSKE + K
LG LU TR RR AR AR SR B
3.3, RETIRA - HKE - BUEREMN KB EMNBEED
3.3.1. IKFEEMMIFR

ARG T00 IR FE T -5 8 R K 2R, B S R 45 LI 8o KPStk ey, RIS 55k
() FLTHORG PR PE AR AT, HIKRITERE 1tk BRI AT, RGN SE G BE & KR N 2 B R0, B2z
FEINR 2 S PR S, TR SR DR, P S5 40 1 5 72 e 35

WD [T R Z IR WMA-2 Gk [ RE R4
WMA-1 CEALEERAD [ ?ﬁ%ﬁﬁﬁ%g& i ] e s
nlEE ) KAk 2% I
A — T — A — 1 — T 1
'H' 3 ﬁ,r—;l%
= =
e e
2 2
1 1
0 T T 0 T T T
0 1 2 3 4 0 1 2 4
fkE ®) akE ®)
WMA-3 (2R ERD [T R (uRii 42
- e
] KW ka2
0
¥,
il
2

e
L

0 1 2 3 4

BAE %)

Figure 8. Test results of the water-boiling adhesion grade of warm-mix asphalt and aggregates under different test conditions
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Figure 9. The frost-thaw splitting strength ratio of warm-mix asphalt mixtures under different test conditions
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Table 3. Analysis of variance result table

=3 AESERE

PEREFR AR AP F {4 pfE
A (RFEFIZEAY) 42.86 <0.01
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AxC 21.54 <0.01
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Table 4. Calculating the relative error between the predicted value and the measured value
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