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Abstract

To investigate the temperature-induced strain response of thick flexible-base asphalt pavements,
long-term monitoring data collected from a test section of the Tianlin-Xilin Expressway in Guangxi,
China, were used to analyze the internal temperature field, extreme strain response, and prediction
performance for average transverse strain. After missing-value imputation, outlier removal, and
smoothing, the monitoring data were divided into five temperature ranges: 0~10°C, 10~20°C, 20~30°C,
30~45°C, and 45~60°C. Temperature fluctuation amplitude and attenuation coefficients were
adopted to quantify the depth-dependent characteristics of the pavement temperature field, and
representative structural layers were selected to investigate the temperature-strain relationship.
A multivariate quadratic polynomial regression (QPR) model was introduced as a statistical bench-
mark and compared with convolutional neural network (CNN), particle swarm optimization-based
CNN (PSO-CNN), and particle swarm optimization-based backpropagation neural network (PSO-BP)
models. The results show that temperature fluctuations within the pavement structure attenuate
significantly with increasing depth and exhibit an evident time lag. The strain response of the shal-
low asphalt layers is more sensitive to temperature than that of the deep base layers. The maximum
transverse strain in the A1l layer exhibits a pronounced nonlinear relationship with temperature,
whereas the B2 layer shows an approximately linear and relatively weak response. Within the
range of 0~30°C, the PSO-CNN model achieves test-set RZ values of 0.8410~0.8663 and demonstrates
favorable overall prediction performance. The PSO-BP model shows a local advantage in the range
of 30~45°C, while the QPR model provides satisfactory trend fitting in some high-temperature
ranges, indicating that model applicability varies with temperature conditions. These findings pro-
vide areference for service-condition assessment and intelligent maintenance of thick flexible-base
asphalt pavements.
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Table 1. Main technical parameters of intelligent vibrating-wire temperature-strain sensor
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Figure 1. Schematic diagram of sensor layout
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Table 2. Embedded positions and monitoring information of sensors
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Table 3. Sample size and distribution in different temperature ranges
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Figure 2. Pavement temperature variation on typical days in January, April and August

2.1 8. 4 A7 8 AR AR T rIL

R 208 U R U B AR FE S AR T e VA, 4 8 A B RN R H AT, KR
T 8 L e v i 55 R A (TG PR P 22 R SO il BE VR BN MR AL, [ B & 3R A It FE U8 B IR AL 4 om AL B2
IR P LA e SUE NI I R A, THRA RIS RB AR 4 . 78 4 K, 10 2K, 38 EKLL
Ko 56 JE KA IR B D AN IR AR 23 & 22.4°C, 13.7°C, 3.9°C AT 1.9°C, AHRH L I B 88 2 5040 )& 1.00,
0.61, 0.17 1 0.08, Fl 4 JFEKALHEATRILG, 38 JEK LK 56 JE K Ab i FE ik sl BE 43 50 FE A R 82.6% LA
T2 91.5%, 1% BF P% THT PN 3005 B HA ) e R 55 84 1 B b 2 0k

Table 4. Temperature fluctuation amplitude and attenuation characteristics at different depths on a typical high-temperature

day in August
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Figure 3. Maximum transverse strain of different structural layers under different temperature conditions
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Figure 4. Distribution of maximum transverse strain along structural depth
under different temperature conditions
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Figure 5. Fitting relationship between temperature and maximum transverse strain in different structural layers
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AR IEAR RIS D4R — 30, QPR. CNN. PSO-CNN #1 PSO-BP K AHFEI IR 2+ B N4
A B E UKV FRFR. CNNL PSO-CNN Fl PSO-BP ¥ H JE AR T 5 25 55 QPR R BEALFR T 42 HE47%0
SEIE E RN 3o BT AN [EAE A BB R 23 07 RAFAE 2 57, AR ST T B2 UL AE 25 Ui 52 X T) P 1R S A 1P e 7K~
AUERPE, ATFRAS IR W MRS . ASCRHE 22 R2 P47 MAE. VP2 iR 2%
MBE FI¥)77 1% 2 RMSE ZRGIPM AL RE. Fordt, R? F T S WS B Stof Sl 1 ¥4 A ) AR AR 4K, P i g
AEJJ: MAE F1 RMSE FH 47 & Pl v 22 K/, BB BRI e AR L T kS 5288 ;. MBE FH T 41 i 8 & 73
MR 275 7], MBE KT 0 RN E AR =i, MBE /b T 0 R BTG AG o

SRR E AR R

n A \2
R2 :1_Zi:1(yi_yi)

n —\2 (2)

Zizl(yi _y)
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Kby, NS @ AREARRSCIF IR AR s D, N5 @ AMREARRBIR IR s 3 ST S g AR
WME; n NHEARKE.

4.3. CNN {58495

AT — e RN P 28 AT IR L, A SRS TR DA K~ S 1) 1 22 [ Y AR 2 P S ) 5%
BRRZR o BRPTEAT N N B T TR LS SRR TR, ITadb AT Y 0 P9 2 P SRR ) AR . R4 0
HEIANE, BRZ, BisE, WR, SRR DR 5 R i i, i sz 2 HERSERUm A
A R AR LA RRAE A, O SRR TR AR R (AR 2 M RIB DALY, AR R A SRR
J T S 1 AR P TN BB o TR P 3 75 AR Z2 AR D9 R IR R 453 Sk R B, T ELAR IR BRIE B2 1R 1R 22
FXUNGRAEREREAT R . ONN BRI AR A R AT Ik, 2 Z4EO8 PSO-CNN (ALt 22 ¥
LR TR AR

4.4. PSO-CNN 5 PSO-BP &8 #y5E

CNN SBR[ FI0 M B8 52 3 % 31 R BRUEE KNG NG SHERN R, RANTEKRE S
BTG AR R R 3l . ks SR BRI, AR SCHI KT B EERT CNN GBS HOHAT
T, #%d PSO-CNN #5284 o R 1 H b (AR AR — AR RS, R DAIG 1E 4R T30 4R 22 AF i B
FERREL, IR T s B A B R A ) B e B AN T B RS R g 1) sk B KR AR IR B EOE B
FERAIH R A, RS AL A, R IR 5E R PSO-CNN ARSI SR AR . B AR A n 1
6 T/ o

(7 B K WL T HEARAL — R 22 S ) A R A 20 I 23 A AT Oy g A1 — TR 0 A ot 22 I % A 7 0o R PRI AR
PSO-BP | HJRLF#E B 2 X BP #1220 25 AT A6 BUE AN ZEAT DAL, SRR MR BRI BE BT 46 10 25 VI 25
ZERATR IR, TR LAY e SR e PR S B4 B . PSO-CNN %5 Ak 52 45 B 45 W 254 B N AR & 1
LRNVELARFAE , PSO-BP Wiz FH 43 422 W0 4% i) 8 i N RV HH 22 TA) PO S B o 2R o 308 3t 7 28 8 77 AR [+
TRLEE DX B] Y BRIV FEFR EAT X EE, SR 23 M AN 7] 10X 28 25 A6 0 386 TH T~ B9 [ 228 T 3 /AT 55 1) 3 5 AR
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Figure 6. Flow chart of model optimization

B 6. R LHRE
4.5. HETNERSZHED D

A X T CNN. PSO-CNN Fl PSO-BP # R (1)l 24 5 MR EETEAN 45 5L L3 5.

Table 5. Comparison of evaluation indicators of CNN, PSO-CNN and PSO-BP models under different temperature ranges
# 5. FRIEEXIET CNN. PSO-CNN #1 PSO-BP #HEUENEFRRTEL

CNN &M %% PSO-CNN #1424 PSO-BP 2 /4%

vH = 3y o
R TR s wwmm Wk AR WEE SRR
R2 0.7062 0.7357 0.8513 0.8663 0.7243 0.7993
0~10°C MAE 2.5037 3.5497 1.4214 1.2985 1.5888 2.5344
(2022.12.28~2023.01.03) MBE 0.3318 0.1981 0.1624 —0.0469 0.1475 0.1323
RMSE 8.1256 7.5563 2.5100 13510 3.1900 4.5700
R2 0.7045 0.7237 0.8134 0.8410 0.7996 0.7653
10~20°C MAE 3.4734 2.3730 1.1907 1.2322 2.7159 3.7580
(2023.01.10~2023.01.19) MBE 0.1912 0.1601 0.1149 0.1070 0.1374 0.1043
RMSE 5.2312 6.9480 2.4231 4.4881 6.3717 4.9730
R2 0.7056 0.7273 0.8325 0.8550 0.7843 0.7516
20~30°C MAE 2.1715 1.1520 0.7262 0.9005 2.1601 1.1237
(2023.03.31~2023.04.09) MBE 0.1949 0.3256 0.1011 0.1562 0.2084 0.1335
RMSE 8.9731 6.2334 5.7251 2.0912 7.4533 9.4216
R2 0.7156 0.7097 0.8042 0.7785 0.8351 0.8462
30-45°C MAE 4.9841 3.9804 2.0877 3.1199 1.8409 1.6574
(2023.08.01~2023.08.10) MBE 0.3953 0.2102 0.2004 0.2656 0.1455 0.1255
RMSE 6.7711 8.1732 3.1256 4.9228 2.9136 2.3679
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R2 0.7031 0.7409 0.8121 0.8513 0.8149 0.7928

45-60°C MAE 3.6715 2.8608 1.6099 1.1811 1.8345 1.8255
(2023.09.01~2023.09.10) MBE 0.2172 0.3957 0.1685 0.1671 0.2170 0.3158
RMSE 6.1328 9.7756 2.5446 3.2481 3.1268 5.4626

SRRTE, =P X 25 A i N 14 e B A B B IR X 22 . PSO-CNN 7 0~10°C. 10~20°CHl
20~30°C X [ R I H b i 25 & Pl R e, FLIiA4E R2 435108 0.8663+ 0.8410 £ 0.8550, RMSE 434
1.3510. 4.4881 f1 2.0912, AT FIRX A CNN F1 PSO-BP 74!, UK FHSHMILGBTiE
CNN S HRAER L X P B4 1) AR AR A4 PR 338 9 g

7£ 30~45°CIX ], PSO-BP Jllik£E R2 4 0.8462, MAE Fl RMSE 43 %A 1.6574 F1 2.3679, fiTi%ih
[X ) PSO-CNN #7, RHLH—E R 1E 45~60°CIX 7], PSO-CNN k4 R? 4 0.8513, MAE
AT RMSE 73504 1.1811 F13.2481, Zi&PEREAE T CNN fil PSO-BP. HIMtA[ K., PSO-CNN 7E £ ¥R X B
B B TR B AR ZE R RE T, (AN [R] 90 4% 45 P P 1 REARE 257 2 Bl UL RE X A R AR ARk

ARSI QPR B, LR LS F A PSO-CNN BRI S AE SR 6 Zh. BT R
22 2 AR A R B AN IR AR IR AR S 5 18 S8 b T AR B, BT L QPR SR AT I LI & (1 4 4l 43 1)
T FrLAE 6 B T 50 LU AR (1 B R 1k R /RSP A DG BT I 08, A2 T oH 5P 4 (0 14 R4
T+ A5 5 T EC XS B ARG SR, DR R X AL GE Gt T AR R A7 TR I BB

Table 6. Reference comparison of QPR and PSO-CNN model evaluation indicators under different temperature ranges

6. TEIEEXET QPR 5 PSO-CNN #EELEMN 15455 E Xttt

BESE T FERR QPR &% QPR HlliA&E  PSO-CNN |24 PSO-CNN M4

R2 0.6127 ~0.0050 0.8513 0.8663

0~10°C MAE 3.1398 4.0765 1.4214 1.2985
(2022.12.28~2023.01.03) MBE 0.0000 22201 0.1624 ~0.0469
RMSE 5.4269 6.3658 2.5100 1.3510

R2 0.9847 0.8969 0.8134 0.8410

L10~20°C MAE 1.9063 1.8798 1.1907 1.2322
(2023.01.10~2023.01.19) MBE 0.0000 -0.4575 0.1149 0.1070
RMSE 2.2262 2.5365 2.4231 4.4881

R2 0.5159 0.0794 0.8325 0.8550

20-30°C MAE 18.0972 23.2494 0.7262 0.9005
(2023.03.31~2023.04.09) MBE 0.0000 —8.0450 0.1011 0.1562
RMSE 23.1495 24.9705 5.7251 2.0912

R2 0.9975 0.9961 0.8042 0.7785

30-45C MAE 1.5437 2.1056 2.0877 3.1199
(2023.08.01~2023.08.10) MBE 0.0000 1.1950 0.2004 0.2656
RMSE 2.3092 2.5186 3.1256 4.9228
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sk
R2 0.9976 0.9976 0.8121 0.8513
45-60°C MAE 2.0133 1.1045 1.6099 1.1811
(2023.09.01~2023.09.10) MBE 0.0000 1.0722 0.1685 0.1671
RMSE 2.4772 1.7172 2.5446 3.2481

MFE 6 FTLARITE, FEXT & B MAREASBEAT R 40 i i, PSO-CNN 7E 0~10 £ FCSE PA A 20~30 3% [R5
X I8 % B R2 ARG RMSE, 1 QPR 7E_F I il X (i ks ik 46 SR bl e 2, 3k 138 1 ] o 4 5 [l )
BT T38RI X S A AR R R R IE N RE IS . TEIR AT 10~20°CIXANE BB %, QPR H
BRI R2AH LA A RMSE {8, 1 PSO-CNN (1) MAE Al MBE ELA/)y, 3% 3R X P AL 7 e 34
77 T FRAUM G DA B AR 58 22 1A B 428 07 T 43 0 6 4% B R

TEIRFEAL T 30~45 $EIREE DL K 45~60 $EIRFEHIX A B, QPR 7E°& B O M AE 4 2 b B LU
i R ALK ) RMSE, Al /& MBE FIZaGHE AR ELEE A, X e BA R G i 15 dy St A B RE A f B 4R AR
i, Nt A E— E M RS Z . A2 T PSO-CNN (1) MBE SEI423E 0, Tl i i 22 LL 3/
HEAKRTMH QPR A1 PSO-CNN ML RERE A 4 B B IR X AN [R], 2 2 40 X 48 B TR SR A S 75 i A i

X 2 AR 5 AR 3o
At — 2 H e AR AR L& BRI AR, A5 ATIREE 5 Il 2R 4215 5 R 1% 2 (RMSE) Y L
1
RMSEm
P=RMSE. ©)

train

He,  p & T4 RMSE B LLIZR4E RMSE.

YA p AR AR BN bR, [FI 455014558, MNRERN R2RIFATEREMNT. 2 p WERT 11, =
WA AE MR AR B RR ZE LN GRER I AR ZER — BRI R AR S NAER R2 LT
AR, U R R FEA R T, 2 A7 [F] - 35 M 1) B AR 2 [ ARV OQIBC I I RE e, HoAA RAUE
FRRFAE o

PSO-CNN 7£ 0~10C. 10~20C. 20~30°C. 30~45CHI 45~60°CIX[A][] p 4354 0.54. 1.85. 0.37.
1.57 il 1.28. FHH, 10~20°CHI 30~45C X [AIAR S 1R ZAH BN GEA PR, HR4E R 757 51IA 3
0.8410 F10.7785, Rl S W-F- XM ] AR R SRR (i %5 . 254 R2 I RMSE 4558, PSO-CNN KR H
ZIRX B RGN E, EAREXAAE—ERZ iRz, FEEEY KRR —PRIE.

4.6. REERMSIREKRIFTIL

ARSCAE Y LLP P80 B A% A S B 0 E B AN AR, H Rl M IR S T AR R T G T T BA A [
AR AR . AR AR SE AT R . EAIRE  FRERRE . A EAORE . MR IR IRE S
PRI, PPN S SR S e R BUA I 2 AF MR . S5 MR 5 1 Bt m) BN AR 2 R 2R
itk R, MARE S SR - 8L - MR R 10 5 B A A

AZ AT BRI A3 JBE 2 LA SV S T O IS AR AR P S PRI R M g A 55 IR S T g
AR TR YR AR T A 2 SR I 1 SRR, R IR TR S5 A S5 Y B A% Rt R e 2R S s AR &
AT A ORI R TR AR R A RA SR RE, A R P AT 22K A TS A N2 A i 7 s IR A5 e 1] A A A
o BT8R SRR - AR R D HOE SISl AT 3. MR KR BB P51, AR A
BEE B B _E IR TR ZR AT GOk, AR AR TR AR ) ) T 2 S A TR R 2=

DOI: 10.12677/hjce.2026.158212 173 T AT


https://doi.org/10.12677/hjce.2026.158212

RE M 5%

FITEA, A SRR S FROASE R 2 B P 1 36 T 45 A 1 2R B tR 0 BB S i A B 5 A S Iz AT R3S
AR s BUR IR N P 3755 o BEXEAS RV SRIX S, AN R S5 M 21 51 0 B A R AR A B (e i, A
2 M0 A I 2 2 A 0 9 e PR ST REAT N 2 DA SR o Jm BRI TT AR W] DASE— 20 51 N, 423,
PEFU R, MBGREE, REREAKE, Bk, MEZARRIEAFRIICREZRRIENEL, HFHEE AR
i DX LR AN [ BRASE A A PO R 00 R e, 25 DA 5 SR T K] 300 A8 ) 2 2 i 2 43 R 0 Dk B B A 7
X 3k P 1 L«

5. &t

PRFET™ P8 FH BT w2 B 0 B K A S, AR SCa AT 7 O R B S M 6 2 V05 7 B T ) PR T80 2 37
o i) S AR W N R K - FVE LA, JEEREE T QPR. CNN. PSO-CNN F1 PSO-BP #5585 A [6] 35 [X A 4 )
MRS, EELRWR:

(1) PR THT PRS0 PR L AT P Sk Y VR S DRl AT I ) F R Al . 8 T I i ] 44 10 38 A1 56 cm HR AL
()il B e S MRAE 73 ) 9 22,4 13.7+ 3.9 A1 1.9°C, R JE IR 74 1.00. 0.61. 0.17 A1 0.08. #H it A]
¥ 0~10 cm Y5 RIS EE WA B X, 10~30 em o BRI E 0 I X, 30 em LR RAAX R E X

(2) ANIFI G K6 J23 AR vy 7 A ) B A B S R B RIVR B 22 5 AL A2 TRIZVHTE 2 1 B AR I sk
Bk, WIEREER NIRRT 52 . Al JEIRE- G KM A AR A R? N 0.927, B2 R4S R
N 0.990 FIEAAE FH B BN IR IREIR B 51 kS oA S R P 3 T o0 AT, JR ik — 20 U A R B R 25 R I
B AT AE T A A T AN R G5 460 J2 7= A 22 5 A RO 1) S92 78 i

(3) 2R X 2 A A (1) T 4 e LA B R R X 22 5% o PSO-CNN 7E 0~10. 10~20 £l 20~30°C [X [i1]
(R EE R2 735104 0.8663 0.8410 A1 0.8550, RMSE 73 %4 1.3510. 4.4881 F112.0912, R H B4
G TRIERE; PSO-BP 7E 30~45°C X A H A — & IR AR 5 . QPR J 7 HLHEAE H 43 vy I DX 1) 22 0 B 4 1)
ARG RET), UL S A WS B R ARTE AT A T X1 5 e s, AL I 438 B 45 4 BRI T ol A vrAN
fabr.

(4) PSO-CNN ZEA AR X Mgk - MR Z 227 IFA—3, 286 R, RMSE LA p HXE, AR
PHAESRXH B REESWETE I, AR KIS R —ERZ M RZE . FONRALE & A
Tt A @ B, AR, SRR, S5 S KRR LA R M B2 A S5 TR Z s Ik N L, BT DX
AN TR B85 DX 3 P (10 P 7545 5 224 b ) 0 Y00 500 0 A7 1 5 AR BT o
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