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Experimental Study and Theoretical Calculationon Flexural Properties of
Masonry Structures Strengthened by Ultra—high Ductile Concrete (UHDC)

JIANG Fangming', DONG Fangyuan', YU Jiangtao"*", WANG Hanpeng'

(1. Department of Civil Engineering, Tongji University, Shanghai 200092, China;
2. State Key Laboratory of Disaster Reduction in Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract: To improve the flexural properties and reduce the risk of brittle out—of-plane failure in masonry
walls, ultra—high ductile concrete (UHDC) layers were introduced to strengthen the masonry members. Four—point
bending tests were carried out on seven strengthened masonry members in this study. The failure mode, bearing
capacity and deformability of the specimens were comparably analyzed. The experimental results indicated that
ductile failure modes were achieved in masonry specimens strengthened with single— and double-sided UHDC
layers, and the strengthened specimen showed ductile bending failure modes. The UHDC layers had satisfied
restraint effect on masonry flexural members, which can significantly improve their flexural capacity and
deformability. The increase of the thickness of UHDC layer could effectively improve the ultimate bearing capacity.
The contribution of UHDC layer in tension zone to the flexural bearing capacity was less than that of UHDC layer in
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compression zone. Finally, the formulas of calculating the flexural capacity of masonry flexural members

strengthened with single- and double—sided UHDC layers were individually proposed, providing a design basis for

masonry flexural members strengthened with UHDC.

Key words: ultra—high ductile concrete (UHDC) ; masonry structure; strengthening; ductility; flexural

capacity
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8- T P 5 DDA IR A 3 s R S IR 28540, w44
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Jon [ B3 A RO B B AT IR S5 R 3 s 2 4l
FHOFEAT-Be, W] o 3 o Ja AR Eh e T B 5
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MR E ) AZIERE ) (NI EEFIFERERE 1" {H FRP Aii
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il Tk FE AN, 2 e 2, i ELTED 2 VR K (—
=35 mm) 23 KM N AN R T AR
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XF A2 BRI C L AT BT I Rl AL s B A
YEN AR B AN 22 48 T R AR AE . ZERLAR far 2AE T
ECC AR FRF 0 AR AT RS e M ik 1) 3% LA L, AT ffi 3
T8 1 T E L 4RI 1 R Y SRR SRR R
SR BN IR CAR LT Y SRk e B A AR
FEREA TR AT TR ASRSE IEW] T ECC 4
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U tERe . AT A o LA BC A R TR
BV A S AR SR B 59 AL 7 o B2 i i 6 MPa 14

o FIE P VR BE -1 3 e UHIDC N [ s A 45 44 14 4R
Bf 556 SR UHDC i [ 8 4 5% (4 40 59 18561, JiE
W17 UHDC Il )2 RE A% 1 2548 @ 25 M i P vk g, L
R A AL BT 5 1 RE AN S T BE

FE N A FE R T — 250N E SRS A S
PEBEIR IR T , A0 45 FRP AN 202 K YR i 25 4 A 1)
D)1 R 1 7 i w1 R 1 0 N 5 R e
K FH 30 mm & 1 5K 2F 4 1 5 K P w0 K T E X 4 Fr
1 000 mmx1 000 mmx115 mm (% i) {4 5% 52 $i7 00 33 47
T . Dehghan 55230 1 PU 525 i 30 96 0F 5% T 41 4
St YR O R TR | HOULIAT i [ 2T 4k 5 AR
TR PR R I [ 5 A A T AR BE A S . AR A
FERIZEE B T X A [ e AN [ 5 8 o4 8 i Ak 11 T
TS RE .

SR, [ PN M3 Sl 2 st UHDC 380 289 23 58061 R I
[E6] 0 A ALY 474 P - THT &7 25 e R a6 T 5 A [ /5 )
IRZE R B 50 R SR BAE /0 . JE Tk, IR ST
UHDC [ )z 0 RS AA B4 ~F- T A 25 PR B O3 s b s
AR Dy v AR SCR ) UHDC 112 i & )
PR 3 3 P S i N 20, WF5E T UHDC
T J2 55 T R B O T o [T %o A ) 42 R B 25 A 2R T
1 SR A RN AS I 66 1 B2, IF 457 T UHDC i )2
T GE R A 4 (R T 7R 3R TR T

1 B

1.1 X+ 5HME

AR IR (AR B A T 2 1 Rl 30y I hm )
(GB/T 50129—201 1) Hi& 3t T 9 Mg FH )
PRI, L4 2 A in [ 4 1 7 A~ UHDC 1 J2 Jon [
A (S1~87) , K514 230 mmx230 mmx1 034 mm, Ul
B . A il o e R e 245 2 i o TR — bk 2B
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MU30, JK %5 FE 10 mm. 14 S1 ) S RD 3 5 iE
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S1~S4 ¥4k JH UHDC BUIE A i, He v S1R1 S2 &3l 1
JZVETTREEE 15 mm, FH T AF 52 00 3% 5 B XoF w4 4 42F
B0 R B 1O S W0 . S3 R S4 1Y T J2E TR E 43 5 K
10 mm F120 mm, Jf 5 S2 J& Boxf L, #4598 UHDC TH 2
JEE JE XoF A A 0 4 i ) s ) L 3R S5~S7 ¥R
UHDC F [ [, 18 2 3% 3 )& B2 43 90 4 10 mm .
15 mm #1120 mm, PABFFE R ] 54 UHDC 18 2 J5 8 X
IR B sZm . 7 A ES AR SO 1.

JIT A IR A 359 2R S ) An Sy =X 8 7 =Xk 4 7
T 3 PR O T 8 T S8 B S i
T, UHDC $iit $a 72 hoin A 52 0 4k 2 in 7] (Ui
FI 5 AR, fi15 UHDC AT DL R3E 78 4 K 7E 1)
PREEFG AT . LA, by 3885 Jon (6 1 23 5 w1k 2 ] 7
] 3% 452 , FE A AAS A 0% Jon I T g B 5 DG A 1A T ik 2%

THHHHHHHH

1034
(a) o Sz 1
R4 UHDC@%

10

i3
(b) A0 [ 7.
B1 kX femE w5 8 (245 . mm)

Fig.1 Schematic diagram of masonry specimens and

strengthened measures (unit:mm)

AbFR X EETRIE N 10 mm (ILIE 1),

F1 XEFigit
Tab.1 Specimen design

45 UL AR /MPa IFEIE 3% /R ) B2 L fnm AT
(mmXmmXmm ) ZEX Zhilx
S1 230%x230x1 034 M2.5 XL 15 15 15
S2 230%x230x1 034 M1 Pyl 15 17 15
S3 230%x230x1 034 M1 pydii] 10 10 15
S4 230%x230x1 034 M1 AU 20 15 25
S5 230%x230x1 034 M1 PR 10 — 15
S6 230%x230x1 034 M1 BATH 15 — 15
S7 230%x230x1 034 M1 BAT 20 — 20

1.2 W#H #1150 UHDC i /1 M aEiR 16
1.2.1 4k L abAe s 580 3 40 R 5%

M Ciss % 3058 05 15 ) (GB/T 2542—2012)",
AT K ) [] — it A% e b il 3 10 B 2 4 6% FEAT 0
o B R, SN A A% B BT BRE R 31.91 MPa, bR
{E22 0 1.62 MPa, #E 3 Hioi i 4594 MU30.

WA, AR EC L O IE 45 BE SR | 4HKKE
B4 64, R 5F 4 70.7 mmx70.7 mmx70.7 mm. {E 5
U AR [ B A BE T AT IR, T R BT 5 B
XPRD 2R e R A7 il 3, A5 B ML AT M 2.5 56
S5 QD I B P 5 BE T B 43 5 O 1.48 MPa I
3.02 MPa.

1.2.2 UHDC# 5 54k

UHDC /2 FH7Ke RS By IR A= 0 inss Fk
e IR — 22 LU e 1m0 5, 5 £ 445 (Polyethylene , PE) £F
IR BB N 1.5%, N3 2 s . AR 58 i 7K I
RS FERRER KR PO 52.5, By MK S 4% —2% .

#*2 UHDCEALL
Tab.2 Mix proportion of UHDC

KiE Wk BB 18 mmPEZT4E
KRlg TEKIg AR

T e Al Rl RBUBR%
1 000 435 435 0.32 5 1 1.5

UHDC A il 328056 A 3 44 R SF 398 100 mmx
100 mmx100 mm ; 4l hr 3 56 F A B B X2 1 RS A
TN B A 2 BN . DY S R g b A A R
440 mmx40 mmx160 mm, 3¢ J& 5 02k &5 2 (8] (4 B
o0 40 mm. SR 100 ¢ HL AR RO BRI LR T 4
JEIRI , I3 %0 2 mm/min; S 10 17 BRI HL
HEAT L A0 AT A5 A i, 2 R 4 Ry
2 mm/min 1 1 mm/min.

UHDC [ 520 57 77 44T He 38 B R 45.90 MPa; 7F
AR EAE T, UHDC (% 1 7 -1 A g 28 1 ] 3 (a)
JIE7 , 2B f oy A8 B A AN 2 5T 240 HE A [
PUHI5E S Ry 6.25 MPa, X j 1 F7 A5 0 48 Sk 5.09% 5 DU 15
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Fig.2 Schematic diagram of dog bone—shaped specimen and

loading device (unit: mm)

RIS, T AR -FE S AR 2 an & 3 (b) B, I B BT
5RO 15.36 MPa, XTI 55 1 BE 4 3.37 mm, Itb
I BB 5 EE M 1/36.
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Fig.3 Mechanical properties of UHDC
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TER S HCE TR B AL B Ry v, 2R
TFI2 R A W IR, ik BEA T I 4305 . ik R WK

T F) A A 5t BV TRD AT S AR AR IR, L ek
HREZ H B 1 E D) far 4, WO 22 IR A 28 AUET X
R A

B S4 3R T =43 a0 # A Hoan il 35k
DU g g fn 2, ke R B A LI 4, 3
INEE S TR S A %) 7K S BE B 2 350 mm, I 1 240 A5
4 T BE R 200 mm. T A5 X A 467 B 42 ) 8 Jn 2,
TN 2N 0.5 mm/min. 247K 381 T R 20 PR 1oy 2%
(49 50% I, 45 114

350 200 350

ke

, |
L

[ ]

(=3
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[
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67 900 67

1034
() N B 8 (1~7 LA (AL 2 mm)
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()5 28
H 4 UHDC A B AptkiX A 69 m K F
Fig.4 Loading device for masonry specimens

strengthened with UHDC

TELPRIR AT B 1 5 AN ALRS T, LA 44 1 e
T H) 1 1] v B 8 Ak, 450 AT R (B R 150 mm, 2645
MPIASLAL 15 3288 A BE RS O 150 mm ; 7830 1E T
bR A= B A E T — KRR T AR
100 mm , LA 3R R 3 1= A4 K AR

2 REERSEIRSN

21 HIREES

FEM AT, hn A 2 R A Bl
TIZRAE AL 380, i 2 S 2 T K 5 i o 2 A
T, A AR T ZRL 0 B, 425 B sl 25 5 B A Ak o 3
T 0 S5 1) 15 i) SR 4% I 328 W 2 Je 5 40k 1T WOy 281 g ™ Y
UHDC FEAR T RN e 0 7 & fE P RIS T
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5 V18 361 T J22 B4 % S O R T 1 S A
ARSI fe )5 IR B UHDC 18 )28 i— 4%
AT T KRR R4k TSR T 2 TR

X ST, gk B2 v, inzk i R oy i Bk
WA ) IR 2 e TF 54, S s 1) T I, KI5 iR I
UHDC JZ7ETF 2K E% T Jr th B 40 %% %44, I 152
() 4% B8 B /N T 100 pum. 1K 2 0 AH 77 28, 78 22 M
a4 B9 7 B 7, UHDC )2 & A i 248, 2
Ja RIS AR BT B . B T B B A R AR b
RFRITTE 22 216 15 BB PR 8 88 T A I 3 1 i 3R
Rk 5 A IR, 32 o ) T AN ) 2 Ak,
El5(a) frs .

XF T S2 A, HR AR U] ST, ek A A5 i
BN, & 5(b) Fios . i TNl e, 448 %345
A FERE ZE M 5 B 07 . RIS S o B Ry 3=
LU FEMER 53 V1B % A7 3 (S2-1) i AT = %
Jnggaa 5, 37 R A1 EE A 500 mm. 565 #E b, SR Ek
814 43 BT (Digital Image Correlation, DIC) 4% AR >
TR RLEETT et 72, e 2R E S 8 5 (e) i, i
BN T R B 0 P K A O % L S A O N T 1
K, v )it e 55 T 23 S RS 43 85, 32 v 2 s R
NN 22 B8 I 2t TS PN T2 B R A
N iR 727

X S3RM:, JRR F DIC E A AT T 24858 I e )y
B, e LSRN P 5 (d) R, s e dn . sS4k
P43 A ngR) & AR T S 3 RR, 4Nl 5(e) B .

XF T S5, f7 3k o0 23 kKN, 475 B ik

(b)S2
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(d)s3

AR

W R
o e 4 2
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ElpaliiEs

(e)s4
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Fig.5 Failure mode of masonry specimens strengthened with

double—side UHDC

JEUT K 4 Bt 1) 24 5% O T ) B 5 UHDC )2 /Y
BN B R ) R R 25 kKN B, AR S A R
D5 T WY V1 Ak 4k, il T 2 BE Ok T 244k T 4k sk
TEIE A E R 3 s R IR 4k sk bt Ak a2 R R
STRAR T, T ] R BeAb 2 A % £
SLEETF LAy ot 2 AR BRI Bl S ZE N 26 A8 i 22
T B )R 244 | R RE T a2 B L 24 1 R
KB M N BRI Uk SE Tt Bk I E 7 28 25.1 kN
J& o BT IR AR T J2 A A B IR | for 3 T B iR 15
1E, HBERE S WA 6 (a) R .

A S6 A1 ST 1 2 R SR IE 245 4 1l an 1l 6 (b) A
B 6(c) i . i S6 % A= 25 2% R 3K, A B A 2%
7170 23.35 kN. 124 S7 #9222 5 R O R B 1)
REZAEE BT D) R AR i BRI 85 4 30.8 kN.

UHDC T J2 i a7 o2 il fin 48 56 vh 3
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JEREME
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Fig.6 Failure mode of masonry specimens strengthened with

single-side UHDC

FEI AT PR R IR B RE A5 T S AE AT B o 2 v A
P IR BE AL TP 18,55 1) 4 5% | e 3| 32 Ffill UHDC )2 5
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DA A v 1o P 300 AR DR, F8 03 K 45 T T2 IR
PUpL o R M = AR JE e ) . X B UHDC BR o in [ 38
A ORI 0 [, e B0 B T 0 DA AR 2 R SR
Je A7 A RYVAT 0 Wi 24 i B2, i 0L T o 1 34 7 2k
BOEAREA R se s, B EELR T ik
22 TR
22.1 FE-BFREWE

A 1 A7 28— 15 rh B B it 2 DL BT 7. AR 484
11,7 A 0 far R B A RS I SR e RS b T
B B Bl A% B E— 2038 I, BAA 1 i
TR S8 Y T8 1) 158 1) AL 5% 5 I A2 A% 19 184 o i 28k 14 o A2
g ZJamE - &A — AN, )RR
FHPS S — 2P 1) T &, IR UE T iy S A 5
1) 2 s B2 0 S QAT S W T 7SR VN2

Ty AR AR BT S R R TR &
A BRI RBIIR  fiF 20T 46 R I, Ik B BRAR S
]

700 17180  1/90  1/60 1/45 1/36  1/30  7/900
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Fig.7 Load versus displacement of mid-span curves

325 TN 00 25 RE M o 5 1 £ 4 RIS £ )
PIAR i, A= (1),

1 1
M =5 PLy+ 6L (1)

R P LB T 2k, LA L4359 Sk 5 1) BEK B8 0
KREZIANAEE B, G il A

UHDC [ 2 0 [ BB 25 R 28 4 38 ) A4 A
UHDC T JZ 9 5Tk , UHDC T 2 A BEU8 1T 84t r
T BB s A 1 B AR Ll S1~ST 1 AR R
HRE T B R e R AR IR A A R AR L 3R 3. i
S1 R FHHLIE 58 B oA 3.02 MPa B0 32 1470100 1%, Hebt
LKA T 30.4 kN, He BT 5 B R 1.48 MPa 9D
WA AR S2 4R T 49.0%. S1 H S2 K 38 1 (1 $7
FEE LRI Tk, B = om0 K AR A% Sy ) A 4
ML SR P2 BE 7 . S2-1 iR AR = A5 25 hn 28 56
2L 1R 40.4 KN AR PR A5 2] 5.1 kN - m.

X} UHDC ST A A4 , 34 S3 1y L3S 1w )22 )5
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#&3 UHDC mnE®MAFiR i 1 1R

Tab.3 Mechanical properties of masonry specimens

strengthened with UHDC

p - s [F s

Z;g i3 E&f;ékjj/ %T;i%r;/ — ﬂ(ﬁii ?m%)ﬁ/ S
S1 30.4 10.1 1/90 53 ESgiirEoy
S2 20.4 1.1 1/849 3.6 ESiR7:37
S3 23.6 7.7 1117 42 25
S4 64.0 19.3 1/47 9.6 YRR
S5 25.1 6.9 1/130 4.4 EOL 137N
S6 23.4 9.6 1/94 4.1 R a7
s7 30.8 9.9 191 5.4 STYIHIRN

S2-1 40.4 1.5 1/332 5.1 —

JEE R A 82, H 5 1 IR0 1 )23 S o JEE 8 A [,
PUAS K I 5 B TR S4 S =4y s A I #R, 3L
S LG /N T HAB A, AR BR 2546 Lo il S2 #0183 43
B E T 166.7% F1128.6%. 12K S FRARE T,
A S2 R S3 1Y TR 43 510 1.1 mm A1 7.7 mm,
Xof T2 R A A S4 , W g 2806F 7 114 25 vh
PR IR 5 19.3 mm, BE LRy 1/47 , 2 WA A4 (1) 7R 3%
JIFIAEIE e 1 Y56 UHDC A1 J2 J5 B i 3 i 42 25

X UHDC ST fin i )44, 3 S5 1 S6 ik &8 1Y
UHDC [ )2 52 I 52 B AR ), Fohi 59 7K 28 07 Ak L (H 2
A S5 & T B YR ik S6 k25 il 2k 2w 3R
F P T 2 R A 38 a0 S7 e B 7 28 T
e FRZ5 %6 23 11535 21 30.8 kN F15.4 kKN -m, #% FR K 2% 1
LA 4 S5 F1 S6 43 il $2 T+ T 22.7% F131.6%. X4 S7
(5 FPHeE IR %] 9.9 mm , FLIRfF SS 4 T 43.5%. iX
JE B TSR UHDC T8 200 ) 4 b 24 4% 1 & Je R 4
FHAESH 112 R BE R A, %o b R 1 24 SROVE bk i, HL
T J22 19 7R 2 ) STk AN AR T 3G . A, X6 b BT
FUSLTAD N &3 4 , & 3032 & X UHDC T )23 % 44 1)
P 7R DIRRE 0N, T 32 Fr DX T2 ) BTk R
222 B@iits

AR SCHUAT % T BE0.2.0.4.0.6.0.8.0.9 514 {H
i 840 W A r 28K, BE D A58 1~5 Ak 19 138 i) o7 S 2%
il AR L A A A [ 0 55 Ak g Y5 o 57 s i iy 28 1)
AN 8 (a) ~ () TR . B T S4 A AE 15 T IS
A E TR AT, B ARTEE AT L H i
B 2 AT DL B, A A VG S 00 A1 % i) 57 A i
o7 5 B B8 0 T 8 K, {ELTE 0.6 5 W (L7 3% B 2 1iT , 4%
A5 7 R 38 85 /N 13 B L o 3 o 2 A B TR

A5 40 T SR B . 7E 0.8 f W B faf 2 2 S, 45T i 7Y
U [ {57 % I ey 28 %) 385 Jonn g B S0 K, e B B
IS M B sY UIR

W 3 76 4 B iy 5 v A ) s 1~2 i
4~5 TR YIEE . X UHDC 12 00 [ A 2 25 4
P, TE IR 32 4 DX 188 ) 67 7 A8 1k 1 32 5 3 1 1 2
S0 A R AR R0, Bl B i) 18 ) 67 B KT B D) Bt
MIDLRS . FEAS ST DU S 25 m ki, Bk S7 22 A0 i 44
Yo7 22 B HE ARLARL A A8 F s 34, BRIV 3 ) 18 i) 437 S e
TR, VR AN 5 2 I A5 4 0 1 R S Y R )
PRt/ W 8 (a)~(e). A4 ST A 55 4 b B [y {37
BR TP, i Tzl —m &4 7 B R
BYUINEIR , S EOZAL B v AR

P AR 15 20 W 1 fr 28 R, AN TR) 0 255 Ak 1) 122 i)

{7 F%/mm

{7 F%/mm
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Fig.8 Vertical displacement at different measure points

LA L AR 1 9 7 (I A5 0~6 43 ) %k g 2l =2 Js
FH 22 ) A B 5 AR TN s R 0 S JA2 Ab L I 3 %68
N TR ). il S2 B AR IR e ) R 2, LB Th B
AR 1.06 mm , 378 /)N T30 S2 65 o A7 5 A 1y 15 1) o7
# 5 i S3 FN S5 AT i B AL AL AR I, V(A 28 1Y
BB L4350 A 1/90 F1 1/117 5344 S6 1 S7 #5 g i
AHIT , FEE 85 43 901k 1/94 F11/91. 56T 3.1 35 Tk
(A 2 B IR AR, P T S6 155 v A b 4R Ik 4
TF 54 B85 v I 2 de 2 R A AR A U ) o7
% e 155 v 1) T 30T - R /0N . LA A A B9 S
TH] 240 407 8 22 i 2 i v L B, AR B T s TR
PN /IN B AR RS /N R
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Fig.9 Vertical displacement at peak bearing capacity

223 ZERXFeda K K-FHB

WA far 2R AE T, 45 1A 78 15 v 0050 00 s 8 U
FFHIKEARTE A 10 Bt . R 3K RS 18 2 7
JEE R TR E M , % T UHDC S i i , B S1~84,
AR A5E B 2 2 AE TOUHS 1fT J2 M IfT , 177 UHDC BR
T fin R, B S5~S7, 138 K S A0 B 32 24 7 TR
Ao A T, 57 B8 3 13 Bk I B 22 R, Ol B U B A2
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Fig.10 Horizontal strain in compression zone and tension zone
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Fig.11 Calculation diagram of normal section bearing capacity
of masonry flexural members strengthened
with single—side UHDC
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Tab.4 Comparison between experimental and calculated
values of flexural capacity of masonry specimens
strengthened with UHDC

WSS e/ (kN-m)  FFRE/(KN-m) B {E AT RE
S1 53 4.08 1.30
S2 3.6 4.64 0.78
S3 4.2 2.69 1.56
S4 9.6 4.08 2.35
S5 44 3.94 1.12
S6 4.1 3.94 1.04
S7 5.4 5.23 1.03
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Fig.13 Comparison of calculated and test values

of flexural load capacity
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