53 % 8 iE R Ot % R
2025 £ 8 H

Vol. 53, No.8

JOURNAL OF THE CHINESE CERAMIC SOCIETY August, 2025

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20240572

e 8 1 A E VR B - S v LB A ik S 4 SR 2 TR B PR R

ft Y g, 27k TRE? £8)I
(1. ERBCBE T K2, A53E -5 M TAE2AE0, BRI 4300635 2. BRVBE TR 2%, RERR LRl 5 et bt 4 [ o 55 seie =, i 430063)

B E. BRI B (LCUHPC)ZR A RS0 5 B BT Z (8 BT PR RE RO M 3 G B o Qo] iy RO SE IR e £ 2 T
e, IFGIEHNLTERAN, T RE B RAL R WOW SCERF I S RREBE RIS U e AORHIR A1 BT RE T A5 R R AT . T
AT B T ZSRBBA SERR T UHPC (RIS (L, M 3D FRASOCHMAGRIBUA MF & i ) =4 S0 Hodls; i
MATLAB AR FH e 08 ¥ 75 12200 i 2 00 AT DR IR AL 2, O B A A S T K = 4 TS0 L, R P o e O 2 S U I
UHPC (WO SO e, 25 18 BT Al P e LR L A S, 5 T4l i S B i b XCHE VT P i3 e i
IR ETD; K2 WECEL S B BRI S 50T 0 22 Ry SEERITI S 7 RN 22 Ry JE 58 TS M IE IR EMTD. 3561 24 W i
TR EMPD FIRUR S 24 Cyrs BN S 4 RMS 5 ETD WA RIEREAT 204, 45G 425 UHPC-I. i 2 — e & o
BRI H (SMA)E SR FPTBTIRE, # 25 CAHI-10 CHIPITRE S E-MEn S 8a &, @A 7 Highs. 2REIRIRL
PR R . G5RRN]: T RMIGIRIE ETD R A MCRILARR UHPC RITMIRERE ; X LU IR . AR RS L N 47T

BIMERE, B UHPC RIEMMEE MK, ETD K, HyisivEasthikdr, SIUI5aE 25 ‘Cik %) 0.95 MPa, —10 ‘Ci5%] 5.24 MPa.

2 UHPC 32108 BAIE R ETD 4 0.85~1.15 mm.

KGRI B ERERE L Y RMNERE; SRR SRS RIHIREEE; PUBY SR
NEHS: 0454-5648(2025)08-2273—14

hESHES. TUS28  XHERER: A
P 4& kR BT iE): 2025-01-10

BB E AR EE 1 (LUHPC), BEARH. &
SRR 6 1A A 20, S K T AT T M 12
BN E MRS BRI . 24 F AR T 258 %
WUZ R AR, N THE MR R RS FE B 2 5
=Y TE 7 AN 717 v - M s 2y o 7 Y S S A S
e Ez P,

4 FT K U A A R 2R TR RS AL T2 R AR
o FBREBAAE ., 7R IR i A
WEAR T, ZIME. e, a4 M T ENRERE
e RECHAT T 00, A T2 PSR ENE
Fo WA BLE ZHTEBHEREE. WESH
R R VSR, i VR R AL S 5k P 2 Bkl A
KM, I BIET 7 FRRSFR AL, 3R A
[EARHE 25 S o D), wF R, & iiTE
AOFR S, e T (A A Ak ARG 0, 2 R
ZEGe 1B BRI, s ETB s, P
RORARZFURHOREE . S5 R AR DA R I FL i g
FRITH R S R R A, 3 ) Fukh T AR s A B R

Weks H 3 2024-08-29, BATH W 2024-10-18.
BEGWH: EKERE S (U21A20149).
B—EH: A FEQ972—), B, L, #Hix.

[ I P AL P IS TRD R, HL SR TR RS PR E
Zeng SEVSHTR I, HAVFEEE RN T LUA BT
TR TR B - T EE AR AR A, (AR LR FURE L I B
HIEAC LS RIRMIEIRT . R EfR A, BT
UHPC #5428 S5 25 LR ) T A58 A ) A
%, BRI AT B L 2E SR RN B B3
RIfLHs, AT HA R AT %, AT BAMN
FENUBAL R ERBIR N, HAERMB SR 1
HAW RS, 1 H ORI R ) — > 5 2
TAREETT. KT, A B SRR 5 UHPC SR
REA TESH R R AL S R O SO PR T
RIS Axii, A il DIRAIRT .

7 T A A T 5 OO SR R A 2 6 St R
SRR B TBTIVERE . AT AR SO 3R AU
A B BRIGREE. Botis. Z4ENE. B
(BVE T2 B I R AR 3 2 R ) — 4 B R AT )
B, WOLIEEAN & DISRIGR L 8E,  = 4 &k
Ae e X 2 2 R AT A P4 . Jin 25PTE I

Received date: 2024-08-29. Revised date: 2024—-10-18.
First author: FU Jun (1972-), male, Ph.D., Professor.
E-mail: fjgrant@whut.edu.cn



. 2274 - CREFR Eh22 4D

J Chin Ceram Soc, 2025, 53(8): 2273-2286

2025 4F

BOEFI B T R AT =4 E A, R R AU
BT TS R B (eMTD) . Weng 251 B
3D WOLHHPGREBGHE ZRIME R, HETER
FH 22 XU AR X 56 T SRR JEE HEAT 1 454 Dan 251
P T — PR T T SO FE I = 4TI ROR
AR, I T AR R AR VA R T R T AL
HEIRFE - Chen 25 & 7 A il P B4R AR R 4
(ACRP %%i), 454 MATLAB #1 Python & | i
PETH R T SO = 4R R, HH 5 T ARG 24,
HEREWZ RS ZGScan TR TalBoG X
RS AR 2. Gao Z(PhEIE N TARRPIEAT CT 14
VN E W BT I BCERIR S, AT T SRR Y
fiE, FEMRAE CT g B IE TR IEZ R, 1
TEOME IE(E S LB R M R A

AT B AR UE G i LT BRI G (GPS) & T 45
Ty R R T ARG FE 2 80 S D) (GB/T 1031—
2009)I8 7 K E AT IHRERE R, T I HRE BE R E
R, FH s SRS FE 5 BT Ry SRR AE X 3 T R R i
P2 RN Ry Ry Ry S5 BRI S S M0 AT 47
B, TR RS S AR I S U TR 9%
R, B R VPANE RS R AR R T RRE R AL S
L, Ry A Ry JIIE FH -T2 08 88 20 A A O RR A4 2
fife O TOR P Al 4 i 5 = RO 1  BR SR
BRI ) = AE L0, 456 2 O SRR I 0T S 11 B %
PEREHEATHT T, 73 MPD. IR 2B & 451 i) =
PEANFE bR . Adams ZEUTURFH = 4 6 B I FrD 1
TR, $EHIRFRSECT IR MPD 1T
i R TS0 . Ding 25U SRIH LS-40 651X &% 5t
T G b B R S T SO, IRk 5 QB A
A5 (¥ BE P {8 (BPN) 55 % T S B SR AR JEAT 1 A
ST BN SR T 2 B [F] R R
Fit b 2 HOOS HE AR 2R T ) SORL ) BRE M AT R
75 W B — 8 AR AN BB T B s R AN R THD (1 58 B
. HEMEEESH bR, MPD H T iHE B I
MEC BTSN, WS S 548 br E ZE R T MR
PR R PO, 525 UHPC 26 1 AL 3T BHLRE
WG A K& G RN A e AL AT, B A
VR B Elo U TR R LR RV S 8, R
RS G ] 8

BYYI 8 S AT RHE BT D) /R R T 8 K R )

R, AR RSB VN SIRE I — N EE S
B WRKREPTIRFORIL, WA b AR
ighn, JRIEPUBYRE G CAGE T, M e fi
R < B0 R8I XS 5 JBE L 2% 2 Xt 2= [ 8 BY 5t J5E
ORI o 25 P L R RN BT KL E 15 2 1A
BYD) R LI AR, A9 R = (R4 BY 56 R )
SCMBOR, T R JZ R DUBY PR R . ™ RKR
SRR LG BEAR IR B Xk 32 T 98 47 432 B AL R 1) 9
BYRCR T ALAL R, RELRE LA R, I
DUBIVERERUAIR, JFRM B R M. WG IR K
FEAELFE b VPO 2 AL RE 52, PP R R MO i
DRIEXTFUBIPERE R MK o X AN [RIREL R 52 1 9 41
Gl R U PEREHEAT 0 M, A AT R FURLRE
JEE B A ko L7 B 5 E 1Y R

STk, 8N 3D FREOCHM SN E LT
BJE IR A SRR BT UHPC iR i, 3k
1500 = HE SO AR REAT 04T, KA R g iR
LEVEIE ) IS AT B AL 2R, B A = 4P
S, B — 2% 8 e S AT 4 ) i RV EAN 4R A
kB A RO SR S H R b 5 BOs R R
PRI AIAR G, 46 1 UHPC—re 4 #8025 771
—SMA ifF, FRRAFPAFRERE . AFREREZEL T
WIFRIBTUIIREE , If 0 BN SO S 4 E bR 5 8T )
SR P AR TR AT 2k [ 9 3 A

1.1 #&

B2 UHPC SEHUKYE . B R S ER RIRE IR AE N
JREERA R, T PR A AR, HER L& LE W
£ 1 MERMERA RIGFERIZE, 7R3 UHPC
i) & PO B THUR 7R R AROR . R ARLE KA S S AT A
RO BT 0 K LIRS, ARAEER T UHPC 1 N3
TR o AT A AR E A N Si02 ALOs,
HERUSRE 1090 kg/m® . FWLEE 2190 kg/m®. WK
H 1% FEEREN 155 MPa. . ZILHE:
RUATLAPEK UHPC HE . /s UHPC 15 #A046,
$ETE UHPC [ /15 BE . BERT A B ILBR 2, Bk
BN FFYER, M3% UHPC FI/KAGIERE, AL
18/> UHPC WL RIFLBR R, (515 A 3045 44 55 n

I
PR
ok

%1 LUHPC #HERALL
Table 1 Material mix proportion kg/m’

Cement Microsphere Silica fume Coal gangue

Steel fiber Expansion agent Water Water reducer

710 150 180 903

132 75 187 23
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Fig. 3 Actual operation diagram of 3D laser scanner
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Fig. 4 Three-dimensional topography of surface texture after filtering processing

HIE 4 PO, gt di bl )G, =4EE5 0+
A5 THTRRE 22 A K, P 2R T 2 T Y P S g T 7 o
RIS A Pk m . BB AL EBE N, 378
DRIEFRFSIINGE, W AF R A 22 A0 50 v B 32T -
Tho WAFERE MR, RIMIEE K BCEZETR D . X
SEUE(E FH AW 2T ZE R A7 72 51 RS, B AL B 18 »

A YL 7 R IIR TR, I EECEE
Wb o
22 HRUMUBHEESS

BT AR X AT e A S (B, T (A
a9 0.1 mm B iz A%, IS 2|3l UHPC %
T =2 S = RS XYZ A6 FR, B4 40 mmx40 mm



o5 53 &5 8 1 A7 SR B EE e P RE TR BRSO RE AR S A sCR A J2 R 4 BT 1 e . 2277 -

(B X IR 22152 16 TR i AN E I X
HAAEZ R YZ S . AT 80 5
M, FERAMIAREAE 0.01 mm, %08 ) SEARE AT
FEHORFEIRIBG @I, B 100 HZ. #37 Xk 5
Fras, DAlR 2 il a DXIREa i 5o i,
IEHL X=1 mm B 1) YZ 5B, G = 45
17T BT 8T, BEARAR NI IE], AR AR S
FAE, R BT 3D FRFBOGHEIAAC I E I X
E RO N YZ 5 THT R SRR -

35mm| 40mm_ S50mm 40 mm L35mm
I I | [
ig
g
w
on
a b
g
g
(=]
(=]
(o]
@ d
I g
=)
wy
o
" 200 mm

K5 ey Xk
Fig. 5 Clipping region

i DL AR L P AR SR AT I 7 0 IR R I 2
TR PR AR AT IR A . IR A R E
BRFIR R AT, R EUE B XA N R AT R 34T 8
PRI o AT S I F B R AT

R(f)=H(HE(f) ()
A RO HHAS 5 )T 51 H(F) A BE ik 284
e AU ASE R XY WAL DA EREAINE TR A5 2 118

PRLREE S, ERFIE R AME . oy 45k
RAZE IR AT ULIRFAE s BV REAE DU 2 A Ak 1) o
2oy AR N (VA 2= R (2911))) ) NG AT R o 1
MR RFAE . TEA TAES, WS HOMA SR 2R
R FERK 1), AH T2 T E a2
RS . ERINPUEITERE IR bR, XA K}
(1) S A HES B A IR = B 2R, Rk S5 AR} 2 b
TEYH E XH AN .

2o ALFT B BT UHPC 342 351 T P 9 1
Iy R /NFE S, A ST B U2 R HE A L IR T R R
LR KT R, s SR A O SR K
I~ 0.05~0.50 mm, %M SCHE W KVEEAN 0.5~

50.0 mm. MRYGHEOCFARIRE HIE A, B x AEE T
(T, FIH MATLAB #0256 1 T 0 AR 34T Fn
SE, T BT AN 20%00 5 7% W SRR 4L
R . G5E B A 15 AR ROW S0
£ 0.05~0.50 mm, A3 AU A 2~20 Hz,
FEEFR KN 0.5~20.0 mm, 53 P #R BU
0.05~2.00 Hz.

W W M BT Y) X 33T UE Fourier A8
Fourier W45 77v2:, 4 I 32 490 ol A s AT e
o RN 38, 3 3 18 A O U o L RN RO 4
HRECIEHEATHREL, LA X=1 mm A 35843 T ) 22 T
SUH i A A, Ik 3.

£33 X=1 mm RS FIEREMRNLCES E
Table 3 Macro and micro texture height of X =1 mm section

Y axis Macro-texture height Micro-texture height
coordinates/mm Z;/mm Z>/mm
1.00 -0.079 4 -0.0194
2.00 -0.1412 —-0.006 3
3.00 -0.1625 —-0.000 3
4.00 -0.2132 —-0.005 7
5.00 -0.208 2 —-0.002 6
6.00 -0.028 4 —-0.001 6
7.00 -0.1173 —0.000 9
8.00 —0.0587 -0.0275
9.00 -0.0211 —0.005 4
10.00 0.1155 0.007 9
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Fig. 6 Corresponding contour lines of macro and micro
textures and profiles at X=1 mm
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Table 4 Structural depth of specimen after shot blasting
without steel fiber (mm)

Test Clipping First Second Third Mean
piece  region  measurement measurement measurement value
L-1-1 a 0.47 0.33 0.32 0.38
b 0.45 0.31 0.37
c 0.41 0.38 0.28
d 0.49 0.35 0.42
L-1-2 a 0.44 0.42 0.28 0.37
b 0.31 0.35 0.37
c 0.48 0.33 0.33
d 0.37 0.41 0.32
L-1-3 a 0.27 0.42 0.42 0.37
b 0.39 0.37 0.23
c 0.33 0.33 0.37
d 0.46 0.48 0.36
L-2-1 a 0.57 0.71 0.51 0.61
b 0.53 0.68 0.53
c 0.56 0.65 0.66
d 0.59 0.63 0.71
L-2-2 a 0.62 0.61 0.53 0.60
b 0.52 0.67 0.58
c 0.50 0.66 0.61
d 0.63 0.72 0.57
L-2-3 a 0.66 0.52 0.73 0.59
b 0.52 0.57 0.62
c 0.47 0.61 0.58
d 0.62 0.69 0.48
L-3-1 a 0.83 0.77 0.81 0.81
b 0.87 0.79 0.77
c 0.85 0.76 0.73
d 0.86 0.81 0.86
L-3-2 a 0.73 0.88 0.77 0.78
b 0.81 0.73 0.69
c 0.85 0.82 0.76
d 0.75 0.79 0.83
L-3-3 a 0.91 0.82 0.87 0.82
b 0.83 0.74 0.67
c 0.93 0.80 0.84
d 0.72 0.88 0.79
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(b) Statistical map of sample distribution of tectonic depth data under the

influence of steel fibres
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Fig. 8 Statistical distribution of height samples in a cutting area of L-2-1 specimen

x5 WALEZIETBITMNER

Table 5 Evaluation index under influence of steel fiber

The structural depth of steel fiber

Increased Average increased

Shot blasting degree Specimen number is not considered/mm ETD/mm percentage/% percentage/%
Shot blasting 2 times L-1-1 0.38 0.656 4 72.74 75.66
L-1-2 0.37 0.618 3 67.11
L-1-3 0.37 0.692 4 87.14
Shot blasting 4 times L-2-1 0.61 0.7350 20.49 24.22
L-2-2 0.60 0.7159 19.32
L-2-3 0.59 0.7839 32.86
Shot blasting 8 times L-3-1 0.81 1.1196 38.22 34.44
L-3-2 0.78 1.0104 29.54
L-3-3 0.82 1.1117 35.57

ETD is extended texture depth.
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Table 6 Macro-micro roughness index parameter values under different shot blasting degrees

Mean value/mm R R, EMTD Cwut RMS
L-1-1 0.605 0.412 0.4712 0.784 6 0.1320 0.0317
L-1-2 0.596 0.396 0.350 4 0.743 6 0.1305 0.027 5
L-1-3 0.608 0.400 0.388 4 0.750 3 0.1396 0.0322
L-2-1 0.589 0.525 0.508 8 1.086 2 0.129 6 0.0412
L-2-2 0.669 0.508 0.5557 0.900 6 0.127 1 0.040 3
L-2-3 0.643 0.509 0.487 2 0.9558 0.1311 0.0422
L-3-1 0.811 0.810 0.648 1 1.430 1 0.1870 0.056 6
L-3-2 0.796 0.806 0.631 2 1.3392 0.160 8 0.0517
L-3-3 0.823 0.839 0.721 4 1.264 3 0.171 6 0.0539

R, is arithmetic mean deviation. R, is root mean square deviation. EMPD is enhancive mean profile depth. EMTD is enhancive mean texture depth. RMS is root

mean square.
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Table 7 Results of correlation analysis between macro texture
parameters and ETD, fitting equation and R*

Parameter Fitting equation R
ETD-R, y=1.927x%-0.488 0.931
ETD-R, y=1.040x+0.225 0.961

ETD-EMPD y=0.705x+0.102 0.881
ETD-EMTD y=1.466x+0.051 0.818
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Fig. 10 Correlation analysis between micro texture parameters
and ETD
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Table 8 Results of correlation analysis between micro texture
parameters and ETD, fitting equation and R

Parameter Fitting equation R
ETD-RMS y=17.337x+0.128 0.828
ETD-Cyur y=7.472x%-0.260 0.690
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Table 9 Interlayer shear performance at different temperatures and different extended structural depths

Slight shot 25 C shear  —10 C shear Moderate shot 25 C shear  —10 ‘C shear Severe shot 25 C shear 10 ‘C shear
blasting ETD/mm__ strength/MPa __ strength /MPa__ blasting ETD /mm__ strength /MPa__strength/MPa _ blasting ETD/mm__ strength/MPa __strength/MPa
0.66 0.58 3.5 0.74 0.78 4.81 1.12 0.94 5.15
0.62 0.54 3.34 0.72 0.72 4.63 1.01 0.9 4.9
0.69 0.62 3.57 0.78 0.81 5.04 1.11 0.95 5.24
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Extended Abstract

Introduction Lightweight Ultra High Performance Concrete (LUHPC) exhibits attributes such as reduced weight, high strength,
and minimal shrinkage. As a substrate for paving layers, the surface roughness of LUHPC is a critical determinant of interlayer shear
resistance, tensile pullout resistance, and the prevention of early slippage and delamination. Notably, the lower surface hardness of
gangue porous aggregates contributes significantly to the textural enhancement of LUHPC surfaces. The incorporation of steel fibers
not only strengthens the internal bonding within the concrete but also influences the surface texture of LUHPC after roughening
treatments. Despite existing research on the textural properties of pavement surfaces, there remains a gap in understanding the
preparation of roughened interfaces for efficient application and the quantitative characterization of macro-micro texture
characteristics and roughness influenced by steel fibers, which correlates with interlayer shear performance. While existing research
has investigated the texture characteristics of pavement surfaces, there remains a critical need for further exploration into the
development of roughened interfaces that facilitate effective implementation, a more detailed quantitative characterization of
macro-micro texture and roughness, particularly under the influence of steel fibers, is necessary. Such investigations are crucial for
establishing a robust correlation with the interlayer shear performance of heterogeneous paving materials. Additionally, Lightweight
UHPC-high viscosity high elasticity binder-SMA specimens were fabricated to assess shear strength across different shot blasting
intensities and temperatures. Linear regression analyses were conducted to model the relationships between macro-micro texture
parameters and shear strength.

Methods The surface roughness of gangue aggregate LUHPC was achieved through a shot blasting process, with three-dimensional
texture data acquired via a handheld laser scanner. The point cloud data was processed using Gaussian filtering in MATLAB software
to reconstruct the specimen's surface topography. Subsequently, both macroscopic and microscopic texture profiles of LUHPC were
extracted utilizing a band-pass filter. The influence of steel fibers on the surface roughness of the specimen was assessed. An
enhanced evaluation index, the Extended Tectonic Depth (ETD), was proposed, drawing upon the sand laying method's measurement
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principles. The correlations between macro-texture parameters (R,, R, EMTD, EMPD) and micro-texture parameters (Cyr, RMS)
with ETD were analyzed. Furthermore, the relationship between shear strengths of the LUHPC-stress absorbing layer-SMA
composite specimen and both macro- and micro-texture parameters was examined.

Results and discussion As the degree of shot blasting increased, the surface of LUHPC became rougher, the ETD grew larger, and
the shear performance of LUHPC-high viscosity high elasticity binder-SMA improved at different temperatures. Under the influence
of steel fiber, increasing the degree of shot blasting effectively enhanced the overall shear strength. With more shot blasting, the
coverage of steel shot on the specimen's surface gradually increased, the depth of sanding continued to grow, the height of the steel
fiber protrusions increased, and the peak of the specimen profile became larger, while the surface depth of the non-steel fiber portion
tended to be homogeneous. The correlation of the ETD with R,, Ry, EMPD, and RMS was better, and the correlation with EMTD and
Cur was average. The damage in LUHPC-SMA composite specimens primarily occurred in different surface layers of the bond layer,
with no damage to the mixture. he correlation of the shear strength at 25 ‘C with R, and RMS was good, with an R greater than 0.85.
The multivariate analysis of shear strength and macro-micro texture parameters showed that for bivariate macro texture parameters
ETD, EMPD, EMTD, R,, R, the R* was greater than 0.85 at 25 ‘C, and ranged from 0.6 to 0.85 at —10 ‘C. When the bivariate
consisted of micro texture parameters RMS and Cyr, the correlation for both 25 ‘C and —10 ‘C was better, with an R® greater than
0.85. The correlation between shear strength and macro-micro texture parameters improved as the number of variables increased.

Conclusions In view of the influence of steel fibres on the surface texture of the specimens after shot blasting, EMTD and EMPD
were used to replace MTD and MPD to characterize the macroscopic texture properties of the materials more effectively; Based on
the measurement principle of the sand laying method, the extended tectonic depth (ETD) was proposed as a new evaluation index.
Multivariate linear regression analyses of ETD with macro texture parameters (R,, R;, EMTD, EMPD) and micro texture parameters
(Cur, RMS) were carried out, and the results showed that the correlation between ETD and macro-micro texture parameters was
strong. According to the comprehensive consideration of each index parameter under different degrees of shot blasting, it was
stipulated that the ETD of the extended construction depth of the lightweight UHPC surface in the interval of 0.60—0.70 mm was
considered as a light shot blasting effect, the interval of 0.70-0.85 mm was considered as a moderate shot blasting effect, and the
interval of 0.85-1.15 mm was considered as a heavy shot blasting effect. The correlation analysis of the shear strength of the
composite specimens at —10°C and 25 ‘C with the macroscopic texture parameters (ETD, EMPD, EMTD, R, R, and the
microscopic texture parameters (Cyr and RMS) showed that: The larger the depth of the extended structure, the better the shear
performance at the same temperature; The correlation with the shear strength was gradually strengthened with the increase of the
number of variables; and the correlation of the all-variable indexes and shear strength was the best at 0.999. The correlation between
all variables and shear strength reached 0.999. Comparing the experimental results under different levels of shot blasting, it was
concluded that the extended structural depth of lightweight UHPC surfaces had a positive correlation with the shear strength, and
therefore the extended structural depth of ETD was recommended to be 0.85—1.15 mm in this paper.

Keywords lightweight ultra-high performance concrete; extended structure depth; three-dimensional laser scanning; macro-micro
texture; surface roughness; shear strength



