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Large-Scale Testing UNIVERSITY OF LEEDS

Principal aim: obtain an extensive experimental dataset
via testing a large-scale bridge, with focus on:

(1) 3D response,

(i) understand accumulation of damage and

(i) support development of high-fidelity models

" Bridge span = 3m, with backfill and spandrels

"  Bridge constructed on a stiff U-shaped RC test bed
"  High strength, low water absorption bricks

=  Backfill type: crushed limestone (granular)

" Loading: various point load positions / magnitudes
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RC Strong floor with regular array of
anchorage points (@ 1.55m centres) &
\ cyclic load testing infrastructure




U-shaped RC test bed UNIVERSITY OF LEEDS
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Construction of RC base slab with end walls

* Dense reinforcement arrangement
adopted for the RC base slab and end
walls to enhance stiffness.

* Thickness of base slab = 300 mm;
thickness of walls = 540 mm.

e (C30-grade concrete used for
construction.
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Design and construction of masonry arch bridge UNIVERSITY OF LEEDS
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(c) Elevation Section C-C'

Key parameters

(d) Elevation

*  Dimensions of the bridge approx. 5.9 m length by 2 m height by 3 m width

Height of abutment: 600 mm (8 courses). Thickness of abutment: 440 mm (two brick thick)

»  Backfill: Crushed limestone; Backfill Depth: 300 mm over the crown of the arch barrel

* Type A engineering bricks bonded with 10 mm thick type O mortar joints (OPC:Lime:Sand 1:2:9)

*  Arch barrel: 3m span single-ring header-bonded arch barrel (215 mm thickness); 4 to 1 span-to-rise ratio



Design and construction of masonry
arch bridge UNIVERSITY OF LEEDS

(b) Abutment and lower part of spandrel walls

Bricks were precisely cut to form
inclined faces of approximately
36 degrees

Two-brick thick,
stack bond

Note: to ensure consistency, and minimize variability due to
workmanship, the bridge was constructed using a single bricklayer

(¢) Single-ring arch barrel with a header bond(215 mm thick (d) One and half brick thick (e) Arch-spandrel wall

spandrel wall (English bond) connection
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Timelapse — Bridge construction  university or Leep
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Steel reaction frame UNIVERSITY OF LEEDS

* A steel reaction frame was specifically designed for \
mounting the hydraulic actuator and applying
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.. Longitudinal beam ——
Steel frame was rigid \ g
Beams and columns were steel I Transverse beam ——
. Off-centre
l-sections. I
Actuators can be mounted at | '
Movable beam Centreline
the short beams | ]
The short beams can move | , Off-centre
Loading platen
transversely for the I
application of various loading ]
scenarios; P

- S S S S S . - Quarter Mid _Three
span span Quarters



Instrumentation layout

North side
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* The masonry arch bridge was well
instrumented by a variety of methods
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(g) Use of Laser
scanning and
photogrammetry




Material characterisation

UNIVERSITY OF LEEDS
Table 1. Material and mechanical properties of bricks, mortar, masonry, and the backfill material.
Properties Units No. of tests Mean values cv
Compressive strength of brick, f., MPa 9 111.3 6.2% .
: * All specimens
Young’s modulus of brick, E, MPa 9 31762 15.7% constructed at the
Tensile strength of brick, f;.,, MPa 9 6.730 13.5% same time as the
Brick density, p,, kg/m? 9 2470 1.3% construction of the
Flexural strength of mortar, f, ; MPa 20 0.627 20.9% masonry arch
Compressive strength of mortar, f; MPa 40 1.736 25.7% bridge, and tested at
Young’s modulus of mortar, E; MPa 40 128.6 35.3% the tin.’le Of. testing
Mortar density, p; ke/m? 20 1680 2.3% the.brldge |..e.. same
curing conditions.
Friction angle at brick-to-mortar interface, ¢ Degree 3 44.9 -
Cohesion at brick-to-mortar interface, € MPa 3 0.40 - Designed in close
Compressive strength of masonry, f.., MPa 3 30.84 24.2% association with
Young’s modulus of masonry, E,, MPa 3 10128 48.4% colleagues
Friction angle of limestone, ¢, Degree 6 47.8 - developing
Limestone density (bulk), pp kg/m? - 2150 - numerical models

Small-scale testing for material characterisation
(a) three-point bending tests on mortar prisms; (b)compression tests on mortar cubes; (c) compression tests on bricks; (d) Brazilian tests on
brick cylinders; (e) triplet shear tests; (f) compression tests on masonry prisms.




Frictional parameters of brickwork-backfill interface UNIVERSITY OF LEEDS

(a) Spandrel wall-to-backfill i

nterface

Masonry specimen with

e an English bond pattern

A 10 mm
/_ mortar joints 631 -
: —

Size C

Masonry with an English bond pattern

(b) Arch-to-backfill interface

3 [«—— a soldier course bond pattern

Masonry specimen with

(Approx. 282 x 282 mm)

Masonry with a soldier course bond pattern

Size A

[es

: (Approx. 282 x 282 mm) Lo P

155

Size B

Cutting bricks (unit: mm)

Design of masonry specimens

Brickwork specimen with
an English bond pattern

Brickwork specimen with a

soldier course bond pattern

Normal stress

Upper box
Gap screws Backfills
(clay or limestone)

5 mm gap opened
during shearing

Plaster filling

<

Lower box Shear direction

Interface shear box test setup

More info, please refer to :

* Liu et al. 2023. Construction and Building Materials, 397,
https://doi.org/10.1016/j.conbuildmat.2023.132347.

* Liuetal. 2023. Engineering Structures, 292,

* https://doi.org/10.1016/j.engstruct.2023.116531.

Samples/interfaces Friction angle (°) Cohesion (kPa) R? @i/
Clay 37.2 30.0 0.950 -

Limestone 47.8 0 0.994 -

EC With cohesion 14.5 16.7 0.942 0.39
interface  zero-cohesion 19.2 0 0.993 0.52
Ne With cohesion 12.9 20.9 0.967 0.35
interface  zero-cohesion 18.9 0 0.991 0.51
EL interface 333 0 0.994 0.70
SL interface 35.7 0 0.999 0.75



https://doi.org/10.1016/j.conbuildmat.2023.132347
https://doi.org/10.1016/j.engstruct.2023.116531
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Loading protocol: Induce increasing level of damage  UNIVERSITY OF LEEDS

Quarter Three
South-side Abutment span S quarters Abutment

9 loading locations (point A to point 1)

First load was quasi-static, then 3 quasi-static cycle [[T1] ]JHIIH{HH HHHI IHHHHHHHHH HH]

Load platen
* Lowe-level: 150 kN (elastic limit) 300 by 300 mm
* Mid-level: 250 kN (less than 50% of ULS) E E nr
* High-level: 560 kN; E<—>W E E . m a

* Failure-level tests: until failure n E H
Specification for the loading area | '

300 by 300 mm for the low- and mid-level ’WJTJTUJ u 'UJAJTJJJTMIMMTM*LMM[ u IFLLJWLITU*

—— 871 i 587 —— 587 L 871—

2915

300 by 750 mm for the high-level and ultimate North-side 2065 775 —+— 1775 2065

Testing sequence —————»
location| T1 (T2 | T3 (T4 | TS | T6 | T7 | T8 | T9 |T10(T11|T12(T13|T14 | T15|T16 |T17 (T18 |T19 |T20|T21|T22|T23 (T24 |T25

: "y . 1

I Mmoo n|lw
|

Low-level static Mid-level static High-level static

- Low-level three cycles - Mid-level three cycles - Failure-level static
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Loading protocol: Induce increasing level of damage UNIVERSITY OF LEEDS

Quarter Three
South-side Abutment span erwn quarters Abutment

9 loading locations (point A to point 1) ; ]

First load was quasi-static, then 3 quasi-static cycles [T H [T H 1] ILIOLL }pl[atleLl T |
* Low-level: 150 kN (elastic limit) nﬁsoe by 300 mm
e Mid-level: 250 kN (less than 50% of ULS)

0@
*  High-level: 560 kN E<—>W EE _________

*  Failure-level tests: until failure

Specification for the loading area

;871ﬁt587ﬁL587J871ﬁ

2915

300 by 300 mm for the low- and mid-level MJ@MWMJMJMMMMMLM”

300 by 750 mm for the high-level and ultimate North-side 2065 775 —+— 1775 2065

Testing sequence —————»

location| T1 | T2 (T3 | T4 | T5 | T6 | T7 | T8 | T9 (T10|T11|T12 | T13|T14 | T15|T16 |T17 (T18 |T19 (T20|T21|T22 |T23 |T24 |T25

: "y . 1

I Mmoo n|lw
|

Low-level static Mid-level static High-level static

- Low-level three cycles - Mid-level three cycles - Failure-level static
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Loading protocol: Induce increasing level of damage UNIVERSITY OF LEEDS

Quarter Three

9 loading locations (point A to point I) South-side Ajbmmem{ spen CIOMT quariers  ARumen

First load was quasi-static, then 3 quasi-static cycle FRRNNY ERARNAN H [T l 111 H 1] [LIOLL }pl[atleLl [T i
* Low-level: 150 kN (elastic limit) »"300 by 300 mm T
* Mid-level: 250 kN (less than 50% of ULS) E E n iﬁ.
* High-level: 560 kN E<—bw BE B {
* Failure-level tests: until failure | 2
Specification for the loading area | %

300 by 300 mm for the low- and mid-level ’WJTJTUJ u 'UJAJTJJJTMIMMTM*LMM[ u IFLLJWLITU*

2915

300 by 750 mm for the high-level and ultimate North-side 2065 775 —+— 1775 2065

Testing sequence —————»

location| T1 | T2 (T3 | T4 | T5 | T6 | T7 | T8 | T9 (T10|T11|T12 | T13|T14 | T15|T16 |T17 (T18 |T19 (T20|T21|T22 |T23 |T24 |T25

; "y . 7

I Mmoo n|lw
|

Low-level static Mid-level static High-level static

- Low-level three cycles - Mid-level three cycles - Failure-level static
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Loading protocol: Induce increasing level of damage UNIVERSITY OF LEEDS

Quarter Three

9 loading locations (point A to point ) South-side - IAbUtmem span OO quarters PN

T TLLLLLITIT] HIHII IHHHIIHLIOLLLILLLI T | i
* Low-level: 150 kN (elastic limit) »"300 by 300 mm T
*  Mid-level: 250 kN (less than 50% of ULS, E E n iﬁ.
«  High-level: 560 kN; Eerw BEH { 2
* Failure-level tests: until failure 3 3
Specification for the loading area | OJE

300 by 300 mm for the low- and mid-level ’WJTJTUJ u 'UJAJTJJJTMIMMTM*LMM[ u IFLLJWLITU*

300 by 750 mm for the high-level and ultimate North-side 2065 775 —+— 1775 2065

Testing sequence —————»

location| T1 | T2 (T3 | T4 | T5 | T6 | T7 | T8 | T9 (T10|T11|T12 | T13|T14 | T15|T16 |T17 (T18 |T19 (T20|T21|T22 |T23 |T24 |T25

; "y . 7

I Mmoo n|lw
|

Low-level static Mid-level static High-level static

- Low-level three cycles - Mid-level three cycles - Failure-level static




Results: Crack propagation — damage evolution
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Arch intrados North side

South side

O
g
H
{
£
g

| South-side wall |

s :
: I M : [ North-side wall |
------------ -B@o-— . '
n m E _J4(D - cyclic)

T4(D-cyclic)

25

T7(A-cyclic) S
4

\T9(G - cyclic)

srsed2  CoursaT¥

Sequence of testing location (No. of Test):
C(T3) - D(T4) - E(T5) - F(T6) - A(T7)
- B(T8) - G(T9) - H(T10) - I(T11)

Low-level tests (150 kN)

T4 static —T4 cyclic
—T6 static —T7 cycl!c :
1?1S:EEC_T9 cyclic North-side wall

[ South-side wall
W+—=E

T11(1 - static) wic)

Y courss 13 Courss 357

Low-level: 150 kN

* At low level of loads, cracks were very thin (hairline cracks).

* With the removal of the load, cracks closed.

(Point D).

* The first crack was a detachment of the arch ring from the s

First crack observed when load applied at the crown close to the spandrel wall

pandrel wall.




Results: Crack propagation — damage evolution

Arch intrados

North side

ﬁ

UNIVFRSITY OF LEEDS

South side

Crown : .
@) oo ; s
i I s : :
' North-side wall | South-side wall
=1 Hn B 1 ] . " .
= oo l ; =
2 nAG | = —
% i ) ~ *Coune 13 Course 357
*+ | sequence of testing location (No. of Test): o Sounar
% C(T3) - D(T4) - E(T5) - F(T8) - A(T7)
< |-B(T8)- G(T9) - H(T10) - I(T11)
§ ~——T4 static ——T4 cyclic .
—T6 static —T7 cycl@c :
—Topatic —To oyckc s
e
South-side Abutment Q;":;}F' Crown ngfe?s Abutment
T T T T R T ! ——
Soat 00 mm i . o Sy
CE-I ! ot =
S B 3 O - - Separation between arch g
g
(AR D B G|
HIIE;EWIIITTIII\TWIIIIIIIW g
North-side J‘* 2065 *L 775 ‘L 775\ 2065
T4 static

Low-level: 150 kN




Results: Crack propagation — damage evolution
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Arch intrados North side South Side  —
(a) Mmmﬂmﬂv 5 | South-side wall ] I -
; I s North-side wall South-side wall
z Hn N E—-l—.w E«——wW |! W+ E
s [ B : ?
2| oom = 5 S
% : : H / ~ : T Cours Course 357
E Sequence of testing location (No. of Test): o coume
% C(T3) - D(T4) - E(T5) - F(T6) - A(T7)
_i - B(T8) - G(T9) - H(T10) - I(T11)
3 T4 static —T4 cyclic
—T6 static —T7 cycl!c
1?152?:&:_1-9 CYCIIC North-side wall
160 160
North-side wall
E«—W
l(—The first crack
/—\ 120 120+
=z =z
K- cCourse36 _ Course 15 < ool < ol
Point load @ , @ ,
S : Firstcrack | 9 First crack
' =60 kN =60 kN
40 40
— L22
— L27 —— L 28 (under platen)
[ 4 L L32 L 33 (no signal)
800 0.1 0.30 0.45 0.60 o7s 800 0.15 0.30 0.45 0.60 0.75

* The first crack: separation between the arch

barrel and spandrel wall
* Loading location: Point D

* Cracking load: approximately 60 kN

Displacement (mm) Displacement (mm)

Displacement close to the edge of the
arch ring (L27)

Displacement under point load (L28)




Results: Crack propagation — damage evolution

Arch intrado

S

North side

Mid-level: 250 kN (less than 50% of ULS

South side

UNIVERSITY OF LEEDS

~

Mid-level (250 kN) T12to T14 T

=

Mid-level (250 kN)_T18 to T20 &

o s
Ere

o
o

DE R
o]

Sequence of testing location (No. of Test):
G (T12)-A(T13)-D (T14)—

— Previous cracks
T12 static— T12 cyclic
~—T13 static— T13 cyclic

Sequence of testing location (No. of Test):
—F (T15)-1(T16)- C (T17) =

— Previous cracks

T15 static
~—T16 static— T16 cyclic
T T

Sequence of testing location (No. of Test):
—E (T18) - H (T19) - B (T20)

—— Previous cracks

T18 static
——T19 static— T19 cyclic
— T20 static

[ south-side wall |

" North-side wall | !

Ee—W |

'
/Q\K
\

L

The first tensile crack (HINGE) at
arch intrados: around 160 kN

South-side wall
W« E

[ Soutado |

North-side wall | :
| _E+—w |:

South-side wall
W+—E

[ south-side wall |

North-side wall |

[ North-side wall | |
L_E :

=W

South-side wall
We——E

Diagonal crack
at spandrel wall
(G location)




Results: Crack propagation — damage evolution UNIVERSITY OF LEEDS

Arch intrados North side South side

e Mid-level: 250 kN (less than 50% of ULS

~

[ south-side wall |
T, :

8]

North-side wall | ! South-side wall
| E«—W |} W——E

E
R-R-]
BB

T13 (A Cyclilc) :

Sequence of testing location (No. of Test): : .
G (T12)-A(T13)-D (T14)—> : Diagonal crack
i : atspandrelwall | |

— Previous cracks : : .
T12 static— T12 cyclic ; : (G location)

~—T13 static— T13 cyclic

Mid-level (250 kN) T12to T14 T

North-side wall ‘ South-side wall
| E—w |[: W E

~

=

8

n

-

F :
g Sequence of testing location (No. of Test): \ : ~
S —>F (T15)-1(T16)- C (T17) — :
o8
°

>

@

2

)

=

—— Previous cracks

T15 static
~—T16 static— T16 cyclic
T T |

[ North-side wall | | South-side wall
[ Ev—w [ W E

=

[ South-side wal | |

- : 1 .
: ' :

Sequence of testing location (No. of Test): Ay 1y : Y
— E (T18) - H (T19) - B (T20) h :

—— Previous cracks

Mid-level (250 kN)_T18 to T20 &

T18 static X
~—T19 static— T19 cyclic
— T20 static |




Results: Crack propagation — damage evolution UNIVERSITY OF LEEDS

Arch intrados North side South side

e Mid-level: 250 kN (less than 50% of ULS

~

o s
P

[ south-side wall |

North-side wail | |
: | E—w [ We—E
: T13 (A Cyclic)
T13 (A Static) i A ; i

Sequence of testing location (No. of Test): : : .
G (T12)-A(T13)-D (T14)—> j, : Diagonal crack
3 : at spandrel wall

DE R
o]
ozl -]

— Previous cracks .
T12 static— T12 cyclic (G location)

~—T13 static— T13 cyclic

Mid-level (250 kN) T12to T14 T

(©) (s

Lot
Tt

n 1 North-side wall ‘ South-side wall
a : E—W |: W E
o] : z :

DE R
o]

~

-

8

n

-

F :
g Sequence of testing location (No. of Test): ) : S
S —>F (T15)-1(T16)- C (T17) — :
o8
°

>

@

2

)

=

— Previous cracks

T15 static
~—T16 static— T16 cyclic
T T |

[ North-side wall | | South-side wall
E«—W : W——E

=

[ south-side wall |

}' P :
Sequence of testing location (No. of Test): 2 17 : Y
— E (T18) - H (T19) - B (T20) h :

—— Previous cracks

T18 static
~—T19 static— T19 cyclic
— T20 static |

Mid-level (250 kN)_T18 to T20 &




Results: Crack propagation — damage evolution UNIVERSITY OF LEEDS

Arch intrados North side South side

e Mid-level: 250 kN (less than 50% of ULS

~

[ Souaidswan | |

o s
P

{ North-side wall | |
: E+—W : W E

' T13 (A Cyclic)
T13 (A Static) : /L—\K : S

Sequence of testing location (No. of Test): : ' i g
puiyieneiit : 5 Diagonal crack
i : at spandrel wall
—— Previous cracks (G location)

T12 static— T12 cyclic
i T13(A Static)

~—T13 static— T13 cyclic

DE R
o]
ozl -]

Mid-level (250 kN) T12to T14 T

= : :
a m : North-side wall | South-side wall
5] [A] : E—W |: W+——E
0B e : z ;

Sequence of testing location (No. of Test): ¥ : 7

—>F (T15)-1(T16)- C (T17) = § : Tensile crack

Previous cracks at arch intrados
T15 static
~—T16 static— T16 cyclic
=TT

North-side wall | | South-side wall
E—W |: W—E

N H
2y Iy m

Sequence of testing location (No. of Test):
—E (T18) - H (T19) - B (T20)

—— Previous cracks

T18 static
~—T19 static— T19 cyclic
— T20 static

Mid-level (250 kN)_T18 to T20




Results: Crack propagation — damage evolution

Arch intrados

North side

South side

UNIVERSITY OF LEEDS

Mid-level: 250 kN (less than 50% of ULS

Mid-level (250 kN) T12to T14 E

Mid-level (250 kN)_T18 to T20

o s
P

DE R
o]
ozl -]

T13 (A Static)

Sequence of testing location (No. of Test):
G (T12)-A(T13)-D (T14)—

— Previous cracks
T12 static— T12 cyclic
~—T13 static— T13 cyclic

@ o i
o T17 (C-[static)
B B8

Sequence of testing location (No. of Test):
—F (T15)-1(T16)- C (T17) =

—— Previous cracks

T15 static
~—T16 static— T16 cyclic
AT

Sequence of testing location (No. of Test):
—E (T18) - H (T19) - B (T20)

—— Previous cracks

T18 static
~—T19 static— T19 cyclic
— T20 static

[ Souaidswan | |

T13 (A Cyclilc)

L

T13 (A Static)

'~ North-side wall |
E+—W H

South-side wall
W+—E
m T17 (C- static)
/

North-side wall | |
E+«—W :

7

South-side wall
W+ E

North-side wall | |
E— W |!

L

W< E

Diagonal crack
at spandrel wall
(G location)

Tensile crack
at arch intrados




Results: Crack propagation — damage evolution
North side

Arch intrados

Mid-level: 250 kN (less than 50% of ULS

South side

ﬁ

UNIVERSITY OF LEEDS

Mid-level (250 kN) T12to T14 3

Mid-level (250 kN)_T18 to T20

Sequence of testing location (No. of Test):
G (T12)-A(T13)-D (T14)—

—— Previous cracks
~—T12 static— T12 cyclic
~T13 static— T13 cyclic

Sequence of testing location (No. of Test):
—>F (T15)-1(T16) - C (T17) —

~—— Previous cracks

~—T15 static

~—T16 static— T16 cyclic
AT

a o
m@m
oG]

Sequence of testing location (No. of Test):

— E (T18) - H (T19) - B (T20)

—— Previous cracks

~—T18 static

~—T19 static — T19 cyclic
— T20 static

T13 (A Static)

T13 (A Cycli‘c)

T13 (A Static)

ST

) L

- [static)

7

W E
m T17 (C- static)
7

7

South-side wall |

| (d) T12 cyclic

Diagonal crack |
at spandrel wall
(G location)
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Results: Crack propagation — damage evolution UNIVERSITY OF LEEDS

Arch intrados North side South side

e Mid-level: 250 kN (less than 50% of ULS

= | ——

T13 (A Cycli‘c)

NIRRT | T13(AS(tatic) /\f\ S s

Sequence of testing location (No. of Test): | 3 2 . H :
G (T12)-A(T13)-D (T14)—> : Diagonal crack o
i : at spandrel wall
— Previous cracks : : .
~—T12 static— T12 cyclic : (G location)

Mid-level (250 kN) T12to T14 3

~T13 static— T13 cyclic

i T13 (A static)

i - South-side wall
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Results: Crack propagation
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* High-level: 560 kN
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Results: Crack propagation
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Results: load vs displacement and
bridge failure mechanism UNIVERSITY OF LEEDS
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Results: Behaviour of the bridge: video recording UNIVERSITY OF LEEDS
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Results: Failure mechanism of the bridge UNIVERSITY OF LEEDS
. . . 700
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e: video recording UNIVERSITY OF LEEDS
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Behaviour of the bridge: video recording
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Shear crack at backfill

Cracking of backfill

Load (kN)
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Displacement (mm)




GPR data T
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BEFORE DAMAGE AFTER DAMAGE

DISTANCE [METER] DISTANCE [METER]
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H_o..'rn.f" - ; v - F
. . lewn ® o ‘~\-‘_.“- .
AR b T

TIME fos]
TIME fos]

* Point a: reflections denote disturbance to the internal layering of the bridge
* Point b: change to the layering immediately above the arch

* Point c: arch rather less symmetrical after the damage,

e Point d: deflections particularly prominent in the flanks.



Results: Load-deflection response & stiffness UNIVERSITY OF LEEDS
Load-deformation response during the high-level and ultimate tests " (a) |
Ultimate
T21 ightevel  T22 timate T25 iimate eoor Point B Ultimate
(Point B) (Point B) (Point H) ‘

=450 F
Peak load (kN) 535 639 575 g

Sa00}
Deformation at the peak load 3.2 10.2 7.4
(mm) 150
Stiffness* (kN/mm) 215 195 127 . .

0 5 10 15 20

Displacement (mm)
* The values of stiffness were determined by calculating the slope of the load-deflection curve

Load-deflection curves
between 10% and 40% of the peak load.

3D response was observed in the arch barrel under patch loading
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- L23 s T
N 121 T T22 ~ 12 Deformation of the arch

" T25 A .
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Results: Peak out-of-plane deformation of spandrel walls
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s \
[ |
| ‘ | |
| - : I
| | |
. CRACKED
' YT} mionve (L ' BULGING SLIDING '
I t ARCH RING |
\ Learnt L. Spandrel walls - managing the risks. 2012. /
N o e o e e mm o o e e e e e e mm e e e e e e e = = -
Crown
Quarter . Three-quarter
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.......... LA g ........ Iz __________ MHHOS L, o d % ....... T E H E E S (Unit:mm)
North side .. : ; B S T :,’
E«—>W . > W Backfill ]
Abutment Abutment
(a) High-level test (T21, Location B) (b) Ultimate test; (T22, Location B) (c) Ultimate test; (T25, Location H)
R1| 08 092 063 041f 016 021 028 R1f 259 234 19 187 o058 03 0.7 R1{ 031 09 0.8
Rz f{ - 063 087 - 022 02 - rR2f - 1792  2.63 - 043 072 - R2{ . 0.589 1.01
ci c2 c3 c4 cs ce cr ¢ c2 c3 c4 cs cs c7 c1 c2 c3

Out-of-plane deformation at the peak load (mm)

When the load applied above the span of the arch, the spandrel walls moved outwards

Failure mechanism: combined effects of tilting and sliding.

The location closest to the loading had the most significant out-of-plane deformation, as it was subjected to the greatest lateral soil pressure
under patch loading.

Maximum out of plane deformation was approx 1 mm for the high level test, 2.6 mm for the ultimate 1 and 5.3 mm for the ultimate 2



Results: In-plane deformation of spandrel walls
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Low-level testing Mid-level testing V\@ ¢ *

£

Almost no in-plane deformation was observed
during the low- and mid-level testing;

During the high-level and ultimate tests, in-
plane deformation of the spandrel walls was

The deformation occurred away from the
loaded side, due to sway of the arch barrel.

The maximum in-plane deformation was
obtained from the ultimate test 2 (T25),
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Displacement versus in-plane deformation curves for (a) T21, (b)T22, and (c) T25.



(a) Load}i»ng Ipcgtions
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Results: Final crack width (after all tests) i ﬁ
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* Damage on the north-side wall was more severe (max crack at hinge 5.46 mm) Out of plane
* The south-side of wall didn’t have any noticeable out-of-plane deformation deformation final
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* A new full-scale testing platform for masonry arch bridges has been developed,
incorporating a stiff U-shaped RC test bed.

* A 3m span brickwork arch bridge has been constructed, extensively
instrumented and then subjected to a wide range of load tests, culminating in
load tests to failure.

* The results obtained from the tests provide a rich dataset that can be used to
validate numerical models.

» Spedcifically, it was found that separation of the spandrel wall and the arch ring
before the formation of any visible hinges within the arch ring observed.

* Both fill and spandrel walls contributed to the strength of the bridge.

* Medium and higher magnitude point loads led to 3D modes of response being
mobilised, but that when the bridge was loaded to failure, 2D modes of
response were observed.

e Even if the bridge reached failure when testing it at quarter span, the bridge
could sustain 90% of residual load as evidence when testing it from the opposite
% span.

* A future test will involve the application of cyclic loading regimes, to more
faithfully replicate real-world traffic loads.
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