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1. Design philosophy of post-installed rebar (PIR)

Prequalification: EOTA EAD 330087 EOTA EAD 330499 (2017)
(2018) (formerly ETAG 001,
part 5, 2006)
Design: Design as cast-in rebar end Design as bonded anchors
anchorage
Standards: EN 1992-1-1 (2004) or EN 1992-4 (2018)
locally Mg 01?11(\)1)1992-1-1 (formerly EOTA TR 045,
2013)
(commonly known as EC2) 3

International design standards

Document | Organisation Roles and functions Remarks
EN 1992-1-1(2004) European Committee . ..
or for Standardization | General reinforced concrete design in Design provisions for
MS EN 1992-1-1 & anchorage and splice length
(CEN) or Standards Europe. .
(2010) . in Chapter 8.
Malaysia
Design provisions for
. .. | development length (rebar
ACI 318 (2014) ACI General reinforced concrete design in theory) in Chapter 25, and
US. .
anchor theory in Chapter
17.
EOTA TR 045 EOTA Guideline for design of post-installed | Superseded by EN 1992-4
(2013) anchor theory design in Europe. (2018)
EN 1992-4 (2018) CEN Standard for design pf p.ost—lnstalled
anchor theory design in Europe.
Recommendations for
BS 8539 (2012) The British Standards Selection and installation of post- anchors without European
Institution (BSI) installed anchors in UK. Technical Approvals
(ETAs) qualiﬁcationa
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Comparison of Rebar End Anchorage (REA)
theory and Bonded Anchor (BA) theory — 1/4

Main difference REA theory BA theory
Static action and fire
exposure: Static action:
EOTA EAD 330087 (2018) EAD 330499 (2017)
Prequalification
documents Seismic action: Seismic action:
EAD 331522 (endorsed draft EOTA
2018) TR 045 (2013)

Static action: Chapter 8 in EN
1992-1-1 (2004) or MS EN
1992-1-1 (2010)

Design standard EN 1992-4 (2018)

Seismic action: Chapter 5.6 in
EN 1998-1 (2004) or MS
EN1998-1 (2015)
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Comparison of Rebar End Anchorage (REA)
theory and Bonded Anchor (BA) theory — 2/4
Main difference REA theory BA theory
Equilibrium with local or
global concrete struts, may
Load transfer require the supplement of Utilisation of tensile concrete
mechanism transverse reinforcement in strength
lapping splices.
" Tension
Czj\sl-m rcba'r Post-installed rebar
with lap splice T with lap splice Table 3.1 Strength and deformation characteristics for concrete
%:, %‘&\ Strength classes for concrete A"/alEY;:;::Lr;‘:z::On g z
f fw (MPa)| 12 16 20 25 30 35 40 45 50 55 60 70 80 90 ;‘E :f
“; ok cube & 2 : E
\ 4\};; {Mpa) 15 20 25 30 37 45 50 55 60 67 75 85 95 105 28 %::
\ x m;‘;a) 20 24 28 33 38 43 48 53 58 63 68 78 88 98 fom = fa+8(MPa) a %
\&&\ ,\;T:’; 16 1.9 22 26 29 32 35 | 38 4.1 4.2 44 46 48 5,0 n-=0-30:fa‘i"-C50'60
,:" (MPa) lw:mhlt“;!cﬁm
\ f < fex, 0,05 1.1 1.3 1.5 18 20 22 25 | 27 29 3.0 3.1 32 34 3,5 | faoos =0,7xfem
(MPa) 5% fractile
N

o
L4 ?
|

l Adhesive l (’L;ncrclc 6

L i composition
Tension Tension




Comparison of Rebar End Anchorage (REA)
theory and Bonded Anchor (BA) theory — 3/4

Main difference REA theory

BA theory

Tension: steel failure, pull-

Failure modes out, splitting (near to the

Tension: steel failure, concrete
breakout (cone failure), bond failure
(pull-out failure), splitting (near to
the edge);

edge .
ge) Shear: steel failure, concrete
breakout and concrete pryout
Tension Tension Tensi Tensi
T T Tension cnsion ension
. t $ t
Near
edge U
el o Eilli-iit Silitting Bond failure Breakout failure 7

Comparison of Rebar End Anchorage (REA)
theory and Bonded Anchor (BA) theory — 4/4

Main difference REA theory

BA theory

Provision to base

material Uncracked concrete Cracked and uncracked concrete
Design results Reinforcement length Strength capacity
Allowable max {0.3 [, 4> 10¢; 100 mm} 64 <[, <20¢
embedment length <[, <60¢ (¢ 1s the rebar diameter)
() (¢ is the rebar diameter)




Some latest development for Europe

Engineering Structures 100 (2015) 645-655

Contents lists available at ScienceDirect

ENGINEERING
~ 4 STRUCTURES

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Design of post-installed reinforcing bars as end anchorage or as bonded @Cmst
anchor

Christoph Mahrenholtz *, Rolf Eligehausen, Hans-Wolf Reinhardt]

University of Stuttgart, Pfaffenwaldring 4, 70569 Stuttgart, Germany

Some latest development for US

ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title no. 110-S34

Recommended Procedures for Development and

Splicing of Post-Installed Bonded Reinforcing Bars in
Concrete Structures

by Finley A. Charney, Kamalika Pal, and John Silva

ACI Structural Journal, V. 110, No. 3, May-June 2013.

MS No. §-2011-182.R2 received September 29, 2011, and reviewed under Institute
publication policies. Copyright © 2013, American Concrete Institute. All rights
reserved, including the making of copies unless permission is obtained from the
copyright proprietors. Pertinent discussion including author’s closure, if any, will be
published in the March-April 2014 ACI Structural Journal if the discussion is received
by November 1, 2013.
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2. Design provision for Rebar End Anchorage
Theory in EN 1992-1-1 (2004)

m Longitudinal bar anchorage (Cl. 8.4)
Cl. 8.4.2 (2): Design value of ultimate bond stress, fpqg = 2.25 01N> f ctd
Where,

Concrete design tensile strength (7., ;) = 5% fractile with consideration of

partial safety factor (f.4 = feu0.05/Yin)s
1, and 5, are to implicitly account for bond condition, position of rebar

and rebar diameter.

BS 8110, f,, = f\feu
S =0.5 tens; 0.63 comp for Type 2 deformed bar

Note that § includes y,, = 1.4 12




Basic derivation of anchorage length (/)

Fbond = Frebar
fbd As,surface = frebar AS

2
fbd(n¢) le frebar (%)
frebar f

lb = Design yield
M strength of rebar
0.87f yi'
lbd = fbd 4 (BS 81 10) . Design stress
4 in rebar
l.raa z (EN 1992-1-1)

" JE
Further checking procedure on the
design anchorage length (/, )

Bars fi for straight
ars form (for straig Confinement

bars, a, 1s 1.0)
effect
lpg =) lb,rqd = Lnin

m a, is a coefficient for the effect of concrete minimum cover to consider
splitting failure for straight bars.

0.15(cq—9)

0.7<a,=1- < 1.0 (Tension)

a, = 1.0 (Compression)
where ¢, = min {a/2, c¢,, c} for straight bars, s is the clear spacing
of bars, ¢, is the side cover and c is the top or bottom cover.

a
C; @ c,_: ShT RS Hedel R

14




“
Splitting failure and «a,

m Splitting 1s the failure of the concrete surrounding the
anchorage because of excessive radial stresses.

Figure taken from:

Randl, N. and Kunz, J (2014), Post-installed
reinforcement connections at ultimate

and serviceability limit states, Structural
Concrete, 15(4), 563-574.

Tension

Spalling
of cover
Near
edge

Splitting

Figure 5: Splitting tests with double bars

"
Splitting failure and «,

m Since splitting is a pure concrete failure, the design of
post-installed bars should respect the same splitting
criteria as cast-in bars.

m Aslong as a, > 0.7 (correspond to cover ¢y < 3¢),
splitting of concrete cover occurs.

m [t should be noted that the case of @, = 1.0
corresponds to a concrete cover ¢, of 1¢, which
present challenges in hole drilling — need to account
for possible deviation in drilling, hence a minimum
concrete cover ¢, of 2¢, corresponds to o, = 0.85
should be taken.

16




Splitting failure and «a,

Tension

m o, <0.7, sufficient concrete cover, rebar will T
be pulled-out before splitting. I

m This is true for EC2 cast-in bars and if bond
strength of PIR is the same as cast-in bars.

m Hence, precondition is the use of adhesive Sl o
with proven strength and stiffness
characteristic.

m Bond strength of adhesive agents 1s given in
ETAs of anchors.

17

What if the bond strength of PIR 1s proven
stronger than cast-in rebar? — an extension of EC2

m Extrapolate a, linearly for ¢4 > 3, following the
approach of Tepfers (1973), hence:

ma,=1- 0'15(;d_¢) in EC2 becomes
, 1
[ | az — 1 C _3¢2025
07+8 d¢

m 0 is a factor calibrated by test, if linearly continues
with the same slope, 6 =0.15.

Tepfers, R. 1973. A Theory of Bond Applied to Overlapped Tensile
Reinforcement for Deformed Bars. Chalmers University, Géteborg. No 73/2.

18




Summary of bond strength in accordance to REA
theory in EN 1992-1-1 (2004)

Concrete | Concrete Bond strength Bond strength
characterist | characterist (Tension in MPa) (Compression in MPa)
ic cube ictensile  [BSg110] EC2 | EC2 | EC2 | BS8110 EC2
strength, | strength at (8= |(norma | (norma | (normali | (B = 0.63) | (normalise
Jeux (MPa) | 5% fractile, | 0.5) | lised | lised | sed by dby a, =
Jete0.05 by a, | bya, a,= 1.0)
(MPa) =0.7) [=0.85)| 1.0
25 1.5 3.5 4.8 4.0 34 4.4 3.4
30 1.8 3.8 5.8 4.8 4.1 4.8 4.1
40 2.1 4.4 6.7 5.5 4.7 5.6 4.7
50 2.5 4.9 8.0 6.6 5.6 6.2 5.6
60 2.9 5.4 9.3 7.7 6.5 6.8 6.5

Note: Material safety factor was excluded 1o

Minimum anchorage length (7, ,,;,)

lp,min = max{0.3l, g, 10¢p, 100 mm} (Tension)

b min = max{0.6lb,rqd, 10¢,100 mm} (Compression)

It should be noted that the minimum anchorage length (/) shall be
multiplied by an amplification factor («,,) to account for the difference of
cast-in place and post-installed rebar in cracked concrete. In general, if
there is no test carried out to post-installed rebars in cracked concrete

in accordance to qualification document EOTA EAD 330087 (2018), «,
is taken as 1.5.

20




Lapped splice (/)

v g Tension .
Cast-in rebar Post-installed rebar
with lap splice f with lap splice

e

lO = a1a2a3a5a6lb,rqd = lo,min ‘/,

Where, a; 1s a coefficient of percentage of lapped
bar (p,) relative to total cross-section area within
0.65/, from the centre of the lap length

1.0 < ag = (p1/25)%°< 1.5

'&Q(
N
N
N
N

lo,min = max{0.3ag lp rqa, 15¢, 200 mm}

21
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ETEEEEEEEREN
Other rules —_——
supported RC beam
Cl.9.2.1.2(1) and CI. 9.2.1.4(1):
+ +

Simply supported beam

m Values of 15% of maximum bending moment in the span and 25%
(National Annex dependent, in contrast, it is 50% in BS 8110) of
the steel area provided in the span is recommended for top and
bottom reinforcement, respectively, at the support of simply
supported beam.

m Both top and bottom steel are to be anchored with /,,, measured
from the face of support. It is interesting to note that Cl. 9.2.1.4(2)
allows a strut-and-tie equivalent model to calculate the axial forces

in the rebar, which appears to be more suitable for the design stress
. . . Osd @
> Zsd P
(0,,) estimation in lp g = g

22
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CL. 9.2.1.4(2)

m Similar to Strut-and-Tie (without axial force)

Loading

Anchorage

Post-installed
rebars 1 l —
: — l—P(MED/Z) Fgp=Mgp/z
—_— ¢ (MED/Z) FED = |VED| - (MED/Z)

I Vep

Supportl\
(b) 23
" A
+ _\l\_
EEEEEEENEENEN
Post-installed simply supported RC slab
Other rules { pysurp
RC
wall
+ +

Cl. 9.3.1.2: Simply supported solid slab

m In simply supported slab, 15% (for end support) to 25%
(intermediate support) of maximum bending moment in the
span and 50% of the calculated span reinforcement should be
provided for the top and bottom bar at the support of solid

slab, respectively (as opposed to the 50% provision in BS
8110).

m Both top and bottom steel are anchored with /,;,, measured

from the face of support. Similar for simply supported beam,
Cl. 9.2.1.4(2) of the strut-and-tie model is allowed.

24
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3. Intro

Tension

Tension

!

(a)

Tension

i
A Y

Tension

Near
edge

T
sz Steel failure (Cl. 6.2.2)

Nga,s = furAs/Yus where vy = 1.2 fu/fye = 1.4
Nga,y = fyxAs/vs where y, = 1.15

(b)

Tension

4 Combined bond (pull-out) and
*I - concrete failure (Cl. 6.2.2)

NQRk,p =foa T @l

(b) NR‘k,p =N REk,p lIJA,Np LIJS,Np lljg,Np lIJre,N lIJec,Np

Concrete cone (breakout) failure (Cl. 6.2.3)

—_

° 1.5
N Rke — kcr v f:cu Ib
NRk,c =N Rk,c llJA,Nc lle,N L|Jre,1\r L|Jec,1s.r

Splitting failure (Cl. 6.2.4)

NRk,sp =N Rk,c qJA,Nsp lIJs,Nsp lI—'re,N ‘-IJec,N q’h,sp

duction to BA Theory in EN 1992-4 (2018)

NRd = min {NRd,S;
NRd,y;

NRk,p/ Ymp;

— NRk,c/VMc;

Niiesp/Vusp )

26




An example output of BA theory - 1/4

m T25 rebar g Lo
m 300 mm thick cracked concrete o7
m C50/60 . "
mc,=75mm
m Adhesive RE500 V3
Acknowledgment: The computation work of BA theory was done by M.
Eva Wong Shu Wen, graduate of Swinburne University (Sarawak)
27

An example output of BA theory - 2/4

1,/D

4

5

6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
NRd,s (kN) 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98 269.98
NRdy(kN) 245.44 24544 24544 245.44 245.44 24544 24544 245.44 24544 24544 24544 245.44 245.44 24544 24544 245.44 245.44
Npep (kN)| 3275 3440 3653 3892 4229 4757 528 5815 6343 6872 7400 79.29 8458 89.86 9515 10044 10572
NRk,c(kN) 28.52 33.49 38.96 44.83 51.07 57.64 6450 71.66 79.09 86.79 94.73 102.92 111.34 119.99 128.87 137.96 147.25
NRksp (kN) 50.20 54.67 56.28 43,79 40.59 39.04 39.42 40.13 40.83 41.53 42.21 42.88 43.54 4417 4480 4541 46.01
300 - Indicator | Type of failure mode

S 250 A — Steel Rupture

=

3 Steel Yield

= — eel Yie

S 200

S

S Combined pullout and

—

2 150 A ©—©

g concrete cone

2

~

2 100 o

S V—V—V Concrete cone

S v

8 + <

_g 50 = + ’4_—3_» W

Q ‘?——Q’ o .

ﬁ -——- Splitting failure
0 1 1 1 1 1
4 6 8 10 12

28
Embedment depth ratio, I, /D




An example output of BA theory - 3/4

m Take the lower bound envelope

80 1
70 A
60 -
50 4

40 A =¥ + + +
[ Pull-out & o

20 { cone cone splitting

10 -

Characteristic resistance, Ny, (kN)

0

4 6 8 10 12
Embedmentdepth ratio, I, /D 29

An example output of BA theory - 4/4

m Check with Hilti Profis Anchor

60 -
50 | -0
-
o s
= 40 A
e 2
0 =2 —
Y 30 A -
® L4 < -
P y S \A~"
N "0 2 a 20 A
B .- 4
® O ot 'E —@— Spreadsheet result ——® = Hilti Profis Anchor
-~ - S 10 A
T g
VA 7 0 . . . . . .
: ol | 4 5 6 7 8 9 10
A i 3 § e Embedment depth ratio, I,/D

30
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4. Introduction to Strut-and-Tie Method (STM)

The D-region in STM

- ﬁ o -
H H H H

Where D = Disturbed or Discontinued (complex stress field); B
= Bernoulli (linear strain, plane section remains plane)

Brief history and background:

m Schlaich et al. (1987), Collins and Mitchell (1991), MacGregor (1992), Foster and
Gilbert (1996), Tjhin and Kuchma (2002)

m  [ower bound plastic theory (equilibrium and yield criteria for rigid perfectly
plastic) — modified with efficiency factor v, and crushing of concrete does not
happen prior to yield of rebars 32
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St. Venant principle

m The localized effects caused by any load acting on the
body will dissipate or smooth out within regions that
are sufficiently away from the location of the stress
concentration

Zone of body affected by self equilibrium forces
applied to surface 3

'_
The “strut” L83

TYPE 1 (a/z <1 or B=245°) N R A,
| o 1 9\‘0
nodes ....... tle .................................. .
A
i 4 RRRRW SEREEE.
=
[ uoL | } l
1 I
! |
| |
e cfe L
ittt Wit tHtitt
a) Prism b) Fan ¢) Bottle

Three Types of Struts (Adapted from Schlaich et al 1987)

i 34
Classification by Foster and Gilbert (1996)
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Experiment on strength of strut

R K.L. Suand D.TW Looi (2016), Revisiting
the unreinforced strut efficiency factor, ACI | P
Structural Journal, 113(2), p301-312. (a/L)P| ¢ (I-a/L)P

STM Type 3 (longer shear span) STM Type 1 (shorter shear span)

Reinforced web

~_ Unreinforced web
. strut d (érle, o
60°) |

@ Tme

.‘(-' N
\\, 5 -{o,’ e \‘(\ (300 _hc

|

|

| Ser
|Honzontal tie ™. Uq /
| vy

|

[

|<7nommal

clear span L' VI

m Varying strut angles (30° ,45° & 60° ) OR a/d (1.73, 1.0, 0.5)
m Varying concrete strength (30 MPa, 60 MPa and 90 MPa)
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30° strut angle beams 45° strut angle beams 60° strut angle beams
) { P e—
A 200x200x 20 plate, P _ B A 200x200x 20 plate, P _ B A 200x200x 20 plate, P B
=100 I\ 1 —100— \ —{100— 10— l\ —{100}—
I g . 5 N g M:tt oo B ] | M Y Toaw bt heeals [
8Re @) lﬁs@m I_RS cage < 8Re lkﬂ@w T R8cage | intorcomt. |% 8R8 lws@w T Recage ran. |x
4 2 8 40 470 2 8 40 40 2 forcemt| 8 ol
L L5 | % ! & | x « *
v 12 1 5 R L . R ::—{ : I —=res 4
j Hzomn): 17 Eilem T %5“7.. 147 6T12 T T ;snz.; 47
- _Wn SOX 00X I PN 300X 100 % 20 7 PR PR o g —
Section A-4 —hool—pue L p C30-1.7 L plae Section B-B | Section A-4 — 1w l—pume LA C30-1.0 LB s SectionB-B |Section A-A — 11si—pla LA C€30-0.5 P8  Section B-B
A 200x200x 20 plate, P A 200x200x 20 plate, ~ B A 200x200x20 plate,
—100 10— —~f100— 10—
e | i x\_L [ = |
o == 2 Nowes  |B -
sre el RE@80 | Recase 8R8 ) R8 @80 fm 98¢ | einorcemt. | 8R8 o
e e g E
40 | Bl | o | 4 - g 1 4 Lwee B |4 40 k R
4T Edlome T e 6 Te(s ¢ 145 £3eme
— 1 s ~ p—
— EILDX!W!N T @x‘w 20 300 x 100 x 20 7 o &QK‘%XN
Section A-4 —hoo—piae L p C60-1.7 ionB-B | Section 4-4 —| 120 /—pe LA €60-1.0 LB Pev  SectionB-B |Section A-4 — 1is—pa L
A 200x200x20 plate, P A 200x200x20pk
o | = | e iy
Bl g == N Nowsi [ B
i &l R8@80 | Recage sRe e | seinfor 8Re =
40 | ElRY ) o | 4 | . 40 ] E 50
. L 476 [ - .
676 5 b —+ 6T
— |wo X100 x 20 300 x 100 X 20 X 10x20 TOX 100X — |20 10020
Section A-A —=100}=— A C90-1.7 LB pae Section B-B | Section A-4 — 150 l—plaie LA C90-1.0 B P SectionB-B |Section A-4 — 11s—plere L p
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Typical failure mode of strut

initial initial
Jexural crack Slexural crack

30° strut angle 45° strut angle

Slexural crack

60° strut angle

37

" S

Failure of strut

—(C30-0.5

normalised shear stress (v / fe')

3 4
Displacement (mm)

More
cracks at
CCC node
| to strut
interface

0.018000

o.018050

o.014100

0.012150

0.010200

o.008250

0.006300

_|o.0asso

0.007400

0.000450

-0.001500

0003430

-0.003400

-a0073%0

-0.009300

-a0n12s0

0013200

0.018000

o.018080

0.014100

0.012150

0.010200

0.008250

0.006300

_o00a3s0

-t

0.002400
0.000450

~5.001300
-.00130
003000
-0.00720
-0.008300
0011250

-0.013200
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Strut strength

m The strut efficiency factor is found to be 0.6.

1.5 s

E
cu
0O O
P! O Nominal strut O
efficiency factor =0.6~ frwat =06 £, /1.5
0.5 1 = 0'4f;‘u.k
0.0 t + t + i
0.0 0.5 1.0 1.5 20 2.5

39

Strut strength in EN 1992-1-1 (2004)

—_ !/
u cde,max =0.6v fcd

m Recommended strut efficiency factor in EC2 1s
vi=1-f,/250

m Compared to Su and Loo1 (2015),v' =0.6

40




The “ties”

m Design strength of steel ties, £, 4 = f,,/1.15
m Reinforcement should be anchored into nodes

m The anchorage may start as the bar enters the
strut

41

The “nodes”

m Nodes are the connections of struts and ties in
truss models

Type of nodes

L0 CCT CTT TTT

42
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Equilibrium of nodes

Node in Hydrostatic Equilibrium

a, is known

ds

G

Node in Force Equilibrium
a, & a, are known

P
'

v

force ~C, C, C _

sizeofnode —~ & & &

a
a=—>C,
C

"

o
d 1
CZ
oxb

Cy=(C,2+C2) 2
a,;=a,Ccosa+a,sina

0,=C,/(a;xb)

43
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Bearing size affects the node size — 1/2

Loading

Effective loading
bearing 170 mm

Strut width
matches well
with DIC results

(a) 200 mm loading bearing length
with full bearing support

Full bearing length
200 min/

Top loading
plate bearing
length = 200 mm

]

0.005280

0.004580

0.003880

0.003180

0.002480

0.001780

0.001080

0.000380

=0.000320

~0.001020

-0.001720

~0.002420

-0.003120

-0.003820

~0.004520

~0.005220

~0.005920

Loading

Top loading
plate bearing
length =200 mm

Effective loading
bearing 170 mm i

Strut width

matches well
with DIC results

(b) 200 mm bearing length

Eyy
0.005280

0.004580
0.003880
0.003180
0.002480
0.001780
0.001080
0.000380
-0.000320
~0.001020
-0.001720
-0.002420
-0.003120
-0.003820
~0.004520
-0.005220

-0.005920

44
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Bearing size affects the node size — 2/2

Loading Loading

frustum effect 150 mm

Top loading Top loads.qg
plate bearing Effective loading plate bearing
/ length =200 mm bearing 100 mm %J length = 200 mm

Effective loading
bearing 128 mm

Eyy = Eyy
0.005280 0.005280
0.004580 - 0.004580
0.003880 12 0.003880
0.003180 » 0.003180
0.002480 0.002480
-
0.001780 0.001780
oa1aBn; o 0.001080
0.000380 T3th & =
P | Strut width is P | 0.000380
~0.000320 smaller than DIC )
eanis -0.000320
-0.001020 »
-0.001020
0.001720
e -0.001720
-0.002420
-0.002420
-0.003120 -
-0.003120
-0.003820 £
-0.003820
-0.004520
— i -0.004520
20 -0.005220
]
L -0.005920

(¢) 150 mm bearing length

(d) 100 mm bearing length

Su RKL, Looi DTW (2017): Reply to discussion on “Revisiting the unreinforced
strut efficiency factor”, ACI Structural Journal, 114(1), 291-293. 45
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Node strength in EN 1992-1-1 (2004)

B CCC: oy max = k1 V' g, by = 1.0 by NA
B CCT: Opgmax = ko V' g, kK, = 0.85 by NA
B CTT: Opgmax = k3 V' 1, k5 =0.75 by NA

Type of nodes

*
*
*
B
*
*
*
*llllll
-
*
-
..
ks
*
.
-
-
-
-
L
L4
L
L
-
L
<l"lll

CCC CCT CTT TTT
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Some applications of STM

10 Walls @ 4.56 m =41.1m

12 Stories @ 2.7d m=329m

W5 ||W6
v s L v v s I e

w2 w3
09 /

“1.22m

Thick”
Transfer Slab

e S Ly I;_‘E“-" —E=3-=" Figure taken from:
~= = ThickRoof Slab ~ = = = = e ES=2F
= Sy ol S st Collins et. al. (2007), Morley Symposium
— =/ = — = e 'VZ on Concrete Plasticity and its
teom — -~~~ -] Application. University of Cambridge
T e e
e TS s o s oo a7

Relevance of STM to PIR in simply
supported application

Loading

RK.L. Su, D.T.W Looi and Y.L.
Zhang (in press, 2019), Guide for
Design, Installation and Assessment

of Post-installed Reinforcement,
HKU Press, Hong Kong.

—_— (M /2) Fep=Mgp/z

— (Mgp/2) Fgp=Vep| - (Mgp/2)

VED

(b)
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Relevance of STM to PIR in moment joint

application (state-of-the-art)

N2, V2, M2
FF rebars NF rebars

FsZ
Zone 2 T
A

2=27=123 Cs
—

?\_

Applied load
FsO l

PIR
PP ]

N1, Vi, M1

Zone 0

New slab

N Zonel
lN3,V3, M

Existing wall

A.YF Lee, RK.L. Su and Ricky WK.
Chan (2019). Structural behaviour of
post-installed reinforcement bars in
moment connections of wall-slabs,
Engineering Structures, 195, 536-550.
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General seismic environment of Malaysia

- Legend

. Significant earthquakes that
have been recorded from

. 1900 through early 2014.
Source: NOAA National
By of Lo Geophysical Data Center.
Berget i e
China - M35

.;1';"‘- L M6
v

ey Ot

i = § - = [ ors; Leaset
http://mapmaker.nationalgeographic.org/dFhAVtrGe81fOt§ SXUNWnv/?edit=e VIPruTexDKnLZwb4E7jU6
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Peninsular Malaysia (inter-plate)

T 1. The Sunda Arc subduction source which generated the M9.3
- ° | Aceh earthquake in 2004
% “a T '
P 2. The Sumatran (transform) fault — divided into 9 segments some of which
n can rupture up to 100 km and generate up to M7.5 — M7.7 earthquakes
o TR
T
E Peninsular Malaysia "
l, {‘ MAL.%A
[ Singapore Legend
= . 400 km approx. | Significant earthquakes that
. have been recorded from
1900 through early 2014.
Source: NOAA National
DISTANT EARTHQUAKES . Geophysical Data Center.
(M9 R600 subduction; M5

http://mapmaker.nationalgeographic.org/dFhAVtrGe8IfOt8 SXUNWnv/?edit=e VIPruTexDKnLZwb4E7jU6
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Peninsular Malaysia (intra-plate)

™

+
- Tasik Temenggor
/ : M4.1 (2013)
*
-9
° ¥
0 Tasik Kenyir
T M2.1-M4.6
— (1984-85, 2016)
| | Manjung — M Sporadic
= | M2.6(2009) Bukit Tinggi p
4 M1.7-M4.2 LOCAL
] (2007-09)
= EARTHQUAKES
| =____| Jerantut/Lepar
«\ M3.2 (2009)
-\ Kuala Pilah 4
M2.7-M3.2 N
(2007-09)
’
- 3"
@] o) t/Q,\“Q 0 )

http://mapmaker.nationalgeographic.org/dFhAVtrGe8IfOt8 SXUNWnv/
9edit=eVIPruTexDKnLZwb4E7jU6 53
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Sarawak (inter-plate)

DISTANT EARTHQUAKES (>400 km)

=500 km
approx.

1 &

3 L
[ >900 km
approx.

>400 km
approx.

http://mapmaker.nationalgeographicA.org/;iFhAVtch81fOtSSXUNan/ ?edit:eVJPl.’uTexDKnLZwb-4E7jU6
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Sarawak (intra-plate)

. . <
| * L Tubau South China Sea | g i;;a;ﬁa;o—g:bah border _
- M4.2-M5.2 M5 (1965) 5 (2005) 34:
£ (2004-05) et _—— e :
2005 |
Bukit Mersing >
: M4.7-M5.3 ~_¢
: (1994) o 0

> & Sporadic
S LOCAL EARTHQUAKES

Y

Kuching / %\ | Sarawak :

R v ~ (max. M5)
]

AN

£
| M4 7011 / .
A6 0P Kalimantan,
SO v

- Indonesia
BV (1996) M4.7 (2001)
K¥ oy
- M4.9 (1996)
o

http://mapmaker.nationalgeographic.org/dFhAVtrGe8IfOt8 SXUNWnv/?edit=eVIPruTexDKnLZwb4E7;U6
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Sabah (inter-plate & intra-plate)

M5.3, depth 33 km, May 18, 1966 (USGS) -
70 km to KK, ; nes
M5.4, depth 33 km, April 28, 1973 (USGS) -
185 km to KK,

M5.3, depth 33 km, July 26, 1976 (USGS) -
250 km to KK,

M6.2, depth 33 km, July 26, 1976 (USGS) -
270 km to KK,

M5.0, depth 33 km, September 18, 1976
(USGS) - 264 km to KK,

M5.6, depth 50.3 km, March 14, 1984
(USGS) - 270 km to KK,

M5.1, depth 79.4 km, December 14, 1988
(USGS) - 197 km to KK,

M5.1, depth 33 km, May 26, 1991 (USGS) -
70 km to KK,

M5.7, depth 55.2 km, November 02, 1994
(USGS) - 300 km to KK,

M5.1, depth 33 km, April 07, 2002 (USGS) -

175 km to KK, : === ¢ Active LOCAL
MS5.3, depth 19 km, May 23, 2005WSG5).- [ | 7"~ f EARTHQUAKES

180 km to KK, [
M5.9, depth 10 km, June 05, 2015 (MMD) - __T#=im ) (maX M6)

120°00E
1

60 km to KK,
M5.3, depth 11.85 km, June 12, 2015 (USGS) ; L
-60 km to KK. c v g

T T
1500E 120°00°E

sicentre Magnitude

¢ 1.29 X
. 4.49 “‘@E
s
L ] 5.59
- o ©s 124 20 s A0
® 6-69
o 7-79 16,000,000
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The documents

BRITISH STANDARD

BSEN
1998-1:2004

Eurocode 8: Design of
structures for
earthquake
resistance —

Part 1: General rules, seismic actions

es,
and rules for buildings

Main Eurocode 8
(ECS, 2004)

sy

MALAYSIAN  jianuat amneaorn
STANDARD

Malaysia National Annex to

Eurocode 8: Design of structures for
earthquake resistance -

Part 1: General rules,

seismic actions and rules for buildings

Country National Annex
(Malaysia NA, 2017)

ICS: 91.12026

© Copyright 2017
DEPARTMENT OF STANDARDS MALAYSIA
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Hazard map (please exercise extreme caution)

# JABATAN MINERAL DAN GEOSAINS MALAYSIA
UJfF ) DEPARTNENT OF MINERAL AND GEOREIINCE MALAYSA

SEISMIC HAZARD MAP OF MALAYSIA
FIRST EDMTION, 2017
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Consequence of uncontrolled use of PSHA

Records taken from https://earthquake.usgs.gov

M 6.0 (2015) M 5.2 (2018) Consequence:

pre-NA 2017 o post-NA 2017
( A e |+ Unacceptably low PGA
rKota ST - value of 0.04g'for Kota

Kinabalu Kinabalu (capital city of
e - Sabah)

e Itis some 50 km from the
epicentre of the M6.0
Ranau earthquake of 2015

(a) Enacted version in National Annex (2017)
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Seismic Design Hazard Maps showing PGA (a,) values

MALAYSIAN (AT o"hif*;m’g;;mf; Recommended map prepared by
STANDARD IEM working group
L PGA B o.07g
\ é e 0.09?
il O B o
¥ 0.079
oo
0.08g at .
Seremban?
(KK is only . Peninsular Malaysia
0.04g)?
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Seismic Design Hazard Maps showing PGA (a,) values

MALAYSIAN MS EN 1998-1:2015 Recommended map prepared by
STANDAHD (NATIONAL ANNEX:2017) |EM working group
; ' Legend
pcA EE o.079
0.09g
I
B 0.11g

Sarawak
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Seismic Design Hazard Maps showing PGA (a,) values

MALAYSIAN . ot iseeros Recommended map prepared by
STANDARD : - IEM working group
Legend
“®  IPGA [ o.07g
| | B o119

|
B o.15

|||||||||||||||||||
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Qualification for seismic assessment of PIR

m The seismic action in Malaysia 1s quiet but not silent,
we commonly termed as “low-to-moderate seismicity
regions”.

m Seismic assessment methods of can be found in EAD
331522 (endorsed draft 2018) in Europe and in AC
308 (2016) in the US.

m Engineers are reminded that it is essential to qualify
the PIR system under static loading first as a pre-
requisite before proceeding to seismic assessment.

63

" A
Content

1. Design philosophy of PIR

2. Design provision for Rebar End Anchorage Theory in EN
1992-1-1 (2004)

3. Introduction to design provision for Bonded Anchor Theory in
EN 1992-4 (2018)

4. Introduction to strut-and-tie model

5. Notes on seismic actions

6. Conclusion

64




Conclusion

m The design philosophy of PIR was introduced
REA — Rebar End Anchorage as per EC2-1-1 (2004)
BA — Bonded Anchor as per EC2-4 (2018)
STM — Strut-and-Tie Model

m In REA, splitting failure was elaborated with an a," method
extended from EC2 for higher bond strength of adhesive.

m In BA, the complex formulation as per EC2-4 (2018) was
introduced.

m In STM, definition of strut, tie and nodes were introduced with
reference to the authors’ ACI paper (2015) and EC2-1-1 (2004)

m Seismic actions in Malaysia was introduced together with PIR

seismic assessment.
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