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Abstract

This study aims to evaluate the strength and performance of retrofitted anchorage system in concrete under impact loads.
A novel technique called “Post Installation of Supplementary Anchorage” (PISA) is introduced to retrofit five different
configurations of rebar anchorage system used in concrete. The configurations of rebar are straight bar (A1), 90 degree
bend (A2),180 degree hook (A3), single head (A4) and double head (A5) bars which was retrofitted by supplementary
steel reinforcement. Direct tension pullout loads are applied on 60 anchorage specimens (each 30 of conventional and
retrofitted) casted with M25 grade concrete. The boundaries of tested specimens were followed by strut-and-tie analogy.
The rebar anchorage tested at 1.58, 1.52 impact factor using two different bars of 12mm and 16mm diameter
respectively. The deterministic characteristics of test parameters are normal strength, bond strength, ductility, and slip of
anchorage at ultimate load. The test variables are rebar configuration, size of anchored bar, and presence of
supplementary steel. The results validated by nonlinear finite element based ANSYS modeling. A good agreement of
results between experiment and model analysis was observed. Also a considerable improvement of nonlinear
characteristics of retrofitted anchorage such as ultimate load (3%-6%), bond strength (1%-6%), ductility (3%-4%),
concrete contribution (20%-32%), bar slip (8%-48%) and crack width (30%-42%) was obtained. This study promotes
useful information to retrofit non-engineered anchorage system by PISA technique. Application of this technique may
further extended to retrofit discrete regions of concrete elements such as bracket connection, corbel projection and beam-
column joint subjected to impact loads.
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1. INTRODUCTION

Constructability issues of structural concrete
anchorage system often impose brittle failure conditions
by high shear and tensile stresses imposed by impact
loads such as blast, vibration and seismic forces.
Designers often face difficulty to establish detailing
aspects of anchorage in the congested geometry of
discrete systems. As a result brittle failures are more
prominent in discrete concrete elements such as bridge
bearing, corbel projection, and beam-column joint. Use
of non-engineered detailing, minimum contribution of
concrete, tensile stress, shear force, and loss of bond are
the key parameters influencing brittle failure of
anchorage. The established bond between anchorage
and concrete contribution plays a vital role for
distribution of normal loads in embedment depth of
anchorage.

Understanding the mechanics of structural
anchorage is a complex phenomenon when a member
subjected to dynamic load. So far limited research work
was done in this area. In this context Hong S et al., [15]
conducted an experimental study on bond-slip and
constitutive relation of rebar anchorage under dynamic
loads. The result shows that for a given load, maximum
strain in concrete exists at surface of anchorage and it
increases with compressive strength of concrete.
Maziliguney et al., [17] expressed that dynamic loads
imparts bending moment on deep anchorage and is
more significant when high shear exist on anchorage.
This condition observed at interfacial elements of
machine foundation, bridge bearing etc. In this context
the designer’s assumption of uniform bond stress of
distribution (average bond stress) in rebar anchorage is
true for short embedded depth only as elastic strains
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developed in short development length of bar (less than
5 times bar diameter). But the assumptions are differed
in deep anchorage system as considerable inelastic
strains developed by local bond stress [3]. Since the
local bond shows significant influence on development
of normal stress and slip of anchorage observed by
strain penetration [14]. This issue was experimentally
established by T. Kang et al., [14], Huang Z et al., [5]
and Gothenberg et al., [6] stated that the critical
parameters that influence bond strength are compressive
strength, splitting tensile strength and elastic modulus
of concrete. In most of the situations, elastic and
inelastic response of anchorage system was influenced
by development length of anchorage as it results bond-
slip and splitting tensile stress in concrete. Subsequently
Bassam A et al., [7] expressed that the failure of
retrofitted anchorage was governed by its embedment
length and contact area of reinforcement. And in deep
embedment length of anchorage, if the contact area of
reinforcement increases then anchorage tends to brittle
failure by splitting tensile cracks. In this context limited
guidelines were addressed in ACI318-19, ACI352-02R,
NZS3101-08, 1S13920-18, 1S2502-13 design codes
under static loading conditions, but no guide lines are
mentioned to control inelastic performance since it is
significant in deep anchorage system and presence of
impact loads. Since impact loads exhibit sudden release
of strain energy and more anticipated towards brittle
failure of anchorage system. Fujikaki et al., [25]
conducted experimental studies on issues related to
application of loading rate but not included impact
conditions of anchorage system. Post installation of
Supplementary Anchorage (PISA) is a novel technique
proposed in this study for implicit strengthening of
structural anchorage thereby enhancing its non-linear
performance. This study focused on to evaluate the non-
linear performance of retrofitted anchorage and the
parameters considered to study are ultimate load, bond
strength, tensile strength, concrete contribution, crack
width and influence of size effect of rebar anchorage
under impact loads.

2. OBJECTIVES

This test program was focused on to evaluate
performance of retrofitted anchorage system under
impact loading conditions. The objectives of the test
program is broadly classified as follows.

e Conduct experimental study to evaluate nonlinear
parameters of retrofitted anchorage system. The
parameters include normal stress, bond stress,
tensile strength, concrete contribution, and size
effect, bar slip, failure mode of rebar anchorage.

e Evaluation of size effect on various rebar
configurations used in retrofitted anchorage.

e Simulate stress contours of conventional and
retrofitted anchorage with five different types of
rebar configuration using ANSYS modeling.

e Addresses the effectiveness of PISA technique for
five types of rebar configurations used in retrofitted
anchorage system.

3. RESEARCH SIGNIFICANCE

Emerging issues of blast resistance, impact
loads and seismic action on RC structures results brittle
failure of structural anchorage system. Research works
by Randl [14], Kim 2014 [19], Brencich [10] expressed
that implicit strengthening measures of anchorage
provides good improvement by passive confinement
and bond improvement of anchored bar through which
non-linear performance of the system can be improved.
In this context a novel technique of Post-Installation of
Supplementary Anchorage (PISA) introduced on
hardened concrete and tested its effectiveness to retrofit
five different conventional anchorage systems. One of
the studied observations are retrofitting of RC structures
in Gaza strip of Israel and Palestine countries where
retrofitting by post installation techniques are adopted
for rehabilitation of damaged structures. This study
addressed about anchorage issues of discrete regions in
concrete structures such as bracket connection, corbel
projection and beam-column joint subjected to impact
loads.

4, STUDY SCOPE & LIMITATION

This study evaluates non-linear performance of
retrofitted deep anchorage system under impact loading
conditions. A comprehensive test program was
conducted on five different configurations of anchorage
systems using 12mm and 16mm anchored bars. Direct
tension pullout tests are used to reveal lower bound
strength of anchorage. The test loads are applied at
impact factor 1.52, 1.58 for 12mm, and 16mm anchored
bars respectively. The test conditions are follows to
satisfy strut-and-tie analogy. The failure mode of
anchorage focused about tension, shear and bond-slip.
No lateral confinement was provided during the testing.
The rebar provided under deep anchorage and the
failure mode was governed by concrete strength rather
than steel failure. Adhesive bond installation technique
used to fix supplementary bars post drilled hole of
hardened concrete. A good bond between the interface
of steel and concrete was established by non-shrink
(CONBEXTRA) epoxy grout.

5. SIMULATION OF NORMAL STRESSES
The normal stress of both conventional and
retrofitted anchorage system was modeled by non-linear
finite element based ANSYS program. The continuum
of finite element analysis was discritized by plane stress
quadrilateral brick element and steel reinforcement as
truss element. To simulate the concrete damages smear
crack model was considered. The bond between steel
and concrete was established by linear inter face
element by considering the tangential response of bond
stress. In this context constitutive bond-slip model
proposed by Anaelle Casanova et al., [14] was
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followed. The loads are applied at impact factor of 1.58
and 1.52 corresponding to 12mm, and 16mm anchored

bars respectively.

[

Fig.5 ANSYS modeling of normal stres;in Double head & Ré&bﬁﬁé?aﬁchorage

6. EXPERIMENTAL PROGRAM

Full scale experimental program was
conducted on rebar anchorage system under dynamic
impact loads. A total 60 pullout specimens comprised
by two groups (Group-A ,Group-B) were casted and

testing by rapid pull-out loads under servo controlled
Universal Testing Machine confirming to ASTM C234
test standards. This study program was instituted at
material testing laboratory, Gayatri Vidya Parishad
Engineering College (Autonomous), Visakhapatham,
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India. The size of test specimens are 150x150x300mm
and grade of concrete is M25 (fck: 25MPa) and size of

anchored bars arel2mm & 16mmconfirmed to Fe415
(fy:415MPa) grade deformed steel.
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Figba. Conventional Anchorage system

Five types of conventional anchorage system
considered in Group-A series with 30 control specimens
of straight bar (La;), 90 degree bend (La,), 180 degree
hook (Las), single head (Las) and double head (Las)
bars casted by 260mm embedment depth of concrete.
Each configuration of anchorage was cast and tested for
3 specimens such that a total 15 specimens were tested

Supplementary steel

under 12mm rebar anchorage. The notation of test
specimens are mentioned by Lai12, Lazi2 Laz12, Lagaz,
Las-12 -Similarly 16mm rebar anchorage of 15 numbers
with notation Laj.ielazis, Laszie Lasis Lasas Were
tested such that each configuration of sample tested for
3 specimens. The casted 30 specimens under Group-A
series was shown in figure 6a.
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Fig 6b Retrofitted Anchorage system

Fig 6b represents the configuration of
retrofitted specimens in Group-B series. A total 30 test
specimens comprised by 12mm rebar anchorage of
mentioned by Lgiip Lez12 Lesi2.lssz Lesiz (15
samples) and 16mm rebar anchorage of Lgi16 Lgzs,
Lgsie: Lesa1s Les1s (15 samples) are considered. No
confinement reinforcement is provided to the tested
samples. The equivalent embedment depth of 12mm
conventional  anchorage was 1.0Ld, 0.84Ld,
0.63Ld,0.66Ld, and 0.64Ld corresponding to
Al,A2,A3,A4 and A5 anchorage respectively Similarly
the equivalent embedment depth of 16mm conventional
anchorage was 1.0Ld, 0.79Ld, 0.66Ld,0.49Ld, and
0.48Ld corresponding to Al,A2,A3,Adand A5
anchorage respectively The tests conditions follows the
design norms of ACI 318-19. The tail end of concrete
specimen was fixed at bottom using mechanical
fasteners that was assembled with Universal Testing

Machine. The loads are applied at impact factor 1.52
and 1.58 against 12mm and 16mm rebar anchorage
system.

6.1 Material Properties

Size of concrete specimen 150x150x300mm
(depth), Grade of concrete M25, Theoretical bond
strength  (Thd) 2.24MPa, Characteristic  cube
compressive strength (fck) 26.84MPa, Tensile strength
of concrete [og = 0.30 (fck)?®] 2.56 MPa, Elastic
modulus of concrete (Ec) 5000 (fck)'?> = 0.26 x10°
MPa, Static modulus of elasticity (Ercc): Range: 0.94
x10° ~ 0.14x10° (MPa), Poisons ratio (p) 0.21,
Allowable limiting strains in concrete (€.cs) 0.003, Size
of anchored bars: 12mm & 16mm, Yield strength of
steel (fy) 432.60MPa, Ultimate strength of steel (fu)
512.40 MPa, Elastic modulus of steel (Es)
2.10x10°MPa .
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Fig.7a.Test specimens of Conventional Anchorage Fig.7b. Test specimens of Retrofitted Anchorage

6.2 Test observations

Impact force produce sudden release of strain
energy at ultimate load of anchorage system, the
failures of anchorage system was majorly followed by
splitting tensile or shears failure of concrete rather than
other modes of concrete failures [18]. The boundary
conditions and test parameters follows strut and tie
analysis of force transfer mechanism. The
supplementary bars are installed by making drilled

holes in hardened concrete and fastened 8mm diameter
deformed bars by adhesive bond technique using
CONBEXTRA epoxy grout. It will establish good bond
between interface of steel and concrete. The failure
mode of rebar anchorage was significantly influenced
by its size effect. Typical failures of concrete observed
in retrofitted anchorage due to slip of bar, splitting
tensile stress in concrete and rebar pull-out.
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Fig.8b

Conventional Staright Anchorage A1 Retrofitted Staright Anchorage A6

Experimental observations of straight rebar
anchorage (A1) shows multiple cracks and pullout
failure of rebar anchorage due to bond loss. The test
observations were presented in tablel.The failure at
ultimate load was noted by 17.53kN, 20.64kN of
12mm, and 16mm bar respectively. The applied loads
imparts intensified normal stresses between anchored
bar and concrete that results bond loss of anchorage by
formation of multiple cracks as shown in Figure 8a. As

Fig 9a
Conventional 90 degree Bend A2  Retrofitted 90 degree Bend A7

the size of anchored bar increases, the bond stress of
corresponding decrease since more rebar area was in
contact with concrete. As shown in Figure 8b, the
retrofitted straight anchorage A6 shows slip of
anchorage due to bond loss. The size effect of anchored
bar shows significant influence on transformation of
failure mode from bond to splitting of concrete. In this
context failure loads of 18.28 kN and 21.94 kN was
observed in 12mm and 16mm bars.
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Experimental observations of 90 degree bend
anchorage (A2) shows multiple cracks at tail end and
leads to splitting of concrete due to bearing generated at
bend. The test observations are represented in Table 2.
Failure of anchorage at ultimate load are noted at
22.10kN, 22.58kN of 12mm, and 16mm bar
respectively. The applied loads imparts high intensity of
bearing stresses at tail end of anchorage that results
splitting failure of anchorage and formation of multiple
cracks as shown in Figure 9a. The retrofitted 90 degree

bend (A7) that shows shear failure of anchorage due to
bond loss. The size effect of anchored bar shows
significant influence on transformation of failure mode
from bond to splitting of concrete. The corresponding
failure loads of 22.75kN and 22.50kN was observed for
12mm and 16mm anchored bars. The size of anchored
bar does not show significant improvement of ultimate
load but transformed the failure mode of anchorage
from bond loss to splitting tensile mode.

Fig.10b

Conventional 180 degree Hook Retrofitted 180 degree Hook

Test observations of 180 degree conventional
hook anchorage (A3) shows large number of splitting
cracks at bearing of hook due to crushing stress
developed in concrete. The test result of normal stress,
bond stress and tensile stress of concrete during failure
was mentioned in Table3a.The failure loads are noted
as 25.74kN, 31.36kN of 12mm, and 16mm rebar
anchorage with successive impact factor of 1.58 and
1.52 respectively. The impact loads exerts high
intensity of bearing stresses at tail end of anchorage and

leads to crushing failure of anchorage as shown in
figure 10a. This ultimately leads to loss of bond stress
and splitting cracks appeared in concrete. Failure of
retrofitted 180 degree hook (A8) constituted by shear
failure due to loss of bond. The size effect of anchored
bar shows significant influence on transformed the
failure mode from shear failure to tension failure of the
system. A substantial improvement of failure loads
26.80kN and 32.15kN are observed in 12mm and 16mm
anchored bars respectively.

Fig.1la

Fig 11b
Conventional Single Head anchorage Retrofitted Single Head anchorage
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Figure 11a demonstrates the failure of single
head anchorage (A4) by cone of fracture. The tail end
of headed anchorage develops high bearing stresses
before bond failure of rebar and leads to cone of failure
by splitting tensile stresses developed in the concrete as
shown in figure 11a. The test result of normal stress,
bond stress and tensile stress of concrete at failure are
presented in Table 4a. The direction of failure starts at
tail end and progressed towards face. The presence of
supplementary bars provides good confinement at tail

end and considerable tensile resistance against splitting
failure of concrete. Hence parallel splitting cracks may
observe during failure. A good contribution of concrete
observed during failure that leads to ductile failure of
anchorage. The splitting cracks are formed at tail end of
head and progressed towards face. There is considerable
improvement of ultimate load during failure of headed
anchorage and is increased with size of anchorage as
mentioned in Table 4b.

Fig.12a
Double headed anchorage

Figure 12a represents failure of double head
anchorage (A5) by splitting tensile stresses induced in
the concrete. The tail end of headed bar develops high
bearing stresses and leads to double cone of fracture
between multiple heads. The direction of failure starts
from tail end and progressed towards face end of
specimen. The test result of normal stress, bond stress
and tensile stress of concrete at failure are presented in
Table 5a. Also contribution of concrete is more than
rest of anchorage system and helps to ductile failure of
anchorage. Figure 12b shows failure of retrofitted
double head anchorage (A10) trough tensile stresses
developed in concrete. The presence of supplementary
bar influence the failure mode and it helps to improve
both tensile and confinement resistance by passive
confinement effect. A good contribution of concrete
was observed during the failure which indicates
contribution towards ductile failure of anchorage. Also
shear cracks formed between successive heads and
progressed at face end of the specimen. The failure of
retrofitted anchorage accompanied by loss of bond and
bearing stress that leads to ductile failure. The test result
of normal stress, bond stress and tensile stress of
concrete presented in Table 5b.

7. RESULT AND DISCUSSION

Impact tests are conducted on five different
types of conventional and retrofitted anchorage system
by using Post-Installation of Supplementary Anchorage.
To elevate the size effect of embedded rebar of main
anchorage, the tests are conducted with the use of

Fig.12b

Retrofitted Double headed anchorage

12mm and 16mm high yield strength deformed bars
confirmed to Fe415. The test observations were made
for ultimate load, normal stresses in concrete, bond
stress and tensile stresses of concrete at ultimate load.
The experimental results are validate by finite element
based ANSYS modeling. The tested parameters are
concrete contribution (Table 2), crack width (Table 3),
and bar-slip (Table 4) of both conventional and
retrofitted anchorage. A comparison was brought
between bond and tensile strength contribution at
ultimate loads as addressed in Figure.13a, 13b. The
contribution of concrete for different diameter of rebar
anchorage was presented in Figure.14

7.1 Parametric study

The observations related to parametric
influence on strength and performance of anchorage
system by PISA retrofitting technique was studied
under concrete contribution, slip of anchorage, failure
modes and analysis of stresses were discussed below.

7.1.1 Analysis of stresses

e The results of experimental, numerical and
theoretical evaluation (Ref:ACI1318-19 & ACI352-
02R) are presented in Table-1. Maximum tensile
stresses observed in conventional double head (A5)
and retrofitted single head (A9) anchorage systems
which indicate the anchorage systems are good in
tension.

e Splitting failures are prominent in most of
conventional anchorage systems and it was
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transformed into bond failure in the retrofitted
anchorage.

e Normal stress shows significant influence on
double head retrofitted anchorage (A10) and
minimum influence in straight anchorage system
(A).

e A good correlation of test results observed in
retrofitted anchorage system. The correlation factor
(CF) evaluated for ultimate load (CF: 0.86), tensile
strength (CF: 0.92), and bond strength (CF: 0.94)
which shows significant influence of post
retrofitting technique on the evaluated parameters.

7.1.2 Concrete contribution

Table.2 shows contribution of concrete during
critical failure of anchorage system .This parameter
significantly influence the ductile property of anchorage

such as less contribution indicates brittle failure and

more contribution indicates ductile failure.

e Maximum contribution of concrete (52.92%)
observed in conventional single head anchorage
(A4) at ultimate failure load of 29.15kN. Also
considerable ductility observed in A4,A5,A8,A9
and A10 which indicates good ductile performance
of shown by conventional single headed bar.

e Retrofitting of standard 90° bend exhibit maximum
bond strength (2.97MPa) at ultimate load
(33.20kN). Maximum improvement of ultimate
load observed (12.90%) in anchored bend and
minimum effect was observed in conventional
anchorage system.

e Conventional hook and retrofitted double head
anchorage system exhibit minimum bond strength
of 2.43MPa, 2.46MPa respectively.

TABLE-1
EXPERTMENTAL RESULTS OF IMPACT PULLOUT TEST (DEEP ANCHORAGE 5YSTEM)
STRESSES AT ULTIMATE FAILURE OF CONVENTIONAL& RETROFITTED ANCHORAGE SYSTEM
(ANCHORAGE BAR DIAMETER: 12 mm HYSD, CONCRETE GRADE: M25, IMPACTFACTOR: 1.58)

Configuration *Theoretical Value . . .
Modelin Experimental Valu

of (ACI 318 & ACI 352) odeling analysis Tperimental Vatue Type of

Anchorage "By [ on [ Taa | O | Po | O | Tna | O | Po | O | Tua | 05 | Failure
D | AFa) | MFa) | AFa) | &) | AFa) | Fa) | &) | &) | Fa) | WFa) | AFa)

E“m"“ 1588 |- 246 |230 |1952 |[31362 |256 |1.08 1753 | 38425(247 | 092 | Bond
iA41-12
;’_f::'::"dm'] 1718 |- 246 230 2426 |32626 |267 |172 |2210 [38150{271 |[124 |Bearng
?““"“"H‘“’k 2270 |- 246 [230 |2635 |37432 [260 |165 |2574 |37648|242 |[138 | Splhitting
14312
LS“gIEH“'] 2192 |- 246 [230 [2710 |34654 [281 |172 |2915 |36265|249 |142 | Sphitting
144-12
?“M‘EH“" 2050 |- 246 |230 |[2340 |31425 |276 |176 (2830 |34952|234 |144 | Splitting
AS-12
Plain bar 1588 |- - - 2134 |27148 [260 |162 |1828 [37865(232 |106 |Bond
Las1z
?“"“"Bﬂd 17.18 |- - - 2584 |32365 282 |174 |2275 |37624|267 |129 |Bond
AT-12
Standard Hook
L::: 0% 1170 |- - - 2726 |36854 [287 |172 |2680 [37285(239 |143 |Bond
LS“gI“H“'] 2192 |- - - 2815 |34240 (292 |[179 |2745 |35748|245 |[146 |Bond
I49-12
DoubleHead |, 55 | _ . . 2890 |33615 |296 [182 |27.16 |32863|241 140 | Bond
Ly

Notations: * Theoretical values calculated as per desipn code ACT318 &ACI352-02F by usmg HY SD bar & Impact factor 158, Py Impact
load at ultimate failure (kIV), Gq: Stressin concrete at ulimate load(WMPa)., Tha: Bond stress at failure (MPa), Gic. Tensile stresses of concrete

7.1.3 Slip of rebar anchorage
Table-4 Shows slip of rebar 12mm &16mm

under impact loads. The impact factor of 1.52 & 1.58

considered for 12mm & 16mm bars and finding the

influence of PISA technique on slip of bar. The bar- slip
was calculated from principle of strain energy

.Following observations are drawn.

e Bar-slip increased with size of anchored bar in the
conventional anchorage system. In retrofitted
anchorage bar-slip decreased with increase size of
bar.

e Two different size of rebar anchorage (12mm &
16mm), and maximum bar-slip observed in straight
anchorage and also minimum bar slip (13.78mm)
observed in retrofitted double head (44.82mm) bar.

e Bar slip increased by use of supplementary
anchorage of PISA technique. Maximum increment
of bar-slip (48.04%) observed in 12mm straight
rebar anchorage (A6) and minimum increment of
bar-slip (8.42%) observed in 12mm double head
retrofitted anchorage (A10).
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TABLE-2

EXPERIMENTAL OBSERVATIONS - IMPACT PULLOUT TESTS OF DEEP ANCHORAGE
CONCRETE CONTRIBUTION OF CONVENTIONAL & RETROFITTED ANCHORAGE

g(ANCHORAGE BARDIAMETER: 12 mm HYSD, CONCRETE GRADE:M2S, IMPACT FACTOR :1.52)

S Neo Type of anchorage Specimen Pu Tha Ve Vs e~ Pa=
Exp. Exp Exp Exp (Ve/Vs) | % of steel
x100
notation kN MPa mm * mm * % %
1 | Conventional Plain bar. Lain2 17.53 247 51824 2827416 1.83 0.50
2 | Conventional Standard Bend | Lyy 13 22.10 2.71 68432 | 3347620 2.04 0.50
3 | Conventional Standard Hook | Lsg 19 2574 242 1452658 | 4433451 | 32.15 0.50
4 | Conventional Single Head Las 2 29.15 249 2346216 | 4427430 52.92 0.50
5 | Cenventional Double Head Las12 2830 234 2634842 | 53407.24 4933 0.50
6 | Retrofitted Plain bar Las.12 18.28 232 62432 | 4521636 1.38 139
7 | Retrofitted Standard Bend Lar12 2275 267 932.64 50440.60 1.84 1.39
8 | Retrofitted Standard Hook Lag 12 26.80 239 1443638 | 6129830 | 23.52 1.39
9 | Retrofitted Single Head Lao.12 2745 2.45 1234272 | 6123893 20.15 1.39
10 | Retrofitted Double Head Lao12 27.16 241 2434264 | 7723890 | 3151 139
Notations: 0

Pu: Load at ultimate fajlure (KN), Thd : Bond stress of anchorage at ultimate failure (MPa) .
V¢ Volume of concrete contributed at failure (mm?), Vs: Volume of steel contributed at failure (mm?)
1,- % of concrete contribution at ultimate fajlure . n, = (V¢ / Vs ) x 100, p, = % of steel used =(Ast/Ac) x100

TABLE-3

EXPERIMENTAL RESULTS-IMPACT PULLOUT TESTS OF DEEP ANCHORAGE SYSTEM
CRACK WIDTH OF CONVENTIONAL & RETROFITTED ANCHORAGE
(ANCHORAGE BAR DIAMETER: 12 mm HYSD, CONCRETE GRADE: M25)

No Anchorage Specimen Pu Wi Wctf Thd Failure
Configuration of Impact load Imitial Final crack Bond
anchorage Notation | & fnal crack | crack width | width Sﬁ::;‘f:c% Type
S.Ne. Description kN mm mm MPa
1 Conventional Plain bar. | Lay_12 17.53 0.30 1.20 2.47 Bond
2 ggﬁ;‘mﬁ"“l Standard | Lag-12 22.10 0.30 1.00 271 Bond
3 Conventional Standard | Laz_12 25 74 0.30 0.90 242 ing
Hook : - - - Bearin
4 g"’lg"m‘m‘ﬂ Smgle | Laa-12 29.15 0.30 0.60 2.49 Tension
o ] ] } i
5 Conventional Double Las 12 Tension /
Head 2830 0.30 0.40 234 B
6 | Retrofitted Plain bar | Lag-12 18.28 0.30 0.80 232 Bond
/ Bmm“gﬁ“"d Standard | Lag-12 2275 0.30 0.70 2.67 Bond
8 Hl:ﬁmuﬁﬁned Standard | Lag-12 26.80 0.30 0.50 239 Bond
O | Retrofitted Single Head | Lag. 12 27.45 0.30 0.40 245 Bond
10 HRia"gﬁmd Double Lato-12 27.16 0.30 0.40 241 Tension

Notations: Pu: Impact pull gut lpad at final crack (kN), Wei: Initial crack width as per ACI 318-19 - 0 30nun Wef: Final crack

width (num) , Thd: Bond strength at failure (WMPa)

7.2. Effect of bar size on configuration of anchorage .

The influence of anchored bar size (12mm &
16mm) on various configurations of anchorage system
are discussed below. Specific observations are made for
crack width, strength, concrete contribution and crack
formation was discussed.

7.2.1 Effect of bar size on crack width

Table.3 shows crack width of conventional,
retrofitted anchorage system and following conclusions
were drawn.

Except retrofitted double head (A10) all other
anchorage systems are susceptible to bond failure
by supplementary anchorage. A significant
influence of shear conditions exists by PISA
technique that reduce tensile failure of concrete in
retrofitted anchorage.

A Substantial reduction of crack width was
observed in all types of retrofitted anchorage
system except double head bar (A10). Minimum
crack width observed in retrofitted single head (A9)
and double headed bar (Al0). Use of
supplementary anchorage does not shown any
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influence on crack width of double head anchorage
(A5).

The bearing stress at hook and head of anchored
rebar shows significant effect on fracture
mechanics of A3,A4,and A5 anchorage. Failure
mode of these anchorage systems are influenced by
developed splitting tensile stress of concrete which

was effectively addressed by PISA technique.

Al 515 * 1.42

Failure modes of anchorage systems are shown in
from Fig 7a,7b -to-Figl2a,12b.One of the key
observation found in failure mechanics of
anchorage systems are with the use of retrofitted
technique, failure modes of conventional anchorage
was transformed to bond failure.

2485
| u Tensile strength
AL 2830 | Lad 284 B Bond Strength
145
A9, 2745 | 1as
140
AlD 27.16 141
* 143
T A&, 26,80 139
* 138
A3.25.74 2.4
= ]
= 120
3 AT 2275 167
g |
1.30
A2.22.10
2 — | ”
S aeasas | -
110
AL 1753 | | a7
o 05 1 15 : 25 3
Fig.13a STRENGTH -MPa____
LOAD .Vs BOND & TENSILE STRENGTH OF CONCRETE- IMPACTC PULL OUT TEST: 12mm. ANCHORAGE
TABLE .4
BAR SLIP- CONVENTIONAL & RETROFITTED ANCHORAGE
(ANCHORAGE BAR DIAMETER: 12mm & 16mm HYSD, CONCRETE GRADE: M25)
12mm diameter 16mm diameter
. 1Zmm .
Anct Sneci Ultimate 12mm | Percentagd Ultimate lémm | 1gmm | Percenta
rage en Load E; diameter| bar Slip Load Bar Slip | diameter| €harSlig
Type of anchorage Anchorage Pn AL,, Fn/AL,, 1 Pn ALy, Pn /ALy, £16
SNo Descnption MNotation EN mm - % EN mm %
la E:I“"m“"“’]mght Lai 16 2610 | 1378 | 189 _ 3470 2069 | 168 -
- 3537
1b | Retrofitted straightbar| Las_1s 2680 | 2040 | 131 +48.04% 3510 2801 | 125 by
= ]
2a | Conventional80" Bend | 4 = 2040 | 1944 |151 _ 3530 1956 | 180 -
i}
2b | Retrofitted 90" Bend La7 15 3320 | 2346 | 140 +20.67% 36.10 2185 | 165 +1;;‘1
3a |Conventionall80"Hook | { = 3620 | 3312 | 1.00 _ 4970 3648 | 136 _
3b | Retwofitted 130 Hook Lag 15 3760 | 3925 | 085 +18.51% 5090 4053 | 125 H,;m
4a g‘:::mmm] Smgle Las 16 3750 | 3711 |1.01 - 5020 3242 | 154 -
4b | Retrofitted Smgle Head | 1,4 14 3740 4247 | 087 +14.40% 5170 35.60 145 | +9.80%
Ja g‘:::mmmm"“bh Las 16 3710 | 4134 | 090 - 4970 3261 | 152 -
b Eg‘;ﬁtte"m“u" Lalois 3710 | 4482 |083 £.42% 5120 3501 146 | +734%

Notations: Py: Pull out load at ultimate failure (KIN), AL ; Barshp (mm), £: Percentage bar shp against conventional anchorage,
% ghp.; + ve - Indicatesmerease - ve : Indicates decrease
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Al 22.58

A3 3136

AT. 2246

Ad. 3237

A5, 32,16

AB. 32.15

AR 33,72

Ak, 21.94

FULLOUT LOAD -kN —>

A 3126

Al 20,64

™ TENSILE 3TRENGTH

= BOND STRENGTH
.38

Fig.13b

STHEP&GTH -MPa —)1'5

2 F4]

LOAD .Vs BOND 5 TENSILE STRENGTH OF COMCRETE: IMPACT PULL OUT TEST: 16mm ANCHORAGE

7.2.2 Effect of bar size on strength

Fig.13a & Fig.13b shows size effect of
anchored bar size on bond and tensile strength of
concrete.The following observations are.

e There is a significant improvement in strength of
anchorage system with increment size anchored
bar. Also variation in contribution of bond and
tensile strength of anchorage system significantly
decreased with increased size of anchored bar.

e Use of large size anchored reinforcement demands
more tensile strength of concrete and increased at
par with bond strength. This concept was more
significant when using retrofitted anchorage system
of A8,A9 and A10.

Use of small size reinforcement as rebar
anchorage shows requirement of high bond strength and
minimum tensile strength of concrete. PISA technique
as retrofitting measure of anchorage is more effective

AL, 79,15
A5, 28.30

AR, 2T A5

ALD.
1716

A3, 25,74

[ 206069
I 3364

| FrEN
M 68a3

-
AG 18.28 624.52

AT. 2275

A2 2210

Pullout Load- kN ——=

7: 8342.64

e ]

Concrete contribution-mm? —

when large size bars used in structural anchorage. Its
effect is size of bar was reduced.

7.2.3 Effect of bar size on concrete contribution

Fig 14 shows size effect of anchored bar size
on concrete contribution since it plays a vital role
against ductile performance of the system.The
following observations are drawn under impact loading
conditions.

e Substantial contribution of concrete was observed
in rebar anchorage of A3, A4, A5, A8, A9 and
A10. Concrete contribution is minimum in rebar
anchorage of Al, A2, A6 and A7.

e Mechanical anchorage by using headed bars shows
good contribution of concrete in A4, A5, A9, and
A10. It is a noted observation and useful to proceed
ductile performance of anchorage.

e No significant improvement on  concrete
contribution was observed in Al and A2 anchorage
systems by using PISA as retrofitting measure.

4E27.56

1346216

2BATL.AR
1634842

2790857

2858246
2678822

231432

= LEMM DA ANCHORAGE
= 12MM DA ANCHORAGE

o 5000 10000

15000

20000 250000 ] 35000

Fig.14 CONTRIBUTION OF CONCRETE IN 12MM & 16MM DIA ANCHORED BAR. IMPACT TEST
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Ad. 29,15

AS5.28.30

A, 2745

AlD.I7.16

AD. 26.80

Ad. 25.74

AT JLTE

AL 2110

PULL-OUTLOAD .En ——

Q 9.2 04

CRACK WIDTH-mm _—

Fig.15 CRACK WIDTH OF 12mm & 16mm SIZE ANCHORED BAR-IMPACT LOAD

7.2.4 Effect of bar size on crack formation

Fig 15 shows size effect on crack width of
anchorage system under impact loads. The following
observations are drawn.

e Maximum crack width observed in anchorage
systems of Al, A2, and A3. The rebar size shows
no significance when PISA used as retrofitting
measure by the above anchorage systems.

e Anchorage systems A4, A5, A8, A9 and A10
shows minimum crack width and allowing large
pullout loads. This indicates a substantial
improvement of load transfer when an anchorage
subjected to impact loads.

e Retrofitting of hooked anchorage system by PISA
technique shows more effective in hooked
anchorage system (A3) since it reduce crack width
and provides substantial improvement in shear and
bond strength of rebar anchorage under dynamic
impact loading conditions.

8. CONCLUSIONS
A comprehensive study was conducted on

retrofitted anchorage system of structural concrete.
Both experimental and numerical studies are conducted
on different configurations of anchorage system that
was retrofitted by “Post-Installation of Supplementary
Anchorage” (PISA) for its implicit strengthening. Due
to its versitality and good perfrmance under impact
loads, PISA technique shall provide efficient retrofitting
measures in discrete RC members subjeced to dynamic
impact loads such as blast load, earth quake conditions,
ect. The principle observations of retrofitted anchorage
system are detailed as folllows.

1. A good improvement of strength (bond, tension)
and ductility was observed in retrofitted anchorage
systems with Post Installation of Supplementary
Anchorage (PISA).The technique shows good
prominenence when large diameter bars used in
structural anchorage system .

2. PISA retrofitting technique may significantly
enhance the contribution of concrete in single head
(A9) and double head (A10) anchorage systems
that leads to show good improvement of ductility.

3. A substantial improvement of bar-slip observed by
supplementary anchorage that was installed
hardened concrete. For a given bar diameter
(12mm) the maximum increment of bar-slip
(48.04%) was observed in straight rebar (A6) and
minimum increment of bar-slip (8.42%) observed
in retrofitted rebar of double head anchorage
(A10).

4. A good control over crack formation and crack
width was observed in retrofitted anchorage
systems. In this context 180 degree hook anchorage
(A8) exhibit maximum reduction of crack width
(43%) by supplementary anchorage. But its
influence was less significant in double headed
anchorage (A10).

5. Experimental results of retrofitting technique
(PISA) shows good acceptance to limit inelastic
strains developed in deep anchorage system. This is
due to predominant influence of local bond stress
rather than bond stress.

6. Except straight anchorage (A1) and 90 degree bend
(A2), the brittle failure of rest of conventional
systems transformed to ductile mode by PISA
technique.
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