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Abstract

Nighttime traffic safety in highway reconstruction and expansion work zones is critically compro-
mised by inadequate delineation. Due to the asymmetrical light pattern of the low beam cutoffline,
this study focuses on the typical scenario of half-road two-way four-lane traffic maintenance during
the “four-to-eight” lane expansion of the Shenhai National Expressway (G15) Kaiyang section. A
nighttime low-beam headlight illumination simulation model was established using Lucidshape op-
tical software. Results show that the right-to-left illuminance ratio increases significantly with lon-
gitudinal distance, reaching 13.85 at 96 m for the drivinglane and 24.71 for the overtaking lane. Based
on retroreflection coefficient theory, bilinear interpolation calculation, and area ratio parameter
sensitivity analysis, a differentiated delineator layout scheme is proposed: Class V yellow retrore-
flective sheeting with an area ratio of 1.6 on the left side, and Class IV white retroreflective sheeting
at 8 m intervals on the right side. Simulation results show that the maximum luminance ratio of the
driving lane decreased from 13.85 to 4.08 (a reduction of 70.5%), and that of the overtaking lane
decreased from 24.71 to 8.03 (a reduction of 67.5%). Economic evaluation indicates that the bene-
fit-cost ratio (BCR) of the proposed solution is 4.58, demonstrating significant economic feasibility.
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Figure 1. Research technical route
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Table 1. Key parameters of the simulation model
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Figure 2. Lucidshape nighttime illumination simulation scene
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Table 2. Illuminance values at different distances for driving lane
FR2 ITEETEESRER

BE B /m 32 40 48 56 64 72 80 88 96
e ) B8 /1 9.60 6.48 3.65 2.06 1.15 0.58 0.30 0.20 0.13
A R M1x 31.15 25.58 18.20 11.63 6.46 5.05 3.52 2.51 1.80
LB (FTE) 3.24 3.94 4.99 5.65 5.62 8.71 11.73 12.55 13.85
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Table 3. Illuminance values at different distances for overtaking lane
%3 BEEFAEEEREE

BEE/m 32 40 48 56 64 72 80 88 96
AN B /X 16.50 10.13 4.66 2.38 1.24 0.61 0.31 0.21 0.14
A5 ) FERE S 8.00 8.46 8.48 8.24 7.82 6.94 5.53 4.41 3.46
B (A TE) 0.48 0.84 1.82 3.46 6.31 11.38 17.84 21.00 24.71
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Figure 3. llluminance distribution on both sides of driving and overtaking lanes
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Table 4. Right/left illuminance ratio at different distances (right/left)
T4 EEEARESREARELEG/L)

3\
32 40 48 56 64 72 80 88 96
BEBY/m
T8 3.24 3.94 4,99 5.65 5.62 8.71 11.73 12.55 13.85
K 0.48 0.84 1.82 3.46 6.31 11.38 17.84 21.00 24.71
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Figure 4. Right/left illuminance ratio variation trend with distance
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Table 5. Retroreflection coefficients of retroreflective sheeting (cd-1x™t-m2)

5. BE&EBRROIRER S R (cd1xm?)

R NGt VKB IV REE VKBS V REE
0.5° -4 150 110 420 315
0.5° 15° 111 82 252 189

1° -4 35 26 120 90
1° 15° 28 20 72 54
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Figure 5. Geometric relationship between vehicle, driver eye point, and delineator
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Table 6. Entrance angle values at different distances for overtaking lane
6. BEEARRESHANGBE

BEES/m 32 40 48 56 64 72 80 88 96
FMNGAIC) 9.59 7.70 6.42 5.51 4.83 4.30 3.87 3.52 3.23
BN AIC) 13.87 11.15 9.31 7.99 7.00 6.23 5.61 5.10 4.68

DOI: 10.12677/0jtt.2026.153031 343 ESLES TN


https://doi.org/10.12677/ojtt.2026.153031

FH 5%

Table 7. Entrance angle values at different distances for driving lane
R TEENRRESHANGBE

BEBS/m 32 40 48 56 64 72 80 88 96
LM /() 13.87 11.15 9.31 7.99 7.00 6.23 5.61 5.10 4.68
FMN S /) 4.59 3.69 3.08 2.64 2.31 2.06 1.85 1.68 1.54
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Figure 6. Retroreflection coefficient variation with distance
6. BEBAAMS RS ABAEESEN
Table 8. Retroreflection coefficients at different distances for driving lane (cd-Ix™‘m™)
% 8. (T AT FEE YRS R cdx +m?)

FEBY/m 32 40 48 56 64 72 80 88 96
Fei(V Epth) 48.19 61.38 74.56 101.85 134.06 166.43 198.90 231.50 264.15
LV KE ) 18.79 24.14 29.50 42.80 59.04 75.52 92.17 108.95 125.81

ik 0.39 0.39 0.40 0.42 0.44 0.45 0.46 0.47 0.48
Table 9. Retroreflection coefficients at different distances for overtaking lane (cd-1x™*m?)
9. BFRENRESNZERSFH(cdxm?)

BEBY/m 32 40 48 56 64 72 80 88 96
Fei(V pth) 20.24 25.60 30.96 44.83 61.66 78.60 95.62 112.69 129.81
AV EE®) 4071 53.85 67.01 94.82 124.00 155.38 187.08 219.00 251.10

ik 0.49 0.47 0.46 0.47 0.50 0.51 0.51 0.51 0.52
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Figure 7. Luminance ratio variation under different area ratios
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Table 10. Differentiated layout scheme
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Table 11. Improved visual luminance ratio for driving lane
=1L TEERERM AR REL
BEB/m 32 40 48 56 64 72 80 88 96
B JE e b 0.78 0.96 1.21 1.48 1.54 2.45 3.37 3.69 4.08

Table 12. Improved visual luminance ratio for overtaking lane

% 12. BEENERWARME=EL
BEES/m 32 40 48 56 64 72 80 88 96
MBS 0.15 0.25 0.52 1.02 1.97 3.63 5.69 6.69 8.03
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Figure 8. Comparison of visual luminance ratio before and after improvement
E 8. ERTE AR GETELLITEL

BEHT, AT B RS ELL(96 m Ab)Jy 13.85, R AL (96 m Ab)hy 24.71; SRAZE RAUA
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Table 13. Improvement evaluation by distance segment
7 13. TIEERNERRITN

BEES B ITEEREL HBEERER BB
1T HEES(32~48 m) 0.78~1.21 0.15~0.52 ST 1, A AU
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Table 15. Sensitivity analysis results
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Figure 9. Sensitivity analysis of key parameters (tornado chart)
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Figure 10. Economic evaluation of differentiated layout scheme
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