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interfacial fracture energy
Ali Ejaz : STRENGTHENING OF REINFORCED CONCRETE MEMBERS WITH LAP
SPLICES USING STEEL COLLARS. Advisor: Prof. Anat Ruangrassamee, Ph.D.

Bond splitting failure of substandard lap splices have caused extensive damage to many
structures during earthquakes. Existing methods to strengthen substandard lap splices primarily
involve wrapping the substandard lap spliced regions with jackets possessing mainly in-plane
stiffness. Hence, the efficiency of such techniques is compromised due to the lateral bulging of
concrete and flexural bending of jackets. This study investigated hollow steel section (HSS) collars
which offer axial and flexural stiffness in mitigating splitting failures associated with lap splices not
conforming to current design codes. Three lap splice lengths, mainly 20, 28, and 35 times the bar
diameter (d,) were studied. Experiments were conducted on 19 beams subjected to four-point
bending, with substandard lap splices within the constant moment region. Test variables involved the
lap splice length, concrete cover, and spacing of HSS collars. Results revealed that HSS collars
successfully prevented splitting failures resulting in ductile behavior. It was found that the bond
stress of the lap-spliced bars increased till the onset of their yielding. Beyond that, the bond stress
was maintained close to their peak value in the beams sufficiently confined by HSS collars. By
applying HSS collars, improvements in the bond strength for beams with 20d, lap splices were
evident. The control beams having longer lap splice lengths exhibited yielding, and the improvement
in their bond strength was limited despite showing ductile behavior. In order to capture the
contribution of HSS collars to the improvement from brittle behavior to ductile behavior, the
interfacial fracture energy was also used instead of the bond strength alone. An equation for the
increase in the interfacial fracture energy due to the confinement by HSS collars was obtained using
nonlinear regression. This equation was utilized to determine the required confinement ratio of HSS
collars for a given substandard lap splice. The required confinement ratios of HSS collars obtained
from the proposed equation were found to agree with the experiment while overestimation was
found in some cases. Nonlinear fiber modeling using OpenSees was performed to predict the
experimental load-deflection curves of beams. Several existing approaches were compared to
estimate the strength of substandard lap-splices, whereas the splice strength in the case of
insufficiently confined beams was predicted by an analytical approach based on interfacial fracture
energy dissipated by lap-splices. An existing approach was adopted to estimate the compressive
stress-strain response of HSS collar confined concrete by considering the axial and flexural stiffness
of HSS collars. The proposed modeling strategy for beams resulted in close agreement with the
experimental results. The same modeling concept as that for beams was adopted to model HSS
collar strengthened RC columns in combination with pinching and strength degradation rules. An
energy-based calibration was adopted to calibrate the predicted hysteretic response of RC columns.
The pinching and hysteretic damage parameters for sufficiently confined columns were proposed. A
good agreement between the predicted and experimental hysteretic response was obtained.

Field of Study: Civil Engineering Student's SIgNatUre ........ccoceeverviereeneas
Academic Year: 2022 AdVisor's Signature ...........ccoceeerenieen.
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Chapter 1 Introduction

1.1. Problem Statement

Some past earthquakes have resulted in severe damage to reinforced concrete
(RC) structures with substandard lap splices [1-4]. Old buildings commonly used lap
splices at the column-footing junctions. Further, those splices were designed
considering only gravity loads and the lap splice length [; was limited to 20d,,, where
d, is the diameter of the bar [5]. This insufficient lap splice length, together with the
poor confinement, resulted in the catastrophic failure of many existing structures [6,
7]. Recent seismic provisions [8] do not permit the use of tension lap splices within
the plastic hinge zones of columns in special moment resisting frames [9].

In post-earthquake field inspections, extensive damage due to bond failures
has been reported [10]. A premature bond failure undermines the design capacity of
reinforced concrete structures. Two types of bond failures are commonly observed for
steel bars in tension, namely pullout failure and splitting failure [11]. Ample
confinement in the form of concrete cover results in direct pullout failure. On the
contrary, poor concrete confinement results in concrete splitting in the vicinity of the
bar called splitting failure. Key factors affecting the resistance to splitting failure
include the bar diameter, spacing between bars, and transverse reinforcement [12-14].
A lapped bar transfers force to concrete that transfers the force to the other lapped bar
[15]. This causes radially outward pressures resulting in splitting cracks that originate
at the loaded end and propagate along the lapped bars [16]. The similarity in the
failure modes of a single bar and lapped bars has led current design provisions to use
similar or greater development lengths for lapped bars as that of a single anchored bar
[17].

During the previous earthquakes, the failure of a lap splice has been proved to
be fatal. Figure 1.1(a) shows bond failure at the pier base during the 1989 Loma Prieta
earthquake [5], Figure 1.1(b) shows the collapse of the Hanshin expressway during
the 1995 Kobe earthquake due to insufficient lap splice length [3], Figure 1.1(c)

shows the failure of a column due to lap splice failure during the 2003 Bingdl



(Turkey) earthquake [18], and Figure 1.1(d) shows another lap splice failure in a
residential building during the 2015 Gorkha earthquake Nepal [10].

AR el u i 4

(d)

Figure 1.1 Lap splice failures observed in past earthquakes (a) 1989 Loma Prieta
earthquake [5], (b) 1995 Kobe earthquake [3], (c) 2003 Bingdl (Turkey) earthquake
[18], and (d) 2015 Gorkha earthquake Nepal [10].

Several techniques are available to strengthen the lap splices not conforming
to the recent design guidelines. The mitigation was identified by jacketing the column
surface externally in such a way that it keeps the concrete and transverse
reinforcement from crushing and opening, respectively. This is achieved as the
external jackets apply lateral confining pressures against the outward bursting forces
from the concrete core. Conventional confinement techniques involve steel and
reinforced concrete (RC) jackets covering critical bond regions. The steel and
concrete jackets provide excellent strengthening solutions by restoring the strength



and ductility of RC members [19-28]. Despite possessing the potential to strengthen
existing structures, the use of RC and steel jackets is limited, mainly attributed to the
time of their application and by altering the stiffness of structures by enlarging the
actual cross-sections [29, 30]. Fiber-reinforced polymer (FRP) jackets have gained
interest over the last two decades, which is attributed to their noticeable strength-to-
weight ratio, easy and rapid application, high resistance to corrosion, and high
durability [31, 32]. In addition, FRP jackets do not change the look of the structure,
and appreciably, the stiffness of the structure is not significantly altered [33]. In
addition to the several advantages over the conventional strengthening techniques,
FRP jackets have successfully eliminated splitting failures by providing adequate

clamping pressures in the lap splice zones [34-38].

It is to be noted that existing jacketing techniques to strengthen substandard
lap splices provide confinement through their in-plane stiffness mainly. This means
that these jacketing techniques do not provide restraint to the out-of-plane bulging of
concrete. This limitation has serious outcomes in the case of rectangular sections.
Stress concentrations occur near sharp corners of rectangular sections and result in
premature failure of these jackets [39]. To address this issue, the effectiveness of
these jackets is improved by rounding off sharp corners [40-42]. It has been suggested
that the degree of roundness is limited due to the presence of internal reinforcement
[42]. As a result, another solution is to modify the rectangular cross-section to an oval

or octagonal shape cross-section (see Figure 1.2) [20, 43].

Octagonal Jacket

Inadequate Confinement

Figure 1.2 Modified cross-section to an octagonal shape [43].

Recognizing the issues related to the negligible flexural stiffness of jackets,
Hussain and Driver [44] introduced flexural elements in the form of rectangular



hollow structural section collars, as shown in Figure 1.3. Hussain and Driver [44]
strengthened RC columns with hollow structural section collars. A significant
improvement in the peak compressive strength and ultimate strain of concrete was

observed due to the confinement by hollow structural section collars.

Figure 1.3 Hollow structural sections used by Hussain and Driver [44].

1.2. Objectives of the Study

Recognizing the benefits related to the flexural stiffness of hollow steel
section (HSS) collars, it is evident that using steel collars to prevent bond splitting
failures can be an effective solution. At present, no detailed studies are available to
examine the effectiveness of steel collars in preventing splitting failure. The
objectives of the present study are

e To investigate the efficiency of hollow steel section (HSS) collar confinement
in preventing the brittle splitting failure associated with substandard lap
splices

e To propose an expression from experimental results for the increase in
interfacial fracture energy as a function of HSS collar parameters (spacings
and cross-sectional area).

e To propose a design equation estimating the required confinement of HSS
collars to strengthen substandard lap splices.

e Perform fiber-based non-linear analysis for HSS confined beams and columns

and validate the correlation between analytical and experimental results.
1.3. Scope of the Study

The scope of the present study is



The efficiency of HSS collars will be assessed in preventing splitting failures
associated with substandard lap splices by using beam splice tests.

The present study targets lap splices with concrete cover to diameter ratios
ranging from 1.0 to 1.62 and lengths ranging from 20d,, to 35d,,.

Those columns and beams will be considered that are controlled by flexure.
The fiber-based non-linear analysis will be performed for columns and beams
with substandard lap splices confined with HSS collars using distributed
plasticity methods only.



Chapter 2 Literature Review

Pre-1970 construction followed practices that involved the provision of
substandard lap splices at critical locations in reinforced concrete members. For
instance, lap splices provided at the base of bridge piers and columns to allow the
continuity of the load-bearing mechanism were short. As a result, the capacity of the
component was undermined due to the premature failure of lap splices. During past
earthquakes, many instances of the premature failure of lap splices were reported
leading to a partial or full collapse of the structure [3, 5, 10, 18] as discussed in
Section 1.1. Subsequently, research works were initiated to counter premature lap
splice failure by using external jacketing techniques. This chapter first presents
research works that provide a comparison of the behavior of substandard lap splice
columns with that of continuous longitudinal bars and demonstrate the strength and
ductility degradation due to premature lap splice failure. Then, various existing
jacketing techniques to strengthen substandard lap splices are discussed. This is
followed by a discussion to highlight the shortcomings associated with existing
jacketing techniques. Then, existing studies to strengthen RC columns by using
hollow steel section (HSS) collars are discussed. Finally, non-linear fiber modeling of
RC members is discussed, followed by a technique to model the concrete behavior

confined by HSS collars.
2.1. Specimens to Study Bond Characteristics

Researchers have used different types of specimens to study bond
characteristics between a steel bar and surrounding concrete. The specimens can be
mainly divided into four categories: (1) pull-out specimens, (2) beam end specimens,

(3) beams with anchored bars, and (4) beams with lap spliced bars.

Pull-out specimens were often used to study bond characteristics due to the
ease of their fabrication, as shown in Figure 2.1. In the pull-out specimen, a single bar
is anchored at the center of a concrete prism of known length. The bar is pulled out of
the specimen, and the pull force and strain inside the bar are measured. Though this is
the easiest way to study bond, it has a major drawback. The pull-out force is applied



at the expense of a compressive reaction on the concrete prism face. This compressive

reaction results in compressive stress from the loading surface to the steel bar. As a

result, the concrete surrounding the steel bar is placed in compression while the steel

bar is in tension. This does not reflect the actual condition of steel bars in tension in

RC members. Further, the compressive struts result in an increase in the bond strength

[45].

SPEC
i v

i
( LEATH

HAL
IRACKET

@ YOKE

CUSHII

-BASE

[

'

; '/:\SPHER
H

BEARIN

(a)

17

+P
(b)

200

mm

HSS32x32x3.2

st
(7.9 in) (HSS 1% x 1Y% x 1/8) ‘
LVDT, /Detail A Longitudinal § y
M cut ..
@—Ef’—/ —y [6mm RI9x19x32 |8
@ 2 P (% x % x 1/8) "\
L N @ connection
O3 T locations ~ #10 flat
‘ ij' #° head screws
O4=H " @ 300 ofc (118 in)
ol 5 Section A-A
%::,;' i |10@ 77 mm
Al .
131 (10 @ 3 in)
» »
@.--l. ‘: g HSS Bar LVDT Platform
@_ :‘- s
| 7
2-'” A: QA Al I~y
SR | [ A B Concrete 2 H ;
- H
'fﬁ' M famm  Cylinder S
Ad f;#A i Detail A
1 (0.6 in) L
+ P (Specimen 2 Only)
(c)

Figure 2.1 Pull-out specimens used by (a) Mathey and Watstein [46], (b) Abrishami
and Mitchell [47], and (c) Feldman and Bartlett [48].

The second specimen type is beam-end specimens, as shown in Figure 2.2.

This type of specimen can prevent the drawbacks associated with pull-out specimens.

However, it requires a bond-free length near the surface to avoid conical failures.
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Figure 2.2 Beam-end specimens used by (a) McCabe et al. [49] and (b) Rizkalla et al.

[50].



According to ACI 408R-03 [45], beam splice specimen provides accurate
bond strength, and a bulk of data on bond has come from beam splice specimens.
Given this, many researchers have adopted beam splice specimens to study the effect
of external confinement on the bond strength between lap splices and surrounding
concrete [51]. For instance, Figure 2.4 shows beam splice specimens used by
researchers. ACI 408R-03 [45] recommends using either beam anchorage or beam

splice specimens to study the bond, as shown in Figure 2.3.

q;] .

(a) (b)

| 2 2

. S . E—
4 | *

() (d)

Figure 2.3 Types of specimens used to study bond between steel bars and concrete (a)
pull-out specimen, (b) beam end specimen, (c) beam anchorage specimen, and (d)
beam splice specimen [45].
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Figure 2.4 Beam splice specimens used by (a) Harajli et al. [51], (b) Garcia et al. [52],

(c) Garcia et al. [53], and (d) Helal et al. [54].

2.2. Study of Bond Strength Using Beam Splice Tests

Esfahani and Rangan [55] tested 22 simply supported beams subjected to four-

point bending. Each beam furnished a short lap splice within the constant moment

region, as shown in Figure 2.5. Strain gages were installed at the ends of lap splices to

record strains. The measured strains were converted to stresses, and by taking the

equilibrium between the steel stress and bond strength, the bond strength values were

determined. The study determined that the bond strength reduced as the length of the

lap splice increased.
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Figure 2.5 Beam splice specimens tested by Esfahani and Rangan [55].

Hamad [56] tested 13 simply supported beams with constant moment regions
in the middle, as shown in Figure 2.6. All beams furnished a substandard lap splice of
305 mm corresponding to lap splice length to steel bar diameter ratio of 15. This
splice length was selected to ensure the splitting mode of failure before attaining the
yield stress in lap spliced bars. The bond strengths were calculated from experimental
results, and it was found the rib face angle on lap spliced bars affected the behavior of
lap spliced beams. A beam with lap splices having a rib face angle of 60° performed

better than the beam with lap splices having a rib face angle of either 45° or 90°.

! 78.5 In
(a) Longitudinal details and test setup 5.20 in
{236 mm )

o -]
i .
(b) Cross-section details e (303 mm)
4o o
i .
s8mm

Figure 2.6 Beam splice specimens tested by Hamad [56].

Harajli et al. [57] investigated the bond-slip response of lap splices in
unstrengthened concrete and concrete strengthened with internal steel fibers. Thirty-

two lap spliced beams were tested, and the influence of concrete cover, bar diameter,
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and the volume of steel fibers on bond strength was evaluated. Typical specimen
details are shown in Figure 2.7. The study revealed that the bond strength of lap
spliced bars increased with the concrete cover-to-diameter ratio and by increasing the

volume fraction of internal steel fibers.
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Figure 2.7 Beam splice specimen tested by Harajli et al. [57].

Based on the shape of the bond stress-slip response, Harajli et al. [57]
proposed a bond stress-slip law, as shown in Figure 2.8. For each point on the bond
stress-slip curve, separate equations were proposed by performing nonlinear
regression analysis on test data. Harajli et al. [57] proposed Eg. 2.1 for the bond
strength in unstrengthened concrete and Eq. 2.2 for bond strength in internal steel

fiber reinforced concrete.

c\2/3
Umax = 0.75 fc, (d_b) 2.1

Umax(FRC) = CfUmax(unstrengthened) 2.2

where c is the concrete cover, d,, is the diameter of the lap spliced bar, and ¢; = 1.00

for ms 0.25; and ¢ =1+0.34 m—0.25 for m> 0.25, where Ve is the
df \} df df

volumetric ratio of steel fibers. L is the length of steel fibers, and d is the diameter of

steel fibers.
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Hamad et al. [58] investigated the
spliced bars due to the confinement by FRP
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proposed by Harajli et al. [57].
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Figure 2.9 Beam splice specimens tested by Hamad et al. [58].

Harajli [59] tested 14 beams in two groups depending on the size of the

bottom longitudinal bars. Each beam was simply supported, as shown in Figure 2.10,
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with a short lap splice length of 5d,;. Confinement in the form of internal steel ties or
external CFRP wraps was provided, and the resulting improvement in the bond
strength of lap spliced bars was evaluated. Nonlinear regression analysis was
performed to propose Eg. 2.3 for the prediction of improvement in bond strength due

to internal or external confinements.

2

¢+ ko\3
Uy = 0.78 fc’( C) 2.3
dp
7.04, . .
k. = e for internal steel confinement 2.4
S
560renftf
k.= N for CFRP confinement 2.5
S

where A, is the area of internal reinforcement, n is the number of lap spliced pairs,
s is the center-to-center spacing of internal reinforcement, r, is the ratio of elastic
modulus of CFRP material to the elastic modulus of steel, n is the number of CFRP

wraps, and t; is the thickness of a single CFRP wrap.
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Figure 2.10 Beam splice specimens tested by Hrajli [59].

Garcia et al. [53] explored the bond behavior of lapped bars using fifteen RC
beams tested in flexure. Twelve of the beams were designed in a way to fail by bond
splitting at midspan, where the main flexural reinforcement was spliced at 10d;. The

parameters examined involve the amount and type of confinement at midspan (no
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confinement, internal steel stirrups, or externally bonded carbon FRP), concrete cover,
and bar size. The geometry of specimens tested in this study is shown in Figure 2.11.
To inspect the effects of concrete to diameter ratio (c/d,), concrete covers of 10 mm
and 20 mm were selected for the beams reinforced with 12 mm bars, whereas 27 mm
was used for the beams reinforced with 16 mm bars. For each beam, the side and
bottom covers were chosen to be approximately equal. The average bond stress along
the lapped bars was found by assuming a uniform bond stress distribution along the
lap length using the following equation:
S fsdp

T4l
where f; is the stress in lap spliced bars, dj, is the diameter of lap spliced bars, and g

2.6

is the lap splice length. To quantify the effects of CFRP confinement in enhancing the
bond strength between the steel bar and concrete, a strain control approach was
adopted. Confinement force applied by CFRP over its length (splice length in this

case) is:

fi = area X ef fective stress = 2ntsl, fro = 2ntsl;, X (Efex Ef) 2.7
where n=number of layers of CFRP, ¢,=thickness of single CFRP sheet,
€s.=effective strain in CFRP sheet, Er=modulus of elasticity of CFRP, [,=length of
CFRP sheet (equal to splice length in this study), and €, was taken equal to strain in

concrete at splitting strength. The confinement force per splice is then given by:

2ntely €cem E
confined force per splice = ﬁ =2 fb Tetm 7 2.8
ny np

Correspondingly, confinement stress is obtained by dividing the confinement

force by the area of split as

confinement stress per splice = f, =
nbAspl 29

(nb X 2(Cmin + db)lb

To quantify the effect of external CFRP jacket on bond strength enhancement

Aty the following equation was proposed based on regression analysis.

ATSpl

VI

=1.15%/f, < 0.4 2.10
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Figure 2.11 Beam splice specimen tested by Garcia et al. [53].

Helal et al. [54] tested 12 simply supported beams under four-point bending
with a lap splice length of 10d,. In this study, post-tensioned metal straps were used
to strengthen the substandard lap splices as shown in Figure 2.12. The results revealed
that post-tensioned metal straps resulted in an increase of up to 60% in bond strength.
Nonlinear regression analysis was performed to propose equations for the
enhancement in bond strength due to post-tensioned metal straps confinement Tpy¢

as

150d,
( ls i 126) Cmin 2 ( ls)

TpTMS Nfpt 1+ s
dp

= += 2.11
f;" 456n(cmm + db) db 3

where N is the number of metal straps, f, is the post-tension force, and ¢ is the

thickness of metal straps.
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Figure 2.12 Beam splice specimens tested by Helal et al.[54].

2.3. Behavior of Columns with Substandard Lap splices

In this section, existing studies that tested RC columns with substandard lap
splices and without strengthening are discussed. Experimental results related to
unstrengthened substandard lap spliced columns and their corresponding columns

with continuous reinforcement are discussed.

Chai et al. [19] tested circular RC columns with a 610 mm diameter and 3657
mm height, as shown in Figure 2.13(a). The columns were scaled down by a factor of
0.4 of the actual 1524 mm diameter column. Columns were subjected to an axial load
corresponding to 18% of the weight of the column. The hysteretic load-deflection
responses of the column with continuous reinforcement and with a substandard lap
splice are shown in Figure 2.13(b) and Figure 2.13(c), respectively. The substandard
lap splice column failed at a lateral load capacity of 218 kN and achieved a ductility
of 1.5. In comparison, the column with continuous longitudinal reinforcement
achieved a lateral load capacity that exceeded the theoretical capacity by 6%. In

addition, a lateral load was maintained till a ductility of 5.0.
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Figure 2.13 RC columns tested by Chai et al. [19] (a) details, (b) with continuous
reinforcement into the footing, and (c) with a substandard lap splice.

Lynn et al. [60] tested square RC columns with and without a substandard lap

splice of 20d,, at the junction with footing. Figure 2.14(a) presents structural details

of tested specimens. Figure 2.14(b) presents the hysteretic response of Specimen

2CLH18, i.e., with continuous reinforcement, whereas the hysteretic response of

Specimen 2SLH18, i.e., with 20d, lap splice, is presented in Figure 2.14(c).

Specimen 2CLH18 exhibited more cyclic strength degradation as compared to
Specimen 2SLH18. The ductility achieved by Specimen 2CLH18 was 4.0 as

compared to the ductility of 3.5 of Specimen 2SLH18.
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Figure 2.14 RC columns tested by Lynn et al. [60] (a) details, (b) with continuous
reinforcement into the footing, and (c) with a substandard lap splice.

Ghobarah et al. [61] tested rectangular RC columns with a 40d, lap splice.
The tested column was representatives of ground story columns in an existing two-
story building. The structural details of the tested lap spliced column are shown in
Figure 2.15(a). Another column with structural details conforming to the earthquake-
resistant design was also tested as a reference. An axial load of 8.0% of the column
weight was applied at the top of each column. For the lap spliced column, rapid
degradation of the lateral load capacity was observed near the ductility of 4.0,
whereas the code conforming column did not exhibit a considerable drop in lateral

load capacity till a ductility of 10.0.
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Figure 2.15 RC columns tested by Ghobarah et al. [61] (a) details, (b) with earthquake
resistant design, and (c) with a substandard lap splice.

Displacement (mm)

Harries et al. [35] performed cyclic tests on square RC columns with and
without a 22d,, lap splice. An axial load of about 22% of the column self-weight was
applied to each column. Reverse cyclic load was applied at the height of 2440 mm to
produce a large shear span-to-depth ratio. In this study, the specimen with continuous
reinforcement FO was also poorly detailed by the transverse reinforcement. As shown
in Figure 2.16(b), Specimen FO achieved its nominal capacity but failed due to the
crushing of concrete and buckling of longitudinal reinforcement. Specimen LO was
provided with a 22d, lap splice, which was about 42% of the lap splice length
required by ACI 318-19 [62]. The lap spliced specimen failed by exhibiting splitting
cracks along the height of the column and was unable to achieve its theoretical

flexural capacity.
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Figure 2.16 RC columns tested by Herries et al. [35] (a) details, (b) with continuous
reinforcement, and (b) with a substandard lap splice.

Harajli [63] tested rectangular RC columns with geometry as shown in Figure
2.17(a) in three groups I, I, and Ill. In each group, one specimen was tested in as-
built condition with a substandard lap splice of 30d;, whereas another specimen was
constructed with earthquake resistant design (Type E). The details of other retrofitted
specimens are not given here. The peak load sustained by Specimen C20E was 143.3
kN, whereas Specimen C20 failed at the maximum load of 87.3 kN. From the
measured strains along the lap spliced bars, it was found that the maximum strain
recorded in Specimen C20 was well below the yield strain. As a result, Specimen C20

did not exhibit ductile response.
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Figure 2.17 RC columns tested by Harajli [63] (a) details, (b) with earthquake
resistant design, and (b) with a substandard lap splice.

Choi et al. [64] tested circular RC columns with structural details, as shown in
Figure 2.18(a). The diameter of the columns was 400 mm, and a height of 1400 mm.
Specimen SP50-N corresponds to a specimen with 50% of the longitudinal bars
spliced at the base with starter bars. Specimen SP00-N was similar to Specimen SP50-
N, except no bar splicing was performed at its base. Figure 2.18(b) shows the
hysteretic response of Specimen SP00-N, whereas the hysteretic response of
Specimen SP50-N is shown in Figure 2.18(c). The maximum load sustained by
Specimen SP00-N was 132.2 kN as compared to the value of 107.8 kKN for Specimen
SP50-N. Moreover, Specimen SP00-N demonstrated a displacement ductility of 6.97,
whereas Specimen SP50-N could only demonstrate a displacement ductility of 3.19

and failed in a brittle manner due to bond failure.
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Figure 2.18 RC columns tested by Choi et al. [64] (a) details, (b) with earthquake
resistant design, and (b) with a substandard lap splice.

Several other studies have also reported premature lap splice failure in RC
columns. A summary of research works conducted on testing RC columns with
substandard lap splices is shown in Table 1. Table 1 provides the provided lap splice
length I and lap splice length required by ACI 318-19 [ 4, [62] given as

ls,ACI _ 9 fy

dy, 10 = ((c+ k) 2.12
T e
where ¢ is concrete cover taken as the smallest of bottom concrete cover, side

concrete cover, or half the clear spacing between consecutive pairs of lap splices; f, is
the yield strength of steel bars; f. is the compressive strength of concrete; d;, is the
diameter of steel bars; and k;,. is a parameter that accounts for the effect of transverse

reinforcement. The last column reports a parameter R;; which is the ratio of provided
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lap splice length [, to that required by ACI 318-19 [62] [; 4¢;. The R, values ranged
from 0.16 to 0.78 in previous studies as shown in Table 2.1. It is to be noted that [,
values in the literature were based on old construction practices. Further, all the
columns of studies in Table 2.1 failed in a brittle manner due to bond failure.
Therefore, it can be established that a lap splice failure is expected for R;s ranging
from 0.16 to 0.78.

Table 2.1 Summary of R;; values in existing studies.

Study Ls (dp) Ls,acr (dp) Ris
Chai et al. [19] 20 48 0.41
Aboutaha et al. [21] 24 70 0.35
Lynn et al. [60] 20 57 0.34
Xiao et al. [65] 20 31 0.64
Daudey et al. [24] 25 45 0.56
Malek et al. [7] 20 77 0.26
Haroun et al. [5] 20 46 0.44
Harries et al. [35] 22 49 0.45
Harajli [63] 30 99 0.31
ElGawady et al. [37] 35 45 0.78
Kim et al. [38] 24 47 0.51
Bournas and Triantafillou 20 125 0.16
[66]

Juntanalikit et al. [29] 25 58 0.43

2.4. Literature on Strengthening of Substandard Lap splices

In literature, the strengthening of substandard lap splices in existing reinforced
concrete members has been performed by using steel, concrete, or FRP jackets. This

section summarizes a summary of existing jacketing techniques.
2.4.1. Steel jackets

Steel jacketing comes under the category of conventional jacketing methods
along with RC jacketing. Chai et al. [19] tested six circular RC columns and
strengthened them using steel jackets in two groups. Group 1 specimens incorporated
a lap splice length of 20db, while Group 2 specimens had continuous longitudinal

reinforcement. Figure 2.13(a) shows the typical specimen details. In each group, one
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specimen was tested as-built while other specimens were tested after strengthening by
steel jacketing. Table 2.2 presents the details of the tested specimens. The steel jacket
consisted of a 12.7 mm thick A36 steel sheet. To avoid accidental strength
enhancement due to the bearing of the jacket against footing at large lateral
displacements, a gap of 50 mm was provided between the jacket and the top of the

footing.

Table 2.2 Summary of tested specimens by Chai et al. [19].

Tesl Unit Column & Fooling Delails Remarks
L zall:h;; ;:ul}:‘..m:m Hask Posiing Reference
2| el oty | Meok Pooting | Full Retrofit
3| bt st osng | o€ Pocting | Reference
4| O roe Cotuimn Ba7® | Strong Footing | Full Retrofit
5 | 4" Suroloum meap | Strone Footiog | Partial Retrofit
6 | pha s oions ™ | Strong Footing | Full Retrofit
{;_’i | ﬁ:h‘-idiﬂ?ﬁ‘c_:lz: ) 3;;.:ipfog:i:fl'eu 777"?”’?_ _ |

Each specimen was subjected to controlled lateral deflections. Figure 2.19
compares the responses of Specimen 3 and Specimen 6. Specimen 3 was the reference
and did not incorporate a lap splice, while Specimen 6 incorporated a substandard lap
splice and strengthened with a steel jacket. The responses of both specimens were
comparable both in terms of ductility and strength achieved. The steel jacket
strengthened specimen did not exhibit a strength degradation up to ductility of 7.0,
whereas the reference specimen with continuous reinforcement exhibited a drop in its
capacity near the ductility of 5.0. The substandard hysteretic response of the reference

lap spliced specimen is already shown in Figure 2.13.
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Figure 2.19 Comparison of the hysteretic response of columns tested by Chai et al.
[19] (a) Specimen 6 with substandard lap splice and strengthened using a steel jacket
and (b) Specimen 3 with continuous longitudinal reinforcement.

Aboutaha et al. [21] tested eleven rectangular RC columns were tested under
controlled cyclic deflections. Seven out of eleven columns were strengthened using
steel jackets of different configurations, while four columns were tested as built.
Figure 2.20 provides details of tested specimens.
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Figure 2.20 Details of specimens tested by Aboutaha et al. [21].

For strengthened specimens, two different lengths of steel jackets were used,
termed as Long Steel Jacket (LSJ, 34.5” high) and Short Steel Jacket (SSJ, 27” high).
Different configurations of anchor bolts were used on steel jackets. A summary of

tested specimens and strengthening details are given in Table 2.3.
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Table 2.3 Summary of specimens tested by Aboutaha et al. [21].

Summary of the Test Columns

Col. # Type Size X-Sec. Retrofit Bolts Bolts Ref.
FC1 Basic 36"x18" B N/A N/A N/A N/A
FC2 Strengthened 36"x18" B LSJ/B 1LSB None FC1
FC4 Basic 36"x18" A N/A N/A N/A N/A
FC8 Strengthened 36"x18" A Collars 1L3B None FC4
FC9 Strengthened 36"x18" A LSJ/B 1LSB None FC4
FC11 Strengthened 36"x18" A SSI/B 21LAB 2L3B FC4

FC12 Sturengthened 36"x18" A LS)/B 2L38B 21.2B FC4
FCl4 Basic 27"x18" C N/A N/A N/A N/A
FC15 Basic 18"x18" D N/A N/A N/A N/A
FC16 Strengthened 27"x18" C LSJ/B 1L.2B None FCl4
FC17* Strengthened 18"x18" D LSJ/B 1L2B None FCI1S

LSJ = Long Steel Jacket (34.5" high), SSJ= Short Steel Jacket (27" high), /B= with Adhesive Anchor Bolts.
L=Vertical Line, B=Adhesive anchor bolt, 2L3B indicates 2 vertical lines of bolts, with 3 bolts in each line.
* The steel jacket had an additional four extra corner angles.

Figure 2.21 compares the responses of rectangular sections. It can be seen that
the unstrengthened specimen in Figure 2.21(a) exhibited a brittle response, and
reinforcing bars could not achieve their yield strength. Figure 2.21(b) shows the
hysteretic response of a rectangular section with LSJ anchored with bolts on one side
only. Figure 2.21(c) signifies the hysteretic response of the rectangular section
strengthened with SSJ and anchored with bolts on both sides. The short height of the
steel jacket could not achieve the same ductility as was achieved with LSJ, even in the
presence of anchor bolts on both sides. However, anchoring LSJ on both sides was the

optimum solution among all strengthening schemes, as shown in Figure 2.21(d).
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Figure 2.21 Comparison of the hysteretic response of rectangular specimens tested by
Aboutaha et al. [21].

Square columns showed a similar response as that of the as-built specimen
showing almost no ductility. However, strengthening with LSJ anchored with bolts on
one side showed a similar response to that of the side without anchor bolts Figure
2.22. The conclusion drawn was the better confinement of steel jackets on square

sections than on rectangular sections.
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Figure 2.22 Comparison of the hysteretic response of square unstrengthened and steel
jacket strengthened tested by Aboutaha et al. [21].

Ghobarah et al. [67] tested three columns, and the structural details are already
shown in Figure 2.15(a). Two specimens were constructed with a lap splice length of
40d,, whereas one specimen was tested with continuous longitudinal reinforcement
into the footing. It can be seen that the unstrengthened specimen with 40d, did not
exceed the ductility of 4.0, whereas the steel jacketed column was able to achieve
ductility of 10.0. Ghobarah et al. [67] also presented a theoretical procedure to
determine the steel jacket height and its thickness to clamp a substandard lap splice.
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Figure 2.23 Comparison of the hysteretic response of (a) unstrengthened and (b) steel
jacket strengthened column tested by Ghobarah et al. [67].

Daudey et al. [24] performed tests on five RC columns representatives of
bridge piers in Canada. The size of bridge piers was scaled down to 1/3.65 scale. The
test parameters included jacket geometry, the size of the vertical gap between the
jacket and the top of the footing, and the properties of the fill material between the
jacket and column surface. Specimen SO was tested in as-built condition, Specimen

S1 was strengthened with an elliptical steel jacket by modifying the original cross-
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section to an oval shape with a 15 mm vertical gap between the jacket and the top of
the footing, Specimen S2 was similar to Specimen S1 with an increase vertical gap of
40 mm between the jacket and the top of the footing, Specimen S3 was similar to
Specimen S2 but with a circular steel jacket, and the last Specimen S4 was also
similar to Specimen S2 but with a cement-based expansive grout was used to fill the
gap between the jacket and column. The height of jackets in all columns was extended
to the full height of the column to avoid the possibility of shear failure with a
thickness of 3.2 mm. Figure 2.24 shows the structural details of a typical test
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Figure 2.24 Test specimen of Daudey et al. [24].

The hysteretic response of all specimens tested by Daudey et al. [24] is shown
in Figure 2.25. It can be seen that Specimen SO failed suddenly at a ductility level of
2.0. All strengthened specimens exhibited compression buckling of longitudinal bars
beyond ductility of 4.0. It was found that the geometry of the steel jacket played no
important role. A minimum gap of 50 mm between the steel jacket and the top of the

footing was suggested to avoid stress concentrations in longitudinal bars.
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Figure 2.25 Hysteretic response of RC columns tested by Daudey et al. [24].

Lin et al. [43] assessed the efficiency of steel jackets in preventing brittle
failures associated with substandard lap splices of 40d,. Three RC columns of 1.2.5
scale were tested under cyclic loads. An octagonal steel jacket and an elliptical steel
jacket was applied to two RC columns, whereas one column was tested in as-built
condition. An analytical procedure was proposed to design octagonal shaped steel
jacket. The shape of the jackets was modified to avoid the out-of-plane bulging of the
jackets in between the sharp corners. Typical specimen details of specimens tested by
Lin et al. [43] are shown in Figure 2.26. A steel jacket of 2800 mm height was used.
The thickness of the steel jacket was 6.0 mm and 3.0 mm for the octagonal shape and
elliptical shape, respectively. A vertical gap of 30 mm was provided between the
jacket toe and the top of the footing. The control column failed in a brittle manner due
to premature lap splice failure, as shown in Figure 2.27(a). The displacement ductility
factors for both octagonal and elliptical-shaped steel jacketed columns were above 6.0
and achieved their theoretical lateral load capacities. The use of an octagonal shape

jacket was suggested for cost-effectiveness and spacing saving.
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Figure 2.26 Specimen details by Lin et al. [32].
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Figure 2.27 Hysteretic response of columns tested by Lin et al. [43] (a)
unstrengthened lap splice column, (b) column strengthened with an octagonal jacket,
and (c) column strengthened with an elliptical jacket.

Choi et al. [64] investigated the role of the newly proposed steel jacketing
technique in improving the performance of circular RC columns with substandard lap
splices. The structural details of specimens tested by Choi et al. [64] are shown in
Figure 2.18(a). Four circular columns were tested. One column was tested in as-built
condition, whereas three columns were strengthened by using a steel jacket of 1.0 mm
thickness. Instead of using grout to fill the gap between steel jackets and columns,
steel clamps were used to clamp steel jackets to RC columns. Figure 2.28 presents the
comparison of the hysteretic response of Specimen SP50-NSJ (i.e., control specimen)
and Specimen SP50-SJ1 (i.e., specimen strengthened with steel jacket). The

maximum lateral load sustained by Specimen SP50-NSJ was 79.7 kN, whereas the
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maximum load sustained by Specimen SP50-SJ1 was 95.2 kKN. The control column
SP50-NSJ failed at a displacement ductility of 3.19, whereas a displacement ductility
of 8.40 was achieved by column SP50-SJ1. The lap spliced bars in Specimen SP50-
SJ1 were able to achieve 51% higher stresses than the stresses achieved by lap spliced
bars in Specimen SP50-NSJ. The peak bond stress achieved by the lap spliced bars in
Specimen SP50-SJ1 was 6.5 MPa as compared to the bond stress of 4.29 MPa
achieved by the lap spliced bars in Specimen SP50-NSJ. The peak bond stress (bond
strength) in Specimen SP50-NSJ was suddenly dropped at a drift ratio of 1.78%,
whereas the peak bond stress in Specimen SP50-SJ1 was maintained till large drift

ratios.
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Figure 2.28 Comparison of the hysteretic response of unstrengthened specimen with
substandard lap splice (SP50-NSJ) with the hysteretic response of steel jacket
strengthened specimen (SP50-SJ1).

2.4.2. Concrete Jackets

Bousias et al. [68] experimentally investigated the effectiveness of RC jackets
in strengthening substandard lap splices of plain bars. The idea was that FRP jackets
do not extend beyond the joint and, therefore, cannot increase flexural resistance and
stiffness. Two control specimens with lap splice lengths of 15d, and 25d, were
tested, whereas two columns were retrofitted with RC jackets before testing as shown
in Figure 2.29. The hysteretic response of all four columns is presented in Figure 2.30.
No clear difference between the response of specimens with lap splice lengths of

15d,, and 25d,;, was observed and both the columns failed in brittle manner. The same
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columns strengthened with RC jackets demonstrated stable hysteretic loops, and
deformation capacity was enhanced three times the reference control specimens. A

significant improvement in the lateral load resistance was also observed.
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Figure 2.29 Cross-sectional details of specimen tested by Bousias et al. [68] (a)
without jacket and (b) with RC jacket.
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Figure 2.30 Hysteretic response of specimens tested by Bousias et al. [68] (a)
unstrengthened specimen with 15d, lap splice, (b) unstrengthened specimen with
25d,, lap splice, (c) RC jacket strengthened specimen with 15d, lap splice, and (d)
RC jacket strengthened specimen with 25d,, lap splice.

Kalogeropoulos and Tsonos [69] performed experiments on five columns.
Two columns were tested in as-built condition with lap splice of 20d,, (O1) and 24d,,
(02). One column with similar structural details but with continuous longitudinal

reinforcement into the footing was tested (C1). Two columns similar to Oy and Oz but
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strengthened with RC jackets were tested, denoted as RWO; and RWO,. A typical
process for installing RC jackets is shown in Figure 2.31. The height of each column

was 980 mm, whereas the square dimension of the cross-section was 200 mm.

R
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@ | NP> ©
Figure 2.31 Steps taken to install external RC jackets by Kalogeropoulos and Tsonos
[69] (a) cover is removed in original column, (b) lap splices in original and RC jackets
are welded, and (c) epoxy is inserted into the holes.

Figure 2.32 presents the hysteretic response of specimens tested by
Kalogeropoulos and Tsonos [69]. In addition to imparting significant ductility, RC
jackets improved the lateral load resistance of both the lap spliced columns

substantially.
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Figure 2.32 Hysteretic response of specimens tested by Kalogeropoulos and Tsonos
[69].
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2.4.3. Fiber Reinforced Polymers (FRP) Jackets

Within the last two decades, the use of composite jackets such as carbon fiber-
reinforced polymer (CFRP) jackets or glass fiber-reinforced polymer (GFRP) jackets
has gained significant interest. This can be attributed to their noticeable strength-to-
weight ratio, easy and rapid application, high resistance to corrosion, and high
durability [31, 70]. In addition, FRP jackets do not change the look of the structure,
and appreciably, the stiffness of the structure is not significantly altered [33]. Several
experimental works exist in the literature on the strengthening of substandard lap
splices using composite jackets. A summary of a few of those studies is given below.

Xiao and Ma [65] carried out an experimental program to investigate the
effectiveness of prefabricated composite jackets in enhancing the flexural ductility of
bridge piers with substandard lap splices. The experimental program involved three
1:2 scale circular columns. Typical specimen details are shown in Figure 2.33(a),
whereas the strengthening schemes deployed are shown in Figure 2.33(b-d). One
column was tested in as-built condition. After testing the as-built column, it was
repaired by cleaning the damaged concrete from within the plastic hinge zone,
followed by the application of a 4-layer composite jacket (see Figure 2.33(d)). The
other two columns were retrofitted with composite jackets with different schemes, as
shown in Figure 2.33(b) and Figure 2.33(d). The composite jackets used for
retrofitting were made of E-glass fiber-reinforced composite cylindrical shells with

slits.
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Figure 2.33 (a) Typical specimen details, (b) retrofitted column C2-RT4, (c)
retrofitted column C3-R35, and (d) repaired column C4-RP4 tested by Xiao and Ma
[65].

The hysteretic response of all columns tested by Xiao and Ma [65] is shown in
Figure 2.34. The as-built column C1-A suffered a brittle loss in its lateral load
capacity due to the splice failure. This was identified by longitudinal cracks along the
lap splice at a lateral displacement of 41 mm. The retrofitted columns exhibited stable
hysteretic response till a displacement ductility of 6.0 and demonstrated a loss of up to

20% of peak lateral load capacity at a displacement ductility of 8.0.
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Figure 2.34 Hysteretic response of columns tested by Xiao and Ma [65] (a) as-built
column C1-A, (b) retrofitted column C2-RT4, (c) retrofitted column C3-R35, and (d)
repaired column C4-RP4.

Haroun et al. [5] aimed to investigate the effectiveness of FRP jacketing on
circular and rectilinear columns. A total of 13 columns comprising eight circular and
5 square sections were tested under cyclic loadings. A substandard lap splice length of
20d;, was adopted in this study to mimic the construction practices prior to 1971.
Figure 2.35 shows the column details tested in this study. Different combinations of
FRP and adhesives were used. The summary of tested specimens and strengthening

schemes is given in Table 2.4.
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Figure 2.35 Column details tested by Haroun et al. [5].

Table 2.4 Summary of test specimens tested by Haroun et al. [5].

Composite jackel properties

Concrete Yield stress Thickness within Tensile Tensile
Test strength of main steel lap-splice zone strength modulus
sample (MPa) (MPa) Type (mm) (MPa) (GPa)
CF-Al 35.7 299.1 As-built circular column
CF-A2 38.7 299.1 As-built circular column
CF-R1 36.0 299.1 Carbon/epoxy® 0.7 4,168 2315
CF-R2 36.9 299.1 Carbon/epoxy” 0.7 4,430 230.1
CF-R3 32.8 299.1 E-glass/vinyl ester” 1.4 744 36.5
CF-R4 37.7 299.1 Carbon/epoxy® 1.7 4,382 226.0
CF-R5 39.7 299.1 E-glass/polyester” 12.7 641 36.4
CF-R6 33.1 299.1 Carbon/epoxy® 8.3 937 63.0
RF-Al 414 4434 As-built square column
RF-R1 354 4434 Carbon/epoxy” 4.0 4.168 231.5
RF-R2 41.9 4434 Carbon/epoxy” 4.0 4,430 230.1
RF-R3 42.2 4434 Carbon/epoxy” 25 4382 226.0
RF-R4 42.2 4434 E-glass/vinyl ester” 229 744 36.5

*Properties are based on nel-fiber area.
b
Precured shells.

“Low-modulus carbon/epoxy composite system with properties based on net-fiber area.

As-built circular specimens were able to achieve their ideal flexural capacities.
However, lap splice failure rendered them to achieve a higher level of ductility. On
the contrary, circular specimens strengthened with FRP jackets did not only achieve
their ideal flexural strengths but were also able to maintain them up to ductility of 6.0.
A comparison of the hysteretic responses of as-built and strengthened circular

specimens is presented in Figure 2.36.
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Figure 2.36 Comparison of as-built and strengthened circular columns tested by
Haroun et al. [5].

Comparing the hysteretic responses of the square as-built and strengthened
specimens Figure 2.37, it was found that the as-built square specimen was not able to
achieve its ideal flexural strength and failed in a very brittle manner owing to the
premature failure of lap splice. Strengthening it with FRP jackets did ameliorate the
situation by achieving its ideal flexural capacity. Nonetheless, the improvement was
inferior to the one obtained from the circular specimen. Haroun et al. [5] concluded
that composite jackets on square columns could only induce confining pressures near

corners. Therefore, lap spliced bars near the corners are effectively confined only.
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Figure 2.37 Comparison of as-built and strengthened square columns tested by
Haroun et al. [5].

Harries et al. [35] investigated the effectiveness of CFRP wraps in
strengthening substandard lap splices in square building columns. Five columns were

tested, comprising two columns, LO and L1, with continuous reinforcement into the
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footing and three columns, FO, F1, and F2, with a 22d;, lap splice at the column-
footing junction. Columns LO and L1 were control columns. Columns F1 and L2 were
identically strengthened using four plies of CFRP at the bottom 500 mm, whereas two
plies of CFRP were applied for another 500 mm above the bottom 500 mm, as shown
in Figure 2.38. To cover the stress concentrations near sharp corners, a corner radius

of 38 mm was provided in all specimens.
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Figure 2.38 Specimen details tested by Harries et al. [35].

The hysteretic response of the lap spliced columns tested by Harries et al. [35]
is shown in Figure 2.39. Column LO failed by exhibiting large vertical splitting cracks
along lap splices at a displacement ductility of 1.5. Columns L1 and L2 maintained
their flexural capacity till a displacement ductility of 5.0. It was concluded that the

jacket did not contribute to flexural capacity after the onset of bar slip and splitting.
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Figure 2.39 Comparison of the hysteretic response of lap spliced columns tested by
Harries et al. [35].

Harajli [63] tested circular and rectangular columns to assess the performance
of CFRP jackets with the thickness estimated by their proposed equation. The primary
test variables included steel bar diameter, cover-to-diameter ratios, and thickness of
CFRP jackets. Columns were tested into four groups, as shown in Table 2.5. Each
group comprised one control column, two columns tested with one or two CFRP
sheets, and one column detailed to be earthquake resistant conforming to modern

design codes. The lap splice length provided at the base of columns was 30d,,.



Table 2.5 Summary of columns tested by Harajli [63].
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Column Number of
Column reinforcement cld, f: Iy FRP layers
(a) Group I (rectangular section)
Cl4 8Ti4 1.4 39 550 None
C14FP1 8T14 1.4 39 550 1
C14FP2 8T14 1.4 39 550 2
ci4? 8T14 — 32 550 None
(b) Group 1II (rectangular section)
Cl6 8T16 2.1 40 528 None
C16FP1 8T16 2.1 40 528 1
C16FP2 8Ti6 2.1 40 528 2
C16E* 8Ti6 — 32 528 None
(c) Group III (rectangular section)
C20 6T20 1.0 32 617 None
C20FP1 6T20 1.0 32 617 1
C20FP2 6T20 1.0 32 617 2
C20E* 6T20 — 32 617 None
(d) Group IV (circular section)
CrU 5T14 1.6 39 539 None
CrFP1 5T14 1.6 39 539 1
CrFP2 5T14 1.6 39 539 2

*Earthquake-resistant specimens (Specimens E).

As shown in Figure 2.40, all control columns exhibited a brittle loss in lateral

strength attributed to the failure of substandard lap splices. The lap splice failure

became more noticeable as the ratio of concrete cover to bar diameter decreased. The

increase in the lateral strength of CFRP confined columns ranged between 5% to

60%. It was found that the improvement in the bond strength and lateral strength of

strengthened columns was dependent on the bond strength and flexural capacity of the

corresponding control columns. Control columns with the bond strength and

maximum splice stress close to the respective yield values exhibited a lower increase

and vice versa. As a result, columns with higher concrete cover-to-diameter ratios

exhibited a lower increase in their bond strengths and flexural capacity than the

columns with lower concrete cover-to-diameter ratios.
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Figure 2.40 Comparison of the hysteretic response of columns tested by Harajli [63]
with (a) 14 mm diameter bars, (b) 16 mm diameter bars, and (c) 20 mm diameter bars.
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Elgawady et al. [37] aimed to investigate the effects of the number of CFRP
jackets, their configuration, and strengthening materials on improvement in the
seismic behavior of RC columns. A relatively longer length of 354, was employed in
the lap splice. Eight 0.4 scale columns were tested: seven with rectangular sections
while one section was square. Specimen details are given in Figure 2.41, and a

summary of tested specimens is given in Table 2.6.
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Figure 2.41 Details of specimens tested by Elgawady et al. [37].

Table 2.6 Summary of test specimens by Elgawady et al. [37].

Specimen Test parameter Retrofitting configuration No. of FRP layers Retrofit
AB-1 Control NA NA None
AB-2 Control NA NA None
FRP-MS Retrofitting configuration Oval 2 CFRP jacket
FRP4 Retrofitting configuration Rectangular 4 CFRP jacket
FRP-6 Retrofitting reinforcement ratio Rectangular 6 CFRP jacket
FRP-8 Retrofitting reinforcement ratio Rectangular 8 CFRP jacket
AR-2 Aspect ratio Rectangular § CFRP jacket
SJ Retrofitting material Oval NA Steel jacket

Note: NA=not applicable.

Specimen with rectangular jackets were found to have the highest lateral
strengths, whereas the specimen strengthened with steel jacket exhibited the least
improvement in lateral strength. It was observed that RC columns with substandard
lap splice of length 35d, perform better than the columns with shorter lap splices.
Both the steel and CFRP jackets altered the failure from brittle lap splice failure to
ductile flexural failure. 1t was also observed that the damage localizes within the
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vertical gap between the bottom of the jacket and the top of the footing. Further, the
jacketing techniques did not influence the initial stiffness. The increase in the lateral

strength was not found to be proportional to the number of CFRP jackets.

Bournas and Triantafillou [66] tested six columns in two groups. The first
group of columns employed a 20d, of lap splice, whereas a 40d, lap splice was
provided in the second group. The structural details of the tested columns are shown
in Figure 2.42. To replicate the substandard details in old columns, a cover diameter
ratio of 0.70 was provided in all columns. One column in each group was tested in as-
built condition, one column was retrofitted with two layers of CFRP jacket, and one
column was retrofitted with four textile reinforced mortar (TRM) jackets. A corner
radius of 25 mm was provided to round off the sharp corners in the strengthened

specimens.
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Figure 2.42 Structural details of columns tested by Bournas and Triantafillou [66].

The control column L20d_C performed slightly inferior to the control column
L40d_C. From strain gage measurements along lap spliced bars, it was observed that
the lap spliced bars in Specimen L40d_C achieved yielding in the push direction,
whereas the maximum stress developed in lap spliced bars of Specimen L20d_C was
83% of the yield stress in the push direction. After strengthening by CFRP and TRM
jackets, lap spliced bars in all columns achieved yielding. Further, a stable load-
deflection response was observed for strengthened columns. The retrofit scheme was

found more pronounced in the case of 40d;, lap spliced specimens.
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Figure 2.43 Load-deflection envelopes of the columns tested by Bournas and
Triantafillou [66].

Kim et al. [38] examined the effectiveness of CFRP jackets on square and
rectangular substandard lap spliced columns with a focus on the strengthening of
rectangular columns. Three square and three rectangular columns were tested with
structural details shown in Figure 2.44. A lap splice length of 24d, was provided in
all columns. Before the application of CFRP jackets, the corners were rounded to a
radius of 50 mm. As shown in Figure 2.44, Type A, B, and C sections had 8, 10, and
20 lap splices, respectively. Two columns belonged to section Type A, one column
belonged to section Type B, and three columns belonged to section Type C. All
columns were strengthened by using a single CFRP sheet. To improve the
effectiveness of CFRP sheets, CFRP anchors were used in all columns except in one
column of section Type A. The test results concluded that a combination of CFRP
jackets and anchors provided more improvement in the structural behavior of lap
splices than that provided by CFRP jackets alone. The rehabilitated square columns
performed better than rehabilitated rectangular columns. It was observed that the
reduction in the number of anchors did not result in the reduction of the lap splice
capacity. However, a larger number of anchors imparted a larger displacement

capacity.
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Figure 2.44 Structural details of columns tested by Kim et al. [38].

2.4.4. Summary of Existing Lap splice Strengthening Techniques

Three types of strengthening solutions for substandard lap splices in existing
RC members are identified from the literature. The conventional solutions involve
wrapping the lap spliced regions by using RC or steel jackets. The primary issue
involved with these jackets is that these jackets significantly modify the weight of the
structure. As a result, the dynamic characteristics of the member are altered. Further,
these jackets require skilled labor for their application [29, 30]. RC jackets, in
particular, are time-consuming and require the removal of existing concrete cover
[68]. The use of FRP jackets instead of conventional jackets can solve these issues.
However, the efficiency of FRP jackets is maximum in the case of circular cross-
sections. This is because the sharp corners in rectangular/square sections induce stress
concentrations, and the confinement of FRP jackets is mainly concentrated near the
corners [35]. This issue, if not dealt with properly, can result in the premature rupture
of FRP jackets near the corners [71]. As a result, the efficiency of the whole confining
system is compromised. The efficiency of FRP jackets is improved by rounding off
the sharp corners to provide continuity in the confining system [39, 72]. The degree of
roundness is limited due to the presence of transverse reinforcement inside the
members [42]. Hence, the deterioration caused by the sharp corners can only be

partially removed.
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2.5. Strengthening Using Flexural Elements

2.5.1. Strengthening RC Members without Lap splices

To address the problems related to the flexural stiffness of jackets, Hussain
and Driver [44] proposed a relatively simple scheme to strengthen the concrete by the
use of steel elements having considerable flexural stiffness in the form of hollow
rectangular sections. It was stated that the collars used were able to prevent concrete
spalling due to their significant bending capacity. Steel collars were assembled either
by using welds or bolts, as shown in Figure 2.45. For bolted corner connections, 25.4

mm diameter high strength threaded rods were utilized.

Figure 2.45 Hollow structural section collars used by Hussain and Driver [44].

In the case of the collars with a welded corner connection, a partial penetration
single- V groove weld was placed all around the corner joints and then welded. A
total of 11 columns were tested in this study, including two columns with
conventional reinforcement, the control columns, and the remaining columns had
external steel collars. For the columns that had external steel collars, no tie
reinforcement was provided in the test region to study the effect of external
confinement exclusively. Column reinforcement details and typical test specimen with

welded collars in the test region are shown in Figure 2.46.
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Figure 2.46 Typical test specimen and strengthening adopted by Hussain and Driver
[44].

The control column COOA showed brittle failure mainly due to the wide
spacing of ties, and a similar behavior was observed in the other control columns. On
the contrary, ductile behavior was observed in the strengthened columns with the
degree of ductility associated with the spacing of HSS collars Figure 2.47. It was
concluded that the efficiency of the collars with welded connections in improving the
peak axial load was better than that of the collars with bolted connections. However,
due to the insufficient depth of the groove welds, the ultimate failure strain of the
columns in the case of welded collars was lower due to the premature failure of the
welds. It was suggested that a deeper weld would have avoided this premature failure,
and a higher concrete ultimate strain would have been achieved. The effect of collar
spacing was found predominant on the peak axial load. It was found that a 60% higher

collar spacing would reduce the axial load capacity by half.
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Figure 2.47 Axial load vs. displacement curves of columns tested by Hussain and
Driver [44].

Liu et al. [73] assessed the role of hollow structural section collars in
increasing the shear capacity of RC columns. The collars were assembled by using
two L-shaped components, which were obtained by cutting a 50 mm thick steel plate.
The purpose of this technique was to confine the concrete with significant flexural
and axial stiffness. A total of ten columns were tested under constant axial and reverse
cyclic loading. Two columns were tested in as-built condition, whereas the remaining
eight columns were strengthened by using steel collars. Specimen reinforcement
details are shown in Figure 2.48. Fabrication and assembled view of the steel collar

are shown in Figure 2.49.
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Figure 2.48 Specimen details tested by Liu et al. [73].
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Figure 2.49 Steel collar assembling by Liu et al. [73].

It was concluded that all columns exhibited flexural failure except the
specimen without axial load. In general, substantial improvement was observed in the
behavior of strengthened columns in terms of lateral ductility and energy dissipation.
Collars were rigidly fixed to the column throughout the loading without any slip.
However, lateral bending of the collars was observed as expected. As a result,
concrete spalling was prevented. The experiments showed that the collar columns had
stable hysteresis behavior. Force displacement envelopes for retrofitted test specimens
are shown in Figure 2.50.
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Figure 2.50 Lateral load-deflection envelopes of columns tested by Liu et al. [73].

Pudjisuryadi et al. [74] tested five columns comprising two control columns
(CS1-1 and CS1-2) with conventional stirrups, and three columns strengthened with
steel angle collars (S1-3, S1-4, and S1-5). The size of the steel angle collar was 40
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mm X 40 mm x 4 mm. The spacing of steel angle collars in columns S1-3, S1-4, and
S1-5 was 180 mm, 120 mm, and 90 mm, respectively. Typical control and collar
specimens are shown in Figure 2.51. All columns were subjected to an axial load
equal to 30% of the self-weight of the column. A displacement-controlled cyclic load
was applied to the column tip. The basic difference between the collar application by
Pudjisuryadi et al. [74] and by Hussain and Driver [44] was that no grouting between

the collar and concrete face was provided by Pudjisuryadi et al. [74].
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Figure 2.51 Typical control and collar specimen tested by Pudjisuryadi et al. [74].

The measured hysteretic response of all columns tested by Pudjisuryadi et al.
[74] is shown in Figure 2.52. The internal confinement ratio (ties) was 0.78% and
2.36% in the control columns CS1-1 and CS1-2, respectively. The resulting
improvement due to the increase in the number of ties is depicted in Figure 2.52(a)
and Figure 2.52(b). It can be seen in Figure 2.52(d) that a collar spacing of 120 mm
resulted in a similar ductile response as that of column CS1-2. All the strengthened
columns demonstrated a ductility of 4.5, whereas the ductility of the control column
CS1-1 was 3.5.
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Figure 2.52 Lateral load-deflection hysteretic response of columns tested by
Pudjisuryadi et al. [74] (a) CS1-1, (b) CS1-2, (c) S1-3, (d) S1-4, and (e) S1-5.

Dirikgil [75] tested nine columns in three groups depending on the cross-

sectional area. Table 2.7 presents the details of all specimens and strengthening

schemes applied. In this study, the performance of CFRP jackets and steel collars was

compared in mitigating the shear failure in short columns.

Table 2.7 Details of test specimens tested by Dirikgil [75].

Series Column Long. Reinf. Stirrup Strengthening
300 x 400 SC300 x 400-Ref 8016 ©010/100 -
SC300 x 400-CFRP 8016 010/150 200 mm CFRP full wrap + 50 mm wide 50 mm spaced strip
SC300 x 400-C 8016 010/150 Two combined Collar + 50 mm wide 50 mm spaced collar
300 x 550 SC300 x 550-Ref 10016 ©10/100 -
SC300 x 550-CFRP 10016 010/150 200 mm CFRP full wrap + 50 mm wide 50 mm spaced strip
SC300 x 550-C 10016 010/150 Two combined Collar + 50 mm wide 50 mm spaced collar
300 x 700 SC300 x 700-Ref 12016 ©10/100 -
SC300 x 700-CFRP 12016 010/150 200 mm CFRP full wrap + 50 mm wide 50 mm spaced strip
SC300 x 700-C 12016 ©10/150 Two combined Collar + 50 mm wide 50 mm spaced collar




53

Collars were provided at a clear spacing of 50 mm. The typical collar used by
Dirikgil [75] is shown in Figure 2.53. The width and thickness of the collar were 50
mm and 10 mm, respectively. All the columns were subjected to lateral cyclic loading

in addition to an imposed axial load.

SC300%400 SC300x700

Figure 2.53 Details of the collars used by Dirikgil [75].

The lateral load-deflection envelopes of all three groups are shown in Figure
2.54. 1t is evident that the performance of CFRP and steel collar strengthened columns
was superior to the performance of reference columns. In addition, the performance of
CFRP and steel collar strengthened columns was comparable in group 2 columns. In
group 1 and group 3, steel collar strengthened columns demonstrated slightly better
performance than CFRP columns in terms of the peak lateral load and lateral
displacement ductility. It was concluded that the performance of steel collars
increased as the cross-section of the column increased. For instance, the lateral
displacement ductility of the column SC(300x700)-CFRP was 6.61, whereas the
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same column strengthened with steel collars demonstrated a lateral displacement
ductility of 7.81.
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Figure 2.54 Lateral load-deflection envelopes of columns tested by Dirikgil [75] (a)
group 1, (b) group 2, and (c) group 3.

2.5.2. Strengthening RC Members with Lap splices

Kruavit [76] tested a total of 7 RC columns. All the columns were flexure
controlled with a shear span-to-depth ratio of 5.5. One column was provided with no
lap splice, and one column was incorporated with a splice length of 28d,, and kept as
control. Two columns incorporated mechanical splices, while three columns with

28d,, splice length were strengthened using steel collars at different spacings. All the

P O T R
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columns were subjected to a constant axial load and cyclic lateral loading. The cross-

section and geometry of the tested specimens are shown in Figure 2.55.

Figure 2.55 Typical column details tested by Kruavit [76].
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Comparing the hysteretic envelopes of non-spliced NS and control column LS

(having a lap splice length of 28d,), the column with continuous reinforcement

showed a relatively stable hysteretic response, while the column with lap splice
showed rapid degradation after reaching the peak strength. Column LS failed in a

brittle manner due to lap splice failure and under-achieved its capacity as well as

ductility. As shown in Table 2.8, column LS achieved a ductility of 1.58 as compared

to the ductility of 3.69 for the NS column.

Table 2.8 Summary of experimental results of unstrengthened columns tested by
Kruavit [76].

Disp@ Displ@ Disp@/r 5% Initial stiffness
Specimen Poex 08P, Ductility
P 0.8P__, secant (kN-mm)
NS 143 60.7 114 109.0 295 3.69 8.76
LS 122 41.9 98 55.8 35.3 1.58 6.10

The design of the collar section was conducted by using the equation of

Richart et al. [77] as

f;,‘(,‘ = f;}’O + 410-2

2.13
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where f,, is the unconfined concrete strength, o, is the lateral confining pressure on
concrete, and f. is the confined concrete strength. It was assumed that the splitting
failure might be prevented by increasing the concrete strength as large as that in an
unconfined state. From this assumption, the lateral confining pressure o, was
estimated to be 5.75 MPa. Among various cross-sectional shapes, a rectangular
hollow steel section (HSS) was chosen as it provided the lowest weight for the same
section modulus, as shown in Figure 2.56.

Steel section

Weight (kg/m.)
<
[e]

0 10 20 30 40 50
Modulus of Section (cm3)

= Cut Beam ¢ Channels a Angle o Rectangular Tube

Figure 2.56 Weight vs. section modulus from various steel sections calculated by
Kruavit [76].

An HSS size of 50 x 50 x 2.3 was chosen from analysis on SAP2000. Then,
the designed steel collars were used at three different spacings up to a height of 1100
mm, inclusive of which is 700 mm length of lap splice as shown in Figure 2.57.
Collars were provided at 100 mm (column SC1), 200 mm (column SC2), and 333 mm
(column SC3), respectively. The envelopes of lateral hysteretic load-displacement
curves are shown in Figure 2.58. It can be seen that all the strengthened columns
demonstrated better performance than the corresponding control column LS. The
performance of columns SC1 and SC2 was better than the rest of the columns in terms
of ductility and peak lateral load. Further, the ductility of specimen SC1 was found

comparable to the ductility of the column without lap splices, i.e., the column NS1.
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Figure 2.57 Different HSS collar arrangements to strengthen substandard lap splices
by Kruavit [76].
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Figure 2.58 Envelope curves of the lateral load-displacement hysteretic curves of
specimens tested by Kruavit [76].

2.5.3. Summary of Strengthening Using Steel Collars

In recent years, the axial, shear, and flexural performance of columns has been
assessed by using steel collars. Steel collars have proved to be an effective solution to

strengthen axial, shear, and flexural behavior. It is seen that the performance of steel
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collars was comparable to or better than the performance of widely used FRP jackets,
and the performance of steel collars was not affected by the cross-sectional size of the
member [75] [49]. The study by Kruavit [76] demonstrated that hollow steel section
(HSS) collars could prevent lap splice failures. It was found that a spacing of 100 mm
of HSS collar with a cross-section of 50 mm x 50 mm X 2.3 mm was sufficient to
mitigate the splitting failure of a 28d, lap splice. The design of HSS collars by
Kruavit [76] was vaguely based on the assumption that the splitting failure may be
prevented by increasing the concrete strength twice as large as in an unstrengthened
state. Further, no design guidelines were established to estimate the size and spacing

of HSS collars for lap splices other than 28d;, in length.
2.6. Non-Linear Fiber Modelling of Substandard Lap spliced Reinforced

Concrete Columns

In this section, a few approaches are discussed to analyze a column with
substandard lap splice. The approaches consist of modeling based on distributed

plasticity and concentrated plasticity.
2.6.1. Models Based on Distributed Plasticity

Tariverdilo et al. [78] recognized that a deficient lap spliced column at the
base might not be able to develop its full capacity due to the premature splitting
failure limiting steel stress within the lap splice below the yield strength. To obtain
maximum developable stress within lap splice, the formulations of Priestley et al. [79]
were used. It was assumed that maximum developable stress is proportional to the
tensile strength of concrete. A failure surface around each lap spliced pair was

assumed of height equal to the splice length and perimeter p given as

S
p=5+2(dy+0) < 2V2(d, + ¢) 2.14
where s is the clear spacing between spliced pairs. It was further supposed that slip
resistance is provided by a 45° truss mechanism between spliced bars or between a

bar and surrounding concrete. From this, Eq. 2.15 was formulated as

Ty = A f, = Fypls 2.15
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where f; is maximum developable splice stress and F; is the tensile strength of

concrete given as 0.33\/ﬁ (MPa). After reaching f;, stress drops until a stress f,. that
corresponds to a constant residual stress zone. This residual stress was assumed to be
supported by transverse reinforcement passing the splitting plane and providing
frictional resistance corresponding to frictional coefficient u (see Figure 2.59). Eq.
2.16 was proposed to estimate the residual stress f,..

nn UApfn = nApfs 2.16
where n;, n¢, Ay, fu, n, and A, are the number of legs of transverse reinforcement,
the total number of transverse reinforcements within splice length, area of transverse
reinforcement, yield strength of transverse reinforcement, number of longitudinal

spliced bars, and area of a single longitudinal bar, respectively.

b e

.~ Cover, €

Figure 2.59 Force transfer in lap splice (Priestley et al. [79]).

Acknowledging the contribution of slip to total deformation, Eqg. 2.17 and Eq.

2.18 were proposed to estimate strain at f; and f,., respectively.

_5 1
=5ty 2.17
1
e = 70 2.18

where b and E; are the width of the section and elastic modulus of steel, respectively.
Factors 1.0 and 10.0 correspond to the slip of 1 mm and 10 mm, respectively. It was
suggested to use Hysteretic material for steel within the lap splice zone. To account

for pinching in x- and y-directions, values of 0.8 and 0.3 were suggested for pinchX
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and pinchY parameters. Further, 0.0 and 0.02 values were suggested for damage?2
and damagel parameters, respectively, to account for displacement and energy
degradation. The modeling strategy adopted by Tariverdilo et al. is shown in Figure
2.60.
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Figure 2.60 Column discretization and definition of steel bar stress-strain relationship
by Tariverdilo et al. [78].

Concrete within cover and core was modeled using Concrete02 material.
Properties of core concrete were modified using the recommendations of Mander et

al. [80]. Five integration points were used within each element.

Choi et al. [81] used a similar numerical model as that of Tariverdilo et al.
[78] to predict the hysteretic load-deformation response of deficient lap spliced
columns. Hysteretic material was used to model the stress-strain relation of lap
spliced bars. However, the concrete was modeled using Pinching4 material. The
benefit of Pinching4 material over Hysteretic material is that it offers more options to
control cyclic strength and stiffness degradation as well as the pinching behavior.

Mainly, points on the envelope correspond to define unloading stiffness, reloading
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stiffness, and strength degradation under cyclic loading. As shown in Figure 2.61
Pinching4 material backbone curve in OpenSees, the point rDispP defines the ratio of
the deformation at which reloading occurs to the maximum historic deformation
demand, rForceP defines the ratio of the force at which reloading begins to force
corresponding to the maximum historic deformation demand, and uForceP defines
the ratio of strength developed upon unloading from negative load to the maximum
strength developed under monotonic loading. This material was proposed by Lowes
and Mitra [82], who implemented the damage rules of Park and Ang [83] for
unloading stiffness, reloading stiffness, and strength degradation under cyclic loading.
If the damage indices are assumed to be functions of displacement history and energy

accumulation, the unloading stiffness damage index 8k; is defined as

—— k3 E; glea

ki = gk (Tma) ™ + glea (———) ) < gkum 219
monotonic

dmaxi dmini )

d = max e < 2.20
max <def (max) def(min)
loadhistory

E = f dE 2.21

0
monotonicloadhistory

Ernonotonic = 9E f dE 2.22

0
where i refers to the current displacement increment, §; is the damage index (6; equal

to O represents a state of no damage and §; equal to 1.0 represents the case of
maximum damage), gk's are parameters used to fit the damage rule to the
experimental data, E is hysteretic energy with E,,onotonic €qual to the energy required
to achieve under monotonic loading the deformation that defines failure, def,,, and
defnin are, respectively, the positive and negative deformations that define failure,
and d,qx; and dpp; are, respectively, the maximum historic and minimum historic
deformation demands. Finally, for the case of unloading stiffness, current unloading
stiffness is evaluated from Eq. 2.23. A similar form of damage rule is adopted for
reloading stiffness and strength degradation as well.

k; = ko(1— 8k;) 2.23
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where k, is the initial unloading stiffness for no damage case. Choi et al. [81]
calibrated their experimental results of the lap spliced column under hysteretic
loading and by using Pinching4 material. The calibrated parameters of Pinching4
material are shown in Table 2.9. It must be mentioned that the same parameters were

used for positive and negative loading directions.

{dmﬂ:!f{dm 35}}
load /\ {ePd, ePf;) {ePd, ePf;)

(tDizpP-d__ . rForceP-f(d__))
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Figure 2.61 Pinching4 material backbone curve in OpenSees [84].

Table 2.9 Calibrated parameters for Pinching4 material by Choi et al. [81].
Parameter Value Parameter Value

rDispP 0.01 gD3 0.1
RForceP 0.3 gbh4 0.1
uForceP 0.4 gDLim 1

gK1 -04 gFl 0.2

gK2 -04 gF2 0.2

gK3 -04  gF3 1

gK4 -04 gF4 1

gKLim 1 gFLim 1

gD1 0.1 dmgType “energy”
gb2 0.1 - -

Zhang et al. [85] used force-based beam-column elements in OpenSees to
model the substandard lap splice behavior. The recommendations of Tariverdilo et al.
[78] were used to estimate the modified stress-strain relation of lap spliced bars, as
shown in Figure 2.62. In addition to the modeling strategy adopted by Tariverdilo et

al. [78], two additional rotational bond-slip springs were attached at the top and



63

bottom of the column (since the column was in double curvature). The rotational
bond-slip springs were modeled by using zero-length elements in OpenSees, and the

properties were estimated by using the model by Zhao and Sritharan [86].

Q Rotational hinge for
bar-slip
Stress [5 1
fs
Force-based
5 beam-column
element
Column
0 :
height
Strain
£y £ &y
0
Lap-spliced
— I length
Zero-length : [T] a Rotfati%na} T_inge
section b o, barsip
element -
(a) (b)

Figure 2.62 Modelling strategy for the lap spliced column by Zhang et al. [85] (a)
stress-strain relation of lap spliced bars, and (b) analytical model of the column.

Zhang et al. [87] used force-based elements in OpenSees to model the lap
spliced RC columns. The analytical model used by Zhang et al. [87] is shown in
Figure 2.63. The model comprised two force-based elements connected in series. The
length of the bottom element was taken equal to the lap splice length. The authors
used the recommendations of Tariverdilo et al. [78] to model the stress-strain
behavior of lap spliced bars. It has been known that strain-location occurs in force-
based elements at the most-strained section, which is the column-to-footing junction

in this case.
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Figure 2.63 Analytical model of lap spliced RC column used by Zhang et al. [87].

The authors proposed a strain regularization scheme based on the concept of
fracture energy [88]. According to Coleman and Spacone [88], the energy dissipated
by using force-based elements depends upon the number of integration points. As the
number of integration points increased, the energy dissipated by the most-strain
integration points was reduced. Therefore, the concept of fracture energy was
introduced to balance the energy dissipation and make it independent of the number
of integration points. Coleman and Spacone [88] applied the concept of fracture
energy regularization to the concrete material, as shown in Figure 2.64. By following
this approach, the strain corresponding to the 80% reduction in peak strength was
estimated as

Gf 0.8f;

€ = + €
20T 06f/ L, E, 0
where Gf is the fracture energy obtained from experiments. A commonly used value

2.24

of 25 N/mm was used for unconfined concrete, whereas a value of 150 N/mm was
used for confined concrete. In Eq. (2.30), L;p is the length of the most-strained

integration point, and E. is the elastic modulus of concrete.



65

0.2f/}-

€o &20u

Figure 2.64 Post-peak fracture energy regularization of concrete material by Coleman
and Spacone [88].

Zhang et al. [87] noticed that the fracture energy regularization of concrete
material was insufficient to regularize the response of lap spliced columns. This is
shown in Figure 2.65, where the static pushover curves of lap spliced columns are
plotted. It can be seen that the softening behavior was dependent on the number of

integration points.
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Figure 2.65 Non-regularized static pushover curves of lap spliced column by Zhang et
al. [87].

Zhang et al. [87] applied the same regularization scheme to the stress-strain
relation of substandard lap splices. The detailed derivation of the regularization
process can be found in the paper by Zhang et al. [87]. In general, the point
corresponding to the residual stress in the model of Tariverdilo et al. [78] was shifted
depending upon the number of integration points used. For a greater number of
integration points, the length of the most-strained integration point reduces. As a
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result, it is required to increase the corresponding post-peak fracture energy to
regularize the response, as shown in Figure 2.66. The resulting pushover curves are
shown in Figure 2.67. It can be seen that the highly sensitive to the number of
integration points response in Figure 2.65 is now insensitive to the number of

integration points.

sl A 31p

Figure 2.66 Effect of fracture energy regularization on the shape of stress-strain
relation of lap spliced bar by Zhang et al. [87].
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Figure 2.67 Regularized static pushover curves of lap spliced column by Zhang et al.
[87].

Alvi et al. [89] performed regression analysis on experimental results of
several RC columns failing in splitting. The idea was to link the parameters of
Hysteretic material with various characteristics of columns. A similar approach to that
of Tariverdilo et al. [78] was adopted. The need for an updated approach was

recognized as the same strength and stiffness parameters proposed by Tariverdilo et
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al. [78] did not result in good predictions of the hysteretic response of existing short
lap spliced RC columns. A slight modification in the basic numerical model was
suggested by adding an additional rotational spring at the base of the RC column. This
was intended to simulate additional deformation components arising from the slip of
lap spliced bars. The remaining numerical model remained the same as that of

Tariverdilo et al. [78], as shown in Figure 2.68.

Confined Unconfined f ,
Concrete Concrete § .‘._..-
P CEET Pl
V__’g _ Longitudinal
Reinforcement
< '85
[ ) ' "*® Normal rebar
i - ~ Modified rebar
Flexural Column
Element L 4 Length f !
Unconfined “%° Rebar Fib
cpar riper
JON | &
Fiber based M.
dispBeamColumn
. element / K,
Splice
Element ls Confined o
Zero-Length FiRotat'ional Concrete Fiber
Element | Spring
7z COLUMN FIBER SECTION MODEL Rotational Spring

Figure 2.68 Analytical model proposed by Alvi et al. [89].

To modify the constitutional stress-strain relation of lap spliced bars in
tension, parameters £, y, and A were suggested in Eq. 2.25, 2.26, and 2.27.

s =Bfy 2.25
fr=7f 2.26
€ = g, 2.27

where f; is the maximum stress that can be transferred (on ascending branch), £, is the
residual stress, and €, is the strain corresponding to f,.. Further, the stiffness of the
rotational spring was taken as a function of «a.

Ecl,

k, =
e aLC

2.28



68

where E., 1, L. are elastic modulus of concrete, second moment of area of the cross-
section, and length of the column, respectively. Pinching (pinchX and pinchY) and
damage (damagel and damage?2) parameters were taken as functions of various RC

columns characteristics.

Considered characteristics for nonlinear regression included width of column
cross-section B, the height of column cross-section H, effective depth d, shear span a,
diameter of longitudinal reinforcement d,;,, number of longitudinal reinforcement bars
N, the diameter of transverse reinforcement dj, the center-to-center spacing of
transverse reinforcement s, longitudinal reinforcement ratio p;, measured
compressive strength of concrete f.', measured yield strength of lap spliced bars £,
measured yield strength of transverse reinforcement f,., length of lap splice [, and
axial load on column P. The following equations were proposed for various

parameters defining Hysteretic material in OpenSees for lap spliced bars.
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2.6.2. Model Based on Concentrated Plasticity

The model for an RC column with a short lap splice considered by Cho and
Pincheira [90] is shown in Figure 2.69. The model used a concentrated plasticity
approach with three zero-length rotational springs to model the flexural, shear, and
slip behavior of the column. The length of the column was modeled as an elastic

element. The model was implemented in the program DRAIN2D.

P
! !

- - \/

/— shear spring

//— elastic element

flexural spring

‘/— bond-slip spring
/— rigid element

i |/
( | ) ol

<typical column profile> <computer model>

Figure 2.69 Analytical model of lap spliced column by Cho and Pincheira [90].
The bond-slip rotational spring was used to include the effect of a short lap
splice. For this purpose, a 1-D model of the bar was considered, as shown in Figure

2.70. Non-linear springs were attached to the bar at various locations, and each spring
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was assigned a bond stress-slip law proposed by Harajli [91]. In the first step, the
bond force-slip relation was calculated from the 1-D model. From this, end rotations
due to bar slip were calculated by following the recommendations of Razvi and
Saatcioglu [92]. By using the end rotations and bar force, the moment rotation relation

was estimated from the moment-curvature analysis.

Concrete / Reinforcing bar ;
; ]
W W A WA AW N
Aslip

Figure 2.70 1-D model of anchored bar to populate the bond-slip rotational spring by
Cho and Pincheira [90].

Juntanalikit et al. [29] modeled the RC column with substandard lap splice by
using a concentrated plasticity model, as shown in Figure 2.71. The model consisted
of an elastic limit with a length equal to the length of the column minus the length of
the plastic hinge. At the column base, a zero-length element was used with nonlinear
springs of concrete and steel material. A rigid link of length equal to the plastic hinge
length was used to connect the elastic and zero-length elements. In addition, a zero-
length shear spring was used at the column base to model the shear behavior of the

column.



H-Lp

Lp

71

Elastic
Zone

rigid
link

Zero
length

Shear
Spring

fiber
section

———

F

Figure 2.71 Concentrated plasticity model adopted by [29].

The zero-length element incorporating concrete and steel fibers is shown in

Figure 2.72. A monotonic curve was used to simulate the behavior of unconfined and

confined concrete, as shown in Figure 2.73.
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Figure 2.72 Zero-length element with nonlinear concrete and steel springs used by

Juntanalikit et al. [29].
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Figure 2.73 Monotonic curve to model the concrete behavior by Juntanalikit et al.
[29].

The steel spring comprised three sub springs connected in series, as shown in
Figure 2.74. The constitutive steel stress-strain relation was assigned to the steel bar
sub-spring, whereas a modified stress-strain relation was assigned to the lap splice

sub-spring to incorporate the effect of short lap splice length.

Elastic porﬁon“
B 1
3
Steel bar Lp-Ls
sub—spring —
lap splice
sub-spring Ls
~bond S|ip LSG
sub-spring Bassment
RO EE] EE AN PSR |

Figure 2.74 Three-spring model adopted by Juntanalikit et al. [29] to model the
behavior of lap splices.

To model the lap splice sub-spring, a tri-uniform bond distribution along the
lap splice was adopted, as shown in Figure 2.75. The bond stress distribution
comprised three regions, including the post-splitting region, splitting region, and
yielding region. Juntanalikit et al. [29] utilized the bond stress-slip law of Harajli [59]

and derived equations for each part of the lap splice sub-spring. Depending upon the
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equilibrium between the bond stress and lap splice stress, equations were derived to

estimate the length of each zone within the lap splice sub-spring as

fe = (uspLsp + urLy +uy Ly, )P 2.36
where ug,, u,, and u, are bond strengths within the post-splitting zone, splitting
zone, and yielding zone, respectively and Lgy,, L,, and L, are the lengths of three
zones, P is the perimeter around each lap splice bar. Depending on the magnitude of

fs, the failure was distinguished either by pre-yield or post-yield, as shown in Figure

2.76. Finally, the proposed model was implemented in Ruaumoko 2D.
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| Critical state \
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| c. Bar strain J

SIS

Figure 2.75 Tri-uniform bond stress distribution along the lap splice adopted by
Juntanalikit et al. [29].
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Figure 2.76 Modified stress-strain relation for lap spliced bars by Juntanalikit et al.
[29].
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Opabola et al. [93] adopted a phenomenological model (i.e., a macroscopic
model) to model deficient lap spliced RC columns because up to 90% of deformation
contribution in the case of lap spliced columns comes from the slip mechanism. A
rotational spring was attached to the bottom of the RC column. Moment-rotation
relation was assigned to Modified Ibarra-Medina-Krawinkler Deterioration Model
with Pinched Hysteretic Response (ModIMKPinching material) in OpenSees. As
shown in Figure 2.77, several parameters are needed to be defined for this material.
To define the backbone curve of ModIMKPinching material, parameters 6., 6,, 0,
and M, and M,,,, are required. These parameters correspond to elastic rotation
capacity, pre-capping rotation capacity, post-capping rotation capacity, moment
strength corresponding to the maximum stress that can be transferred, and peak

moment strength, respectively. In this study, M, and M,,,, were taken equal.
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Figure 2.77 Macroscopic model of lap splice RC column (a) numerical model with
zero length springs, and (b) moment rotation relation modeled by Ibarra-Medina-
Krawinkler (IMK) material in OpenSees (Opabola et al. [93]).

The authors described various equations obtained from regression analysis for
these parameters. Elastic rotation capacity 6, was given as Eq. 2.37.
Viax@?
0, = ——— 2.37
3Elyss
where V;,,,, correspond to the lateral strength corresponding to M, a is shear span,
and El is effective flexural rigidity. From the moment-curvature analysis of the

cross-section, peak moment strength can be obtained. Knowing the maximum stress
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that can be developed in lap splice, corresponding moment capacity M, can be
obtained, whereas E1,r Was obtained from the proposed Eq. 2.38.
Eloyr = «[027(3) - 0.07] 2.38
The parameter a defines the reduction in flexural rigidity and is a function of
the axial load ratio. It can be obtained from Table 10-5 of ASCE/SEI 41-17 [94]. The
drift capacity at lateral failure a,,;, was given as in Eq. 2.39 and shown in Figure
2.78.

A’
Qoo = 0.75% < 3.9 — 09—S _ _ 3y

l
Avfyt ( S,Z;TO‘U)
The effect of axial load ratio was accounted for by multiplying Eg. 2.39 with

2.39

parameter A.

ap = Aay o < 0.03 2.40
where A equals 1 for N/A,f/ < 0.2 and 0 for N/A,f; >0.5. Linear interpolation is
required for 0.2< N/A,f/<0.5. Similarly, the drift at axial load failure b, is given in

Eq. 2.41.

b, =0 15Kh 1 u 2.41
EN_ 4| O7fA: '
Here, K is defined in Eq. 2.42.
a
K =05 (E) — 0.4 2.42

Another parameter that is required to define the backbone of

ModIMKPinching material is M,... Eq. 2.43 was proposed to define a ratio of % =
b

C.

> 0.0 2.43
To account for cyclic strength and stiffness deterioration, a constant value of
0.4 for A was suggested where Eqg. 2.44 was suggested to estimate the pinching

parameter.

0.0002
= 0.0

Pt
where p, is transverse reinforcement ratio.

2.44

k=0.6—
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Figure 2.78 Definition of backbone parameters for ModIMKPinching material by
Opabola et al. [93].

2.7. Modeling Hollow Structural Sections Confined Concrete

External confinement improves the compressive stress-strain response of the
concrete. The following two approaches exist in the literature that consider the effect

of steel collar confinement on the compressive stress-strain behavior of concrete.
2.7.1. Modeling Based on Steel Combined Failure Criteria Under Axial and
Bending Loads

Pudjisuryadi et al. [95] proposed a new approach to determine the confining
pressure generated by steel collars. The confinement effectiveness of steel collars was
assumed to vary, as shown in Figure 2.79. The confinement pressure was assumed to
vary in the form of 45° parabolas at collar level. From this, the expression for the

unconfined area A, is given as

2
Apgr = §bZ 2.45
where b is the dimension of the square section. By considering the unconfined areas
in horizontal and vertical planes, an expression of the total unconfined area A, was

proposed by following the concept of Mander et al. [80] as



77

A Se\2
- __par _ ¢
A, = AC( i )(1 Zb) 2.46
where A, is the core area and s, is the clear spacing between two consecutive steel
collars. Finally, the confinement effectiveness factor k., can be expressed as
ke =— 2.47
¢ ACC
where A.. is the core area, excluding the area of longitudinal reinforcement. Once k,
is known, the effective confinement pressure f;, can be calculated as
: : fie = kefi : _ 248
where f; is the confinement pressure generated by steel collars without considering

the ineffectively confined regions.

Se

Figure 2.79 ldealization of the steel collar confinement (a) at collar level and (b)
along the height of the member by Pudjisuryadi et al. [95].

Xiao and Wu [96] argued that, unlike conventional transverse reinforcement,
steel collars utilize their combined axial and flexural capacities to resist the outward
bursting pressures from the concrete core. As shown in Figure 2.80(a), it was assumed
that the deflection of steel collars maintains the compatibility of the outward concrete
bulging. It was further assumed that the failure of steel collars accompanies the
formation of plastic hinges at corners and midway between the corners, as shown in
Figure 2.80(b). From Figure 2.80(b), the axial force p and the bending moment

m developed in the collar were given as
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b
p= flis 2.49
b2
m=f; eS 2.50
A combined failure criterion of steel under axial and bending loads was
adopted as
p+8(m) 1 for=—>0.2 251
—+ = =1-for—=0. .
¢pn 9 \Pm, $pn
P +(m)=1—>forl<o.2 252
2¢p,  \pmy Pn

where p,, and m,, are the nominal axial and flexural capacities of the collar section,
respectively. By inserting Eq. 2.49 and Eq. 2.50 into Eq. 2.51 or Eq. 2.52, the value of
the confinement pressure f; can be estimated. Once f; is known, the effective

confinement pressure f;, can be estimated by using Eq. 2.48.
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Figure 2.80 (a) Deflection of steel collars under outward concrete bulging and (b)
equilibrium of forces at a quarter of the section by Pudjisuryadi et al. [95].

Pudjisuryadi et al. [95] compared the formulations of Mander et al. [80], Razvi
and Saatcioglu [97], and Tabsh [98] to calculate the peak compressive strength and
compressive stress-strain response. The results of these models were applied to the
steel collar strengthened columns of Hussain and Driver [44]. Pudjisuryadi et al. [95]
noticed that the strain corresponding to the peak compressive stress generated by the
model of Tabsh [98] was quite large. Based on the experimental results of steel collar
strengthened columns tested by Pudjisuryadi et al. [74], a new equation for the strain
at peak compressive stress €.. was proposed. Figure 2.81 compares the analytical

compressive stress-strain curves obtained by the approach of Pudjisuryadi et al. [95]



79

with the experimental stress-strain curves of steel collar confined columns tested by
Hussain and Driver [44]. It can be seen that although the predicted peak compressive
strength is comparable to the experimental results, the predicted compressive stress-

strain curves do not exactly trace the experimental curves.
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Figure 2.81 Comparison of predicted compressive stress-strain curves of steel collar
confined concrete by the approach of Pudjisuryadi et al. [95] with experimental
curves of Hussain and Driver [44] (a) Column CO01, (b) Column C02, and (c) Column
CO03.

2.7.2. Modeling Based on Incremental Collar Pressure Under Lateral Strain

Chapman and Driver [99] recognized the deficiencies in existing analytical

models for predicting the compressive stress-strain response of concrete strengthened
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by steel collars. The main deficiencies highlighted by Chapman and Driver [99] were:
(1) The effect of the flexural stiffness of steel collars cannot be modeled by existing
models as none of the existing models contain a parameter to account for the flexural
stiffness of the confining elements, (2) several existing models assume uniform
confining pressure by the confinement throughout the load history. It was found from
the experimental program conducted by Chapman and Driver [99] that steel collars do
not yield at the start of the loading, and strains in steel collars are increased as the
loading is progressed. Therefore, a uniform confining pressure corresponding to the
yield of steel bars, such as assumed by Mander et al. [80] is not justified in the case of
steel collars, and (3) existing models do not incorporate the effect of active confining
pressure. With this background, a new analytical framework was proposed to trace the
compressive stress-strain curve of steel collar confined concrete. The following

sections discuss the analytical framework of Chapman and Driver [99] in detail.
Collar Behavior

The collars were modeled as elastic elements with lengths equal to the width
of the column h. The ends and midspan of the collars were modeled as rigid plastic
hinges. Under combined axial and flexural loads, a plastic hinge was assumed to

occur once the following condition was met:

2

F M

—_l +{=—)=10 2.53

Fy Mp
where F and M are the axial force and bending moment present in the collar,
respectively and F, and M,, are the yield strength and plastic moment capacity of the
collar section, respectively. An incremental procedure was developed to approximate
the collar pressure that would result in the formation of plastic hinges at collar ends

and midspan. Under the incremental increase in the confining pressure in analysis step

n, Eq. 2.54 takes the following form:

2
Fn,total + Mn,total =1.0 2.54
E, M,

where F, torqr @aNd My, 1o¢q; are the sum of axial force and bending moments till the
analysis stage n, respectively. From Figure 2.82, the axial force F, and bending

moment M,, during a particular analysis stage n are found as:
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- op XtXh 255

2
2

M, = M 256
n-—1

Fn,total = Z F,+F, 2.57
i=1
n—-1

Mn,total = Z Ml + MTl 258
i=1

where g, is the confining pressure during stage n, t is the collar dimension, and C is
the coefficient related to the bending moment of the elastic curve. The value of C is

12.0 before the formation of the plastic hinge at collar ends and 8.0 afterward.
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> > > > >
> > — > >
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Plastic Plastic
_ i Hinge Hinge Mechanism
@ = plastic hinge
P g Elastic @ Bolt @ Collar End Forms
n = analysis stage number (n=1) (n=2) (n=3)

Figure 2.82 Collar failure mechanism based on plastic hinge formations proposed by
Chapman and Driver [99].

Chapman and Driver [99] derived equations for the lateral collar deformation

by considering the axial Agy;q; and bending Apenqing COMponents due to the confining
pressure. For a particular analysis stage, the total lateral deformation A, ;o Was

given as

n-1
An,total = Z Al + An 259
i=1

An = Daxiar + Abending 2.60
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The lateral strain in the collar at the end of each analysis stage €, , IS given

as

_ ZAn,total 2.61

€latn =
’ h
Chapman and Driver [99] derived equations for different collar end restraints

as given in Table 2.10.

Table 2.10 Lateral deflection of collar element derived by Chapman and Driver [99].

Analysis Beam Elastic Bending Axial
Stage * End Deflection Curve Deflection Deflection

n Condition A(X) * Abel‘ld Aﬁ}(iﬂl

1 ted | fixed o, tx(h — x)? o, th? o, th?

IXe IXe e

24Es|collar 7'2[:“'Es|{:ollar 4Acol|arEs

5 fixed / o, tx(h® = 3hx? + 2x3) Gn‘lh4 r:7nth2
plnned 48Eslcollar 320E5|collar 4AcollarEs

3 pinned / o, tx(h® — 2hx? + x*) o, th? o, th?
pmnad 24'Eslc:ollar 120Es|collar 4Acol|arEs

* These stages correspond to a collar with a mixed bolted/continuous end condition

** The quantity x represents the distance from the beam end (pinned end for stage 2)

Concrete Behavior

According to Chapman and Driver [99], the net lateral displacement of
concrete can be found using the superposition of two conditions. In the case of no
lateral restrain, the concrete is allowed to expand freely under an axial load, and the
free lateral expansion A, is given as

_ Vel 2.62

co —
2
where v, is the secant Poisson’s ratio corresponding to the applied axial strain €.

Under the influence of a uniform confining pressure ay,, the inward lateral contraction
of concrete A,; is given as
_ (1 B Vc)ho—h

A=
Cl ZEC
where E_ is the secant modulus of concrete stress-strain relation. The net lateral

2.63

deflection of the concrete A, is given as
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A; = Agp — Ay 2.64
Chapman and Driver [99] utilized the equation of Fam and Rizkalla [100] to

estimate the secant Poisson’s ratio of concrete which is given as

_ €cc
Ve = Veo Cl ET + 1| <0.50 2.65
cc
0,
61::1914(??)4-a719 2.66
co

where v, is the initial secant ratio, €/ is the strain at peak compressive stress, and f,

is the compressive strength of unconfined concrete.
Confining Pressure

By following the lateral displacement compatibility, the following condition

must be met.
Ac = Deottar 2.67
Ocollar
A = 2.68
collar 2Ecollar

where E., ;14 1S the secant modulus of the collar confining pressure and lateral strain
relationship that is already developed. Thus, the following equation for equilibrium
passive confining pressure is obtained.

— Vc€ec

Y e T 7 2.69
Ec

. L Ecollar
Confinement Efficiency

Chapman and Driver [99] proposed a two-part factor to include the effect of

collar spacing and confinement effectiveness, as shown in Figure 2.83 and given as

K= KdistKeff 270
t
Kaise = < 1.0 2.71
(h — 0.55")2
Kerr = —z 2.72

Then, the effective confinement pressure g, Can be calculated as

! —_
Upassive - Kapassive 2.73
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Figure 2.83 Calculation of confinement effectiveness factor by Chapman and Driver
[99].

Confined Peak Concrete Strength and Corresponding Strain

!
Once oy

confined peak compressive strength equation of Mander et al. [80] as

assive 1S €Stimated, Chapman and Driver [99] proposed to use the

7.940/ ; o" .
fc,c — fc’o 2254 1 + zjasswe \ 2 pas,swe _ 1254 274
feo feo
The strain at the peak stress f;/. was computed by the model of Richart et al. [77] as
€ce = €co ll 455 <fL,C = 1)] 2.75
feo

where €, is the strain at the peak stress in an unconfined state.
Concrete Stress-Strain Relationship

Chapman and Driver [99] utilized the model proposed by Popovics [101] to

trace the full stress-strain relation of concrete as follows:

feexr
= 2.76
Jec r —El + x7
co
r=— 2.77
Eco _, Eé
E.= & 2.78
EGCC
x=— 2.79
e-CC

where f_. is the general stress value corresponding to the general strain €. and E., is

the initial secant concrete modulus that can be obtained as E., = 3900,/ 1.
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Solution Strategy

An iterative strategy is required to trace the full stress-strain response of steel
collar confined concrete. The axial strain value is assumed initially. Twelve
unknowns are encountered during a particular iteration, including the equilibrium
confining pressure (ay);, the secant modulus of concrete (E.);, the Poisson’s ratio
(v.);, the constant (C);, the strain at peak compressive strength in a confined state
(€lo)i, the secant slope of steel collar confining pressure-lateral strain relation
(Ecotar)i» the lateral strain (€;); , the peak confined concrete stress (f..);, the stress
corresponding to the assumed axial strain (f..);, the parameters (x); and (r); for the
Popovics [101] equation, and (E,..);. For each value of axial strain, the values of
these twelve unknowns are assumed arbitrarily at the start of iterations. For each

iteration, the values obtained in the previous iteration are used.

A comparison of experimental and predicted stress-strain response of axially
loaded and steel collar confined columns tested by Hussain and Driver [44] is shown
in Figure 2.84. It can be seen that the model by Chapman and Driver [99] is able to
trace the experimental stress-strain response with reasonable accuracy. For the same
columns, the model by Pudjisuryadi et al. [95] exhibited a significant deviation from

the experimental response.
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Figure 2.84 Comparison of experimental and predicted stress-strain response of
axially loaded and steel collar confined columns tested by Hussain and Driver [44].
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Chapter 3 Experimental Program

The first objective of this study was to investigate the role of HSS collars in
improving the performance of substandard lap splices. It has been known that external
confinement on lap splices improves the bond between lap splices and the
surrounding concrete. Therefore, the bond strength between the lap splice and
surrounding concrete has been used extensively to relate the improvement in the
behavior of a substandard lap splice with external confinement. In the present work,
beam specimens were chosen to study the effects of HSS collars on substandard lap

splices.
3.1. Specimen Details

A total of nineteen beam splice specimens were tested in this study. Each
beam furnished a substandard lap splice within its constant moment region. All beams
were categorized into three groups depending on the lap splice length. Group 1 beams
were constructed with a lap splice length of 20d,,, beams in Group 2 were constructed
with a lap splice length of 28d,, and a lap splice length of 35d;, was provided in
Group 3 beams. This was equivalent to 20, 28, and 35 times the diameter “d),” of
bottom longitudinal steel rebars, respectively. Table 3.1 describes the categorization
of all beams into three groups. Seven beams were tested in the first group comprising
four beams with a bottom concrete cover of 16 mm and three beams constructed with
a 32 mm bottom concrete cover. Each of groups 2 and 3 comprised six beams in two
subgroups. The first subgroup beams furnished a 16 mm bottom concrete cover,
whereas a 32 mm cover was incorporated in the second subgroup. Further details on
the strengthening scheme adopted for each beam are summarized in Table 3.1. The
structural details of all beams are shown in Figure 3.1. Each beam had a cross-section
of 200 mm X 250 mm and a length of 2200 mm. Each beam was simply supported
at both ends with a clear span of 2000 mm. A 100 mm X 100 mm notch was
provided on either side of the lap splice to measure bar slip. For each beam, the shear
span was kept at 570 mm. Two 16 mm-diameter deformed bars were used as bottom

reinforcement, whereas two 12 mm-diameter deformed bars were used as top
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reinforcement. Stirrups with a diameter of 9 mm were arranged at a center-to-center

spacing of 75 mm within each shear span to prevent shear failure.

A 3-part nomenclature was adopted for each beam comprising “LX”, “CY”, and
“SZ”. The first part, i.e., “LX” denoted lap splice length where “X” took values of
20,28, and 35d,for groups 1, 2, and 3, respectively. The second part, i.e., “CY”
represented the controlling concrete cover where “Y” took values of 1 and 2 for 16
mm and 26 mm covers, respectively. Finally, the last part, “SZ” corresponded to the
strengthening configuration of steel collars where “Z” took values of 75, 100, and 200
for collars provided at center to center spacing of 75 mm, 100 mm, and 200 mm,

respectively.

Table 3.1 Parameters of test specimens.

Group Beam ID L ls c c/dy Spacing of fe
(mm)  /d,  (mm) Collars (mm)  (MPa)
L20C1SC 320 20 16 1 - 48.0
L20C1S200 320 20 16 1 200 27.4
L20C1S100 320 20 16 1 100 29.5
1 L20C1S75 320 20 16 1 75 48.0
L20C2SC 320 20 26 1.62 - 34.7
L20C2S200 320 20 26 1.62 200 34.7
L20C2S100 320 20 26 1.62 100 34.7
L28C1SC 448 28 16 il - 34.9
L28C1S200 448 28 16 Ir 200 34.9
L28C1S100 448 28 16 1 100 34.9
2 L28C2SC 448 28 26 1.62 - 34.9
L28C2S200 448 28 26 1.62 200 34.9
L28C2S100 448 28 26 1.62 100 34.9
L35C1SC 560 35 16 1 - 48.0
L35C1S200 560 35 16 1 200 34.9
L35C1S75 560 35 16 1 75 48.0
3 L35C2SC 560 35 26 1.62 - 34.9
L35C2S200 560 35 26 1.62 200 34.9
L35C2S100 560 35 26 1.62 100 34.9

Note: I, = lap splice length; d;, = bar diameter; ¢ = controlling concrete cover;
fZ = cylinder compressive strength on test day.
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Figure 3.1 Typical test specimen (a) reinforcement along the beam, (b) sections with
bottom concrete cover of 16 mm, (c) sections with bottom concrete cover of 32 mm,
and (d) configuration of HSS collars along the lap splice (top view). Note: all
dimensions are in “mm?”; [,=320 mm, 448 mm, and 560 mm for groups L20, L28, and
L35, respectively; the diameter of the bottom steel bars d, is 16 mm for all
specimens; RB = round bar; and DB = deformed bar.
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3.2. Preparation of Test Specimens

The panels of formwork were prepared in advance for all beams. The cutting
of formwork was important, and special care was adopted. The panels for concrete
cover with 32 mm bottom cover were cut accordingly. For each beam, seven types of
panels were cut. Panels B1 and B2 were cut in a 4 mm larger dimension than the
diameter of longitudinal bars d,, i.e., 16 mm. The typical construction sequence is
shown in Figure 3.2. In the first step, panels B1 and B2 were attached to the base
panel A at the specified locations. In the second step, the bottom bars were placed to
pass through the cut regions of panels B1 and B2. Then, panels B3 were attached to
panels B1, and B2 with the help of panels G. The stirrups were then placed in the
shear zones and tied with bottom and top longitudinal bars. Lifting hooks were tied at
the specified locations. Then, panels C and D were attached. Finally, threaded rods
were placed at the midspan, which were used for the instrumentation purpose. The
practiced construction sequence is shown in Figure 3.3. After placing cages in
formwork, concrete was poured in three equal layers. Compaction of the concrete was

performed by using a mechanical vibrator.



(c) Join panels B3 with panels B1
and B2 using panel G

A

(e) Tie stirrups to top bars | (F) Tie lifting hooks

(9) Join panels D and C
Figure 3.2 Typical sequence of formwork construction for beams.
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(9) Placing nd compacting

(h) Typical concrete-filled formworks
concrete

Figure 3.3 Typical process of constructing beams.
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3.3. Selection of Hollow Steel Section (HSS) Collar

An estimate of the external confinement pressure required to hold lap splices
intact, avoiding brittle splitting, was required. Priestley et al. [79] suggested Eqg. 3.1 to

calculate the magnitude of external confinement pressure.

Apfs

upls
where f; and p were recommended to be 1.7f, and 1.4, respectively. The term p

fl,required = 31

corresponded to the splitting plane perimeter associated with each pair of the lap
splice and was suggested using Eqg. 3.2.

p=%+2(db+c)S2\/§(c+db) 3.2
where s is the clear spacing between consecutive lap splices and the term ¢ stands for
clear concrete cover. To estimate the confining pressure generated by HSS collars, an
approach proposed by Xiao and Wu [96] was adopted. A detailed explanation of the
collar design is presented in Appendix Al. Depending upon the equilibrium between
the required collar pressure in Eq. 3.2 and estimated collar pressured by the approach

of Xiao and Wu [96], a collar size of 32 mmx32 mmx2.3 mm was selected.
3.4. Material Properties

3.4.1. Concrete Properties

Standard cubes and cylinders were prepared, as shown in Figure 3.4, to
estimate the cylindrical compressive strength f,' of the concrete on the day of testing.
In the present study, all the beams were constructed using ready-mix concrete. Table
3.2 presents the summary of concrete strength variation with age for two concrete
batches. It was observed that the ratio of the cylinder to cube strength was around
0.87. Figure 3.5(a) presents the evolution of measured cube concrete strength with age
for two batches. As shown in Table 3.2, the ratio of measured cube strength to
measured cylindrical strength was 0.87. Hence, the cube strengths were reduced by a
factor of 0.87. The resulting cylindrical strengths are shown in Figure 3.5(b). Finally,

the measured cylindrical strengths of Batch 2 are shown in Figure 3.5(c).
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(b)
Figure 3.4 Specimens for concrete strength testing (a) 150 mmx150 mmx150 mm
cubes and (b) 150 mmx 300 mm cylinders.
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Figure 3.5 Evolution of cylindrical compressive strength with age (a) actual cube
strength, (b) cube strength normalized by a factor of 0.87, and (c) measured
cylindrical compressive strength in Batch 2.
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Strength Age (Days)
(MPa) 7 14 21 28 37 47 54 75
Cube 332 391 - 427 - - - 56.0
Cylinder - - - - -
L20C1SC
Batchl  geam L20C1S75
Tested L35C1SC
L35C1S75
Cube 243 308 315 34.0 - - - -
Cylinder - - 27.6 29.5 34.7 34.9 34.9
L28C15C
N Beam L20C1S200  L20C1S100 tggggggoo tgggigigg tgg%g?o
Tested o0coen0p L28C2SC  L35C25200
L28C2S200  L35C2S100
L28C25100
Strength
Ratin 0.87 0.87

3.4.2. Steel Properties

The bottom and top longitudinal bars were deformed bars with a diameter of

16 mm and 12 mm, respectively, whereas a 6 mm diameter round bar was used to

provide shear strength in the shear zones. In the present study, the mechanical

properties of the bottom bars were estimated by performing a uniaxial tensile test. The

resulting stress-strain curve is shown in Figure 3.6. The yield strength of the bottom

bars was estimated as 497 MPa at a strain of 0.0024, whereas the ultimate strength
was 636 MPa at a strain of 0.073. The yield strength of DB6 bars was 300 MPa, as

provided by the manufacturer.
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Figure 3.6 Stress-strain curve of bottom steel bars.
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3.4.3. Hollow Steel Section (HSS) Collars

The vyield strength of HSS collars was 408 MPa, as provided by the
manufacturer. Steel collars were fabricated using two components, i.e., a U-shaped
component joined to a straight component to facilitate the installation, as shown in
Figure 3.7. The components were joined using E-70 electrode welds, forming miter
joints for the U-shaped component. HSS sections were connected to 10 mm steel
plates using closed square butt weld joints, whereas a 5 mm deep groove weld was
applied at the inner connection of the HSS section with steel plates, as shown in
Figure 3.7. The U-shaped component was connected to the straight component
through bolted connections. Four Class 8.8 bolts were used for the bolted connection.
It is noted that a gap of 10 mm — 15 mm was left between the inside face of the
collars and concrete for ease of installation. A two-part epoxy (Sika Lanko 534) was
mixed in a 2: 1 ratio (2-part resin to 1-part hardener) to fill the gap between the collar

and concrete. The epoxy was injected after tightening the bolts of steel collars.

' 290 |
' 215 ‘ Grade 8.8 Bolts

/@J—<E70 E?O)—“—@\

&R ~——SQUARE HOLLOW
on el
32 mm X 32 mm X 2.3 mm

(@) (b)

Figure 3.7 Details of HSS collar (a) dimensions and (b) HSS collar on beam. (Note:
all dimensions are in "mm").
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3.5. Instrumentation

3.5.1. Strain Gages

In the present study, several strain gages were attached along the lap spliced
bars to measure the strain. The measured strains along the lap spliced bars were then
used to estimate the bond stress distribution along the lap splice. The application of
strain gage on the surface of the steel bar results in a disturbance in the continuity of
the interactive surface between the steel bar and concrete. This has detrimental effects
on the experimental bond strengths. The issue was first recognized by Mains [102],
who stated that “bond is partially destroyed at the very points where strain is
measured”. The problem was overcome by attaching the strain gages inside the steel
bars. Steel bars were cut in along the longitudinal sections first. The surfaces were
milled to produce a smooth surface. Then, a groove was cut longitudinally in the
larger cut section to accommodate strain gages and wires. After securing the strain
gages with tapes, the two sections were joined together using a glue epoxy resin to
form a complete bar identical to the original one. The process of making a test bar is

pictorially depicted in Figure 3.8.

>
2% tack wsldsé g all reinforcing
0 -
__1 - bars nominal
lead wires F@ 7, " digameter
w18 e
strain gages "{3 =]
o]
d i

&

(c}) STEPS IN FABRICATION

Figure 3.8 Process of attaching strain gages along the bars by Mains [102].

This technique was followed by many researchers later in a slightly modified
form. Perry and Thompson [103] modified this technique. Instead of sawing the bars
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in uneven sections, the bars were cut along the longitudinal rib, as shown in Figure
3.9.

_ -
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Figure 3.9 Process of attaching strain gages along the bars by Perry and Thompson
[103].

To minimize the laborious work associated with the technique of cutting steel
bars along their longitudinal axes, Viwathanatepa et al. [104] cut grooves along the
longitudinal ribs of reinforcing bars. Bond strengths were computed from push-out
and pull-push tests on concrete prisms. Bond strengths obtained from grooved and un-
grooved steel bars were computed and compared. Figure 3.10 shows the application
of this technique. The study compared the bond strengths of grooved and un-grooved
bars, and it was concluded that the bond strengths obtained from grooved bars were

about 10% higher than those obtained from un-grooved bars.
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(b) #8 Bar

(c) #10 Bar

Figure 3.10 Process of attaching strain gages along the bars by Viwathanatepa et al.
[104].

Table 3.3 summarizes a list of previous studies that mounted strain gages in
the grooves cut along the longitudinal directions of bars. Table 3.3 presents groove
sizes adopted in several studies. It can be observed that cross-sectional area loss

ranged from 0.9% to 13.3%.
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Table 3.3 Summary of existing works on mounting strain gages in grooves cut along
the longitudinal direction of steel bars.

Near-Surface Mounted Strain Gages

Area Loss (%)

Bar Diameter ~ Groove  No. of Strain ~ Gage Length
Reference

(mm) (mm) Gages (mm)
Mains [102] 22 8x5 31020 6 9.5
Perry and Thompson [103] 22 9x3 5 2.4
Viwathanatepa et al. [104] 19 6x1.5 11 6.3
Kankam [105] 25 6x3 12 3 3.7
Weathershy [106] 25 1.5x1 5 15 0.9
Lee and Mulheron [107] 16 4x3.2 4 7 5.9
Lagier et al. [108] 25 4x2 8 3 2.4
Lee et al. [109] 13 45x25 9 2 10.2
Kaklauskas et al. [110] 20 10x2 9 10 9.5
Kang et al. [111] 12 and 16 5x2.5 - - 13.3
Long et al. [112] 12 4.5%x2 - - 11.9
This study 16 4x4 6,7,8 5 7.9

Strain gages were used to record the strain of the bottom bars within the lap

splice zone. For each beam, strain gages were attached to one lap splice. As shown in

Figure 3.11, each lap splice was instrumented with 6, 7, and 8 strain gages for Groups
L20, L28, and L35, respectively. The strain gage model was KYOWA KFGS-5-120-
C1-11L3M2R with a gage length of 5mm. By minimizing the area loss and

considering the dimensions of strain gages, a groove size of 4 mm X 4 mm was

adopted. Strain gages were installed at the locations, as shown in Figure 3.12(a).

Grooves were backfilled with silicone, and the surface was flushed to the level of the

steel bar surface to minimize the risk of damage to strain gages during concrete

placement (see Figure 3.12(b)).
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Figure 3.11 Locations of strain gages along lap splice (a) 20d, lap splice, (b) 28d,
lap splice, and (c) 35d,, lap splice. (Note: all dimensions are in “mm”).

(a) (b)

Figure 3.12 Strain gage installation (a) strain gage in the groove, and (b) groove
flushed with silicone.

3.5.2. Displacement Transducers and Test Setup

A monotonic four-point bending setup was adopted for all beams using a
hydraulic jack with a 500 KN capacity. The intensity of the applied load was
measured using a load cell, as shown in Figure 3.13. Two displacement transducers
were installed to measure the midspan vertical deflection, whereas four displacement
transducers were used to measure the loaded end slip of lap spliced bars, as shown in
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Figure 3.14. Data were recorded using a data logger with a sampling frequency of

60 Hz.

Hydraulic Jack

Midspan Deflection

Displacement Transducers for |

Load Cell

Displacement Transducers for
Support Movement

Displacement Transducers for Loaded End Slip

Figure 3.13 Instrumentation and test setup.

Back Side

Back Left "BL'" -smmu-28

Front Side

(@)

Figure 3.14 Positions of displacement transducers (a) top view and (b) side view.

No axial load was applied to the beams. The effect of axial load on bond

strength has found to be beneficial. Malek et al. [113] carried out experimental

investigations on bond strength by testing lap splice critical RC columns. The

columns were subjected to axial loads of variable magnitudes. As shown in Figure
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3.15, the bond strengths obtained from column tests were generally higher than those
obtained from beam tests for similar confinement by concrete cover. Malek et al.
[113] also found that by increasing the axial load ratio as 10%, 20%, and 30%, the

corresponding bond strength of lap spliced bars increased as 0.99,/f;/ MPa, 1.01\/ﬁ
MPa, and 1.07\/ﬁ MPa, respectively. Mahrenholtz [114] did not apply axial load on

their specimens for bond tests with argument that axial load enhances the bond
strength and delays the strength degradation. Hence, the test of bond without axial
load was termed as “conservative”. Harajli [115] proposed expression for the increase
in bond strength by testing beam splice specimens (without axial load). Later, Harajli
[63] utilized this expression to develop design expression for estimating the
requirement confinement of CFRP sheets to strengthen lap splices. The resulting
confinement amounts were found sufficient to prevent splitting failures in RC
columns. Garcia et al. [52] also proposed bond strength-based design criteria for
CFRP confinement without considering axial loads. Moreover, the current design
expression of ACI 318-19 [62] for development length of single bar or lap splices is
based on the work of Orangun et al. [116] which did not incorporate the effect of axial
load. Therefore, it can be concluded that the effect of axial load on bond strength is
positive and design expressions obtained in the absence of axial load are conservative

for the members subjected to axial load.
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Figure 3.15 Comparison of bond strengths of beams and columns tested by Malek et
al. [113] (a) bond strengths from existing literature and (b) bond strength measured by
Malek et al. [113].

3.6. Experimental Results

It is recalled that all beams were designed to fail in splitting. This was ensured
by furnishing lap splice lengths lower than those required by ACI 318-19 [62]. ACI
318-19 [62] proposes Eg. (3.7) for the calculation of lap splice length. Further,
recognizing the amount of steel bar area being spliced at a single location, lap splices
are categorized as Class-A and Class-B. Since 100% of steel bars were lapped at a

single location in beams, required lap splice lengths were obtained using Eq. 3.3.
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where f,, f/, dp, and k¢, are yield strength of lapped bars, 28-day cylindrical

ls,req acn = dp 3.3

strength of surrounding concrete, the diameter of lapped bars, and a factor accounting
for the presence of transverse reinforcement (taken as 0 here). The term ¢ refers to the
minimum value of the side concrete cover c,, bottom concrete cover c,, and one-half
the clear spacing between pairs of lapped bars c.;. This is shown schematically in
Figure 3.16.

"" 2 Ces ""

—Cy

Figure 3.16 Definition of cover for calculation of splice length.

Table 3.4 provides the range of R;; values for all the beams tested in this
study, where R; is the ratio of provided lap splice length to the lap splice length
required by ACI 318-19 [62]. It can be seen that R;; ranged from 0.23 to 0.74. Hence,

a brittle lap splice failure was predicted for all the control beams.
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Table 3.4 Provided vs. required lap splice lengths as per ACI 318-19 [62].

Beam D fe fy Cover (mm)  cpin Iy provided (dp) lsreqach  Lsprovided
(MPa) (MPa) ¢ ¢ co b (dp) Lsreq (acn
L20C1SO 480 497 28 16 40 1 20 70 0.31
L20C1S75 480 497 28 16 40 1 20 70 031
L20C1S100 295 497 28 16 40 1 20 90 0.24
L20C1S200 27.4 497 28 16 40 1 20 93 0.23
L20C2S0 347 497 42 32 26 162 20 51 0.42
L20C2S100 347 497 42 32 26 162 20 51 0.42
L20C25200 347 497 42 32 26 162 20 51 0.42
L28C1S0 349 497 28 16 40 1 28 82 0.36
L28C1S100 349 497 28 16 40 1 28 82 0.36
L28C1S200 349 497 28 16 40 1 28 82 0.36
L28C2S0 349 515 42 32 26 162 28 51 0.59
L28C2S100 349 497 42 32 26 162 28 51 0.59
L28C2S200 349 497 42 32 26 162 28 51 0.59
L35C1S0 480 497 28 16 40 1 35 70 0.53
L35C1S75 480 497 28 16 40 1 35 70 053
L35C1S200 349 497 28 16 40 1 35 82 0.46
L35C2S0 349 497 42 32 26 162 35 51 0.74
L35C25100 349 497 42 32 26 162 35 51 0.74
L35C2S200 349 497 42 32 26 162 35 51 0.74

The bond stress between two consecutive strain gages 7;;_, can be evaluated
as [104, 117, 118]

_ (i) 3.4

T: i1 = —
bt 4\ x; — x4

where i — 1 and i are indices of two consecutive points measured from the unloaded
end of the lap splice, d,, is the bar diameter, and f;; and f;;_; are the estimated
stresses in the bar at a distance x; and x;_; from the unloaded end, respectively. A
bilinear idealization of the stress-strain curve was performed to approximate the stress

in the bar, as shown in Figure 3.17. The stress f; was calculated as
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where f; is the bar stress corresponding to the strain ¢, f;, is the bar yield stress, E; is

Young’s modulus of the bar, and E;, is the post-yield modulus considered to be 1%

of Young’s modulus as obtained from the test.
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Figure 3.17 Stress-strain curve of bottom steel bars.

3.6.1. Group 1 Beams

i. Beam L20C1SC

Figure 3.18 shows experimental results for the beam L20C1SC. As seen in
Figure 3.18(a), a linear load-deflection response was observed, followed by a sudden
loss of capacity. The maximum sustained load was 102kN. High strains were
observed near the loaded end (see Figure 3.18(b)), whereas steel strains were
negligible towards the unloaded end. Nonetheless, the maximum recorded strain was
1620 microns which is 33% lower than the yield strain, i.e., 2400 microns. Since the
bond stress is directly related to the first derivative of steel stress, higher bond stresses
were observed near the loaded end. Maximum bond stress was 4.30 MPa observed at
the loaded-end slip of 0.17 mm. Figure 3.19 shows visuals of beam L20C1SC during
and after the test. As seen in Figure 3.19(c), beam L20C1SC failed suddenly due to
the cover delamination accompanied by a loud sound. This type of failure was
referred to as Type-I failure.
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Figure 3.18 Experimental results for L20C1SC (a) load-deflection response (Type-I),
(b) strain distribution along splice, (c) bond stress distribution along splice, and (d)

bond stress-slip relation.

T i ".',v ‘J‘ “l;' .
1 L \.\ﬁ

(©)
Figure 3.19 L20C1SC during test (a) start of test (b) at failure (c) cover delamination.
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ii. Beam L20C1S200

Figure 3.20 shows experimental results for the beam L20C1S200. As seen in
Figure 3.20(a), a brittle load-deflection response was observed. The failure
corresponding to insufficient confinement was referred to as Type-Il. The maximum
sustained load was 127 kN. Strain distribution along the lap splice is shown in Figure
3.20(c). The highest recorded strain was below the yield strain. Though the provision
of HSS collars at 200 mm increased the maximum sustained load than that of the
beam L20C1SC, it was unable to sustain this load as the deflections increased. This is
also reflected in the bond stress-slip response showing a sharp reduction in the bond
stress in the post-peak response (see Figure 3.20(d)). The maximum bond stress was
5.40 MPa at the loaded end slip of 0.80 mm. Figure 3.21 shows visuals of beam
L20C1S200 during the test. Provisions of HSS collars at 200 mm could not inhibit
brittle splitting failure (see Figure 3.21(c)), indicating insufficient clamping pressure.
Sudden delamination of the side and the bottom concrete cover was observed at a load
of 127 kN.
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Figure 3.20 Experimental results for L20C1S200 (a) load-deflection response (Type-
I1), (b) strain distribution along splice, (c) bond stress distribution along splice, and
(d) bond stress-slip relation.
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Figure 3.21 L20C1S200 during test (a) start of test (b) at failure (c) splitting failure.

iii. Beam L20C1S100

Figure 3.22 shows experimental results for the beam L20C1S100. As seen in
Figure 3.22(a), a brittle post-peak response was observed exhibiting Type-I11 failure.
The maximum sustained load was 160.0 kN. High strains were observed near the
loaded end (see Figure 3.22(b)). At peak load, approximately 22% of splice length at
the loaded end exhibited yielding. Bond stress distribution tended to be uniform at
peak load (see Figure 3.22(c)). Due to yielding, bond stress reduced near the loaded
end. The bond stress-slip response showed an initial stiff branch followed by a drop in
the bond stress. Beyond this initial drop, accurate bond stress could not be obtained as
strain gages malfunctioned. The maximum bond stress was 6.20 MPa at the loaded-
end slip of 0.98 mm. Figure 3.28 shows visuals of beam L20C1S100 during the test.
As shown in Figure 3.23(c), this beam exhibited vertical and side-splitting cracks. At
one end of the splice, a pull-out of the bar was observed, indicating that HSS collars
provided at 100 c/c were not sufficient to clamp the lap splice. Consequently, peak

load could not be sustained, and this beam did not demonstrate a ductile response.
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Figure 3.22 Experimental results for L20C1S100 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, (d) bond

stress-slip relation.

Figure 3.23 L20C1S100 during test (a) start of test,

at loaded end, and (d) pull-out of the lap spliced bar.
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iv. Beam L20C1S75

Figure 3.24 shows experimental results for the beam L20C1S75. As seen in
Figure 3.24(a), a ductile load-deflection response was observed without splitting
failure, which is referred to as Type-Ill. High strains were observed near the loaded
end (see Figure 3.24(b)). The lap splice strains exhibited a linear trend at all load
levels. At peak load, approximately 27% of splice length at the loaded end showed
yielding. Bond stress distribution tended to be uniform at peak load (see Figure
3.24(c)). Finally, the bond stress-slip response exhibited stable bond stress beyond the
initial stiff branch. This suggests that the HSS collars provided at 75 mm c/c spacing
were able to sustain peak load till large deflections, and subsequently, peak bond
stress did not drop. Figure 3.25 shows visuals of beam L20C1S75 during the test. As
shown in Figure 3.25(b), beam L20C1S75 sustained large deflections without
demonstrating substantial damage. The onset of splitting cracks was observed along
the bottom concrete cover. However, propagation of splitting cracks was inhibited by

HSS collars at 75 mm c/c spacing.
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Figure 3.24 Experimental results for L20C1S75 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.
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Figure 3.25 L20C1S75 during test (a) start of test, (b) at failure, and (c) splitting
cracks at loaded end.

v. Beam L20C2S0

Figure 3.26 shows experimental results for the beam L20C2S0. As seen in
Figure 3.26(a), a brittle load-deflection response of Type-l was observed. The
maximum sustained load was 92 kN. High strains were observed near the loaded end
(see Figure 3.26(b)). Steel strains exhibited a linear trend at all load levels. At peak
load, no portion of the lap splice yielded. High bond stresses were observed near the
loaded end, whereas bond stresses were nearly uniform away from the loaded end.
Figure 3.26(d) shows the bond-slip relation of the beam L20C2S0. Bond stresses
increased at low slip levels and reached the peak at about 0.034 mm slip. A sudden
drop in the bond strength was observed analogous to the corresponding load-
deflection response. Figure 3.27 shows visuals of beam L20C2SC during the test. As
shown in Figure 3.27(c), complete delamination of the concrete below the lap splice

was observed at the peak load leading to the sudden drop in load with a loud noise.
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Figure 3.27 Beam L20C2SC during test (a) start of test, (b) at failure, and (c) splitting
failure.
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vi. Beam L20C2S200

Figure 3.28 shows experimental results for the beam L20C2S200. As seen in
Figure 3.28(a), a brittle load-deflection response of Type-1l was observed. The
maximum sustained load was 119 kN. High strains were observed near the loaded end
(see Figure 3.28(b)). Bond stress distribution along the lap splice is shown in Figure
3.28(c). Since no yielding occurred near the loaded end, higher bond stresses were
observed there. Finally, analogous to the brittle load-deflection response, the bond
stress-slip response also exhibited a brittle post-peak behavior. Maximum bond stress
was 6.0 MPa at the loaded-end slip of 0.53 mm. Though the beam exhibited a brittle
splitting behavior, the slip corresponding to the maximum bond stress was greater
than its counterpart value for the control beams. Figure 3.29 shows visuals of beam
L20C2S200 during the test. As observed from the load-deflection response, this beam
initiated bottom and face splitting cracks near the loaded end. This beam had
demonstrated brittle post-peak behavior indicating that the splitting failure had
occurred. A careful post-failure observation indicated that, indeed, splitting cracks

had propagated along the lap splice length, as shown in Figure 3.29(d).
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Figure 3.28 Experimental results for L20C2S200 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.
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Figure 3.29 L20C2S200 during test (a) start of test, (b) at failure, (c) splitting cracks
at loaded end, and (d) splitting cracks propagated along splice length.

vii. Beam L20C2S100

Figure 3.30 shows experimental results for the Beam L20C2S100. As seen in
Figure 3.30(a), a ductile load-deflection response of Type-Ill was observed. The
maximum sustained load was 149.8 kN. Unlike Beam L20C1S100, HSS collars
provided at 100 mm in the presence of c,,;,/d,1.62 proved to be sufficient in
mitigating splitting failure. Towards the loaded end, a significant portion of the lap
splice exhibited strains larger than the yield strain, whereas the circumferential
contraction due to yielding near the loaded end resulted in the drop of bond stress, as
shown in Figure 3.30(c). The bond stress distribution within the pre-yield zone of the
lap splice was roughly uniform. Figure 3.30(d) shows the bond stress (averaged over
the lap splice) vs. slip relation. After the initial stiff branch, a slight drop in the bond
stress was observed. The bond stress was observed to be uniform as the load-end slip
increased. Figure 3.31 shows visuals of beam L20C2S100 during the test. As shown
in Figure 3.31(b), Beam L20C2S100 sustained large deflections without
demonstrating substantial damage. As shown in Figure 3.31(c), splitting cracks

initiated in the bottom cover and between the lapped bars. However, these splitting
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cracks did not propagate along the splice, as shown in Figure 3.31(d), indicating that

splitting failure was suppressed.
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Figure 3.30 Experimental results for L20C2S100 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond

stress-slip relation.

(c)
Figure 3.31 L20C2S100 during test (a) start of test, (b) at failure, (c) splitting cracks
at loaded end, and (d) posttest bottom view with no splitting cracks (red lines showing
flexural cracks).




118

viii. Comparison of Group 1 Results

Figure 3.32 shows the experimental load versus deflection response of all
seven beams of series L20. For clarity, responses are plotted separately for beams in
Subgroups C1 and C2. Load-deflection response of control beams in both subgroups
was characterized by a sudden drop before attaining peak capacities. For the sake of

direct comparison, the load at each deflection of all beams was multiplied to

] 0.25
(fe 0fL20€15200)/f, [14], where f/ is the beam whose load is being
c

normalized. A clear improvement in the ductility is observed as the collar spacing is
reduced. For both subgroups, collar spacing at 200 mm did not bring significant
improvement in ductility. However, the peak sustained load was higher than that of
the corresponding control beam. For subgroup C1, a fully ductile response was
observed at a collar spacing of 75 mm, whereas a similar response in Subgroup C2
was observed at a collar spacing of 100 mm. This difference is manifested in smaller
concrete cover within beams of Subgroup C1, i.e., 16 mm, in comparison to the

higher concrete cover in Subgroup C2, i.e., 32 mm.
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Figure 3.32 Comparison of load-deflection response of Group 1 beams (a) Subgroup
C1 and (b) Subgroup C2.

Control beams in both subgroups failed in a sudden and explosive manner
without any warning (Type-I). This was expected attributed to their substandard
lengths of lap splices. Strengthening them using steel collars at 200 mm delayed
splitting crack propagation along lap splices. However, the final failure mode was
controlled by sudden splitting (Type-Il). Decreasing collar spacing to 100 mm

prevented splitting crack propagation along the lap splice. However, pull-out failure
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dominated in beam L20C1S100, and a complete ductile response was not achieved.
This is evident from its load-deflection response. On the contrary, 100 mm spacing of
HSS collars in beam L20C2S100 resulted in a ductile response, and pull-out failure
was inhibited. This discrimination may be attributed to the smaller concrete cover in
beam L20C1S100 than that in beam L20C2S100, thereby demanding higher confining
pressures. This observation seems true as reducing collar spacing to 75 mm inhibited
pull-out for the case of 16 mm cover, i.e., see the response of L20C1S75 in Figure
3.32. Figure 3.33 and Figure 3.34 present splitting cracks observed at the loaded ends
of lap splices for the C1 and C2 subgroups, respectively.

(c) Splitting cracks restrained but pull-out (d) Splitting failure (Type-II)
(Type-I1)

Figure 3.33 Splitting cracks and failure at loaded ends of beams (a) L20C1S0, (b)

L20C1S75, (c) L20C1S100, and (d) L20C1S200.
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Figure 3.34 Splitting cracks and failure at loaded ends of beams (a) L20C2S0, (b)
L20C2S100, and (c) L20C2S200.

Table 3.5 presents the comparison of maximum load sustained, bond
strengths, and failure modes of series 20d;,, beams. It can be seen that a large increase
in bond strength was observed when the cover was 16 mm. Increasing the cover to 32
mm resulted in a better lap splice performance for the control beam. Since the bond
strength enhancement is limited to the point where yield is achieved at the loaded end,
the control beam with a 16 mm cover had a larger margin for the improvement in the
maximum strain at its loaded end than that for the beam with a 32 mm cover. As a
result, greater improvement in the bond strength was observed for the beams of
Subgroup C1 after the application of HSS collars.
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Table 3.5 Summary of peak loads and bond strengths of Group 1 beams.

Beam ID Peak Load (kN) Increase in Peak Load (%) Mode of Failure t (MPa) At (MPa)

L20C1S0  100.1 - Type-I 43 -
L20C1S200 127.4 27.4 Type-lI 5.4 1.1
L20C1S100 160.0 60.0 Type-lI 6.2 1.9
L20C1S75  182.8 82.8 Type-1il 6.6 2.3
L20C2S0  93.9 - Type-I 5.3 -
L20C2S200 119.2 26.9 Type-lI 5.7 0.4
L20C2S100 149.8 59.5 Type-lil 5.9 06

3.6.2. Group 2 Beams

i. Beam L28C1SC

Figure 3.35 shows experimental results for the beam L28C1SC. As seen in
Figure 3.35(a), a linear load-deflection response was observed, followed by a sudden
loss of capacity depicting Type-I failure. The maximum sustained load was 117 kN.
High strains were observed near the loaded end (see Figure 3.35(b)). Nonetheless, the
maximum recorded strain was 1819 microns which is 24% lower than the yield strain,
i.e., 2400 microns. Since bond stress is directly related to the first derivative of steel
stress, a uniform bond stress distribution was observed along the lap splice. Maximum
bond stress was 4.4 MPa observed at the loaded-end slip of 0.60 mm. A sudden drop
in the bond stress was observed after the peak value of 4.4 MPa due to the cover
delamination. Figure 3.36 shows visuals of beam L28C1SC during and after the test.
Since this beam was tested without HSS collar confinement, a sudden brittle splitting
failure was expected. At about 117 kN load, bottom concrete cover delamination was
observed within the lap splice region, followed by the complete loss of load-carrying
capacity. Figure 3.36(c) shows the delamination of the bottom concrete cover.
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Figure 3.35 Experimental results for L28C1SC (a) load-deflection response, (b) strain

distribution along splice, (c) bond stress distribution along splice, and (d) bond stress-
slip relation.
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Figure 3.36 L28C1SC during test (a) start of test, (b) at failure, and (c) splitting failure
and cover delamination.
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ii. Beam L28C1S200

Experimental results of the beam L28C1S200 are shown in Figure 3.37. This
beam was confined with HSS collars at a spacing of 200 mm. As shown in Figure
3.37(a), this beam attained a maximum load of 156.7 kN. However, this load could
not be sustained beyond a vertical deflection of 20 mm, and a sudden failure of Type-
Il was observed. However, the maximum recorded strain was limited to 3600 microns
only. Bond stress distribution was roughly uniform within the elastic zone of the lap
splice. Since the steel bar yielded at the loaded end, a substantial drop in the bond
stress was observed at the loaded end. The maximum bond stress was 4.6 MPa at the
loaded-end slip of 0.31 mm. At this point, a sudden drop in the load capacity due to
Type-Il splitting failure occurred. Consequently, strain gage readings were not
accurate, and the bond stress-slip response showed a spurious spike. Figure 3.38
presents the ultimate failure mode of the beam L28C1S200. Further inspection at the
bottom of the beam at the end of the test revealed that splitting cracks had propagated
along the lap splice. This suggests that HSS collars provided at 200 mm spacing were

not sufficient to inhibit splitting failure.
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Figure 3.37 Experimental results for L28C1S200 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
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©) \’ ©@
Figure 3.38 L28C1S200 during test (a) start of test, (b) at failure, (c) splitting cracks
initiated at splice end, and (d) splitting cracks propagated along splice length.

iii. Beam L28C1S100

Experimental results of the beam L28C1S100 are shown in Figure 3.39. This
beam was confined with HSS collars spaced at 100 mm. From Figure 3.39(a), a fully
ductile response of Type-11I was observed till 40 mm deflection. The test was stopped
at this point as displacement transducers attained their maximum stroke. As shown in
Figure 3.39(b), approximately 23% of the loaded end experienced yielding. The bond
stress-slip response included an initial stiff branch followed by a slight drop. This is
attributed to the onset of yielding of steel bars at the loaded end. With the further
increase in load, bond stress first remained constant as the slip increased. The
maximum bond stress was observed as 4.7 MPa at the loaded-end slip of 0.91 mm.
Figure 3.40 presents the visuals of beam L28C1S100 during and after the test. As seen
in Figure 3.40(b), this beam was able to withstand large deflections without
compromising on the sustained load. This is an indication that for the lap splice length
of 28d, and c,,;,/d, of 1, HSS collars provided at 100 mm were sufficient to
mitigate splitting failure. Figure 3.40(c) shows the onset of splitting cracks at one of

the ends of the lap splice zone. The bottom view of the beam at the end of the test is
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shown in Figure 3.40(d). Splitting cracks initiated at the ends of the lap splice zone

were restricted in their origin.
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Figure 3.39 Experimental results for L28C1S100 (a) load-deflection response, (b)

strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.
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Figure 3.40 L28C1S100 during test (a) start of test, (b) at failure, (c) bottom and face
splitting at splice end, and (d) no splitting cracks along splice length.
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iv. Beam L28C2SC

L28C2SC was the control beam in this category. Since it was furnished with a
deficient lap splice length, it demonstrated a sudden drop in its capacity (Type-I
failure) before achieving its peak load, as shown in Figure 3.41(a). The maximum
load attained was 124 kN. Near the loaded end, about 10% of splice length exhibited
yielding. However, the maximum strain was limited to 2900 microns. At the peak
load, a uniform bond-stress distribution was observed within the elastic zone of the
lap splice (see Figure 3.41(c)). A sharp drop in the bond stress was observed near the
loaded end due to yielding. Finally, the bond stress-slip relation is presented in Figure
3.41(d). It comprised a stiff ascending branch up to the peak bond stress of 4.5 MPa,
corresponding to the loaded-end slip of 0.91 mm. Beyond this point, peak bond stress
could not be sustained, and it vanished quickly as the slip increased. Since beam
L28C2SC was a control beam and furnished a deficient lap splice length, it exhibited
a brittle splitting failure at its peak load. Its failure accompanied complete

delamination of the concrete cover within the splice zone, as shown in Figure 3.42c.
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Figure 3.41 Experimental results for L28C2SC (a) load-deflection response, (b) strain

distribution along splice, (c) bond stress distribution along splice, and (d) bond stress-
slip relation.
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(C i
Figure 3.42 L28C2SC during test (a) start of test, (b) at failure, and (c) splitting failure
and cover delamination.

v. Beam L28C2S200

Beam L28C2S200 was strengthened with HSS collars at 200 mm spacing.
Unlike beam L28C1S200, which suffered a splitting failure, this beam was able to
inhibit splitting failure. This is ascribed to the larger concrete cover of 32 mm in this
beam as compared to the 16 mm cover in Beam L28C1S200. Consequently, a ductile
load-deflection response of Type-I1l was obtained, as shown in Figure 3.43(a). Strain
distribution along the splice suggested that about 24% of its length experienced
yielding. Bond stress distribution was roughly uniform within the elastic zone,
whereas a sharp drop in bond strength was observed near the loaded end due to
yielding (see Figure 3.43(c)). The bond stress-slip response is plotted in Figure
3.43(d). Analogous to other beams, the bond stress-slip response was characterized by
an initial stiff branch till peak bond stress, followed by a slight drop. This drop in
bond stress was attributed to the yielding at the loaded end. The peak bond stress was
4.7 MPa at the loaded-end slip of 0.92 mm. Further, the peak bond stress was
maintained till large loaded-end slip values. Finally, post-test observations at the ends
of splices revealed that bottom and face splitting cracks had initiated, as shown in

Figure 3.44(c). However, further inspection along the splice length revealed that the
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splitting cracks could not propagate along the splice length. Hence, the clamping
pressure from HSS collars at 200 mm on this beam was sufficient to restrict the
dilation of concrete around the lapped bars.
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Figure 3.43 Experimental results for L28C2S200 (a) load-deflection response, (b)

strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.
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(c)
Figure 3.44 L28C2S200 during test (a) start of test, (b) at failure, (c) bottom and face
splitting cracks at ends of splice, and (d) no propagation of splitting cracks along the
splice length.

vi. Beam L28C2S100

Beam L28C2S100 was confined with HSS collars at 100 mm spacing. As
shown in Figure 3.45(a), a fully ductile load-deflection response of Type-lllI was
obtained. The strain distribution of steel bars is presented in Figure 3.45((b),
indicating a linear trend, and approximately 25% of the splice length at the loaded end
experienced yielding. Consequently, bond stress reduced drastically towards the
loaded end, as shown in Figure 3.45((c). The bond stress-slip response is shown in
Figure 3.45(d), indicating maximum bond stress of 4.7 MPa at the corresponding
loaded-end slip of 0.33 mm. Following the peak bond stress, a drop in bond stress was
observed ascribed to the loaded end yielding. Figure 3.45(d) suggests that bond stress
was maintained at large slip values. Load-deflection response of this beam did not
show a decline in peak loads even at high deflections. This suggested that HSS collars
provided sufficient clamping pressure to restrain the propagation of splitting cracks
that initiated at splice ends (see Figure 3.46(c)). Posttest inspection underneath the
beam revealed that splitting cracks were constrained near the splice ends. Hence,

splitting failure was successfully inhibited.
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Figure 3.45 Experimental results for L28C2S200 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.

©
Figure 3.46 L28C2S100 during test (a) start of test, (b) at failure, (c) bottom and side
splitting at splice ends, and (d) bottom view of the beam showing no splitting cracks
along the splice length.
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vii. Comparison of Group 2 Results

Figure 3.47 presents a comparison of the load-deflection response of the
beams tested in series 28d,. Figure 3.47(a) corresponds to the subgroup of beams
with 16 mm cover, whereas Figure 3.47(b) refers to the response of beams with 26
mm controlling cover. None of the control beams in both groups exhibited Type-I1I
response, and a sudden drop in capacity was observed exhibiting Type-l response.
Confining the beams with HSS collars at 200 mm spacing delayed the onset of
splitting in beam L28C1S200. However, the beam failed in splitting, exhibiting a
Type-II response at a deflection of 17 mm. On the contrary, similar confinement on
beam L28C2C200 resulted in a ductile response of Type-Ill. This can be attributed to
the larger concrete cover in the C2 series than that of the C1 series resulting in lower
demand for external clamping pressure. Finally, HSS collars at 100 mm resulted in a

Type-I11 response preventing splitting failure in the L28C1 series.
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Figure 3.47 Comparison of load-deflection response of Group 2 beams (a) Subgroup
C1 and (b) Subgroup C2.

Figure 3.48 presents a comparison of failure modes observed in the L28C1
series. In Figure 3.48(a), the control beam L28C1SC failed in a brittle splitting failure
(Type-1) involving complete delamination of the bottom concrete cover along the lap
splice. This type of failure was not observed after the beams were confined with HSS
collars. However, as shown in Figure 3.48(d) and Figure 3.48©, the beam
L28C1S200 allowed the onset of bottom and face-splitting cracks at splice ends. Post
failure inspection revealed that splitting cracks had propagated along the splice length.
On the contrary, HSS collars at 100 mm spacing successfully restrained the
propagation of splitting cracks along the lap splice. As shown in Figure 3.48(b) and
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Figure 3.48(c), splitting cracks initiated at splice ends were unable to propagate along
the splice length. Figure 3.48(c) shows the bottom view of beam L28C1S100 where

no longitudinal cracks occurred.

Figure 3.49 presents a comparison of failure modes observed in the L28C2
series. The control beam failed in a similar manner as that of the L28C1 series (Type-I
failure). Complete delamination of the bottom concrete cover was observed. Again,
this kind of brittle failure was not observed when the beam was confined with HSS
collars at 100 mm and 200 mm spacing. Unlike beam L28C1S200 that failed in
splitting, application of collars at 200 mm spacing in the L28C2 series resulted in a
ductile response, and propagation of splitting cracks was restrained, indicating an

adequate clamping pressure to inhibit concrete dilation around lapped bars.
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Figure 3.48 Comparison of failure modes of series L28C1 (a) L28C1SC, (b)
L28C1S100, and (c) L28C1S200.

A summary of experimental results of series L28 beams is provided in Table
3.6, including average bond stress along the lap splice and increase in bond stress as a
result of HSS collar confinement. As expected, Beam L28C1S100 demonstrated the
highest increase in bond strength, i.e., 0.3 MPa. It is because the control beam
L20C1SC was weaker than L20C2SC and confined with HSS collars at 100 mm, i.e.,
maximum confinement within this series.
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Figure 3.49 Comparison of failure modes of series L28C2 (a) L28C2SC, (b)

L28C2S100, and (c) L28C2S200.

Table 3.6 Summary of peak loads and bond strengths of Group 2 beams.

Beam ID Peak Load (KN) Increase in Peak Load (%) Mode of Failure t (MPa) At (MPa)
L28C1SC 117.1 - Type-I 4.4 -
L28C1S200 156.7 33.8 Type-I1I 4.6 0.2
L28C1S100 155.1 324 Type-1ll 4.7 0.3
L28C2SC 124.4 - Type-I 4.5 -
L28C2S200 149.4 20.1 Type-1ll 4.7 0.2
L28C2S100 149.6 20.2 Type-Ill 4.7 0.2
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3.6.3. Group 3 Beams

i. Beam L35C1SC

Beam L35C1SC furnished a deficient splice length of 35d,,. Therefore, it was
unable to undergo a ductile response. The maximum sustained load was 155 kN,
followed by a sudden drop to half of its capacity, as shown in Figure 3.50(a). The
beam lost half of its capacity as the cover surrounding one pair of splices delaminated,
whereas the other pair remained intact. Nonetheless, having lost half of its capacity at
this point, the beam was considered to have failed. Figure 3.50(b) shows the strain
distribution along its splice length. At the peak load, a small portion of the lap splice
at its loaded end yielded, but large inelastic strains could not be achieved. Figure
3.50(c) presents the corresponding bond stress distribution. As seen in Figure 3.50(b),
the strain slope increased towards the loaded end. Therefore, higher bond stresses
were generated towards the loaded end. Figure 3.50(d) shows the bond stress-slip
relation. A stiff ascending branch was observed initially, followed by a spurious
constant plateau. This is because the lap splice pair that remained intact after failure
was the one with strain gages. Therefore, strain values did not drop significantly.
Plotted in the same figure is a dotted line that could have been obtained had this splice
pair did not remain intact. This is the drop that was observed in other control beams.
Figure 3.51 presents visuals of this beam during and after the test. As shown in Figure
3.51(c), the front side of the beam did not show cover splitting, whereas the cover
splitting shown in Figure 3.51(c) was observed on the back side of the beam.
Nonetheless, cover splitting was sudden and abrupt, resulting in a sharp drop in the

beam’s capacity.
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Figure 3.50 Experimental results for L35C1SC (a) load-deflection response, (b) strain
distribution along splice, (c) bond stress distribution along splice, and (d) bond stress-
slip relation.

Figure 3.51 L35C1SC during test (a) start of test, (b) at failure, and (c) splitting failure
with cover delamination.
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ii. Beam L35C1S200

Beam L35C1S200 was strengthened with HSS collars at 200 mm spacing. As
shown in Figure 3.52(a), a sudden drop in the load was not observed, indicating
splitting failure was suppressed. Rather, a fully ductile response of Type-lll was
observed till the stroke capacity of displacement transducers. The maximum sustained
load was 155 kN. The strain distributions along the lap splice are shown in Figure
3.52(b). Towards the loaded end, bond stresses first dropped at 150 kN load ascribed
to the circumferential contraction due to yielding. However, as the loading
progressed, inelastic strains increased at the loaded end resulting in the recovery of
bond stresses within the inelastic zone. This is reflected in Figure 3.52(c), where
inelastic bond stresses at peak load are higher than those at 150 kN load. Since the
beam did not undergo abrupt failure, the peak bond stress was maintained till large
slip values, as shown in Figure 3.52(d). Figure 3.53(b) shows that the beam was able
to undergo large inelastic deformations without compromising sustained load. Neither
splitting failure was observed. Figure 3.53(c) shows bottom and face splitting cracks

at the end of the lap splice. However, these cracks were restrained at their origin.
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Figure 3.53 L35C1S200 during test (a) start of test, (b) at failure, and (c) splitting
failure with cover delamination.

iii. Beam L35C1S75

Beam L35C1S75 was strengthened with collars at 75 mm spacing. It contained
a total of 8 collars along its splice length. Figure 3.54(a) shows that this beam
demonstrated a ductile load-deflection response of Type-Ill. The maximum sustained
load was 172 kN. The test was stopped at this point as one of the steel plates over the
bottom roller supports slipped. Figure 3.54(b) shows that around 29% of the loaded
end exhibited yielding. Figure 3.54(c) shows bond-stress distribution along the splice
length. Bond stresses were roughly uniform towards the loaded end. Figure 3.54(d)
shows that the maximum bond stress was 3.6 MPa. Figures 3.50a and 3.60b show
visuals before and after the test, respectively. As shown in Figure 3.55(b), large
deflections were sustained without significant damage within the splice zone. Figure
3.55(c) shows the onset of bottom and face splitting, but sufficient confining pressure

would mean that these cracks could not propagate within the splice zone.
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Figure 3.54 Experimental results for L35C1S75 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.

CHO02 FM -34.221 mm

Figure 3.55 L35C1S75 during test (a) start of test, (b) at failure, and (c) splitting
cracks at splice ends without cover delamination.
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iv. Beam L35C2SC

Beam L35C2S0 was the control beam in subgroup L35C2. With a long lap
splice length in addition to a large concrete cover, this beam was able to undergo
some ductility. At this point, an abrupt drop in the sustained load occurred. Figure
3.56(b) shows that the maximum inelastic strain was 11000 microns and
approximately 20% of the loaded end showed yielding. Figure 3.56(c) demonstrates
that roughly uniform bond stress distribution was observed within the inelastic zone.
Bond stress decreased substantially as the loaded end yielded at the peak load. The
bond stress-slip relation is shown in Figure 3.56(d), comprising a stiff ascending
branch followed by a slight drop that may be ascribed to the yielding. This relation is
presented till a slip value of approximately 1.29 mm. Beyond this point, splitting
failure occurred, and strain gage readings were not reliable. A dotted line is shown to
complete this relation that agrees with the bond stress-slip response of other control
beams. Figure 3.57 presents the visuals of this beam before and after the test. Figure
3.57(b) shows that the lap splice region of this beam collapsed at failure. Figure

3.57(c) shows the splitting along the splice.
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Figure 3.56 Experimental results for L35C2SC (a) load-deflection response, (b) strain
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slip relation.
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Figure 3.57 L35C2SC during test (a) start of test, (b) at failure, and (c) splitting failure
with cover delamination.

v. Beam L35C2S200

Beam L35C2S200 also demonstrated a typical response of that of a ductile
beam (Type-1ll). The peak sustained load was 149 kN at the stroke limit of
displacement transducers. High inelastic strains concentrated near the loaded end with
roughly 27% of the splice length showed yielding. Bond stresses remained uniform
within the elastic zone and degraded towards the loaded end due to yielding, as shown
in Figure 3.58(c). Shown in Figure 3.58(d) is the bond stress-slip relation. Peak bond
stress was 3.4 MPa which dropped due to yielding beyond this point. From there,
bond stress remained constant as the loaded-end slip increased. Figure 3.59(b) shows
that this beam sustained large deflections without being failed in splitting. This
suggests that steel collars at 200 mm were sufficient for this beam to inhibit splitting
failure. Bottom and face splitting cracks initiated at the splice end (see Figure 3.59(c))

but did not propagate along the splice length.
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Figure 3.58 Experimental results for L35C2S200 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
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vi. Beam L35C2S100

Beam L35C2S100 was strengthened by HSS collars at 100 mm spacing. This
beam demonstrated a ductile response of Type-Ill, as shown in Figure 3.60(a). From
the steel strain distributions along the splice in Figure 3.60(b), large inelastic strains
were observed near the loaded end. It can be seen that roughly 28% of the splice
length at the loaded end exhibited yielding. Bond stresses were uniform within the
elastic zone, as shown in Figure 3.60(c). It is shown in Figure 3.60(b) that the slope of
the inelastic branch of steel strains was small at a load of 150 kN. At the peak load,
this slope increased substantially, causing bond stresses at that location to increase
again. It must be mentioned that none of the strain gages at loaded ends of all ductile
beams measured strains beyond 18000 microns. Due to this limit, inelastic bond
stresses could not be measured accurately. Their magnitudes and distribution would
have been different had the strains beyond this limit been recorded. The bond stress-
slip response is shown in Figure 3.60(d). Like other beams, a stiff ascending branch
followed a slight drop in peak bond stress (i.e., 3.5 MPa). Beyond this point, bond
stress remained constant as the free-end slip increased.
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Figure 3.60 Experimental results for L35C2S100 (a) load-deflection response, (b)
strain distribution along splice, (c) bond stress distribution along splice, and (d) bond
stress-slip relation.
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© J* (d)
Figure 3.61 L35C2S100 during test (a) start of test, (b) at failure, (c) splitting cracks
at splice ends, and (d) no propagation of splitting cracks along lap splice.

vii. Comparison of Group 3 Results

Figure 3.62 presents the comparison between the load-deflection response of
the beams tested in series L35. Both the control beams L35C1SC and L35C2SC
experienced splitting. However, a larger concrete cover in the beam L35C2SC than
that of the beam L35C1SC helped it achieve not only the higher peak load but also the
corresponding deflection. All the strengthened beams exhibited ductile response
(Type-I111). This means that the application of HSS collars at 200 mm was sufficient to
suppress splitting failure (Type-l1) observed in the corresponding control beams.

Further, HSS collars at 100 mm spacing were more than required to prevent splitting.

Failure modes of the beams in subgroup L35C1 are presented in Figure 3.63.
It can be seen that the control beam L35C1SC failed in splitting, whereas the
application of HSS collars both at 100 mm and 200 mm spacing suppressed splitting
failure. Further, as shown in Figure 3.63(c & d), splitting cracks that appeared at lap
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splice ends were successfully restrained from traveling along the splice length, thus

keeping the cover intact and imparting high ductility.
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Figure 3.62 Comparison of load-deflection response of Group 3 beams (a) Subgroup
C1 and (b) Subgroup C2.
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—

()
Figure 3.63 Comparison of failure modes of series L35C1 (a) L35C1SC (b)
L35C1S75 (¢ & d) L35C1S200.

Failure modes of beams in Subgroup L35C2 are shown in Figure 3.64. Failure
modes observed in this category were similar to those of the beams in Subgroup
L35C1. Control beam L35C2SC failed in brittle splitting (Type-1) (Figure 3.64(a)).
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Both the strengthened beams allowed the initiation of splitting cracks at splice ends,

but those cracks were restrained from traveling along the splice length.

B e @
Figure 3.64 Comparison of failure modes of series L35C2 (a) L35C2SC (b)
L35C2S200 (c & d) L35C2S100.

A summary of experimental results of series L35 beams is provided in Table
3.7, including average bond stress along the lap splice and increase in bond stress as a
result of HSS collar confinement. It is evident that though the behavior of the beams
was changed from Type-I to Type-Ill due to the confinement by HSS collars, no

increase in the bond strength was observed.

Table 3.7 Summary of peak loads and bond strengths of Group 3 beams.

Beam ID Peak Load (KN) Increase in Peak Load (%) Mode of Failure t (MPa) At (MPa)

L35C1SC 155.1 - Type-1 3.7 -
L35C1S200 167.0 7.7 Type-1ll 35 -0.2
L35C1S100 172.1 11.0 Type-Ill 3.6 -0.1
L35C2SC 134.4 - Type-I 3.6 -
L35C2S200 1495 11.2 Type-Ill 34 -0.2

L35C2S100 150.6 12.1 Type-Iil 35 0.1
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3.6.4. Comparison of Experimental Results of All Beams

i. Comparison of Control Beams

Figure 3.65 presents a comparison of load-deflection curves of control beams
tested in this study. It is mentioned that these curves are generated by normalizing
load at each deflection, corresponding to the concrete strength of 27.4 MPa. As
expected, the lowest peak load was sustained by beams with the shortest lap splice,
i.e., L20C1SC and L20C2SC. Following that, the weakest beam was expected to be
the Beam L28C1SC. As can be seen in Figure 3.65, Beam L28C1SC demonstrated a
higher peak load than those in series L20 but the lowest among the remaining beams.
Beam L28C2SC reached the yield point where softening was expected to occur (as for
beam L35C2SC). Both the beams L28C2SC and L35C1SC failed at this point. The
only control beam exhibiting small ductility was L35C2SC, i.e., furnishing the longest
splice length in conjunction with the larger cover between 16 mm and 26 mm. All the

control beams exhibited Type-I failure irrespective of the concrete cover and lap

splice length.
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Figure 3.65 Comparison of load-deflection curves of control beams.

Figure 3.66 presents strain distribution along the lap splice of control beams.
Vertical lines are plotted to differentiate the regions of all groups. Further, the dotted
lines are plotted for 26 mm cover beams, whereas solid lines represent beams with 16

mm cover. There is a consistent trend observed. All solid lines exhibited lower values
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than their corresponding dotted lines highlighting the importance of larger concrete
covers. It can be seen that the maximum lap splice strain in the control beams of
subgroups L20C1, L20C2, and L28C1 was lower than the yield strain. The lap splice
strain at the loaded end of control beams in subgroups L28C2 and L35C1 was slightly
higher than the yield strain. The control beam in Subgroup L35C2 exhibited large
inelastic strains at the loaded ends of the lap splice. This observation is important as it
directly affects the improvement in the bond strength due to external confinement, as
will be discussed later. Nonetheless, the improvement in the maximum lap splice
strain with increasing cover and lap splice length is evident. In general, higher lap
splice strains are observed for larger concrete covers with the same lap splice length.
Similarly, higher lap splice strains are observed for longer lap splices with the same

concrete covers.
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Figure 3.66 Comparison of strain distribution along lap splices in the control beams of
(@) Group 1, (b) Group 2, and (c) Group 3.
ii. Comparison of Beams Strengthened with HSS Collars at 100 mm

A comparison of load-deflection curves of beams strengthened with HSS
collars at 75 mm and 100 mm spacing is presented in Figure 3.67. All beams

demonstrated the ductile load-deflection response of Type-lll except Beam
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L20C1S100. For the L20C1 series, the ductile response was provided by the beam
L20C1S75. This explains that for Subgroup L20C1, the demand for external
confining pressure was highest. This was expected as it furnished the shortest lap
splice length, i.e., 20d, and smallest concrete cover, i.e., 16 mm. It must be
mentioned that load-deflection curves in Figure 3.72 are normalized, corresponding to
common concrete strength of 27.4 MPa. Variation in peak strengths may be ascribed

to the method of normalizing concrete strength.
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Figure 3.67 Comparison of load-deflection curves of beams strengthened with HSS
collars spaced at 100 mm.

iii. Comparison of Beams Strengthened with HSS Collars at 200 mm

A comparison of load-deflection curves of beams strengthened with HSS
collars at 200mm spacing is presented in Figure 3.68. Beams L20C1S200,
L20C2S200, and L28C1S200 were not able to prevent splitting failures suggesting the
requirement of a closer spacing of HSS collars than provided was required. Beams
L28C2S200, L35C1S200, and L35C2S200 demonstrated ductile response and
suppressed splitting failure. This suggests that there are two parameters affecting the
demand for external confining pressure. One of them is the concrete cover: this is
because beams L28C1S200 and L28C2S200 furnished 16 mm and 26 mm controlling
concrete covers, respectively. Apart from that, all other structural details were similar.
Still, Beam L28C1S200 could not achieve a full ductile response due to its lower

concrete cover. Another parameter is lap splice length: beams L28C1S200 and
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L35C1S200 were fabricated with similar details except for the length of the lap splice.
Consequently, Beam L35C1S200 demonstrated a ductile response suggesting that
external confinement of HSS collars spaced at 200 mm was sufficient to suppress
splitting failure, whereas similar confinement was found insufficient for Beam
L28C1S200.
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Figure 3.68 Comparison of load-deflection curves of beams strengthened with HSS
collars spaced at 200 mm.

3.7. Increase in Bond Strength by HSS Collars Confinement

It has been well known that the application of external confinement on
substandard lap splices improves the bond between lap spliced bars and surrounding
concrete. Several researchers have carried out experimental works to strengthen lap
splices by confining them with FRP wraps. For example, Harajli et al. [51] performed
experiments on lap splice beam specimens. A lap splice of 5d; was provided in the
constant moment region. The lap splice region was strengthened using steel fibers or
CFRP sheets. In general, the bond strength was improvement by increasing the fiber
content or the number of CFRP sheets irrespective of the size of concrete cover.
Bournas and Triantafillou [66] tested cantilever RC columns with lap splice of 204,
and 40d,. The lap spliced regions were strengthened using either CFRP sheets or
textile reinforced mortar (TRM) jackets. It was observed that the application of CFRP
or TRM jackets on columns with 20d, lap splice increased the bond strength

considerably. On the contrary, no improvement in the bond strength in columns with
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40d;, lap splice was observed as shown in Figure 3.69. Garcia et al. [52] tested lap
spliced RC beams with lap splice of 25d,,. The effect of varying CFRP sheets on the
bond strength of lap spliced bars was investigated. The bond strength of lap spliced
bars was found to increase as the number of CFRP sheets increased, irrespective of

the size of the controlling concrete cover.
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Figure 3.69 Measured bond strength along the lap splice of RC columns tested by
Bournas and Triantafillou [66].

These observations on the improvement of bond strength indicate that it is
dependent on the length of the lap splice mainly. The present study used three lap
splice lengths of 20d,, 28d;,, and 35d,. Figure 3.70 shows the increase in bond
strength of normalized bond strengths with respect to concrete strength of 27.4 MPa

At* as a function of the confinement ratio of HSS collars p which is defined as

244,

p =
sb
where A, is the cross-sectional area of HSS collars, s is the center-to-center spacing

3.6

of HSS collars, and b is the width of the section experiencing bending. It can be seen
that a substantial improvement in the bond strength was observed for Subgroup
L20C1. The improvement in the bond strength in subgroups L20C2, L28C1, and
L28C2 was lower than the improvement in Subgroup L20C1. Finally, no
improvement in the bond strength was observed for Group 3 specimens.
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Figure 3.70 Effect of confinement ratio of HSS collars on the increase in the normalized
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3.8. Summary

This chapter summarizes the efficiency of HSS collars in preventing brittle
splitting failures associated with substandard lap splices. A total of nineteen beams
were tested: seven beams in Group 1 with a lap splice length of 20d,, six beams in
Group 2 with a lap splice length of 28d;,, and six beams in Group 3 with a lap splice
length of 35d,. Further, three beams in each group were constructed with a
controlling cover of 26 mm, whereas the controlling cover in the remaining beams
was 16 mm. For beams in each group with a common concrete cover, HSS collars of
size 32 mm x 32 mm x 2.3 mm were provided at a center-to-center spacing of 100
mm and 200 mm. An additional beam in Group 1 with a controlling cover of 16 mm
was strengthened by HSS collars at a spacing of 75 mm. It was found that for beams
in Group 1 and a controlling cover of 16 mm, HSS collars at 75 mm were needed to
prevent splitting failure and achieve a ductile response. In the same group with a 26
mm controlling cover, HSS collars at 100 mm spacing were sufficient to prevent
splitting failure. In Group 2, HSS collars at 100 mm and 200 mm spacing were
required to prevent splitting failure in beams with 16 mm and 26 mm controlling
cover, respectively. Finally, HSS collars with 200 mm spacing were required to
prevent splitting failure in Group 3 beams. It was observed that a closer spacing of
HSS collars was required as the concrete cover and lap splice decreased. The bond
stress distribution along the lap splice indicated a substantial drop near the loaded
ends of lap splices due to yielding. For beams sufficiently confined with HSS collars,
the bond stress-slip response included a stiff ascending branch till the peak bond
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stress (bond strength), followed by a stable bond stress-slip branch. Finally, it was
observed that the increase in the bond strength was predominant in beams with a
20d,, lap splice. As the concrete cover and lap splice length increased, the increase in
the bond strength reduced. No increase in the bond strength was observed for beams

with a 35d,, lap splice.
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Chapter 4 Development of Design Equation for HSS Collar

Confinement on Substandard Lap splices

One of the main objectives of the present study was to propose an equation for
the design of HSS collars to strengthen substandard lap splices. The adopted
experimental framework in Chapter 3 was designed in a way to achieve this objective.
Detailed strain measurements along the lap splices were carried out with the aim of
estimating the bond strengths of the lap splices in unstrengthened and strengthened
conditions. Some previous studies have demonstrated that the bond strength can be
used as an indicator for the improvement in the behavior of substandard lap splices
after strengthening. Based on this, design equations for external confinement were
proposed. The following section highlights some of the previous works on this issue.

4.1. Existing Studies on the Design of External Confinement Based on Bond
Strength

Harajli [63] utilized the equation by Harajli et al. [51] for the increase in the

bond strength due to CFRP confinement as

UCFRP = ZEfnftf < 0.40 41
! 8000n,d, = '
fc s“b

where Ef is the elastic modulus of CFRP, n is the number of CFRP sheets, ¢t is the

thickness of a single CFRP sheet, n is the number of lap spliced pairs in tension, and
d,, is the diameter of the lap spliced bar. Harajli [63] combined Eq. 4.1 linearly with
the equation of Orangun et al. [116] for the bond strength in unstrengthened concrete,

which is given as

UP c db
=0.1+0.25 (—) + 4.15 (—) 4.2
/fc’ db lS

where c is the controlling concrete cover and [ is the length of the lap splice. Harajli
[63] proposed the following equation for the design of a CFRP sheet to strengthen a

given substandard lap splice of length L.
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Harajli [63] proposed to use a value of 1.25f,, as the minimum development

stress f; in Eq. 4.3. A detailed experimental program was carried out to strengthen lap
splices in circular and rectangular columns. It was found that the predictions of the
proposed Eq. 4.3 were in good agreement with the number of CFRP sheets used in

experiments.

Later, Elsouri and Harajli [119] extended this concept. However, instead of
using the equation by Orangun et al. [116] to estimate the bond strength in
unstrengthened concrete, several other equations available in the literature were
compared. The authors recommended using f; = 1.25f, when the actual yield
strength of lap spliced bars is known and f; = 1.85f, in the absence of such
information. Among the various models of bond strength in unstrengthened concrete,
the authors recommended using the model by Darwin et al. [120] with the resulting

equation for CFRP design given as

c =TT 1 4.4
singd,  1000n4d, £ s fra
Garcia et al. [52] proposed the following equation to predict the increase in the

bond strength of substandard lap splices due to the confinement by CFRP sheets.

At* = 1.15\/f, < 0.40 45
Nytr€roky

= 4.6

fo np (Cmin + db)

where €¢, is the splitting tensile strain of concrete. Garcia et al. [52] proposed the

following steps to estimate the quantity of CFRP confinement for substandard lap

splices.

a. Estimate the bond stress corresponding to the onset of yielding at the loaded
end.

b. Estimate the bond strength in unstrengthened concrete by using any models in
the literature.

c. Take the difference between the first two steps to estimate the increase in the

bond strength that is required to develop yielding.
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d. Equate the value obtained in step “c” to Eq. 4.5 to estimate the required CFRP

confinement.
4.2. Limitations of Bond Strength

The previous section explains the design approach of external confinement for
substandard lap splices. The bond strength-based approach utilizes an existing
equation that predicts the bond strength enhancement due to external confinement.
However, it was observed in Chapter 3 that some beams exhibited yielding in
unstrengthened conditions. For instance, see the results of Beams L28C2SC,
L35C1SC, and L35C2SC. Despite achieving yield at the loaded ends of lap splices,
these beams suffered Type-I brittle splitting failure. Further, the bond strength-based
design cannot be applied to these beams. This is because the bond strength
corresponding to the lap splice yielding is already achieved in unstrengthened
conditions. Therefore, no further increase in the bond strength can be expected after
strengthening. This was proved by the experimental bond strength results of Beams
L28C2SC, L35C1SC, and L35C2SC, as no improvement in the bond strength was
observed after confinement by HSS collars. However, this does not mean that HSS
collars did not influence the behavior of these beams. It was observed that the Type-I
failure was changed to Type-Ill ductile failure without increasing the bond strength
values. As previously noted, the bond stress averaged over the lap splice tends to
stabilize after yielding occurs at the loaded end. This observation is important because
it imposes an upper limit on the bond strength [63, 117]. The bond strength that can

be mobilized at the onset of yielding, t,,, is defined as

_ fydb
by =g
where f,, is the yield strength of the bar, d,, is the diameter of the bar, and [, is the lap

4.7

splice length. Table 4.1 presents experimental bond strengths of lap spliced specimens
in the literature that experienced yielding of lap spliced bars. The experimental bond
strengths were compared to analytical bond strengths calculated using Eq. 4.7. Figure
4.1 shows the experimental and analytical bond strengths mobilized in lap splices. A
good correlation indicates that the upper limit of the bond strength within a lap splice

corresponds to the onset of yielding. This implies that for lap splices that mobilize
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yielding near their loaded ends, the upper limit on the bond strength corresponds to
Eq. 4.7. Therefore, no further increase in the bond strength is expected due to external
confinement for lap splices that can develop yielding. For instance, the lap splices in
the control beams of Subgroups L35C1 and L35C2 exhibited yielding. As a result, the
upper limit on the bond strength corresponding to the onset of yielding 7, was
achieved. Therefore, the strengthened beams in Subgroups L35C1 and L35C2 did not

exhibit the increase in the bond strength.

Table 4.1 Strengthened specimens with lap splices exhibiting yielding.

Reference Specimen fy d, ly/d,  Bond Strength from T
Name (MPa)  (mm) Experiments, 7 (MPa) (MPa)
Turk et al. [121] B.SCC.16 503 16 1934 6.4 6.5
Bournas and L20d_R2 6.8 6.5
Triantafillou [66] L20D_M4 523 14 20 6.4 6.5
L40d_R2 40 3.2 3.3
L40d_M4 2.9 3.3
Helal [122] LC20-D12- 530 12 25 5.3 5.3
PTMS2
LC10F1 5.2 55
Garcia et al. [52] LC10F2 55 55
LC20F1 pl= 1< 25 49 5.5
LC20F2 5.2 55
LC27F1 16 4.8 55
LC27F2 5.2 55

Note: f,, =yield strength of lap spliced bars; d;, =steel bar diameter; [; = lap splice length;
T = bond strength from experiments; and 7,, = bond strength corresponding to the onset of
yielding calculated using Eq. (4.7).
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Figure 4.1 Comparison of experimental bond strength and analytical bond strength
7,, for specimens with yielding in lapped bars.
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The bond strength has been used to determine the required amount of
confinement for short lap splices. The bond strength for short lap splices can be
significantly increased by providing additional confinement to reach the maximum
bond strength. As observed from this study with various lap splice lengths,
enhancement of the bond strength is bounded by the bond strength corresponding to
the onset of yielding. The study indicates that as the lap splice length increased to
35d,, the margin for the improvement in the bond strength vanished. This
observation is substantiated by the experimental bond strength of the specimen with a
lap splice length of 40d, tested by Bournas and Triantafillou [66]. Based on these
findings, the bond strength alone cannot characterize the improvement of lap splices
by external confinement, particularly if the ductile behavior needs to be achieved.
Therefore, another parameter should be used to relate the enhancement of lap splices

to external confinement.
4.3. Interfacial Fracture Energy

As discussed in Chapter 3, failure ranges from brittle (Type I) to ductile (Type
[11) modes depending on the amount of the confinement ratio of HSS collars. It was
discussed in Section 4.3 that the bond strength can reflect the improvement in
structural behavior up to the onset of lap splice yielding, whereas it cannot sufficiently
indicate the improvement beyond the onset of lap splice yielding. Hence, not only the
bond strength but also the post-yield behavior of lap splices should be considered in
determining the confinement ratio of HSS collars to achieve ductile failure. Malek et
al. [123] investigated the bond stress distributions in the post-yield range of well-
confined bars in cantilever beams. Pseudo-static pushover tests were performed on
four cantilever beams without lap splice. Strain profiles along tensile bars were
measured, and the corresponding bond stresses were estimated. At the peak load, the
distribution of steel bar strains along the embedment length was nonlinear, with
negligible strains at free ends and peak strains at fixed ends of the cantilever beams.
Since the steel strain and the corresponding bond stress are directly related, the bond
stress profile along the embedment length was also nonlinear. Using regression on the
estimated bond stress profile, Malek et al. [123] proposed the following equation to

define the bond stress distribution along a well-confined bar in concrete:
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0.3
€
Tmax <6—> ; € <€
= Y 4.8

= 0.7(1—3)
Tmax |1 —08(1—e €y ; €> €,

where 7, is the bond stress of a well-confined bar at a strain ¢, €, is the yield strain,
and T,,,4, IS the maximum bond stress at the end of the pre-yield zone. The definition
of a well-confined bar refers to an embedded bar that is long enough to prevent
pullout and splitting failures and undergoes yielding. Therefore, Eq. 4.8 provides the
bond stress distribution for both the pre-yield and post-yield zones. By following the
study of Haskett et al. [124], Malek et al. [123] proposed equations for calculating the
interfacial fracture energy in the pre-yield zone G,, and that in the post-yield zone G,

by integrating the areas under the bond stress-steel strain relationships of Eq. 4.8 as

7 L 0.3
Gl =f Tore <—> de 49
€y
0
A 0.7(1—3)
G, = f Tmax | 1—08(1—¢ €y de 4.10
€y

where €, is the fracture strain of the embedded bar. The interfacial fracture energy

within the pre-yield and post-yield zones is shown in Figure 4.2.
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Figure 4.2 Visualization of interfacial fracture energy within pre-yield G, and post-
yield zone G, by Malek et al. [123].
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The strain distribution along the embedded length of reinforcement measured
by Malek et al. [123] was nonlinear in pre-yield and post-yield zones. On the other
hand, the strain distribution measured along the lap splice of beams in the present
study was linear in the pre-yield zones. This is because the present study focuses on
substandard lap splices, whereas the length of the embedded bar used by Malek et al.
[123] was long enough to allow yielding and prevent splitting failure. It has also been
reported that the strain distribution along a substandard lap splice is linear [52].
Therefore, to extend the concept of the interfacial fracture energy to the beams tested
in the present study, it is proposed to use the observed linear strain distribution within
the pre-yield zones, which results in uniform bond stress in the pre-yield zone. The
cases of sufficiently confined beams in each of the subgroups are presented in Figure
4.3. A portion of the lap splice yielded near the loaded end in sufficiently confined
beams. The length of the pre-yield zone was computed using the measured strain
profile along the lap splice at peak loads, as shown in Figure 4.3. The calculated
lengths of pre-yield and post-yield zones in sufficiently confined beams, i.e.,
specimens with Type-I1l failure, are shown in Table 4.2. The average length of the lap
spliced bars exhibiting yielding was about 25% of the lap splice length which agrees

with the recommendations of Fawzy et al. [125].
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Figure 4.3 Pre-yield and post-yield zones along lap splices of sufficiently confined

beams.

Table 4.2 Lengths of pre-yield and post-yield zones in sufficiently confined beams.

Beam ID Length of pre-yield zone Length of post-yield zone @ x 100
[ (mm) Iy — 1 (mm) (0/;)
L20C1S75 235 85 26.5
L20C2S100 240 80 25.0
L28C1S100 350 98 22.0
L28C2S100 330 118 26.3
L28C2S200 337 111 24.8
L35C1S100 395 165 29.5
L35C1S200 420 140 25.0
L35C2S100 405 155 27.7
L35C2S200 405 155 27.7

Note: [ = length of the pre-yield zone; I = length of the lap splice.
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The mean bond strength in the pre-yield zone 7; can be determined from the
measured strain distributions. Since bond stress was uniform within pre-yield zones,
7, IS proposed to be 1,4, for sufficiently confined beams and can be determined from
where [ is the length of the pre-yield zone for sufficiently confined beams and can be
taken as 75% of the length of the lap splice I;. According to Malek et al. [123], the

411

interfacial fracture energy obtained from the mean bond strength 7, within the post-
yield zone G, can be expressed as
G, = (e, —€) 4.12
where 7, is the mean bond strength within the post-yield zone. 7, can be estimated
from experimental bond stress profiles along lap splices of control and insufficiently
confined beams. It is important to note that the fracture strain of the lap spliced bars
was 0.073, whereas the maximum recorded strain at loaded ends of sufficiently
confined beams did not exceed 0.018 due to the failure of strain gages. Therefore, the
observed strain distribution within post-yield zones of lap splices in sufficiently
confined beams could not be completely captured. Since splitting failure was inhibited
in sufficiently confined beams of the present study, it is reasonable to assume the
strain profile within post-yield zones of lap splices to be similar to that proposed by
Malek et al. [123]. This is because the distribution of steel strains and the
corresponding bond stresses within the post-yield zones proposed by Malek et al.
[123] correspond to those of well-confined bars. Similarly, sufficiently confined lap
splices in the present study demonstrated yielding and high inelastic strains near their
loaded ends while preventing splitting failures. Hence, the mean bond strength within
post-yield zones 7, in sufficiently confined beams was obtained as
_ Gy
T = m 4.13
where G, is determined from Eq. 4.10. The interfacial fracture energy within the pre-

yield zone G; and that within the post-yield zone G, are presented in Table 4.3.
Further, lengths of pre-yield and post-yield zones of lap splices are also presented.
The interfacial fracture energy in the pre-yield zone G; was calculated as the product

of the calculated bond strength in the pre-yield zone 7; and the yield strain €,,. The
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mean bond strength calculated from strain measurements within the post-yield zone
7, was used for the calculation of the interfacial fracture energy within post-yield
zones G, of control and insufficiently confined beams, whereas 7, was calculated
from Eq. 4.13 for sufficiently confined beams. The total interfacial fracture energy G
of the beams was calculated as
G =G +G, 4.14
The last column of Table 4.3 presents the percentage of the increase in the
interfacial fracture energy of strengthened beams AG over the interfacial fracture
energy of control beams G,. It is important to note that a substantial increase in the
interfacial fracture energy AG for all subgroups was observed irrespective of the lap
splice length and concrete cover. For instance, an increase of 387.9% in the interfacial
fracture energy was observed for the strengthened beam L35C2S200, whereas the
same beam did not exhibit an increase in its bond strength (see Table 4.3). Similar
behavior can also be observed for the cases of Beams L35C1S200 and L28C2S200.
Another important observation is that AG varied inversely with the lap splice length
and concrete cover. For Subgroup L20C1, the maximum increase in the interfacial
fracture energy was 2162.9%, whereas Subgroup L20C2 exhibited this increase up to
1200.9%. This suggests that to achieve the same increase in the interfacial fracture
energy, a larger cover and a longer lap splice length would require a lower amount of

HSS collar confinement.
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Table 4.3 Summary of interfacial fracture energy of pre-yield and post-yield zones of
beams.

ID 1 I, —1 o5 G, G, G G, AG A6 oo

(mm) (mm) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) Go
(%)

L20C1SC 320 0 3.8 0.0 0.0062  0.00 - 0.0062 -

L20C1S200 320 0 54 0.0 0.0118  0.00 0.0118 - 0.0056  90.3
L20C1S100 255 65 7.8 14 0.0187  0.02 0.0387 - 0.0325 5244
L20C1S75 235 85 8.5 2.1* 0.0203  0.12 0.1403 - 0.1341  2162.9
L20C2SC 320 0 53 0.0 0.0106  0.00 - 0.0106 -

L20C2S200 320 0 5.7 0.0 0.0136  0.00 0.0136 - 0.0030 283
L20C25100 240 80 8.3 2.1* 0.0199 012 01379 - 0.1273  1200.9
L28C1SC 420 28 4.7 0.0 0.0114  0.00 - 0.0114 -

L28C1S200 365 83 54 0.1 0.0131  0.00 0.0131 - 0.0017 149
L28C1S100 350 98 5.7 1.4* 0.0136  0.08 0.0946 - 0.0832 7298
L28C2SC 415 33 4.8 0.0 0.0115  0.00 - 0.0115 -

L28C25200 355 93 5.6 1.4* 0.0132  0.08 0.0930 - 0.0815  708.7
L28C2S100 350 98 5.7 1.4* 0.0137  0.08 0.0937 - 0.0822 7148
L35C1SC 500 60 4.0 0.1 0.0096  0.00 - 0.0096 -

L35C1S200 440 120 4.5 1.1* 0.0110  0.07 0.0760 - 0.0664  691.7
L35C1S100 435 125 4.6 1.1* 0.0110 0.07 0.0760 - 0.0664  691.7
L35C2S8C 450 110 44 0.6 0.0106  0.01 - 0.0166 -

L35C2S200 410 150 4.8 1.2* 0.0120  0.07 0.0810 - 0.0644  387.9
L35C25100 402 158 49 1.2* 0.0120  0.07 0.0810 - 0.0644  387.9

Note:l = length of pre-yield zone; [, = length of lap splice; 7; = mean bond strength in pre-yield zone; 7, = mean bond
strength in post-yield zone; G, = fracture energy in pre-yield zone; G, = fracture energy in post-yield zone; G = G, + G, =
total fracture energy; AG = increase in fracture energy of strengthened beams over control beams; * represents mean bond

stress in post-yield zone calculated using Eg. (10).

4.4. Equation to predict the increase in interfacial fracture energy

The increase in the interfacial fracture energy of strengthened beams AG
against the confinement ratio of HSS collars p is shown in Figure 4.4. Experimental
results of Beams L28C2S100, L35C1S75, and L35C2S100 were excluded because an
HSS collar spacing of 200 mm was found sufficient to achieve Type-I1ll failure. As a
result, reducing the collar spacing to 75 mm or 100 mm in Subgroups L28C2, L35C1,
and L35C2 did not result in an increase in the interfacial fracture energy. It is evident
that AG shows some relation with p. The form of Eq. 4.15 was found to correlate

well with the increase in the interfacial fracture energy of strengthened beams as

AG = ax (1+p)P(R;)¢ 4.15
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ls
Rls = l 416
S,ACI

where [ is the provided lap splice length, and [ 4¢; is the lap splice length required
by ACI 318-19 [62] as determined from

9 fy db

lsact = Eﬁ (C/db) 4.17

where f, is the yield strength of bars in MPa, f¢ is the compressive strength of

concrete in MPa, d,, is the bar diameter in mm, and c is the controlling cover in mm.
The parameter I;4c; Was chosen as it involves all variables that affect the bond
strength, i.e., concrete cover, yield strength of bars, and the concrete compressive
strength. In this study, the values of normalized R;; ranged from 0.23 to 0.65.
Nonlinear regression was performed using the classical Gauss-Newton method. From
the regression analysis, the following equation was obtained:
AG = 0.040 x (1 + p)*1881 x (R,5)%%° 4.18
The accuracy of Eq. 4.18 in predicting the increase in the interfacial fracture
energy of strengthened beams due to HSS collar confinement is shown in Figure 4.5.
Pearson’s correlation coefficient r of 0.92 suggests that a good agreement between

experimental and predicted values of AG is obtained.
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Figure 4.4 Dependence of AG on the confinement ratio of HSS collars p.
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Figure 4.5 Comparison of the increase in the interfacial fracture energy of
strengthened beams from prediction and experiment.

4.4.1. Determination of Required Confinement Ratio of HSS Collars and
Application

For a substandard lap splice, the required confinement ratio of HSS collars p
needs to be determined to change the failure mode from the brittle mode to the ductile
mode. The approach to estimate the confinement ratio of HSS collars p is provided in
Section 4.5.1. The derivation provided in this section involves an estimation of the
bond strength in unstrengthened beams. Therefore, the accuracy of several existing
bond strength models is assessed in Section 4.5.2. Finally, an application example is

provided in Section 4.5.3.
i. Interfacial Fracture Energy of Lap splice in Unstrengthened Beams, G,

For a uniform bond stress distribution along the lap splice, the interfacial
fracture energy of the lap splice in an unstrengthened beam G, can be obtained as the
product of the bond strength in an unstrengthened beam t, and the maximum strain €,
that the lap splice can sustain. The available interfacial fracture energy G, of an
unstrengthened beam is calculated as

Go = To€s 4.19

The bond strength in an unstrengthened beam 7, can be calculated from a

suitable bond strength model discussed in Section 4.5.2. Knowing t,, the maximum
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strain e, that the lap splice can sustain in an unstrengthened beam in Eq. 4.19 can be
calculated from the equilibrium between the steel stress and the bond strength using
At

a dbEs
where E; is the Young’s modulus of steel bars. From Eq. 4.19 and Eg. 4.20, the

4.20

€s

interfacial fracture energy in an unstrengthened beam is given as

B 4721

4.21
GO dbEs

ii. Total Interfacial Fracture Energy Corresponding to Type-Ill Failure, G

The total interfacial fracture energy comprises the energy contributed from the
pre-yield zone G, and that from the post-yield zone G, of a lap splice. The interfacial
fracture energy within the pre-yield zone G, can be estimated by the product of the
mean bond strength in the pre-yield zone 7,,4, and the yield strain €. For the post-
yield zone of the lap splice, the interfacial fracture energy G, can be estimated using
the formulation of Malek et al. [123]. To estimate the total interfacial fracture energy,
the lengths of the pre-yield and the post-yield zones of a lap splice are required. It was
discussed in Section 4.3 that for a sufficiently confined lap splice, the length of the
post-yield zone could be taken as 25% of the lap splice length. The interfacial fracture
energy in the pre-yield zone G, is determined from
Jydp b 4.22

4% 0750, = 31,
The mean bond strength within the post-yield zone 7, is calculated using Eq.

G = Tmax€y =

4.13. The calculation of 7 using Eq. 4.13 requires the value of the interfacial fracture
energy in the post-yield zone G, that can be estimated using Eq. 4.10. Note that 7,
in Eq. 4.10 is the mean bond strength mobilized within the pre-yield zone of the lap
splice and is calculated from Eq. 4.11. The total interfacial fracture energy G is then

calculated using Eq. 4.14.
iii. Additional interfacial fracture energy to achieve Type-I1ll failure, 4G

Knowing the interfacial fracture energy within an unstrengthened beam and

the total interfacial fracture energy required to achieve Type-IlI failure, it is possible
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to estimate the amount of the additional interfacial fracture energy that is required
from HSS collars to prevent brittle failure. It is the difference between the interfacial
fracture energy in an unstrengthened beam G, and the total interfacial fracture energy
G corresponding to Type-Ill failure. The additional interfacial fracture energy
required to exhibit Type-IlI failure is given by

€y

d 7(1-£ 472]
AG=G—GO=MEy+meax 1 —08(1-05)) ) g2l 4,0
31, d,E,

€y

iv. Required Confinement Ratio of HSS Collars, p

Substituting Eq. 4.18 into Eq. 4.23 yields the following equation to estimate
the required confinement ratio of HSS collars to achieve ductile failure for a
substandard lap splice.

1 d 4721, ) |TT881
p= [ {fy L&)+ (Emar¥) — 22 H —~ 1.00 4.24

0.040R,%° | 35 dyEs
where
€y
£
W= f 1-08 (1 == f;v)> de 4.25
€y
The variation of W for various values of €, and €, is presented in Figure 4.6.
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Figure 4.6 Variation of W for different €, and e,.
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The confinement ratio of HSS collars for each subgroup that resulted in Type-
Il failure is given in Table 4.4. It is evident that Eq. 4.24 resulted in a close
approximation of the experimental confinement ratio of HSS collars. The last column
of Table 4.4 provides the difference between experimental and predicted p. The
values of R, for six subgroups are also reported in Table 4.4. Overall, the predicted p
values by the proposed Eq. 4.24 agree well with experimental results. For Beams
L28C2S200 and L35C1S200, the predicted confinement ratios of HSS collars are
overestimated. In Subgroups L28C2, L35C1, and L35C2, the widest collar spacing
was 200 mm, which is slightly smaller than the spacing required. This is because the
transition from Group L28 to Group L35 resulted in an increase in the lap splice
length. This resulted in an overestimation of the confinement ratio of HSS collars for
Beams L28C2S200 and L35C1S200. However, the predicted p values are
conservative for the design purpose. The proposed equation for p should be limited to
R, values ranging from 0.23 to 0.65. In addition, the shear strength of the section
must be checked and compared with the flexural capacity of the section corresponding
to the lap splice failure. The proposed equation for p cannot be applied to strengthen
shear-critical sections. In this regard, a calculation procedure for shear strength and

flexural strength corresponding to lap splice failure is presented in Appendix A2.

Table 4.4 Confinement ratio of HSS collars for beams that exhibited Type-Il1 failure.

Subgroup Beam Ry Experimental p Predicted p Difference (%)
L20C1 L20C1S75 0.23 0.0364 0.0379 +4.1

L20C2 L20C2S5100 0.37 0.0273 0.0290 +6.2

L28C1 L28C1S100 0.32 0.0273 0.0288 +5.4

L28C2 L28C25200 0.52 0.0137 0.0183 +33.5

L35C1 L35C15200 0.40 0.0137 0.0200 +46.0

L35C2 L35C25200 0.65 0.0137 0.0142 +3.6

Note: p = required confinement ratio of HSS collars and R;, is computed for each subgroup

corresponding to a normalized concrete strength of 27 MPa.

4.4.2. Bond Strength Models for Unstrengthened Beams

Accurate prediction of the bond strength of unstrengthened beams z, is

essential to estimate the required confinement ratio of HSS collars. Several previous
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bond strength models are summarized in Table 8. Their accuracy is assessed by
comparing their predictions with the experimental results of the control beams of the
present study. In addition, two control specimens of Bournas & Triantafillou [66] and
three control specimens of Garcia et al. [52] were also included to extend the range of
specimens. Average values of the ratio of test to prediction bond strengths are
provided in Table 4.5. It is observed that all models underestimated the bond strength
in unstrengthened beams except the model of Harajli [59]. This is because the model
by Harajli [59] does not incorporate the effect of lap splice length on the bond
strength. It was observed that the bond strength of control beams decreased as the
splice length increased. As a result, the model by Harajli [59] overestimated the bond
strengths of the L28 and L35 groups. The test-to-prediction ratios of all models
against lap splice lengths are shown in Figure 4.7. The models of Zuo and Darwin
[14] [88] and Lettow and Eligehausen [126] consistently produced test-to-prediction
ratios close to 1. Therefore, it is recommended to use the model by Zuo and Darwin
[14] or the model by Lettow and Eligehausen [126] to estimate the bond strength of
bars in unstrengthened beams.



Table 4.5 Existing bond strength models for unstrengthened beams.
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Model Expression Test/Prediction
(averaged)
Orangun et al. Cmin d, 1.21
[116] T, =/f/ 0.1+ 025 ( 0 ) + 4.15 (T)
S
Esfahani and 14 1 c 114
Rangan [55] ,=x|——M <0.88 +0.12 "“""’)
1.85 + 0.024VM Crmin
where,
,r !
M = cosh| 0.0022[ Je
dyp
Smin 4 0.5
—g U0Q) ==
il 2
o | o

fee = 0.55/f!
Zuo and o = £2%° | (1431 (Cpn + 05) + 56.24,) 1.02
Darwin [14] 0l

X (ﬂ + 0.9)]
Cmin
CEB-FIP r_ 2/3 1.20
1.64 (M)
model code . = 10
[118] © 115-01m
b

Lettow and d, LS} AN 3 o\ 20102 0.99
Eligehausen To = (ﬁ) 24.2 (E) (fHo* <—db ) <—C : ) <d—b)
[126] S min
Harajli [59] 0.82

Cmin 2/3
To = 075\/]‘7 <d—b)

Note: f., = tensile strength of concrete; 7, = bond strength in an unstrengthened beam; c,in, Cmed>
and ¢, = minimum, median, and maximum values of bottom concrete cover, side concrete cover,
and one-half of the clear spacing between consecutive pairs of lapped bars; A, = cross-sectional area
of a single lapped bar.
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Figure 4.7 Test/Prediction ratios for different unstrengthened bond strength models.

4.4.3. Application Example

As an example, the procedure for determining the required confinement ratio
of HSS collars p is demonstrated for the beams in Subgroup L20C1. The maximum

bond strength within the pre-yield zone of the lap splice is estimated using Eq. 4.11 as

fydy 497 x 16

fmax = 450,750, ~ 4% 0.75 x 320
The ratio of the provided lap splice length to that required by ACI 318-19 [62]

= 8.28 MPa 4.26

R;; is 320/1100 = 0.29. The bond strength in an unstrengthened beam t, is
estimated using the model by Lettow and Eligehausen [126] as 4.53 MPa. The

interfacial fracture energy in an unstrengthened beam is estimated using Eq. 4.21 as

472l 4% 4.53% x 320

° " dyE;, 16 x 207000
To estimate the interfacial fracture energy in the post-yield zone G,, Eq. (4.10) is

= 0.00175 MPa 4.27

used, and the value of G, is estimated as 0.135 MPa. The value of the interfacial
fracture energy within the pre-yield zone is estimated using Eq. 4.22 as
_fydy 497 x16

G, = R —
1773, Y T 3% 320
The total interfacial fracture energy G is the summation of G; and G, and is equal to

X 0.0024 = 0.01988 MPa 4.28

0.155 MPa. The additional interfacial fracture energy AG required to achieve Type-IlI
failure is estimated as 0.153 MPa from the difference between the total interfacial
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fracture energy, i.e.,, 0.155 MPa, and the interfacial fracture energy in an
unstrengthened beam, i.e., 0.00175 MPa. Equating AG to Eq. 4.18 yields

AG = 0.153 = 0.040 X (1 + p)11881 x (R;()*?° (4.29)

From this, p is estimated to be 0.0379, as shown in Table 4.5. Then, the size and

spacing of HSS collars can be determined from Eq. 3.6.
4.4.4. Limitation of the Proposed Equation

The proposed Eq. 4.24 was formulated based on the experimental results of
lap splice with R values ranging from 0.23 to 0.65. Therefore, the application of the
proposed equation should be limited to R, values within this range. In addition, the
size and strength of the bolts used in the present study must be adopted as the

minimum criteria. The yield strength of HSS collars must at least be 400 MPa.
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Chapter 5 Nonlinear Fiber Modelling of RC Beams with

HSS Collars

In this chapter, nonlinear fiber modeling of RC beams using OpenSees is
discussed. The fiber modeling of control and HSS collar strengthened beams are
discussed separately. The main objectives of performing nonlinear fiber modeling of
beams are: (1) to assess the efficiency of existing models to estimate the splice
strength of substandard lap spliced bars and (2) to assess the efficiency of the model
by Chapman and Driver [99] to estimate the compressive stress-strain relation of HSS
collar confined concrete by including the effect of flexural stiffness and adopting an
incremental collar pressure scheme, as presented in Chapter 2. Section 5.1 discusses
the issues in substandard lap spliced members, Section 5.2 discusses the strategies to
include the effect of a substandard lap splice into a nonlinear fiber model, and
modeling of steel fibers strengthened with HSS collars, the strategies to model
concrete fibers strengthened with internal steel confinement and strengthened with
external HSS collars are discussed in Section 5.3, the OpenSees modeling and its
results for the control beams tested in this study are presented in Section 5.4, and
Section 5.5 presents the nonlinear fiber modeling of HSS collar strengthened beams

by incorporating the strategies discussed in Section 5.2 and 5.3.
5.1. Issues Related to Substandard Lap Splices

Several experimental programs on RC members with substandard lap splices
are presented in the literature. However, only a few of them measured the behavior of
substandard lap splices in the form of strain measurements. Due to the premature
splitting failure attributed to the substandard lap splice length, the lap splices are
unable to achieve their full capacity. As a result, the strains measured along the lap
splice in substandard lap splices are below the yield strain. There may also exist some
cases when the lap splice achieves yielding but still fails without achieving the
fracture strength as observed for Beams L28C2SC, L35C1SC, and L35C2SC. Figure
5.1(a) presents the strain measurements along a 20d,, lap splice at the base of an RC

column tested by Malek et al. [7]. It can be seen that the maximum strains were below
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the yield strain for both the starter and column bars. Bournas and Triantafillou [66]
also measured strains along a 20d;, and 40d;, lap splice as shown in Figure 5.1(b). It
was observed that the maximum lap splice strain in the 20d, lap splice was
significantly lower than the yield strain, whereas the maximum strain in 40d, lap
splice was equal to the yield strain. Despite achieving the yield strain in 40d, lap
splice, the column failed in brittle manner due to the lap splice failure. Figure 5.1(c)
presents strain along the 28d,, lap splice measured by Kruavit [76]. The yield strain of
lap spliced bars was 0.0021. It can be seen in Figure 5.1(c) that the yield strain was
achieved only in the push direction. Nonetheless, the column failed prematurely due
to the lap splice failure. Figure 5.1(d) presents strain distribution along a 25d,, lap
splice in a simply supported RC beam. Again, the lap splice could not achieve its

yield capacity at its failure.

Considering observations presented in the preceding paragraph, it can be
concluded that the splice strength associated with a substandard lap splice is limited
and varies with the lap splice length. Therefore, this issue can be incorporated into the

nonlinear modeling of RC members with substandard lap splices.
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Figure 5.1 Strain measured along substandard lap splice by (a) Malek et al. [7]. (b)
Bournas and Triantafillou [66], (c) Kruavit [76], and (d) Garcia et al. [52].

5.2. Method to Model RC Members with Substandard Unstrengthened and

Strengthened Lap splices

5.2.1. Modelling Unstrengthened Lap splices

It was discussed in Section 5.1 that the strength of a substandard lap splice at

its failure is well below its full capacity. Therefore, this effect can be included in the

nonlinear model to involve the premature failure attributed to the short length of the

lap splice. For example, Tariverdilo et al. included the effect of substandard lap splice

in RC columns by modifying the stress-strain relation of steel fibers in the lap splice

element of the model. Some approaches are present in the literature to estimate the

peak capacity of substandard lap splices. It has been reported that the maximum stress
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that a substandard lap splice can transfer is lower than the tensile capacity of the
lapped bars [29, 127]. In old constructions, the length of the lap splice was short
enough to limit the maximum stress below the yield limit. To estimate the maximum

stress that a lap splice can transfer, a few of the methods are summarized below.

In earlier sections, it was found that the model of Lettow & Eligehausen [126]
best predicts plain concrete bond strengths with minimum difference. Their equation

is presented in Eq. 5.1.
1
o= (%) 242 (l_s)"'“ (07 () () (2)“ 5.1
‘ 4ls db { db Cmin db

From equilibrium between bar force and bond stress, Eq. 5.1 can be used to

predict steel stress at splitting. Recognizing that maximum uniform bond stress is
limited to the yield stress, an upper limit on Eq. 5.2 is proposed, i.e., maximum bar

force is limited to the yield strength of lapped bars.
0.55 1 0.2
fi= 4_@(&) 24.2 (l_s) (f1)025 (Cm_”‘>3 (Cmax>0'1 (@) <f, 5.2
dp \4ls dp dp Cmin dp

Recognizing that spliced bars and hooks that do not meet modern seismic

requirements are unable to achieve their full capacity, FEMA 356 [128] proposed the
following equation to estimate the splice strength.

Ls

1 7 E X fy 5.3
where [ and [; are provided and required lap splice lengths, respectively, as per ACI
318-19 [62] requirements. Elwood et al. [129] suggested that Eq. 5.3 does not
consider the intent of ACI code expressions to develop strength greater than the yield
strength of spliced bars. Further, instead of implying a strength reduction factor, the
ACI equation for splice length implicitly contains an overstrength factor of 1.25
applied to the nominal yield strength of lapped bars. In this regard, it was expected
that Eg. 5.3 would underestimate splitting splice strengths. Keeping in view this,
Elwood et al. [129] proposed Eqg. 5.4 to estimate the strength of substandard lap

splices.

fo = 1.25 (l—s) <f >4
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Tariverdilo et al. [78] analyzed bond-critical RC columns using fiber-based
modeling in OpenSees. For this, a monotonic stress-strain model for lap spliced bars
was developed first, which was later used with degradation and pinching effects for
hysteretic loading. It was supposed that the slip resistance was provided by truss-
mechanism of 45°between spliced bars or between spliced bars and surrounding
concrete, as shown in Figure 5.2. From equilibrium, tensile force is equal to the bond
force.

Tb = Abfs = Ftpls 55
where T, is the force developed in the spliced bar, A, is the bar cross-section, F; is

the tensile strength of concrete taken as 0.33\/ﬁ, p is the perimeter of the

characteristic block given in Eq. 5.5, and [, is the length of lap splice.

S
p= E + Z(db + Cmin) < Zﬁ(cmin + db) 5.6
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Figure 5.2 Assumed 45°slip-resistance mechanism (a) between bars (b) between bars
and core concrete (Priestley et al. [79]).

Bejelo [127] proposed the following procedure:

1. Setup bond stress-slip relationship for lap splice. Maximum bond stress
and corresponding slip were measured from experiments. Post-peak bond
stress-slip relation was assumed to follow a linear descending branch up to
a slip of 3 mm. This is the value recommended by Harajli et al. [51]. For

example, Figure 5.3 presents one such relationship for beam L20C1SC.
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Figure 5.3 Bond stress-slip relation for beam L20C1SC.

2. This bond stress-slip relation is converted to a bond force-slip relation. To
do so, bond stress corresponding to each slip value is multiplied by the
critical perimeter around each lapped bar and lap splice length. The critical
perimeter was estimated as per the recommendations of Belejo [127], as
shown in Figure 5.4. It was estimated to be 92 mm and 122 mm for
subgroups C1 and C2, respectively. Belejo [127] recommended adopting a
parabolic bond stress distribution along the lap splice. Therefore, the final

bond force-slip relation was estimated as:

2
frona =P X ls X §ubond 5.7

where; p, g, and u,,,,4 are critical perimeter, lap splice length, and bond
stress, respectively. Figure 5.5 presents the estimated bond force-slip
relation for beam L20C1SC.
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Figure 5.4 Estimation of critical perimeter (Ref: Belejo [127]).
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Figure 5.5 Bond force-slip relation for beam L20C1SC.

3. A series model is prepared to connect a truss element of length equal to
splice length to a zero-length element. The bond force-slip relation is
assigned to the zero-length element, whereas the steel constitutive relation
is assigned to the truss element. Further, the area of the longitudinal steel
bar is assigned to the truss element. Figure 5.6 schematically shows this
process. Further, rotation and vertical translation at the free end of the

spring were synchronized to those of the fixed end using EqualDOF

command.
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ZerolLength Element | } 320 |

Figure 5.6 Schematics of the series element to capture modified stress-strain law.

4. Finally, a displacement-controlled analysis is performed by applying a unit

load at the free end of the truss element. Displacement is recorded at the
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same end, whereas reaction is recorded at the fixed end. Modified stress
and strain for the steel bar are obtained by dividing the obtained
displacement and reaction by lap splice length and truss area, respectively.
Figure 5.7 shows the modified lap splice steel stress-strain relation for
beam L28C2SC.

As shown in Figure 5.7, this method predicts that lap splice will be able to
mobilize fracture strength. However, experiments revealed that this beam failed
prematurely due to the splitting failure. It was further investigated that the critical

perimeter around lapped bars was different from that proposed by Belejo [127].
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Figure 5.7 Actual vs. predicted lap splice rebar constitutive law by the procedure of
Belejo [127].

As shown in Figure 5.8, the perimeter of splitting cracks is found to be smaller
than that predicted by Belejo [127]. The first splitting crack appeared along the
controlling cover. For instance, for beam L20C2SC, splitting is initiated between
lapped bars first (see Figure 5.8). In the very next frame, a bottom-splitting crack
initiated. This sequence was also observed for the remaining control beams.

Therefore, the following equation is proposed to calculate the critical perimeter.

ﬂdb
P = Cmin + T + Cimed 5.8

where c,,;, minimum of the clear bottom cover, side cover, or one-half the clear
spacing between consecutive pairs of lapped bars, whereas c,,.4 IS the median value

of them.
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(1) Splitting between lapped bars (2) Bottom splitting
L20C2SC

Bottom crack first (L28C1SC)

Bottom splitting cracks and between lapped bars (L28C2SC)

Figure 5.8 Formation of splitting cracks just before splitting failure in control beams.

Following Eq. (5.2), splitting cracks follow the sequence as demonstrated in
Figure 5.9.
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Incorporating Eq. (5.2) and using Belejo [127] procedure, Figure 5.10 presents

modified constitutive laws for lap splice tensile steel rebar.
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Figure 5.10 Modified lap splice rebar stress-strain law by Belejo [127] procedure (a)
L20C1SC (b) L20C2SC (c) L28C1SC (d) L28C2SC (e) L35C1SC and (f) L35C2SC.
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5.2.2. Modelling HSS Collar Strengthened Lap splices

Apart from the improvement in the behavior of concrete strengthened by HSS
collars, it was observed that the failure mode was changed from Type-1 mode to
Type-111 mode. As a result, the premature failure of the lap splice was prevented in
sufficient confined beams. For other beams, a partial improvement in the lap splice
capacity was observed. In view of this, the stress-strain response of bottom steel bars
in sufficiently confined beams was modeled as the true stress-strain response obtained
from the tensile test, whereas it was required to estimate the lap splice capacity in the
case of insufficiently confined beams. To estimate the maximum strain that lap
spliced bars sustained in insufficiently confined beams, back-calculation was

performed by following the procedure shown in Figure 5.11.
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Calculate increase in fracture energy due to HSS confinement

AG (MPa) = 0.04(1 + p)118.81Rlzs.o9

Calculate 7, (Lettow & Eligehausen 2006)

1
55 1 . .
ro = () 242 (L) (pryoes (Czum) (Gmax)” (20)
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Calculate fracture energy offered by plain concrete G,
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Figure 5.11 Flowchart to estimate the maximum strain that can be transferred by the
lap splice in HSS collar strengthened beams, where G; is total interfacial fracture
energy.

The process demonstrated in Figure 5.11 is shown in Figure 5.12 for the case
of Type-I, Type-Il, and Type-I1I failure. The main idea is that the since the maximum
strain in unstrengthened lap splices is lower than the yield strain, the total interfacial
fracture energy G only comprises the pre-yield interfacial fracture energy G,. In the
case of Type-Il failure, a partial improvement was observed. The total interfacial
fracture energy G was greater than the pre-yield interfacial fracture energy G, but the

post-yield interfacial fracture energy G, was limited to a strain e, lower than the
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fracture strain €,,. Therefore, the post-yield interfacial fracture energy G, was needed

to be adjusted accordingly. This was done by following the flow of steps in Figure

5.11. Finally, the total interfacial fracture energy G in the case of Type-Ill failure

comprises the full available interfacial fracture energy in the pre-yield and post-yield

zones. For sufficiently confined beams, the maximum strain was considered to be the

fracture strain. For insufficiently confined beams, the maximum strain was calculated

by following the proposed procedure.
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Figure 5.12 Definitions of interfacial fracture energy in lap splices with (a) Type-I
failure, (b) Type-II failure, and (c) Type-Ill failure.
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5.3. Estimation of Properties of Concrete Fibers

5.3.1. Estimation of Internal Steel Confined Concrete Strength and Strain

For concrete confined with internal stirrups in the shear-span zone, the model
of Mander et al. [80] was used to estimate confined concrete properties. For

convenience, the model is repeated here.

Step 1: Calculate c/c dimensions of stirrups in orthogonal directions.

_ dp
b.=b—-2|cs+ > 5.9
dl
d.=d—2 (cb + (é’)) 5.10

where b and d are the beam’s width and height, respectively, c; and c; are concrete

side and bottom cover, respectively, and d;, is the diameter of stirrups.

Step 2: Area of concrete core enclosed by centerlines of stirrups

A, =b. X d, 5.11
Step 3: Calculation of longitudinal reinforcement ratio and A,
As
Pec = 2. 5.12
Ace =Ac(1=pc) 5.13

where A is core area excluding total longitudinal steel area A;.

Step 4: Total plan area of ineffectually confined core concrete at the level of the

hoops when there are n longitudinal bars

wy = b — (2(cs + dp)) 5.14
Wiq = d— (Z(Cb + db)) 5.15
where w;;, and w;, are the clear distance between longitudinal bars in the width and

height directions of the beam section, respectively.

2 2
Wib Wia
R — 5.16
A [2 <6Ac> e <6Ac)l

Step 5: Confinement effectiveness coefficient k,

[(1 —4) (1 - ZLbC) (1 - ZLdC)] 5.17
1- Pcc

ke =
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where s is the clear spacing between hoops.

Step 6: Confinement pressures in orthogonal directions

24,

fley = ? X ke X fy 5.18
c
24

flex == 57 X ke X fy 519

c

where Ag and £, are the area and yield strength of stirrups, respectively.
Step 7: Average uniform confinement pressure

fp Slex ey b Jiey 5.20

Step 8: Confined peak compressive strength and corresponding strain

7.94fie _ fie
f fe

€l = 0.002 (1 +5 (’% X\ 1)) 5.22
c

where £, is unconfined cylindrical compressive strength. f.. is confined concrete

fi. = f/1—1.254 + 2.254 |1+ 5.21

compressive strength and €/, is corresponding axial strain.

Step 9: Complete axial stress-strain response

BfUH g% 5.23
cc
Cc
AUNUING Il 5.24
Ec - Esee_c
(rsie x )
foe = e 5.25
r—1+ (E_éc)

where Eg.. is secant modulus at peak compressive strength. f.. is axial stress

corresponding to any axial strain €.
5.3.2. Estimation of HSS Collars Confined Concrete Strength and Strain

The concrete within the constant moment region was modeled by following
the procedure of Chapman and Driver [99]. The details of the procedure are already
given in Chapter 2. Here, the procedure is summarized in a flowchart, as shown in

Figure 5.13. The procedure is not repeated here for conciseness. An iterative strategy
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is required to trace the full stress-strain response of steel collar confined concrete. The
axial strain value is assumed initially. Twelve unknowns are encountered during a
particular iteration, including the equilibrium confining pressure (o3);, the secant
modulus of concrete (E.);, the Poisson’s ratio (v.);, the constant (C);, the strain at
peak compressive strength in confined state (e..);, the secant slope of steel collar
confining pressure-lateral strain relation (E.,;4-);, the lateral strain (¢;); , the peak
confined concrete stress (f,.);, the stress corresponding to the assumed axial strain
(fzc)i» the parameters (x); and (r); for the Popovics [101] equation, and (E..);. For
each value of axial strain, the values of these twelve unknowns are assumed arbitrarily
at the start of iterations. For each iteration, the values obtained in the previous
iteration are used. Appendix A3 presents detail calculations along with the related
MATLAB scripts to estimate compressive stress vs. strain response of HSS collar

confined concrete.
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Figure 5.13 Flowchart to trace the compressive stress-strain response of HSS collar
confined concrete by Chapman and Driver [99].
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To follow the procedure given in Figure 5.13, it is required to have the
confining pressure vs. lateral strain relation of HSS collars. For this purpose, an
approach similar to the approach of Chapman and Driver [99] is adopted. The ends of
steel collars were assumed fixed. Therefore, two analysis stages were defined, as
shown in Figure 5.14. In the first analysis stage, the confining pressure was increased
till the formation of plastic hinges at the collar ends. After the formation of plastic
hinges at collar ends, the second analysis stage started, and the collar pressure was
further increased till the formation of another plastic hinge in the middle of the HSS
collar element, as shown in Figure 5.14. The complete procedure and the

corresponding equations are already presented in Chapter 2.

PH / = =

— — —] —
collar @ Plastic Hinge
3 ~3 ~3 ~3
- 3 : : T
Ocollar
— — ]
l 77 //77%7 /7/7"!/_7
n=1 n=2 n=3
Plastic hinge formation  Plastic hinge formation

at collar ends at middle

Figure 5.14 The plastic collapse mechanism of HSS steel collars under progressive
lateral expansion.

5.4. Non-Linear Fiber Modelling of Unstrengthened Beams

Though experimental testing is the most dependable way to evaluate the
behavior of structural members, it is difficult to consider every variable in the testing
program. This makes an analytical approach an important tool for predicting structural
performance and advanced structural design. The following sections summarize the
analytical modeling of tested beams. Appendix A4.1 presents a sample OpenSees

script for nonlinear modeling of an unstrengthened beam.
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5.4.1. Element Discretization

A nonlinear finite element model of the beam was developed in OpenSees
[130]. Since all control beams experienced sudden splitting, whereas HSS collars
inhibited such brittle failures, different constitutive material models within lap splice
zones were desired. Each element was modeled using the displacement-based beam-
column element of OpenSees. For each element, five integration points were used,
and Gauss-Lobatto quadrature rules were applied. One-half of each beam about the
centerline was modeled owing to the symmetry. Each beam was discretized into four
elements. Element 1 spanned the shear span of each beam, i.e., from the loading point
to the left support. The length of element 2 ranged from the loading point to the left
starting point of the notch, element 3 modeled the notch, and element 4 modeled the
lap spliced part of the beam. The complete discretization of beams is shown in Figure
5.15.
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Figure 5.15 Beam length discretization for (a) Group L20, (b) Group L28, and (c)

Group L35.

5.4.2. Cross-Section Modelling

Within the shear span, core concrete was modeled using confined concrete,

whereas cover concrete was modeled using unconfined concrete, as shown in Figure

5.16(a). Since no internal confinement was provided in the form of stirrups, all the

section within the lap spliced zone was considered unconfined, and subsequently,

unconfined material properties were assigned to them. As shown in Figure 5.16, fiber

discretization for the lap splice zone was the same as the section within the shear-span

zone. For the notch (element 3), concrete fibers were omitted for the lower 100 mm of

the section to replicate the actual section within the notch, as shown in Figure 5.16(c).



195

24 or 32 mm

-

1004 \—[

501

=
=1

100

o
=

50

01

y (mm)

v (mm)
(=]

y (mm)
=]

504

I
o
=]

50

100

=
S

i : ~100 . °

4 = - = -
200 100 0 100 200 200 100 0 100 200 100 0 100
z (mm) z (mm) z (mm)
24 or 32 mm

(a) (b) (c)
Figure 5.16 Section definition within (a) element 1 (b) element 2 and 4, and (c)
element 3.

5.4.3. Modeling of Concrete Fibers

For unconfined concrete, concrete strength obtained from axial compression
results was used as the peak strength. The corresponding strain was assumed to be -
0.002. Figure 5.17 presents complete axial stress-strain curves for all control beams,
including confined and unconfined curves. Table 5.1 presents peak compressive
strengths and corresponding strains for both stirrup-confined and unconfined concrete.
Concrete was modeled using Concrete04 uniaxial material, which is based on the
recommendations of Popovics [101]. The ultimate strain €., was taken corresponding
to the 80% and 20% drop in the peak compressive strength f.. for unconfined and

confined concrete, respectively.
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Figure 5.17 Compressive stress-strain response of the cover and core concrete in
control beams.

Table 5.1 Summary of peak compressive strength f.., strain corresponding to peak
compressive strength e, , and the crushing strain e, for concrete in control beams.

Beam ID fec (MPa) Ecc Ecu
Unconfined Confined Unconfined Confined Unconfined Confined
L20C1SC —43.00 —47.71 —0.0020 —0.0034 —0.0030 —0.0083
L20C2SC —30.00 —40.58 —0.0020 —0.0040 —0.0030 —0.0155
L28C1SC —34.70 —40.58 —0.0020 —0.0039 —0.0030 —0.0120
L28C2SC —34.70 —41.42 —0.0020 —0.0042 —0.0030 —0.0120
L35C1SC —43.00 —47.71 —0.0020 —0.0034 —0.0030 —0.0075
L35C2SC —34.70 —41.42 —0.0020 —0.0042 —0.0030 —0.0012

5.4.4. Modeling of Steel Fibers

Steel rebars were modeled using Hysteretic material available in the OpenSees
library. A bilinear approximation was used for constitutive steel law for steel rebars
within the shear span. As described in earlier chapters, a bilinear approximation was
carried out of the actual tensile stress-strain relationship. As shown in Figure 5.18, the
blue dotted line represents this approximation that was used to describe longitudinal
steel rebars within the shear span region. It was observed in tests that steel rebars did
not yield in the case of control beams. Therefore, their stress-strain relationship

needed to be modified. The splice strengths calculated by the four methods described
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earlier are presented in Table 5.2. The modified stress-strain relations obtained by

using four models are shown in Figure 5.19.
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Figure 5.18 Longitudinal steel stress-strain relation for Hysteretic material.

Table 5.2 Predicted splice strengths by analytical models.

Predicted f mqax (MPa)

Beam 1D Belejo [127]  Tariverdilo et al. Elwood et al. Lettow & Eligehausen
[78] [129] [126]

L20C1SC 312 322 324 360

L20C2SC 493 331 404 377

L28C1SC 443 381 364 402

L28C2SC 555 464 476 451

L35C1SC 470 497* 497* 493

L35C2SC 557 497* 497* 497*

*Upper limit on yield strength reached.
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Figure 5.19 Modified stress-strain relations of lap spliced bars estimated by the

models of (a) Belejo, (b) Tariverdilo et al., (c) Elwood et al., and (d) Lettow and
Eligehausen.
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5.4.5. Comparison of Predicted and Experimental Load-Deflection Curves

The comparison of the analytically predicted load-deflection response of
control beams with experimental results is presented in Figure 5.20. It can be seen that
OpenSees predictions provided a close match with experimental results in terms of the
initial stiffness of all the control beams. A comparison of the peak loads with
experimental values is presented in Table 5.3. The best performance was observed for
the model of modified Belejo [127], which is characterized by an average percentage
error of 6.8%. This is followed by the model of Lettow and Eligehausen [126], which
produced an average percentage error of 7.1%. It is to be noted that the ductile region
of the Beam L35C2SC could not be captured by the adopted modeling scheme. This
is because a brittle stress-strain response for the concrete in the constant moment
region was adopted due to no confinement by transverse reinforcement. Though the
model by Modified Belejo [127] resulted in a yield plateau of lap spliced steel bars till
stress of 557 MPa, the brittle drop in the capacity of unconfined concrete resulted in a

drop in the predicted load-deflection curve.

Table 5.3 Comparison of predicted and experimental peak loads of control beams.

Predicted Peak Load (kN)

. Modified Belejo  Tariverdiloetal. Elwood et al. Lettow &
Experimental Peak .
Beam ID [127] [78] [129] Eligehausen [126]
Load (kN)
Error Error Error Error
Value Value Value Value
(%) (%) (%) (%)
L20C1SC 102.2 92.0 -9.9 94.2 -7.8 94.9 -7.1 94.9 -7.1
L20C2SC 924 101.0 +9.3 835 -9.6 94.9 +2.7 90.5 -2.1
L28C1sC 115.1 1117  -29 99.4 -13.6 95.9 -16.7 103.9 -9.7
L28C2SC 1244 1254 +0.8 1146 -7.9 1171  -59 112.8 -9.1
L35C1SC 155.4 139.1 -105 1442  -7.2 1418 -8.7 141.0 -9.3
L35C2SC 1274 137.0 +75 1205 -54 1205 -54 120.5 5.4
Average Difference 6.8 8.6 7.8 7.1

*Upper limit on yield strength reached.
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Figure 5.20 Comparison of analytical load-deflection response of control beams with
their experimental results (a) Beam L20C1SC, (b) Beam L20C2SC, (c) Beam
L28C1SC, (d) Beam L28C2SC, (e) Beam L35C1SC, and (f) Beam L35C2SC.

5.5. Non-Linear Fiber Modelling of Strengthened Beams

5.5.1. Element Discretization

The element discretization in the case of HSS collar strengthened beams was
the same as that for the control beams. One element was used for the shear span, one

element was used for the notch, one element was used for the lap splice zone, and one
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element was used for the region between the loading point and the start of the notch,

as shown in Figure 5.21. Appendix A4.2 presents a sample OpenSees script for

nonlinear modeling of an HSS collar strengthened beam.
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Figure 5.21 Element discretization for HSS collar strengthened beams in (a) Group
L20, (b) Group L28, and (c) Group L35.

5.5.2. Cross-Section Modelling

The discretization of sections was the same as that for unstrengthened beams,

with the only difference in the type of concrete fibers within the constant moment

region. For HSS collar strengthened beams, the cross-section within the constant

moment region was considered to be fully confined, whereas the cross-section within

the shear zone was the same as that of unstrengthened beams, as shown in Figure

5.22. The discretization was performed only along the local y-axis because no load
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was applied in the local z-direction of the section. The core and the vertical covers
were divided into twenty fibers, whereas the bottom and top covers were divided into

two fibers along the local y-axis.
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Figure 5.22 Cross-section discretization within (a) shear span, (b) element 2 and 4,
and (c) element 3.

5.5.3. Modeling of Concrete Fibers

Concrete fibers within the shear span were modeled using a similar procedure
as those in unstrengthened beams. Concrete fibers within the constant moment regions

in strengthened beams were considered confined under the influence of HSS collars.

By following the procedure of Chapman and Driver [99] and assuming only
two analysis stages, the resulting collar pressure vs. lateral strain relation is plotted in
Figure 5.23. The collar pressure corresponding to plastic hinge formation at collar
ends was estimated as 10.2 MPa, whereas an additional collar pressure of 3.3 MPa
was required to achieve the plastic hinge at the middle of the collar element.
Similarly, the lateral collar strain corresponding to the first and second analysis stages
was estimated as 681 x 107 m/m and 1000 x 10~® m/m, respectively. Beyond the
lateral strain of 1000 x 107 m/m, a constant collar pressure of 13.5 MPa was
assumed. The resulting concrete stress-strain relation was modeled using Concrete04
material in OpenSees. Like the modeling of unstrengthened beams, three points,
including the peak compressive stress f,., strain at peak compressive stress €., and
the ultimate strain were required €.,. The ultimate strain €., was defined as the value

corresponding to the 20% drop in the peak compressive stress.
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Figure 5.23 HSS collar pressure vs. lateral strain relation for beam collars.

The calculated values of peak compressive stress, strain at peak compressive
stress, and ultimate strain are presented in Table 5.4, whereas the complete stress-
strain response of HSS collar strengthened beams is shown in Figure 5.24. For
comparison, stress-strain relations of the corresponding unconfined concrete are also
plotted by using the model of Popovics.

Table 5.4 Summary of peak compressive strength, strain corresponding to peak

compressive strength, and the crushing strain for concrete in HSS collar strengthened
beams.

Beam ID fec (MPa) €cc €cu
Unconfined Confined Unconfined Confined Unconfined Confined

L20C1S200 -27.4 -29.8 -0.0020 -0.0035 -0.0030 -0.0091
L20C1S100 -29.5 -44.6 -0.0020 -0.0110 -0.0030 -0.0440
L20C1S75 -48.0 -712.4 -0.0020 -0.0120 -0.0030 -0.0470
L20C2S200 -34.7 -37.1 -0.0020 -0.0030 -0.0030 -0.0071
L20C2S100 -34.7 -50.0 -0.0020 -0.0080 -0.0030 -0.0350
L28C1S200 -34.9 -37.4 -0.0020 -0.0029 -0.0030 -0.0066
L28C1S100 -34.9 -50.6 -0.0020 -0.0080 -0.0030 -0.0340
L28C2S200 -34.9 -37.4 -0.0020 -0.0030 -0.0030 -0.0070
L35C1S200 -34.9 -37.4 -0.0020 -0.0030 -0.0030 -0.0070

L35C1S100 -34.9 -37.4 -0.0020 -0.0030 -0.0030 -0.0070
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5.5.4. Modeling of Steel Fibers

A summary of maximum lap splice strain calculated by using the approach
shown in Figure 5.11 is presented in Table 5.5. It can be seen that for sufficiently
confined beams L20C1S75, L20C2S100, L28C1S100, and L35C2S200, the maximum
lap splice strain was greater than 0.073 (which is the fracture strain of lap spliced bars
used in this study). For sufficiently confined beams L28C2S200 and L35C1S200, the
maximum strain was smaller than the fracture strain. This is again attributed to the
regression error in the equation for the increase in the interfacial fracture energy due
to HSS collar confinement, as described in Chapter 4. The maximum lap splice strain
calculated for all beams was input as the maximum value in the stress-strain response
of bars within the constant moment region.

Table 5.5 Summary of maximum lap splice strain calculated by using the approach of
Figure 5.11.

Beam ID AG T, €, G, G Gq G, €

L20C1S200 0.01 4.13 0.0016 0.0066 0.0160 0.0199 -0.0040  0.0024*
L20C1S100 0.05 4.19 0.0016 0.0068 0.0567 0.0199 0.0368 0.0210
L20C1S75  0.13 4.74 0.0018 0.0087 0.1384 0.0199 0.1185 0.1137
L20C25200 0.03 4.92 0.0019 0.0093 0.0344 0.0199 0.0145 0.0040
L20C2S100 0.13 4.92 0.0019 0.0093 0.1322 0.0199 0.1123 0.1000
L28C1S200 0.02 3.76 0.0020 0.0077 0.0262 0.0142 0.0120 0.0046
L28C1S100 0.10 3.76 0.0020 0.0077 0.0983 0.0142 0.0841 0.1006
L28C25200 0.05 4.23 0.0023 0.0097 0.0608 0.0142 0.0466 0.0437
L35C1S200 0.03 3.40 0.0023 0.0078 0.0373 0.0114 0.0259 0.0280
L35C25200 0.08 3.55 0.0024 0.0085 0.0899 0.0114 0.0783 0.0990

*Maximum strain is assumed to be €,

The stress-strain relations of beams with Type-I1 failure are shown in Figure
5.25. Table 5.6 presents the comparison of predicted and experimental peak lap splice
strains. It can be seen that the predicted strains are close to the experimental strains.

For Beam L20C1S100, the predicted strain is higher than the experimental strain.
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Table 5.6 Comparison of predicted and experimental peak lap splice strains.

Beam ID Experimental € Predicted e
L20C15200 0.00225 0.00240
L20C1S100 0.01600 0.02100
L20C25200 0.00295 0.00400
L28C15200 0.00310 0.00460
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Figure 5.25 Stress-strain relations of lap spliced bars in beams with Type-I11 failure (a)
L20C1S200, (b) L20C1S100, (c) L20C2S200, and (d) L28C1S200.

5.5.5. Comparison of Experimental and Predicted Load-Deflection Curves of
HSS Collar Strengthened Beams

A comparison of the experimental and predicted load-deflection curves for
HSS collar sufficiently confined beams is shown in Figure 5.26. It is evident that the
experimental load-deflection curves of beams L20C1S75, L20C2S100, and
L28C1S100 are accurately traced by OpenSees predictions. The experimental load-
deflection curves of beams L28C2S200, L35C1S200, and L35C2S200 were traced by
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OpenSees predictions till the onset of the second branch. Beyond that, a softening
behavior was observed for OpenSees predictions in contrast to the stable experimental
load-deflection behavior. This can be attributed to the low axial ductility of concrete
predicted by the procedure of Chapman and Driver [99] for these beams (see Figure
5.24(h), Figure 5.24 (i), and Figure 5.24 (j)). This discrepancy may arise from the fact
that the confinement ratios of steel collars used by Chapman and Driver [99] ranged
from 0.030 to 0.054. At the same time, the confinement ratios used in this study
ranged from 0.01365 to 0.0364. The confinement ratio of HSS collars in beams
L28C2S200, L35C1S200, and L35C2S200 was 0.01365, which is significantly
outside the range of the ratios used by Chapman and Driver [99]. Therefore, further
studies on the axial strengthening of HSS collars with low confinement ratios are
suggested to correctly predict their stress-strain response.
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Figure 5.26 Comparison of predicted vs. experimental load-deflection curves for
sufficiently confined beam (a) L20C1S75, (b) L20C2S100, (c) L28C1S100, (d)
L28C2S200, € L35C1S200, and (f) L35C2S200.

The comparison of the experimental and predicted load-deflection response of
insufficiently confined beams is shown in Figure 5.27. The experimental load-
deflection curves are predicted with reasonable accuracy, especially the brittle drop in

the capacity due to the lap splice failure.
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Figure 5.27 Comparison of predicted vs. experimental load-deflection curves for

insufficiently confined beam (a) L20C1S200, (b) L20C1S100, (c) L20C2S200, and
(d) L28C15200.

5.6. Summary

In this chapter, OpenSees was used to predict the load-deflection response of
beams tested in this study. Displacement-based beam-column elements were used to
model half of the beam due to symmetry. In general, the proposed methodology in
this chapter resulted in close agreement with experimental results for both the control
and HSS collar strengthened beams. To predict the lap splice failure of Type-Il
beams, an analytical procedure was proposed based on the interfacial fracture energy.
The predicted load-deflection response of beams with Type-II failure was in good
agreement with experimental results. Concrete fibers were modeled by using the
procedure of Chapman and Driver by incorporating the effect of flexural stiffness in
estimating the collar confining pressure. The results show that the procedure of
Chapman and Driver provided good agreements of experimental load-deflection
curves in terms of initial stiffness and peak load. The experimental load-deflection
curves of beams L28C2S200, L35C1S200, and L35C2S200 were traced by OpenSees



210

predictions till the onset of the second branch. Beyond that, a softening behavior was
observed for OpenSees predictions in contrast to the stable experimental load-
deflection behavior. This can be attributed to the low axial ductility of concrete
predicted by the procedure of Chapman and Driver [99] for these beams (see Figure
5.24(h), Figure 5.24(i), and Figure 5.24(j)). This discrepancy may arise from the fact
that the confinement ratios of steel collars used by Chapman and Driver [99] ranged
from 0.030 to 0.054. In comparison, the confinement ratios used in this study ranged
from 0.01365 to 0.0364. The confinement ratio of HSS collars in beams L28C2S200,
L35C1S200, and L35C2S200 was 0.01365, which is significantly outside the range of
the ratios used by Chapman and Driver [99]. Therefore, further studies on the axial
strengthening of HSS collars with low confinement ratios are suggested to correctly

predict their stress-strain response.
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Chapter 6 Non-Linear Fiber Modelling of Columns with

HSS Collars

It was shown in Chapter 5 that a nonlinear fiber model of RC members with
HSS collar confined concrete fibers having stress-strain relation estimated by the
model of Chapman and Driver resulted in close agreement with experimental results.
In this chapter, the nonlinear fiber analysis is further extended to control, and HSS
collar strengthened RC columns subjected to the hysteretic response. The
experimental backbone load-deflection response of beams was predicted with good
accuracy in Chapter 5. However, the strength and stiffness degradation in the case of
hysteretic loading need to be addressed in a different manner in nonlinear fiber
analysis. Further, the more realistic lateral loading on RC columns is not monotonic
but reverse cyclic. Therefore, a member subjected to reverse cyclic loading is
expected to experience rapid strength and stiffness degradation due to the
accumulation of damage. Therefore, this chapter investigates the parameters in
OpenSees to accurately predict the hysteretic response of control and HSS collar
strengthened columns by incorporating the pinching and hysteretic strength and

stiffness degradation.

At present, the only study on the strengthening of RC columns with
substandard lap splices using HSS collars was performed by Kruavit [76]. Four RC
columns were tested with a substandard lap splice of 28d, with one column in as-
built condition, whereas three columns were strengthened by HSS collars at spacings
of 100 mm, 200 mm, and 333 mm. The remaining details can be found in Chapter 2.
The following sections describe the non-linear fiber modeling of the four columns

separately.
6.1. Method to Model Unstrengthened RC Columns with Substandard Lap
splices

In Chapter 2, three modeling schemes were described to predict the hysteretic

lateral load-deflection response of RC columns with substandard lap splices,
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including the approaches of Tariverdilo et al. [78], Alvi et al. [89], and Opabola et al.
[93]. The following sections describe the modeling strategy for the control column of
Kruavit [76] by following each of the three approaches. The modeling strategies of
Tariverdilo et al. [78] and Alvi et al. [89] are distributed plasticity-based, whereas the
strategy of Opabola et al. [93] assumes concentrated plasticity at the base of the
column. Appendix A4.3 presents the OpenSees script for nonlinear modeling of the

unstrengthened column.
6.2. Modeling of Strengthened Flexure Control RC Columns

The non-linear fiber elements in OpenSees can capture the axial and flexural
deformations only [131]. In the case of flexure-control columns, the shear effect can
be ignored [132]. The lateral deformation in the case of flexural-controlled columns
comprises the flexure deformation and an additional deformation that arises due to the
yield penetration of anchored bars into the footing, as shown in Figure 6.1. In the case
of a lap splice at the column base, there exists an additional slip due to the relative slip
of lap spliced bars [133]. In the present study, the lap splice was incorporated by
following the model of Tariverdilo et al. [89], which has been addressed in Chapter 2

in detail.

AFlexure ASlip

i
i
i
i
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i
i
i
i
i
i
f
i
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Figure 6.1 Lateral deformation components of a cantilever column (Wang et al.
[134]).

The slip of reinforcing bars in anchorage cause rigid-body deformations
causing greater drifts being additive to flexural deformation [135]. This can contribute
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up to 40% to the total lateral deformation [136]. The yielding of the bar inside the
footing causes extension resulting in a slip at the column-footing interface, which is
also called “strain penetration” [86]. In the literature, two approaches are found to
model the slip due to the strain penetration effect: (1) the micro-model approach and
(2) the macro-model approach. A summary of the two approaches is shown in. From a
computational perspective, macro-models are effective and practical, and the basis
used directly reflects the strain penetration mechanism [137]. Hence, macro-models
are preferred due to their simplicity and easy integration in fiber elements [138, 139].

Modelling Slip
Component

Micro Models Macro Models

--Use bond stress-slip
relation

--Utilize bond stress
distribution along
development length to obtain
bar stress-slip relation

--Consider rebar-
concrete interface

--Involve finite
discretization process to
solve governing

--Easy to implement

--Do not require significant
computational effort

equations

--Require significant
computational

Figure 6.2 Approaches to model strain penetration.

In the present study, the model by Pan et al. [138] was used to incorporate the
effect of strain penetration. This model is based on the most common approach to
incorporate slip contribution to lateral deformation by adopting a stepped bond stress
distribution proposed by Sezen and Setzler [135]. To include the effect of yield
penetration of starter bars inside the footing, a macroscopic methodology by Pan et al.
[138], who utilized the idea of Sezen and Setzler [135], was used, as shown in Figure
6.3. According to Pan et al. [138], the slip along the embedded bar can be obtained by

integrating strain along the embedment length [; as

la
slip=f e(x)dx 6.1
0
Along the development length [;, a stepped bond stress distribution was

assumed with bond stress equal to 1.0\/ﬁ within the elastic length of the
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development length and bond stress equal to 0.5\/ﬁ within the inelastic length. The
development length [; can be obtained by taking an equilibrium between the bond

stress and steel stress as

(L (< 5)
oy +li= 22 2RI (s )

The integration of Eqg. 6.1 yields the following equation for the slip in elastic

and strain hardening range as

€sl
[ = (£ < 5)

slip = { 7 lay*la 6.3

lslipy + slip’ = dey + f e(x)dx (f; > fy)

lay
Eyldy Eyfydb
slip, = 5 8 6.4
d 1

slip,, = slip,, + slipsp = €, (gu: {i’ ,b (ks —1) ( ky + §k2>> 6.5

where slip,, is the total slip in the elastic range, slipgy, is the total slip in strain
hardening range, and slip,, is the total slip along the anchorage. The factors k4, k,,
and k3 are the factors used to describe the shape of stress-strain relation and are
suggested to be 4.23, 46.9, and 1.36, respectively. In this way, the stress-strain
relation of steel bars is modified as

Eqe
( o (0 <e<kpey,)
ko
Ty (koey < € < kiey) g
o=+ E; (1-ks3) , , .
fafy + € (k’ k3)2( — ke y) (k16y <e=s kzey)
Es(1—ks) 2 ,
Lkay € (kz ki)z ( kzey) (kZEy < 6)
where
ko =1+a, 6.8
ki =kt ay 6.9

ky =ky +ay, +ag, 6.10
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Figure 6.3 Anchorage slip model by Sezen and Setzler [135].

6.3. Application of Nonlinear Fiber Modelling on Control RC Column

6.3.1. Element Discretization

215

6.11

6.12

The length of the column was discretized, as shown in Figure 6.4. One

element with a length equal to the lap splice length was used at the column base,

whereas the remaining length of the column was modeled by using three elements of

equal length for the approach of Tariverdilo et al. [78]. A dispBeamColumn element

was used for all the elements. The model for the approach of Alvi et al. [89] was

similar, with an additional zero-length spring at the column base to account for the

additional deformation due to the slip of lap spliced bars. An elastic element with a

length equal to the length of the column with a zero-length spring at the base was used

to follow the approach of Opabola et al. [93]. An example of element discretization is

shown in Figure 6.5.
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Figure 6.4 Element discretization of the control column tested by Kruavit for the
approach of (a) Tariverdilo et al. [78], (b) Alvi et al. [89], and (c) Opabola et al. [93].
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Figure 6.5 Element discretization of control column tested by Kruavit [76] (lap splice
element is 700 mm long and each flexural element outside lap splice is 500 mm long).
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The core concrete was discretized into 20 fibers in both the local y- and z-

direction, as shown in Figure 6.6. The side cover concrete was discretized into 20

fibers in the local y-direction and two fibers in the local z-direction, whereas the top

and bottom cover was modeled by 20 fibers in the local z-direction and two fibers in

the local y-direction. Several existing studies were explored to assess an accurate

mesh size in the modeling of RC columns. A summary of mesh sizes for core and

cover concrete obtained in the literature is presented in Table 6.1. Based on this, a

mesh size of 20 fibers each in local y- and z-directions was selected.

Table 6.1 Summary of core and cover mesh sizes (Note: All units are in “mm”).

Study Member  Member Section Core Cover Curvature
Type Length  Size Fibers Fibers

Mehary et al. [140] Column 2540 610x610 24x24 20x2 Single
Wang et al. [141] Column 4400 600x600 10x10 10x2 Double
Yao and Wu [142]  Column 1425 400x370 23x23 23x2 Single
Wang et al. [143] Column 560 280x280 22x22 22x2 Single

Su et al. [144] Column 3000 600x600 20x20 20x2 Single
Wang et al. [145] Column 1000 350x350 20x20 20x2 Single
Rasulo et al. [146] Column 1350 450x450 28x28 28x4 Single
Abbas etal. [147]  Column 1250 270x270 13x13 13x2 Single
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Figure 6.6 Fiber section discretization for the control lap spliced column tested by
Kruavit [76] (a) actual section and (b) fiber discretization.

6.3.3. Concrete Fibers

The modeling of the concrete fibers was performed by using Concrete02
material in OpenSees. The formulations of Mander et al. [80] were used to obtain the
confined concrete stress-strain properties. The unconfined concrete strength was -23.6
MPa, whereas the confined peak compressive stress and the corresponding strain
obtained from Mander et al. [80] model were -30.0 MPa and -0.003, respectively. The
strain corresponding to the peak unconfined strength was input as -0.002. The
crushing strain for the cover concrete was input as -0.003, whereas the crushing strain
for core concrete was input as the value that corresponded to the 20% reduction in the
peak compressive strength. The complete stress-strain relation obtained from Mander

et al. [80] model is shown in Figure 6.7.
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Figure 6.7 Stress-strain relation for concrete fibers of RC column tested by Kruavit
[76].

6.3.4. Steel Fibers

The steel fibers within the lap splice zone were assigned a modified stress-
strain relation, as shown in Figure 6.8, and were modeled by using Hysteretic
material. The maximum steel stress at the onset of lap splice failure f; was computed
by following the recommendations of Tariverdilo et al. [78] and Alvi et al. [89]. The
splice stress f; computed by the model of Tariverdilo et al. [78] was equal to the yield
stress i.e., 449 MPa at a strain €5 of 0.0047, whereas the residual stress f, was 130
MPa at a strain €, of 0.02. The splice stress f, computed by the model of Alvi et al.
was 420 MPa. The residual stress f,. was used as 130 MPa at a strain €, of 0.0215.
The value of a for the rotational spring stiffness was obtained as 2.907, and the values
of parameters pinchX and pinchY for the Hysteretic material were 0.33 and 0.18,
respectively, whereas the values of pinchX and pinchY recommended by Tariverdilo
et al. [78] were 0.8 and 0.3, respectively. The stress-strain curves of lap spliced bars
are shown in Figure 6.9. The model of Tariverdilo et al. inclusively models the slip of
lap splice by modifying the stress-strain response in the form of a reduced slope.
However, the model by Alvi et al. does not consider the effect of lap splice slip at the
material level. Instead, an additional zero-length rotational spring element is used at

the column’s base to model lap splice slip.
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Figure 6.9 Stress-strain curves of lap spliced bars in control column.

The model of Opabola et al. [93] requires several parameters for the rotational
spring, as shown in Figure 6.10. The parameters on the moment rotation curve in
Figure 6.10 were estimated by following the procedure of Opabola et al. [93]. The
maximum splice stress was estimated to be 420 MPa. From sectional analysis on
Response2000, the moment capacity corresponding to the splice stress of 420 MPa
was estimated to be 260.4 kN-m. The corresponding lateral force capacity was
estimated at 118.64 kN. The undamaged shear strength of the section V, was

estimated as

0.84 6.13

9

y o Avfrd | 0.5,/};;,\/1+ N

]
s a/d 0.5\/ 1A,
where A, is the cross-sectional area of transverse reinforcement passing shear plane,

fye 1s the yield strength of transverse reinforcement, d is the effective depth of
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section, s is the center-to-center spacing of transverse reinforcement, f., is the
unconfined concrete strength, a is the shear span, N is the axial load, and A is the
gross area of the cross-section. The undamaged shear strength of the section V, was
estimated to be 266.78 kN which is greater than 118.64 kN. Hence, the column was
bond critical. The effective flexural rigidity El. s is given as

Eloyr = «[027(3) - 0.07] 6.14
where «a is a parameter estimated from Table 5 of ASCE/SEI 41-17 [148] as 0.3. The

elastic rotation capacity was estimated as

He N Vmaxaz
3E sy
The elastic rotation capacity was estimated as 6, 0.82%. The value of pre-

6.15

capping rotation capacity 8, was estimated as

= 0 Asfs 0
A (ls,prov> '
vfyt S
The value of 8, was estimated as 2.55%. The value of b,,; was estimated as
b —015Kh 1 =717% 6.17
" OAS O U7 A, LA '

Finally, the post-capping rotation capacity was estimated as b, — 6, =
4.62%. The residual moment capacity at axial failure M,..; was estimated as

Mres
=0.2-04
My, Agfe

where M, is the moment capacity of the section corresponding to the maximum

= 0.167 6.18

transferrable lap splice stress f;. Finally, the stiffness deterioration parameter A was

suggested to be 0.40, whereas the pinching behavior parameter was estimated as

0.0002
k=0.6— = 0.55 6.19

Pt
where p; is transverse reinforcement ratio. The calculated moment-rotation relation is

shown in Figure 6.11.
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Figure 6.11 Moment-rotation relation of control column to be assigned to the
rotational spring in the model by Opabola et al. [93].

6.3.5. Assessment of Numerical Models for Lap splice Control Column

Three numerical models are presented in the previous section to model
deficient lap spliced RC columns. Figure 6.12 presents the comparison of
experimental versus analytical hysteretic responses of the lap spliced column. From
visual inspection, it is evident that all four models were able to capture peak strength,
initial stiffness, and post-peak drop in lateral strength with reasonable accuracy. The
residual strength was overestimated by the model of Alvi et al. [89]. It is evident from
visual inspection that unloading stiffness, reloading stiffness, and strength degradation
are well matched with experimental results for Pinching4 material calibration. The
models of Alvi et al. [89] and Opabola et al. [93] seem to underestimate the pinching

behavior.
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Figure 6.12 Comparison of experimental versus analytical response of lap spliced

column (control) (a) Tariverdilo et al. [78], (b) Alvi et al. [89], and (c) Opabola et al.
[93].

Table 6.2 provides key backbone parameters for all three models and their
difference from experimental results. It can be observed that percentage differences

between experimental and analytical peak strengths from all models were below 4%.

Table 6.2 Comparison of key backbone parameters for control lap splice column
Tariverdilo et al. [78] Alvi et al. [89] Opabola et al. [93]

Models/Key Parameters Experiment \/alue  Error (%)  Value Error (%) Value Error (%)
Peak Strength B, (kN) 120.3 1217 1.2 1191 -1.0 116.7 -2.9
Displacement at 0.8P,(mm) 55.8 53.5 -4.0 551  -1.2 67.0 20.1
Dissipated energy (KN-m) 177.0 171.2 -3.2 2344 324 166.5 -5.9

In addition to the backbone of hysteretic response, strength and stiffness

degradation under cyclic loading as well as pinching behavior should be well
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approximated in order to provide a correct approximate of dissipated energy. The
energy dissipated by all four models was compared to that computed from the
experimental curve, as shown in Figure 6.13. Total energy dissipation approximated
by the model of Alvi et al. [89] was higher than that of experimental results. The
model of Tariverdilo et al. [78] and Opabola et al. [93] slightly underestimated the
total dissipated energy. Given that no calibration was implemented for the models of
Tariverdilo et al. [78] and Opabola et al. [93], their good agreement with experimental
results suggests that they can be used to model deficient lap spliced behavior of RC

columns.
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Figure 6.13 Comparison of dissipated energy from existing models and experimental
results (Lap spliced control column).

6.4. Non-Linear Fiber Modelling of HSS Collar Strengthened Columns

Kruavit [76] tested three columns strengthened with HSS collars spaced at 100
mm, 200 mm, and 333 mm, respectively. The strengthening height of the columns
above its base was 1100 mm. Before proceeding to the nonlinear modeling of HSS
strengthened columns, the required amount of the HSS confinement ratio is first
calculated using the proposed equation.

€u
1 fydp Q7(1—§i> 4721
= |——={=> 1-08(1- € de | —
p [0.041?125-09{ TR f Tmax ¢ 7)) %) T GE,

€y
—1.00

1
118.81

6.20
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where f,, dp, and [, are 449 MPa, 25 mm, and 700 mm, respectively. 7, is the

bond stress that is offered by the plain concrete, which is calculated using the

0.5 0.2

formulation of Lettow & Eligehausen [126] given as
dp ls ° 5 (Cmin % Cmax\* (20 6.21
= (g2)2e2() o () (2er) () =340 mp .
to (4ls) db (ﬁ:) db Cmin db ¢
The required development length required as per ACI 318-19 is 54d;, = 1350

% = 0.52. Using these values, the required HSS confinement

mm. From this, R;; =

ratio p is 0.0186. The required spacing s for HSS collars 50 mm X 50 mm X 2.3 mm

can be calculated.

24,
= 6.22
P sb

where A, and b are the area of HSS collars (439 mm?) and width of the section

(400 mm). From Eq. 6.22, the required spacing of the collars is 118 mm. From beam
tests, it was noticed that fully confined beams were able to develop the full capacity of
lap spliced bars. Thus, it can be established that HSS collars applied at 100 mm were
able to develop the full capacity of lap spliced bars. For HSS collars at 333 mm and
200 mm, the constitutive stress-strain relationship of lap spliced bars must be
modified. Appendix A4.4 presents the OpenSees script for nonlinear modeling of the

HSS collar strengthened column.
6.4.1. Element Discretization

Since HSS collars were provided to a lower 1100 mm region of RC columns,
element discretization was performed to add three dispBeamColumn elements for the
bottom 1300 mm, whereas the remaining length of columns was divided into two
equal dispBeamColumn elements, as shown in Figure 6.14 and Figure 6.15. The
length of each element was taken equal to the plastic hinge length calculated by the

recommendations of Priestley et al. [79] as

L, = 0.08L + 0.022f, d,, 6.23
where L is the column length.
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Figure 6.14 Element discretization of strengthened columns tested by Kruavit [76].

6.4.2. Fiber Section

The fiber sections were discretized in a similar way as those in the control
column. However, the element strengthened by HSS collars was considered fully
confined under the influence of HSS collars. For the remaining portion, core concrete
and cover concrete were modeled differently, as shown in Figure 6.15. Twenty fibers

were used for the core concrete in each local y- and z-directions.
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Figure 6.15 Element and fiber section discretization of HSS collar strengthened
columns tested by Kruavit [79].

6.4.3. Concrete Fibers

Concrete fibers outside the strengthened zone were modeled by using the same
stress-strain relation as those in the control column. For concrete fibers in the HSS
collar strengthened element, the formulation of Chapman and Driver [99] was used to
predict the compressive stress-strain relation. The confining pressure vs. lateral strain
relation of HSS collars used by Kruavit [76] is shown in Figure 6.16. The resulting

stress-strain relations are shown in Figure 6.17.
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Figure 6.16 Collar pressure vs. lateral strain relation for the collars used by Kruavit
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6.4.4. Steel Fibers

The stress-strain response of steel fibers outside the strengthened zone was
used the same as that obtained from the uniaxial tensile test on steel bars. As
discussed earlier, the minimum spacing of steel collars with an area of 439 mm?

required to achieve ductile failure was 118 mm. Therefore, no modification in the
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stress-strain response of steel fibers was performed for the column strengthened with

HSS collars spaced at 100 mm.

To estimate the maximum stress that can be developed by the lap splice
strengthened by HSS collars spaced at 200 mm and 333 mm, the same procedure as
that used for the beams was used. For the column strengthened with HSS collars
spaced at 333 mm, the increase in fracture energy AG was estimated as 0.022 MPa.
The fracture energy offered by the plain concrete G, was estimated as 0.0062 MPa.
Thus, the total fracture energy G computed was 0.0282 MPa. Fracture energy
corresponding to elastic zone G; was 0.0117. Since G, was lower than G, the
maximum lap splice strain was greater than the yield strain. Its value was computed to
be 0.0073. In a similar way, the maximum tensile strain that can be developed by the
lap spliced bars strengthened with HSS collars spaced at 200 mm was estimated as
0.01962. To model lap splice behavior, Hysteretic material in OpenSees was used.
The residual strength of the lap splice f. after attaining the peak strength was
computed following the recommendation of Tariverdilo et al. [78]. It was given in Eq.
6.24 as

nmn UApfn = ndyf; 6.24
where n;, n¢, Ay, fn, n, and A, are the number of legs of transverse reinforcement,
the total number of transverse reinforcements within splice length, area of transverse
reinforcement, yield strength of transverse reinforcement, number of longitudinal
spliced bars, and area of a single longitudinal bar, respectively. The residual stress f;
calculated for HSS collars spaced at 333 mm and 200 mm was 260 MPa and 350
MPa, respectively. The yield strength of the lap spliced bars was 449 MPa at the
corresponding strain of 0.00218. The fracture strain of lap spliced bars was 628 MPa
at the corresponding strain of 0.070. By following the procedure of Pan et al., Figure
6.18 compares the modified stress-strain response of lap spliced bars in comparison

with the actual stress-strain response.
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Figure 6.18 Actual stress-strain response vs. slip-incorporated stress-strain response
of lap spliced bars.

The Hysteretic material offers two damage parameters, namely damagel and
damage?, to include the strength degradation due to ductility and energy, respectively.
Both damage parameters work by increasing the target strain during reloading cycles.
As a result, the stiffness of the reloading branch is reduced, resulting in a reduced
strength at the target ductility in a reloading cycle, as shown in Figure 6.19. The value
of damage parameters ranges from 0.0 to 1.0, with 1.0 being the maximum damage.
Two more parameters in Hysteretic material can be used, namely pinchX and pinchy,
to account for the pinching effects. The value of pinching parameters also ranges from
0.0 to 1.0. The parameter pinchX (p,) defines the displacement during the reloading
cycle where the slope changes to the target displacement (i.e., point P), whereas the
parameter pinchY defines the ratio of the magnitude of stress/load at point P to the
maximum stress/load in the previous cycle as shown in Figure 6.20. Thus, a
combination of both these parameters is required to calibrate the target hysteretic
response. The Hysteretic material in OpenSees was used to model the stress-strain
behavior of longitudinal reinforcement. For element 1 in Figure 6.15, the modified
stress-strain relation was assigned to the longitudinal bars, whereas the actual stress-

strain relation was assigned to longitudinal bars in the remaining elements.
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Figure 6.19 Effect of damage parameters (d1 and d2).
(https://portwooddigital.com/2022/04/17/hysteretic-damage-parameters/)
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Figure 6.20 Definition of pinching parameters of Hysteretic material in OpenSees.

6.4.5. RC Column with HSS Collars at 100 mm

The comparison of the predicted hysteretic response with the experimental
response is shown in Figure 6.24. Three cases are presented: (1) predicted response
without including anchorage slip effect and strength degradation parameters of
Hysteretic material, (2) predicted response with the inclusion of slip effect and
without including the damage parameters, and (2) predicted response with the

inclusion of slip effect and damage parameters.

A calibration process was carried out by following the procedure of Kashani et
al. [149], who used different combinations of pinchX and pinchY parameters. For each
combination, the error between the energy predicted dissipated energy and
experimental dissipated energy was carried. The combination corresponding to the

least error was selected, as shown in Figure 6.21.
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Figure 6.21 Calibration of pinching parameters based on dissipated energy [149].

The calibration process was performed by following the procedure of Kashani
et al. [149]. It was noticed that no hysteretic damage was observed in the specimens
of Kashani et al. [149]. Hence, the damage parameters of Hysteretic material were
taken as 0.0. In the case of RC columns in this study, hysteretic damage was
observed. Hence, damage parameters varied from 0.005 to 0.025, as shown in Table
6.3. It can be seen in Figure 6.22 that the combination of pinchX and pinchY with a

value of 0.5 for each resulted in the lowest error in energy dissipation Q.
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Table 6.3 Combinations of pinching and damage parameters to calibrate the column
strengthened with HSS collars at 100 mm spacing.

Qg (%)
Combination Pinching Parameters damagel and damage2
pinchX pinchY 0.005 0.01 0.015 0.02 0.025
Combo-1 0.8 0.2 51.6 55.0 59.2 645 69.2
Combo-2 0.7 0.3 30.0 34.7 41.7 49.1 55.9
Combo-3 0.6 04 06.6 104 18.1 28.1 35.4
Combo-4 0.5 0.5 17.2 14.3 07.7 04.2 15.1
Combo-5 0.4 0.6 41.7 39.2 325 18.4  06.2
Combo-6 0.3 0.7 66.6 644 574 429 297
Combo-7 0.2 0.8 95.6 947 88.2 79.6 68.8
100 damage=0.005
damage=0.01
804 damage=0.015
Q:L"’ damage=0.020
— damage=0.025
S 60+
ia
% 40
5]
=
&3]
20 1
0

1 2 3 4 5 6 7
Combination of pinchX and pinchY

Figure 6.22 Variation of error in dissipated energy for different combinations of
pinching and damage parameters.

However, the selection of a particular damage value is again subjected to how
closely the experimental hysteretic response is predicted. As shown in Figure 6.23,
the damage value of 0.02 closely approximated the experimental hysteretic response.
Therefore, a value of 0.5 is recommended for pinchX and pinchY parameters, whereas
a value of 0.020 is recommended for damagel and damage2 parameters of Hysteretic
material while performing the cyclic analysis of HSS collar sufficiently confined RC

columns.
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Figure 6.23 Variation of hysteretic response with damage parameter values for a fixed
value of 0.5 of pinchX and pinchY parameters.
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Figure 6.24 Calibration process of the hysteretic response of RC column strengthened
with HSS collars at 100 mm.
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As shown in Figure 6.24, a good agreement between the hysteretic
experimental and predicted response is obtained. Experimental and analytical ductility
were computed using the ductility index shown in Figure 6.25. The ductility index
was calculated using Eq. 6.25.

U= i—: 6.25
where A, and A,, correspond to the ultimate displacement demand and displacement

at the onset of yielding, respectively.
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Figure 6.25 Displacement ductility index calculation [150].

The comparison of experimental and predicted displacement ductility u for the
column strengthened with HSS collars at 100 mm is shown in Figure 6.26. The
experimental u was computed as 4.45, whereas the predicted u was 4.51. Thus, a

good agreement between the experimental and predicted ductility was obtained with a
difference of 1.35%.
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Figure 6.26 Comparison of predicted and experimental displacement ductility for the
column strengthened with HSS collars at 100 mm.

The comparison of predicted and experimental energy dissipation for the
column strengthened with HSS collars at 100 mm is shown in Figure 6.27. Overall,
the experimental accumulated dissipated energy versus drift ratio is well captured by
the OpenSees model. The maximum energy dissipated by the OpenSees model was
510.37 kN-m, whereas the corresponding experimental value was 517.48 kN-m. This
suggests a good agreement between the experimental and predicted total dissipated
energy with a difference of -1.37%. The experimental lateral load capacity was
148.20 kN, whereas the corresponding predicted value was 136.50 kN. The difference

between the peak experimental and predicted lateral load capacities was -7.77%.
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Figure 6.27 Comparison of predicted and experimental energy dissipation for the
column strengthened with HSS collars at 100 mm.
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6.4.6. RC Column with HSS Collars at 200 mm

RC column strengthened with HSS collars at 200 mm was modeled in
OpenSees, similar to the column strengthened with HSS collars at 100 mm. However,
it was found that the minimum required spacing of HSS collars with the area of 439
mm? was 118 mm. Therefore, the maximum lap splice strain was estimated at
0.01962. An upper limit on the maximum stress was applied, corresponding to the
strain of 0.01962 in the definition of Hysteretic material for Elements 1 and 2. The
modified steel stress-strain relation was used for steel fibers of Element 1, whereas the
actual steel stress-strain relation was assigned to steel fibers in the remaining
elements. The strain on modified steel stress-strain relation corresponding to the
actual value of 0.01962 was found to be 0.0256 at a stress of 485 MPa. The residual
stress f,- was found to be 350 MPa at a strain of 0.050. The calibration process of the
Hysteretic material resulted in pinchX and pinchY values of 0.8 and 0.5, respectively.
It is interesting to observe that the pinchX and pinchY values for the column
strengthened with HSS collars at 100 mm were 0.4 and 0.5, respectively. Thus, an
increased pinching was observed when the spacing of HSS collars was reduced to 200
mm. The comparison of the predicted and experimental hysteretic response is shown
in Figure 6.28.
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Figure 6.28 Comparison of the experimental and predicted hysteretic load-deflection
response of the column strengthened with HSS collars at 200 mm.

The comparison of predicted and experimental displacement ductility for the

column strengthened with HSS collars at 200 mm is shown in Figure 6.29. The
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predicted lateral capacity was found to be 8.93% lower than the experimental lateral
load capacity. The experimental displacement ductility index u was 3.55, whereas the
predicted displacement ductility index u was 3.61. Thus, a good agreement between
the experimental and predicted displacement ductility index u was obtained with a
difference of 1.69%. The comparison of predicted and experimental energy
dissipation for the column strengthened with HSS collars at 200 mm is shown in
Figure 6.30. Overall, the experimental accumulated dissipated energy versus drift
ratio is well captured by the OpenSees model. The maximum energy dissipated by the
OpenSees model was 397.40 kN-m, whereas the corresponding experimental value
was 391.48 kN-m. This suggests a good agreement between the experimental and

predicted total dissipated energy with a difference of 1.51%.
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Figure 6.29 Comparison of predicted and experimental displacement ductility for the
column strengthened with HSS collars at 200 mm.
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Figure 6.30 Comparison of predicted and experimental energy dissipation for the
column strengthened with HSS collars at 200 mm.
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6.4.7. RC Column with HSS Collars at 333 mm

RC column strengthened with HSS collars at 333 mm was modeled in
OpenSees, similar to the columns strengthened with HSS collars at 100 mm and 200
mm. However, it was found that the minimum required spacing of HSS collars with
the area of 439 mm? was 118 mm. Therefore, the maximum lap splice strain was
estimated at 0.0073. An upper limit on the maximum stress was applied,
corresponding to the strain of 0.0073 in the definition of Hysteretic material for
Elements 1 and 2. The modified steel stress-strain relation was used for steel fibers of
Element 1, whereas the actual steel stress-strain relation was assigned to steel fibers in
the remaining elements. The strain on modified steel stress-strain relation
corresponding to the actual value of 0.0073 was found to be 0.0082 at a stress of 463
MPa. The residual stress f,. was found to be 260 MPa at a strain of 0.030. The
calibration process of the Hysteretic material resulted in pinchX and pinchY values of
0.8 and 0.25, respectively. It is interesting to observe that the pinchX and pinchY
values for the column strengthened with HSS collars at 100 mm were 0.4 and 0.5,
respectively. Thus, an increased pinching was observed when the spacing of HSS
collars was reduced to 333 mm. The pinching in the column strengthened with HSS
collars at 333 mm was more severe than the pinching in the column strengthened with
HSS collars at 200 mm. The comparison of the predicted and experimental hysteretic

response is shown in Figure 6.31.
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Figure 6.31 Comparison of the experimental and predicted hysteretic load-deflection
response of the column strengthened with HSS collars at 333 mm.
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The comparison of predicted and experimental displacement ductility for the
column strengthened with HSS collars at 333 mm is shown in Figure 6.32. The
predicted lateral capacity was found to be 8.93% lower than the experimental lateral
load capacity. The experimental displacement ductility index u was 2.75, whereas the
predicted displacement ductility index u was 2.97. Thus, a good agreement between
the experimental and predicted displacement ductility index u was obtained with a
difference of 8.0%. The comparison of predicted and experimental energy dissipation
for the column strengthened with HSS collars at 333 mm is shown in Figure 6.33.
Overall, the experimental accumulated dissipated energy versus drift ratio is well
captured by the OpenSees model. The maximum energy dissipated by the OpenSees
model was 241.50 kN-m, whereas the corresponding experimental value was 259.48
kN-m. This suggests a good agreement between the experimental and predicted total
dissipated energy with a difference of -6.93%.

160 T T T 160 T T T
Experimental OpenSees
Py 125.40 Prar=129.36
120 4
Y . 0.8P,,..
S z 1 0.75P, !
~ ~ 1 |
=] 2 80+ 1 I
3 S | |
_ — s |
ey 7
K2l s
40 1 ol |
1< <
[} |
1 |
0 T T T 0 ! T L T T
0 40 80 120 160 0 40 80 120 160
Displacement (mm) Displacement (mim)

Figure 6.32 Comparison of predicted and experimental displacement ductility for the
column strengthened with HSS collars at 333 mm.
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Figure 6.33 Comparison of predicted and experimental energy dissipation for the
column strengthened with HSS collars at 333 mm.

6.5. Summary

In this chapter, the non-linear fiber modeling of the beams tested in this study
and RC columns tested by Kruavit [76] by using OpenSees is discussed. To model RC
beams in this study, a half model was prepared using OpenSees due to the symmetry
across the midspan. Beams were modeled by using two displacement-based elements:
one within the shear span and one within the constant moment region. For the control
beams, all the fibers within the constant moment region were considered unconfined,
whereas the core concrete fibers in shear span were modeled by the model of Mander
et al. [80]. The stress-strain relation of bottom steel bars in the constant moment
region was modified by placing an upper limit on the maximum stress. To estimate
the maximum stress corresponding to the splitting failure in substandard lap splices,
four existing models were assessed, including the models by Lettow and Eligehausen
[126], Elwood et al. [129], Tariverdilo et al. [78], and Belejo [127]. It was observed
that the model by Belejo [127] overestimated the splice strength. A modification was
applied to the Belejo [127] model. It was found that the modified Belejo [127]
resulted in the closest agreement with the failure load of the control beams, followed
by the Lettow and Eligehausen [126] model. The next step was to assess the
performance of OpenSees in predicting the monotonic load-deflection behavior of
HSS collar confined beams. For this purpose, the fibers within the shear span were

modeled in a similar way as those in control beams. Recognizing the observation
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made by Chapman and Driver [99], steel collars behave differently from the internal
steel confinement such that the collar confining pressure increases as the axial strain
IS increased, a procedure proposed by Chapman and Driver [99] was adopted to model
concrete confined by HSS collars. It was observed that a softening of the load-
deflection curves was predicted by OpenSees model for HSS collars spaced at 200
mm, whereas the load-deflection curves predicted by OpenSees model for HSS collars
spaced at 100 mm closely matched the experimental results. This may be attributed to
the large spacing of 200 mm whose corresponding confinement ratio lies outside the
range tested by Chapman and Driver [99]. Therefore, the post-peak branch of the
concrete stress-strain behavior exhibited steep softening that underestimated the effect

of HSS collars spaced at 200 mm.

The control column tested by Kruavit [76] was modeled by both distributed
plasticity methods (Tariverdilo et al. [78] and Alvi et al. [89]) and the concentrated
plasticity method (Opabola et al. [93]). It was found that the initial stiffness and
strength degradation were correctly modeled by both methods. However, the pinching
behavior was underestimated by the model of Opabola et al. [93] and Alvi et al. [89].
Further, the residual lateral strength at failure was overestimated by the model of Alvi
et al. [89]. The experimental dissipated energy, peak lateral strength, lateral strength
at failure, and initial stiffness were correctly modeled by Tariverdilo et al. [78] model.
Finally, HSS collars strengthened columns tested by Kruavit [76] were modeled using
OpenSees. The HSS collars confined concrete fibers were modeled using the
recommendations of Chapman and Driver [99]. It was found that the lateral deflection
of RC columns predicted by OpenSees was underestimated. Therefore, the deflection
contribution by strain penetration was included in the model by using the method of
Pan et al. [138] by modifying the stress-strain relation of steel fibers within the plastic
hinge zone. It was observed that the strain penetration contribution to lateral
deflection predicted by the method of Pan et al. [138] resulted in a close agreement of
lateral deflection with experimental results. The hysteretic strength degradation and
pinching were calibrated by using the parameters damage and pinching parameters of
the Hysteretic material in OpenSees. The predicted dissipated energy, lateral strength,

and ductility were in good agreement with the experimental results. However, the
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lateral deflection of the column strengthened by HSS collars spaced at 333 mm was

underestimated.
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Chapter 7 Conclusions and Recommendations

7.1. Conclusions

The present study investigated the effectiveness of hollow steel section (HSS)
collars in preventing brittle splitting failures associated with substandard lap splices.
An experimental framework was designed, including nineteen simply supported
beams, each incorporating substandard lap splices at its midspan. Analytical modeling
of beams with and without HSS collars was performed by using OpenSees. The
analytical modeling was further extended to HSS collar strengthened RC columns

tested by Kruavit [76]. The following important conclusions can be drawn.

1. Splitting cracks were initiated in all beams, irrespective of the presence of
HSS collars. These cracks resulted in sudden delamination of concrete cover
along the lap splice of control beams (Type-l1 failure). For beams with
insufficient confinement by HSS collars, these cracks propagated along the lap
splice, indicating that ample dilation of concrete cover had occurred, resulting
in splitting failure (Type-ll failure). In sufficiently confined beams, splitting
cracks were completely restrained at their origin, i.e., ends of lap splices
(Type-Il1 failure). Post-test inspection revealed no splitting cracks along lap
splices of sufficiently confined beams. The maximum increase in the peak
sustained load after confinement by HSS collars was observed for Subgroup
L20C1, which was 82.6%. For Subgroup L20C2, the maximum increase in the
peak sustained load was 59.6%.

2. For beams that exhibited ductile response (Type-lll failure), strain along
lapped bars revealed yielding near loaded ends for an average distance of 25%
of the lap splice length and high inelastic strains in post-yield zones of lap
splices.

3. It was found that the bond strength is limited to the onset of yielding in lapped
bars. For instance, the bond strength of Beam L35C1SC was 3.67 MPa, and it
exhibited Type-I failure. After confinement by HSS collars, the failure of
Beam L35C1S200 was changed to Type-Ill failure, whereas its bond strength
remained at 3.65 MPa. Therefore, the bond strength alone is insufficient to
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characterize confinement for lap splices that exhibit yielding at their loaded
ends in unstrengthened beams.

. The interfacial fracture energy was used to relate the improvement in the
behavior of strengthened beams to the confinement ratio of HSS collars. An
equation to estimate the bond strength in the pre-yield zone was proposed
based on the observed linear strain distribution. Bond strengths in pre-yield
and post-yield zones were used to calculate the total interfacial fracture
energy. The interfacial fracture energy was found to relate well with the
confinement ratio of HSS collars.

Nonlinear regression analysis was performed to propose an equation to
estimate the increase in the interfacial fracture energy relating to the
confinement by HSS collars. An analytical procedure was proposed
considering the interfacial fracture energy within the pre-yield and post-yield
zones of lapped bars to estimate the required confinement ratio of HSS collars
for substandard lap splices. The required confinement ratios of HSS collars
were found to agree with the experiment, while the required confinement
ratios of HSS collars was overestimated in some cases.

Nonlinear fiber modeling using OpenSees was performed to predict the load-
deflection curves of all beams tested in this present study. The models by
Tariverdilo et al. [78], Elwood et al. [129], Lettow and Eligehausen [126], and
Belejo [127] were compared to predict the lap splice strength at splitting
failure in control beams. The failure load of control beams was well predicted
by the models of Lettow and Eligehausen [126] and Belejo [127. To model
HSS collar strengthened beams, an approach by Chapman and Driver
{Chapman, 2006 #263] was adopted to estimate the compressive stress-strain
relation of concrete confined by HSS collars. A good correlation between the
experimental and OpenSees predicted load-deflection curves was obtained. It
was observed that a softening of the load-deflection curves of beams was
predicted by the OpenSees model for HSS collars spaced at 200 mm, whereas
the load-deflection curves predicted by the OpenSees model for HSS collars

spaced at 100 mm closely matched the experimental results. This may be
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attributed to the large spacing of 200 mm, whose corresponding confinement
ratio lies outside the range tested by Chapman and Driver [99].

7. The control column tested by Kruavit [76] was modeled by both distributed
plasticity methods (Tariverdilo et al. [78] and Alvi et al. [89]) and the
concentrated plasticity method (Opabola et al. [93]). It was found that the
initial stiffness and strength degradation were correctly modeled by both
methods. However, the pinching behavior was underestimated by the model of
Opabola et al. [93] and Alvi et al. [89]. Further, the residual lateral strength at
failure was overestimated by the model of Alvi et al. [89]. The experimental
dissipated energy, peak lateral strength, lateral strength at failure, and initial
stiffness were correctly modeled by Tariverdilo et al. [78] model. The model
by Tariverdilo et al. [78] is recommended to predict the cyclic behavior of RC
columns with substandard lap splices. Finally, HSS collars strengthened
columns tested by Kruavit [76] were modeled using OpenSees. The method of
Pan et al. [138] was used to include the effect of strain penetration by
modifying the stress-strain relation of steel fibers within the plastic hinge
zone. It was observed that the strain penetration contribution to lateral
deflection predicted by the method of Pan et al. [138] resulted in a close
agreement of lateral deflection with experimental results. The hysteretic
strength degradation and pinching were calibrated by using the damage and
pinching parameters of the Hysteretic material in OpenSees. The predicted
dissipated energy, lateral strength, and ductility were in good agreement with
the experimental results. Further, the pinchX and pinchY values of the
Hysteretic material in OpenSees should be taken as 0.50, whereas the
damagel and damage2 parameters should be taken as 0.020 to accurately
model the hysteretic behavior of columns sufficiently confined by HSS

collars.
7.2. Recommendations

The following recommendations are proposed for future research on

strengthening substandard lap splices by using HSS collars.
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1. The model by Chapman and Driver [99] was found to predict the
compressive stress-strain response of concrete confined by HSS collars with
good accuracy only for spacing of 100 mm and above. The post-peak stress-
strain relation of concrete confined by HSS collars at 200 mm spacing was
characterized by a quick drop that underestimated the axial ductility. This is
because the corresponding load-deflection response predicted by HSS collars
demonstrated a softening behavior in the post-yield region, whereas no such
softening was observed in the experimental response. It is suggested to
perform compressive tests on column specimens strengthened by HSS collars
having confinement ratios within the range adopted in this study. This can
have two advantages: (1) The actual post-peak compressive stress-strain
behavior of HSS collar confined concrete can be obtained especially for the
confinement ratios of HSS collars adopted in the present study, and (2) the
procedure by Chapman and Driver [99] to establish stress-strain curves of
HSS collar confined concrete requires an iterative procedure. Regression
analysis can be performed to directly propose equations for various points
along the experimental stress-strain curve of HSS collar confined concrete

(For instance, see [39]).

2. In Chapter 4, a design equation to estimate the required confinement ratio
of HSS collars was proposed to strengthen substandard lap splices. The
predicted confinement ratios of HSS collars for Subgroups L28C2 and L35C2
were higher than the corresponding experimental values. This is because a
constant spacing of 200 mm for HSS collars was provided in all subgroups. In
reality, the demand for external HSS collar confinement in subgroups L28C2,
L35C1, and L35C2 would have been lower than that supplied by HSS collars
at 200 mm due to a larger concrete cover and longer lap splice length. It is
suggested to test additional beams in subgroups L28C1, L35C1, and L35C2
with HSS collar confinement ratios smaller than those used in the present
study. In this way, an improved design equation for the design of HSS collar

confinement can be proposed.
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3. The present study targeted substandard lap splices with R, values ranging
from 0.23 to 0.65. It is recommended to explore lap splices with R, values

outside this range.
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Appendix

Al. Estimation of Collar Size

In Figure Al.1, the design of the HSS element was carried out by forming a
yield mechanism at the middle and corners of the restraining element. In the case of a
beam exposed to monotonic load, only the bottom element was assumed to undergo
confinement demands. Under the equilibrium of external and internal work done, Eq.
(Al1.1) was obtained. Simplification of Eq. (Al.1) yielded Eqg. (Al.2) for the plastic

moment capacity of the restraining bottom HSS element.

1 b
ﬁxsx(zxexsz)=4prx9 (A1.1)
b?%s
M,ﬁ,=ﬁ16 (A1.2)

Knowing nominal axial and flexural capacities of the collar and adopting the
failure criteria for steel under combined axial and flexural loading (AISC 1999) [151],

the value of f; can be estimated for a given HSS element.

p 8m D
=4 =1 or—=0.2
v, T 9gm, Tor $pn .
+ -1 P02
260, T Py for gp,

where ¢p,, and ¢pm,, are nominal axial and flexural capacities of the HSS element.
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PLASTIC COLLAPSE MECHANISM

Figure Al1.1 Analytical model of confining HSS element.

Eqg. (A5) can be solved to estimate f;, i.e., the pressure generated by HSS
collars. Assuming a wall thickness of 2.3 mm and by varying the cross-sectional
dimensions of HSS, a relation between the generated pressure and section size was
obtained. Hussain and Driver [44] argued that concrete at the level of HSS collars is
fully confined. However, the confinement effectiveness reduces between HSS collars.
This is schematically described in Figure Al.2. Confinement effectiveness coefficient
k. was derived analogous to Mander et al. [80] with the difference that no unconfined

area was assumed at the level of HSS collars. Eq. (Al1.4) presents the calculation of

k..
pnsfjuviaPiens Al.4
¢ ( _E>< _ﬂ> (414)

fie = kefi (A1.5)

where f;, is the effective confinement pressure generated by HSS collars. Using
equilibrium between Eq. (3.1) and Eq. (Al1.5), collar spacing was estimated to be 75
mm against the confinement demand of the weakest beam, i.e., L20C1SC, as shown
in Figure A1.3.
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Figure Al.2. Schematic representation of confined area by HSS collar confinement.
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Figure A1.3 Estimated confining pressure vs. steel collar dimension.
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A2. Estimation of Shear and Flexural Capacity of RC Section with Substandard
Lap Splice

The following procedure was proposed by Opabola et al. [93] to estimate the
shear and flexural capacity of a section with a substandard lap splice. The method by
Opabola et al. [93] should only be used in Section 6.3 when the calculated flexural
capacity is lower than shear capacity. This example shows the computation of shear
and flexural strength of the section. To compute the flexural strength, modification is
made corresponding to the maximum lap splice stress. For the columns modeled in
this study, the maximum splice stress was estimated to be 420 MPa. From sectional
analysis on Response2000, the moment capacity corresponding to the splice stress of
420 MPa was estimated to be 260.4 kN-m. The corresponding lateral force capacity
was estimated at 118.64 kN. The undamaged shear strength of the section V, was

estimated as

Apfoed [ 05F N
Vo= vlyt + Jeo J1+ 0.84, (42.1)

? s & 0.5y/f20Ag

d

where A, is the cross-sectional area of transverse reinforcement passing shear plane,
fye 1s the yield strength of transverse reinforcement, d is the effective depth of
section, s is the center-to-center spacing of transverse reinforcement, f, is the
unconfined concrete strength, a is the shear span, N is the axial load, and A is the
gross area of the cross-section. The undamaged shear strength of the section V, was
estimated to be 266.78 kN which is greater than 118.64 kN. Hence, the column was
bond critical
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A3. Examples to Estimate HSS Collar Confined Compressive Stress-Strain

Relation of Concrete

Beam Example

Data:
Collar dimension =t = 32 mm
Section dimension = h = 200 mm
HSS collar yield strength = f,, = 400 MPa
Solution:
plastic modulus of HSS collar section = z = 2— C ;th) = 3.05 x 103 mm3 (43.1)

plastic moment capacity of section = M), = f, x z = 1.22 x 10° N — mm (43.2)
Step:1 Estimate collar pressure-lateral strain relation.

Assume a small collar pressure; let’s say:

o, = 0.1 MPa (A3.3)
The axial force is:
oth
fomi T3 (43.4)

By assuming the fixed-fixed collar end condition, the moment generated at the collar

end is given as:

o, th?
1= (A3.5)
In the first step, the total axial force f;, and total bending moment M, are
fie =h (A3.6)
My, =M, (A3.7)

The following equation is solved for M, ;5¢a:
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2
Fn total Mn total
. - = 1.0 A3.8
( Fy " Mp ( )

If My < My, toeqr, WE increment oy. This is repeated till My = M,, 444, At this point, a

plastic hinge at the collar ends is developed. For the beam case, the g; corresponding
to the development of the first plastic hinge was 10.0 MPa. At this point, the collar
ends (which were initially fixed) are now free to rotate. Hence, the collar element is
treated as simply supported. For a simply supported structure, the value of C is 8, i.e.,
the coefficient of the moment at midspan. The moment at midspan is calculated
corresponding to the development of plastic hinge at collar ends which is given as
o,th?/24. The same process is repeated, but at each collar pressure, the moment
value obtained from a,,th? /24 is added. When the moment at midspan becomes equal
t0 My, torqr, the second plastic hinge is formed. The collar pressure corresponding to

the development of plastic hinge at midspan was calculated to be 2.8 MPa.

After calculating the collar pressures corresponding to the development of
plastic hinges, the corresponding lateral strain values are required. Chapman and
Driver proposed equations to estimate axial and lateral strain in the collar, as shown in
Table A3.1. For the fixed-fixed end condition, the bending deflection along the collar
length is shown in Figure A3.1, which is calculated when the collar pressure is 10.0
MPa, i.e., the development of the first plastic hinge. The area under this curve is
calculated and divided by the length of the member to estimate the average bending
deflection. To this deflection, the axial deflection component is added to get the total
deflection A;,:4;. FOr the beams, the average bending deflection was 0.009 mm, and
axial deflection was 0.06 mm at the development of the first plastic hinges at collar

ends. The lateral strain is then calculated as

2A
€lat = ;l"“” (43.9)
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Table A3.1. Proposed equations to estimate bending and axial deflections by

Chapman and Driver.

Analysis Beam Elastic Bending Axial
Stage * End Deflection Curve Deflection Deflection

n Condition A(x) i Abend Aaxial

1 ted | fixed o tx2(h - x)? c,th? o, th?

ixed / fixe —_—

24Es|collar 7'2[:“'Es|{:ollar 4AcollarEs

5 fi.xed / crntx(h3 —3hx? +2x%) Gn‘lh4 Gnth2
plnned 48Eslccllar 32[::'Es|{:cnll.'.-1r 4Acol|arEs

5 pinned / o, tx(h® — 2hx? + x?) o, th? c,th?
pmnad 24Es|collar 12[:]E'5|cc>llar 4Acol|arEs

* These stages correspond to a collar with a mixed bolted/continuous end condition

** The quantity x represents the distance from the beam end (pinned end for stage 2)

0.015}

It
o
=

Bending Deflection (mm)

0 50 100 150 200
Collar Length (mm)

Figure A3.1 Bending deflection along the collar length at the formation of the plastic
hinge at collar ends.

A similar procedure is repeated for the development of a plastic hinge at
midspan corresponding to the confining pressure of 2.8 MPa. Figure A3.2 shows the
bending deflection along the collar length at the formation of the plastic hinge at the
midspan of the collar. The average lateral deflection was estimated as 0.02 mm, and
axial deflection was estimated as 0.019 mm. Figure A3.3 shows the collar pressure vs.

lateral strain relation for the beams.
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Figure A3.2 Bending deflection along the collar length at the formation of the plastic
hinge at collar midspan.
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Figure A3.3 Collar pressure vs. lateral strain relation for beams.

Step 2: Estimation of compressive stress-strain relation.

As mentioned in detail in Chapter 2, the process of estimating the
compressive stress-strain relation proposed by Chapman and Driver is iterative. The
iterative process is highlighted in Figure A3.5. At the start of the iteration, we
randomly assume values for the 12 unknowns. We assume a low value of axial strain
€cc, let’s say, -0.0001. Twelve unknowns are encountered during a particular iteration,
including the equilibrium confining pressure (0.014r-)i» the secant modulus of
concrete (E.);, the Poisson’s ratio (v.);, the constant (C);, the strain at peak
compressive strength in a confined state (e;.);, the secant slope of steel collar
confining pressure-lateral strain relation (E.,;4.-);, the lateral strain (¢;);, the peak

confined concrete stress (f,.);, the stress corresponding to the assumed axial strain
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(fzc)i, the parameters (x); and (r); for the Popovics equation, and (Es..);. For
instance, the MATLAB script is shown below for Beam L20C1S100 (see Figure
A3.4).

?,

Figure A3.4 Beam L20C1S100.

clc; clearvars; close all;

Known Parameters

sigl=10.2; % pressure corresponding to formation of fixed-end plastic hinge
sig2=3.3; % pressure corresponding to formation of midspan plastic hinge
s1=0.000681; % lateral strain corresponding to formation of fixed-end plastic hinge
s2=0.001; % lateral strain corresponding to formation of midspan plastic hinge
s=100; %center to center spacing of collar
h=200; % width of section (mm)
t=32; % dimension of HSS section (mm)
fco=29.5; % unconfined compressive strength
eco=0.002; % strain at unconfined compressive strength
sc=s-t; % clear spaing between collars
kdis=t/sc;
if kdis>1
kdis=1;
end
keff=((h-(0.5%sc))A2)/hA2; k=keff*kdis; %effectiveness coefficient for collar pressure

Assuming Initial Values

sigmah=0.1; % assumed initial confining pressure

Eco=4700*sqrt(fco); % assumed secant mod of elasticity of con
vc=0.15; % assumed poisson's ratio
c=1; % assumed constant C

ecc=0.005; % assumed strain at peak stress

Ect=7062; % assumed secant modulus of confining pressure vs. lateral strain
e1=0.001; % assumed Tateral strain

fcc=30; % assumed peak stress of concrete

x=1; r=1; % assumed parameters of confined concrete curve

Esec=5000; % assumed modulus of concrete at peak stress

Ec=27000; fc=fco;

vco=0.15; % initial Poisson's ratio

Function to Perform lterations



Ecc=[0.00001:0.001:0.1];

[FcMander] =
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Mander(sigl,sig2,sl,s2,fco,eco,k,sigmah,Eco,vc,vco,Ecc,ecc,Ec,C,el,Ect, fcc,x,r,Esec,fc

);

plot(Ecc,FcMander); hold on;

xlabel('strain')

ylabel ('Compressive Stress (MPa)')

y1im([0 80]1)
x1im([0 0.1])
hold on;

Compressive Stress (MPa)

o
o

001 002 003 004 005 006 007 008 009 01

Strain

Generating Stress-Strain Response of Unconfined Concrete

fccl=fco;
Esecl=fccl/0.002;
Ec1=4700*sqrt(fccl);
rl=ec/(Ec-Esecl);
ec=[0:0.0001:0.17;

FCCl=(rl*fccl.*(ec./0.002))./(rl1-1+Cec./0.002) .Arl);

plot(ec,FCCl);

Tegend('cConfined Stress-Strain Response', 'Unconfined Stress-Strain Response')

function [FcMander] =

Compressive Stress (MPa)

o
o

Confined Stress-Strain Response
Unconfined Stress-Strain Response

AN

001 002 003 004 005 006 007 008 009 01
Strain

Mander(sigl,sig2,sl,s2,fco,eco,k,sigmah,Eco,vc,vco,Ecc,ecc,Ec,C,el,Ect,fcc,x,r,Esec,fc

)



%

This function performs iterations for the procedure of Chapman and Driver.

for i=1:Tength(Ecc)
ec=Ecc(i);
if ==

%

else

%

C1=1.914*(sigmah/fco0)+0.719; % initial C

vcl=((Ccl*(ec/ecc))+1)*vco;

if vcl>0.5

vcl=0.5;

end

ell=vcl*ec;

if ell<=sl
sigmact=7062%(ell);

elseif ell>s2

sigmact=sigl+sig2;

else

sigmact=sigl+1681.818*(ell-s1);

end

Ectl=sigmact/ell;

sigmahl=((vcl*ec)/((1/Ectl)+((1-vcl)/EC)));

sigmahl=sigmahl¥*k;

fccl=(fco*((-1.254+(2.254*sqrt(1+((7.94*sigmahl) /fco))))-((2*sigmahl) /fco)));
fccl=fco*(1+2.4*(sigmahl/fco)A0.7); %Cusson and Paultre 1995

eccl=eco* (1+5*((fccl/fco)-1));

x1l=ec/eccl;

Esecl=fccl/eccl;
rl=(Eco/(Eco-Esecl));
fcl=(fccl*x1*rl) /(rl-1+x1Arl);
Ecl=fcl/ec;

C=Cl; vc=vcl; el=ell; Ect=Ectl; sigmah=sigmahl; fcc=fccl;
ecc=eccl; x=x1; Esec=Esecl; r=rl; fc=fcl; Ec=Ecl;
C1=1.914*(sigmah/fco)+0.719; % initial C
vcl=((cl*(ec/ecc))+1)*vco;

if vcl>0.5
vcl=0.5;
end
ell=vcl*ec;

if ell<=sl

sigmact=7062%(ell);
elseif ell>s2

sigmact=sigl+sig2;
else

sigmact=sigl+1681.818*(ell-s1);
end

Ectl=sigmact/ell;
sigmahl=((vcl*ec)/((1/Ectl)+((1-vcl)/EC)));
sigmahl=sigmahl¥*k;
fccl=(fco* ((-1.254+(2.254*sqrt(1+((7.94*sigmahl) /fco))))-((2*sigmahl) /fco)));

fccl=fco*(1+2.4*(sigmahl/fco)A0.7); %Cusson and Paultre 1995

eccl=eco*(1+5*((fccl/fco)-1));

xl=ec/eccl;

268
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Esecl=fccl/eccl;
rl=(Eco/(Eco-Esecl));
fcl=(fccl*x1*rl) /(rl-1+x1Arl);
Ecl=fcl/ec;

end

nitr=1;maxitr=1000;

ratl=(abs(C1-C)/C)*100; rat2=(abs(vcl-vc)/vc)*100; rat3=(abs(ell-el)/el1)*100;
rat4=(abs(Ectl-Ect)/Ect)*100; rat5=(abs(sigmahl-sigmah)/sigmah)*100; rat6=(abs(fccl-
fcc)/fcc)*100;
rat7=(abs(eccl-ecc)/ecc)*100; rat8=(Cabs(x1-x)/x)*100; rat9=(abs(Esecl-Esec)/Esec)*100;
ratl0=Cabs(rl-r)/r)*100; ratll=(abs(fcl-fc)/fc)*100; ratl2=(abs(Ecl-Ec)/Ec)*100;
while ((ratl>2) || (rat2>2) || (rat3>2) || (rat4>2) ||

(rat5>2) || (rat6>2) || (rat7>2) || (rat8>2) |

(rat9>2) || (ratl0>2) || (ratll>2) || (ratl2>2))

nitr=nitr+l1;

C=Cl; vc=vcl; el=ell; Ect=Ectl; sigmah=sigmahl; fcc=fccl;
ecc=eccl; x=x1; Esec=Esecl; r=rl; fc=fcl; Ec=Ecl;
C1=1.914*(sigmah/fco0)+0.719; % initial C
vcl=((cl*(ec/ecc))+1)*vco;
if vcl>0.5
vcl=0.5;
end
ell=vcl*ec;
if ell<=sl
sigmact=7062%(ell);
elseif ell>s2
sigmact=sigl+sig2;
else
sigmact=sigl+1681.818*(ell-s1);
end
Ectl=sigmact/ell;
sigmahl=((vcl*ec)/((1/Ect1l)+((1-vcl)/EC)));
sigmahl=sigmahl¥*k;
fccl=(fco* ((-1.254+(2.254*sqrt(1+((7.94*sigmahl) /fco))))-((2*sigmahl) /fco)));
% fccl=fco*(1+2.4*(sigmahl/fco)A0.7); %Cusson and Paultre 1995
eccl=eco*(1+5*((fccl/fco)-1));
xl=ec/eccl;
Esecl=fccl/eccl;
rl=(Eco/(Eco-Esecl));
fcl=(fccl*x1*rl) /(rl-1+x1Arl);
Ecl=fcl/ec;
ratl=(Cabs(C1l-C)/C)*100; rat2=(abs(vcl-vc)/vc)*100; rat3=(abs(ell-el)/el1)*100;
rat4=(abs(Ectl-Ect)/Ect)*100; rat5=(abs(sigmahl-sigmah)/sigmah)*100;
rat6=(abs(fccl-fcc)/fcc)*100;
rat7=(abs(eccl-ecc)/ecc)*100; rat8=(abs(x1-x)/x)*100; rat9=(abs(Esecl-
Esec)/Esec)*100;
ratl0=Cabs(rl-r)/r)*100; ratll=(abs(fcl-fc)/fc)*100; ratl2=(abs(Ecl-Ec)/Ec)*100;
if nitr>maxitr
break
end
end
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FcMander (i)=fcl;
end
end

This program calculates collar confining pressures at the onset of plastic hinge
formations

clc; clear all; close all;

Input Data

sig=0.1; %initial pressure (MPa)

t=32; % collar size (mm)

h=200; % beam width (mm)

Fy=120000; % yield force (Fy*A)

b=32; hh=32

s=100; % collar spacing (c/c)

sc=s-t; % collar spacing (clear)

bi=b-2%2.3; hhi=hh-2%2.3;
z=((b*hhA2)/4)-((bi*hhiA2)/4); %plastic section modulus
Mp=1.219717600000000e+06;

Start of Program

Mn=(sig*t*hA2)/12; % moment at collar ends
Fn=(sig*t*h)/2; % axial force in collar
alpha=(1-(Fn/(Fy))A2)*Mp;

i=1;

sigma(i)=sig;

whiTe Mn<alpha
i=i+l;
sig=sig+0.1;
Mn=(sig*t*hA2)/12;
Fn=(sig*t*h)/2;
alpha=(1-(Fn/(0.9%Fy))A2)*Mp*0.9;
sigma(i)=sig;

end

MI=(sigma(end)*t*hA2)/24; %moment at midspan till pTastic hinge formation at fixed
supports (fixed fixed support)

sig2=0.1;

Fn2=(sig2*t*h)/2;

Fnt=Fn+Fn2; %total axial force till this step

alpha2=(1-(Fnt/(Fy))A2)*Mp;

k=1;

sigma2(k)=sig2;

M2=(sig2*t*hA2)/8;

MT=M1+M2;
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while MT<alpha?2
k=k+1;
sig2=sig2+0.1;
Fn2=(sig2*t*h)/2;
Fnt=Fn+Fn2; %total axial force till this step
alpha2=(1-(Fnt/(0.9%Fy))A2)*Mp*0.9;
M2=(sig2*t*hA2)/8;
MT=M1+M2;
sigma2(k)=sig2;
end
Sl=sigma(end); %pressure corresponding to formation of 1st plastic hinge
S2=sigma2(end); %pressure corresponding to formation of 2nd plastic hinge
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Figure A3.5. Flowchart to estimate the stress-strain relation of HSS collar confined
concrete by Chapman and Driver.



A4. OpenSees Scripts

A4.1. Control Beam L20C1SC
wipe;

model basic -ndm 2 - ndf 3

file mkdir BeamNS

source Slunits.tcl;

# Material Tag

setcoreTag 1, # core concrete

set coverTag 2; # cover concrete

set steeloutsplice 3 # Reinforcing steel
set steelinsplice 4  ; # Reinforcing steel

# Nominal concrete compressive strength
set fc -43.0;
set Ec [expr 4700*sqrt(-1*$fc)];

# Confined concrete

set fc1C -49.0; # CONFINED concrete (mander model), maximum stress

set eps1C -0.0034;
set fc2C -40.0;
set eps2C -0.008;

# Unconfined concrete

# strain at maximum stress
# ultimate stress

# strain at ultimate stress

273

set fc1U -43.0; # Unconfined concrete (todeschini parabolic model), maximum
stress

set eps1U -0.002; # strain at maximum strength of unconfined concrete

set fc2U -0; # ultimate stress

set eps2U -0.0025;

# strain at ultimate stress

set lambda 0.1; # ratio between unloading slope at $eps2 and initial slope $Ec
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# Concrete tensile-strength properties

set ftC [expr 0.035*sqrt(-1*$fc1C)];# tension strength +tension

set ftU [expr 0.035*sqrt(-1*$fc1U)];# tension strength +tension

set Ets [expr $ftU/0.005]; # tension softening stiffness

# Steel tensile-strength properties

set db 16;

set Fy 497; # STEEL vyield stress
set Es 207000.0; # modulus of steel
set Fu 636.0;

#uniaxialMaterial Hysteretic $matTag $s1p $elp $s2p $e2p <$s3p $e3p> $s1ln $eln
$s2n $e2n <$s3n $e3n> $pinchX $pinchY $damagel $damage2 <$beta>

uniaxialMaterial Hysteretic $steeloutsplice $Fy 0.0024 $Fu 0.06 -$Fy -0.0024 -$Fu -
0.060.10.10.00.0;

uniaxialMaterial Hysteretic $steelinsplice 316 0.00153 0 0.0016 -316 -0.00153 -00 -
0.00170.10.10.00.0;

#uniaxialMaterial Concrete04 $matTag $fc $ec $ecu $Ec <$fct $et> <$beta>
uniaxialMaterial Concrete04 $coverTag $fclU $epslU $eps2U 32242
uniaxialMaterial Concrete04 $coreTag $fc1C $eps1C $eps2C 32000

puts "Material Model OK"

# FIBER SECTION properties

# Section Geometry

set HSec [expr 250]; # beam Depth 25cm

set BSec [expr 200]; # beam Width 20cm

# nodal coordinates
node 1 00 00
node 2 570.0 0.0
node 3 740.0 0.0
node 4 840.0 0.0
5

node 1000.00.0
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#node 7 0.0 2200
source BuildRCrectSection.tcl

BuildRCrectSection 1 $HSec $BSec 24 36 $coreTag $coverTag $steeloutsplice 2
114.02201.00.00.020161

BuildRCrectSection 3 $HSec $BSec 24 36 $coverTag $coverTag $steelinsplice 2
114.02201.00.00.020161

puts "Fiber Section OK"

# Single point constraints -- Boundary Conditions

fix1110; # node DX DY RZ

fix5101;

set IDColTransf 1;

set ColTransfType Linear ;

geomTransf Linear 1;

# Element connectivity:

set numintgrPts 5;  # number of integration points for force-based element
set intType Lobotto;

#element elasticBeamColumn 1 1 2 50000 30000 [expr $Efflz*$1zCol]
$IDColTransf; # Elastic beam

element dispBeamColumn 1 1 2 $numintgrPts 1 $IDColTransf;

element dispBeamColumn 2 2 3 $numlintgrPts 3 $IDColTransf;

element dispBeamColumn 3 3 4 $numintgrPts 22 $IDColTransf;

element dispBeamColumn 4 4 5 $numintgrPts 3 $IDColTransf;

puts "Beam model Ok"

# Define RECORDERS

recorder Node -file BeamNS/Disp.out -node 5 -dof 2 disp

recorder Node -file BeamNS/Reaction.out -node 1 -dof 2 reaction



# STATIC PUSHOVER ANALYSIS ---ncnmemeemmemmeameemencn

set F 1.0;
set cdof 2;
set cnode 2;
set dU 0.001;
pattern Plain 2 "Linear" {
load $cnode 0.0 -$F 0.0
}
constraints Transformation
numberer AMD
system BandGeneral
test NormDisplIncr 10e-3 1000
algorithm NewtonLineSearch type Initialinterpolated
integrator DisplacementControl $cnode $cdof $dU 1 $dU $dU
analysis Static
set maxU 15;
set Nstep [expr int($maxU/$dU)];
analyze $Nstep

puts "Pushover analysis completed successfully"
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wipe;

model basic -ndm 2 - ndf 3

file mkdir BeamNS

source Slunits.tcl;

# Material Tag

set coreTag 1; # core concrete

set coverTag 2 ; # cover concrete

set steeloutsplice 3 ; # Reinforcing steel
set steelinsplice 4 # Reinforcing steel

# Nominal concrete compressive strength
set fc -26.0;
set Ec [expr 4700*sqrt(-1*$fc)];

# Confined concrete

set fc1C -66.0; # CONFINED concrete (mander model),
maximum stress

set eps1C -0.012; # strain at maximum stress
set fc2C -57.0; # ultimate stress

set eps2C -0.047; # strain at ultimate stress

# Confined concrete for shear span

set fc1CS -48.0; # CONFINED concrete (mander model),
maximum stress

set eps1CS -0.0034; # strain at maximum stress
set fc2CS -41.0; # ultimate stress
set eps2CS -0.02; # strain at ultimate stress

# Unconfined concrete
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set fc1U -43.0; # Unconfined concrete (todeschini parabolic model), maximum
stress
set eps1U -0.002; # strain at maximum strength of unconfined

concrete
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set fc2U -8.0; # ultimate stress

set eps2U -0.003; # strain at ultimate stress

set lambda 0.1; # ratio between unloading slope at $eps2 and initial
slope $Ec

# Concrete tensile-strength properties

set ftC [expr 0.35*sqrt(-1*$fc1C)];# tension strength +tension

set ftU [expr 0.35*sqrt(-1*$fclU)];# tension strength +tension

set Ets [expr $ftC/0.002]; # tension softening stiffness

# Steel tensile-strength properties

set db 16;

set Fy 497.0; # STEEL vyield stress
set Es 207000.0; # modulus of steel
set Fu 636.0;

#uniaxialMaterial Hysteretic $matTag $s1p $elp $s2p $e2p <$s3p $e3p> $s1ln $eln
$s2n $e2n <$s3n $e3n> $pinch X $pinchY $damagel $damage2 <$beta>

uniaxialMaterial Hysteretic $steeloutsplice $Fy 0.0024 $Fu 0.07 -$Fy -0.0024 -$Fu -
0.0730.10.10.00.0;

uniaxialMaterial Hysteretic $steelinsplice $Fy 0.0024 $Fu 0.07 -$Fy -0.0024 -$Fu -
0.0730.10.10.00.0;

uniaxialMaterial Concrete02 $coverTag $fclU $epsiU $fc2U $eps2U $lambda $ftU
$Ets

uniaxialMaterial Concrete02 12 $fc1CS $eps1CS $fc2CS $eps2CS $lambda $ftU
$Ets

uniaxialMaterial Concrete04 $coreTag $fc1C $eps1C $eps2C 29211.0
puts "Material Model OK"

# FIBER SECTION properties

# Section Geometry

set HSec [expr 250]; # beam Depth 25cm

set BSec [expr 200]; # beam Width 20cm

# nodal coordinates

node 1 0.0 0.0
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node 2 570.0 0.0
node 3 740.0 0.0
node 4 840.0 0.0

node 5 1000.0 0.0
#node 7 0.0 2200
source BuildRCrectSection.tcl

# BuildRCrectSection $id $HSec $BSec $coverH $coverB $corelD $coverlD
$steellD $numBarsTop $barAreaTop $numBarsBot $harAreaBot $numBarsintTot
$barArealnt $nfCoreY $nfCoreZ $nfCoverY $nfCoverZ

BuildRCrectSection 1 $HSec $BSec 24 36 12 $coverTag $steeloutsplice 2 113 2
201.00.00.02020202

BuildRCrectSection 3 $HSec $BSec 24 36 $coreTag $coreTag $steeloutsplice 2 113 2
201.00.00.02020202

puts "Fiber Section OK"

# Single point constraints -- Boundary Conditions

fix1110; #node DX DY RZ
fix5101;

set IDColTransf 1;

set ColTransfType Linear ;

geomTransf Linear 1;

# Element connectivity:

set numintgrPts 5; # number of integration points for force-based
element

#element elasticBeamColumn 1 1 2 50000 30000 [expr $Efflz*$1zCol]
$IDColTransf; # Elastic beam

element dispBeamColumn 1 1 2 $numintgrPts 1 $IDColTransf;
element dispBeamColumn 2 2 3 $numlintgrPts 3 $IDColTransf;
element dispBeamColumn 3 3 4 $numlintgrPts 22 $IDColTransf;
element dispBeamColumn 4 4 5 $numintgrPts 3 $IDColTransf;
puts "Beam model Ok™

# Define RECORDERS
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recorder Node -file BeamNS/Disp.out -node 5 -dof 2 disp
recorder Node -file BeamNS/Reaction.out -node 1 -dof 2 reaction

# STATIC PUSHOVER ANALYSIS =--nermmemmemmemme e

set F 1.0;
set cdof 2;
set cnode 2;
set dU 0.001;
pattern Plain 2 "Linear" {
load $cnode 0.0 -$F 0.0

constraints Transformation

numberer AMD

system BandGeneral

#test EnergylIncr 10e-2 500

test NormDisplIncr 10e-2 1000

algorithm NewtonLineSearch type Initialinterpolated
integrator DisplacementControl $cnode $cdof $dU 1 $dU $dU
analysis Static

set maxU 28;

set Nstep [expr int($maxU/$dU)];

analyze $Nstep

puts "Pushover analysis completed successfully”
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A4.3. Control Column LS
wipe;

model basic -ndm 2 - ndf 3
file mkdir NS

source Slunits.tcl;

# Material Tag

set coreTag 1; # core concrete
set coverTag 2; # cover concrete
set steelTag 3 ; # Reinforcing steel

set spliceTag 4 ;

# Nominal concrete compressive strength
set  fc-23.6;

set Ec [expr 4700*sqrt(-1*$fc)];

# Confined concrete

set fc1C -26.08; # CONFINED concrete (mander model), maximum stress
set eps1C -0.0035; # strain at maximum stress
set fc2C -5.22; # ultimate stress

set eps2C -0.0178; # strain at ultimate stress

# Unconfined concrete

set fc1U $fc; # Unconfined concrete (todeschini parabolic model), maximum
stress

set eps1U -0.002; # strain at maximum strength of unconfined concrete

set fc2U O; # ultimate stress
set eps2U -0.004; # strain at ultimate stress
set lambda 0.1; # ratio between unloading slope at $eps2 and initial slope $Ec

# Concrete tensile-strength properties

set ftC [expr 0.035*sqrt(-1*$fc1C)];# tension strength +tension

set ftU [expr 0.035*sqrt(-1*$fc1U)];# tension strength +tension

set Ets [expr $ftU/0.002]; # tension softening stiffness



# Steel tensile-strength properties
set db 25;

set Fy 449;

set Fu 642;

set Es 206000;

set Esh [expr 0.01*3$Es];

set esh [expr ($Fy/$Es)+0.01];

set eult 0.072; #Strain at peak stress
# setting parameters for spliced bars
set fs 449;

set esp 0.0047;

set fr 130;

set esr 0.02;

# Setting materials
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# STEEL vyield stress

# STEEL ultimate stress

# modulus of steel

# Tangent at initial strain hardening

# Strain corresponding to initial strain hardening

#uniaxialMaterial Concrete02 $matTag $fpc $epsc0 $fpcu $epsU $lambda $ft $Ets
uniaxialMaterial Concrete02 $coreTag $fc1C $eps1C $fc2C $eps2C $lambda $ftC

$Ets

uniaxialMaterial Concrete02 $coverTag $fc1U $epslU $fc2U $eps2U $lambda $ftU

$Ets

uniaxialMaterial Hysteretic $spliceTag $fs $esp $fr $esr -$Fy -0.00212 -$Fu -0.07 0.8

0.30.02 0.02

uniaxialMaterial Steel01 $steelTag $Fy $Es 0.2

puts "Material Model OK"
# FIBER SECTION properties

# Section Geometry

set HSec [expr 400]; # Column Depth 40cm

set BSec [expr 400]; # Column Width 40cm

set coverH [expr 50]; # Column cover to reinforcing steel NA, parallel to H is
scm

set coverB [expr 50]; # Column cover to reinforcing steel NA, parallel to B is

5cm
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set db 25;
set as [expr 3.14*pow($db,2)/4];
source BuildRCrectSection.tcl

# BuildRCrectSection $id $HSec $BSec $coverH $coverB $corelD $coverlD
$steellD $numBarsTop $barAreaTop $numBarsBot $barAreaBot $numBarsintTot
$harArealnt $nfCoreY $nfCoreZ $nfCoverY $nfCoverZ

BuildRCrectSection 1 $HSec $BSec $coverH $coverB $coreTag $coverTag
$spliceTag 3 $as 3 $as 2 $as 20 20 10 10

BuildRCrectSection 2 $HSec $BSec $coverH $coverB $coreTag $coverTag
$steelTag 3 $as 3 $as 2 $as 20 20 10 10

puts "Fiber Section OK"

# Define Geometry

set Weight 32;  # superstructure weight in Ton

set Ls [expr $db*28];# Section Zone2 length in mm fron base

set LCol 2200; # column length in mm

set Efflz 0.28,; # Effective stifness for Elastic column
# nodal coordinates:

node 1 0 0;

node 2 0 $Ls;

node 3 0 1200;

node 4 0 1700;

node 5 0 2200;

set NodeTop 5;

# Define ELEMENTS & SECTIONS ----nmmmmmmmm o oo

set PCol [expr $Weight*1000*9.81]; # Superstructure weight in N
set ACol [expr $BSec*$HSec]; # Cross-sectional area

set 1zCol [expr $BSec*pow($HSec,3)/12]; # Column moment of inertia

# Single point constraints -- Boundary Conditions

fix1111, #node DX DY RZ
set IDColTransf 1;
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#set ColTransfType PDelta ;

geomTransf PDelta 1;

# Element connectivity:

set numintgrPts 5;  # number of integration points for force-based element
element dispBeamColumn 1 1 2 $numintgrPts 1 1;

element dispBeamColumn 2 2 3 $numintgrPts 2 1;

element dispBeamColumn 3 3 4 $numintgrPts 2 1;

element dispBeamColumn 4 4 5 $numintgrPts 2 1;

puts "Column model Ok™

# Define RECORDERS
recorder Node -file NS/Disp.out -node 5 -dof 1 disp
recorder Node -file NS/Reaction.out -node 1 -dof 1 reaction

# Define Gravity Load
pattern Plain 1 Linear {
load $NodeTop 0 -$PCol 0;
}
set Tol 1.0e-2; # convergence tolerance for test
constraints Transformation;  # how it handles boundary conditions
numberer RCM;
system BandGeneral; # how to store and solve the system of equations in the analysis

test NormDisplncr $Tol 500; # determine if convergence has been achieved at the end
of an iteration step

algorithm Newton;  # use Newton's solution algorithm: updates tangent stiffness at
every iteration

set NstepGravity 10; # apply gravity in 100 steps
set DGravity [expr 1./$NstepGravity]; # first load increment;

integrator LoadControl $DGravity; # determine the next time step for an
analysis

analysis Static; # define type of analysis static or

transient
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analyze $NstepGravity; # apply gravity

loadConst -time 0.0; # maintain constant gravity loads and reset time to zero

puts "Static Analysis OK"
# Define Cyclic Loading

set IDctrINode $NodeTop;  # node where displacement is read for displacement
control

set IDctrIDOF 1; # degree of freedom of displacement read for
displacement contro

set iDmax "0.0025 0.005 0.0075 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0.055 0.06";

set Dincr [expr 0.0001*$LCol]; # displacement increment for pushover. you
want this to be very small, but not too small to slow down the analysis

set Fact $LCol, # scale drift ratio by storey height for displacement cycles
set CycleType Full; # you can do Full / Push / Half cycles with the proc
set Ncycles 2; # specify the number of cycles at each peak

set Hload [expr $PCol]; # define the lateral load as a proportion of the weight so
that the pseudo time equals the lateral-load coefficient when using linear load pattern

set iPushNode "$NodeTop"; # define nodes where lateral load is applied in
static lateral analysis

pattern Plain 2 Linear {; # define load pattern -- generalized
foreach PushNode $iPushNode {
load $PushNode $Hload 0 0

¥
¥

source LibAnalysisStaticParameters.tcl; #
constraintsHandler,DOFnumberer,system-of-
equations,convergenceTest,solutionAlgorithm,integrator

source LibGeneratePeaks.tcl

set fmtl "%s Cyclic analysis: CtrINode %.3i, dof %.1i, Disp=%.4f %s";  # format
for screen/file output of DONE/PROBLEM analysis

foreach Dmax $iDmax {
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set iDstep [GeneratePeaks $Dmax $Dincr $CycleType $Fact];
for {set i 1} {$i <= $Ncycles} {incri 1} {
set zeroD 0
set DO 0.0
foreach Dstep $iDstep {
set D1 $Dstep
set Dincr [expr $D1 - $D0]

integrator DisplacementControl $IDctrINode
$IDctrIDOF $Dincr

analysis Static

if {$ok =0} {
# if analysis fails, we try some other stuff

# performance is slower inside this loop
global maxNumlterStatic; # max no. of iterations performed before
"failure to converge™ is ret'd

if {$ok != 0} {

puts "Trying Newton with Initial
Tangent .."

test NormDisplncr $Tol 700 0
algorithm Newton -initial
set ok [analyze 1]

test $testTypeStatic $TolStatic
$maxNumlterStatic 0

algorithm $algorithmTypeStatic

}
if {$ok 1= 0} {
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set putout [format $fmtl "PROBLEM"

$IDctrINode $IDctrIDOF [nodeDisp $I1DctrINode $1DctrIDOF] $LunitTXT]

puts $putout
return -1
H #end if
}s #end if
S - e
set DO $D1,; # move to next step
H # end Dstep
H #endi
¥ # end of
iDmaxCycl
S S Yo NN

if {$ok 1= 0} {

puts [format $fmtl "PROBLEM" $IDctrINode $IDctrIDOF [nodeDisp

$IDctrINode $IDctrIDOF] $LunitTXT]
}else {

puts [format $fmtl "DONE" $IDctrINode $IDctrIDOF [nodeDisp

$IDctriNode $IDctrIDOF] $LUNitTXT]
}
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A4.4 Strengthened Column SC100

wipe;

model basic -ndm 2 - ndf 3

file mkdir NS
source Slunits.tcl;

# Material Tag

set coreTag 1; # core concrete
set coverTag 2 ; # cover concrete
set steelTag 3; # Reinforcing steel

set spliceTag 4 ;
set concCollTag 5;

# Nominal concrete compressive strength

set fc -23.0;

set Ec [expr 4700*sqrt(-1*$fc)];

# Confined concrete by hoops

set fc1C -38.50; # CONFINED concrete (mander model), maximum stress
set eps1C -0.007; # strain at maximum stress
set fc2C -5.22; # ultimate stress

set eps2C -0.0178;  # strain at ultimate stress

# Unconfined concrete

set fc1U $fc; # Unconfined concrete (todeschini parabolic model), maximum
stressset eps1U -0.002; # strain at maximum strength of unconfined
concre

set fc2U O; # ultimate stress

set eps2U -0.004; # strain at ultimate stress

set lambda 0.1; # ratio between unloading slope at $eps2 and initial slope $Ec
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# Confined concrete by collars

set fc1CS -65.50; # CONFINED concrete (mander model), maximum stress

set eps1CS -0.02; # strain at maximum stress
set fc2CS -52; # ultimate stress
set eps2CS -0.06; # strain at ultimate stress

# Concrete tensile-strength properties

set ftC [expr 0.035*sqrt(-1*$fc1C)]; # tension strength +tension
set ftU [expr 0.035*sqrt(-1*$fc1U)]; # tension strength +tension
set Ets [expr $ftU/0.002]; # tension softening stiffness

# Steel tensile-strength properties

set db 25;

set Fy 449; # STEEL yield stress

set Fu 642; # STEEL ultimate stress

set Es 206000; # modulus of steel

set Esh [expr 0.01*3$Es]; # Tangent at initial strain hardening

set esh [expr ($Fy/$Es)+0.01]; # Strain corresponding to initial strain hardening
set eult 0.072; #Strain at peak stress

# setting parameters for spliced bars
set fs 449.0;

set esp 0.0098;set fr 260.0;

set esr 0.02;

# Setting materials

uniaxialMaterial Concrete02 $coreTag $fc1C $eps1C $fc2C $eps2C $lambda $ftC
$Ets

uniaxialMaterial Concrete02 $coverTag $fclU $epslU $fc2U $eps2U $lambda $ftU
$Ets
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uniaxialMaterial Hysteretic $spliceTag $Fy 0.007 $Fu 0.093 -$Fy -0.0021 -$Fu -
0.075 0.4 0.5 0.025 0.025

#uniaxialMaterial Hysteretic $spliceTag $Fy 0.0021 $Fu 0.07 -$Fy -0.0021 -$Fu -
0.075010.00.0

uniaxialMaterial Hysteretic $steelTag $Fy 0.0021 $Fu 0.07 -$Fy -0.0021 -$Fu -0.075
0100

uniaxialMaterial Concrete04 $concCollTag $fc1CS $eps1CS $eps2CS 22000

puts "Material Model OK"

# Section Geometry

set HSec [expr 400]; # Column Depth 40cm

set BSec [expr 400]; # Column Width 40cm

set coverH [expr 50]; # Column cover to reinforcing steel NA, parallel to H is
acm

set coverB [expr 50]; # Column cover to reinforcing steel NA, parallel to B is
5cm

set db 25;

set as [expr 3.14*pow($db,2)/4];
source BuildRCrectSection.tcl

# BuildRCrectSection $id $HSec $BSec $coverH $coverB $corelD $coverlD
$steellD $numBarsTop $barAreaTop $numBarsBot $barAreaBot $numBarsintTot
$barArealnt $nfCoreY $nfCoreZ $nfCoverY $nfCoverZ

BuildRCrectSection 1 $HSec $BSec $coverH $coverB $concCollTag $concCollTag
$spliceTag 3 $as 3 $as 2 $as 121255

BuildRCrectSection 2 $HSec $BSec $coverH $coverB $concCollTag $concCollTag
$steelTag 3 $as 3 $as 2 $as 12 1255

BuildRCrectSection 3 $HSec $BSec $coverH $coverB $coreTag $coverTag
$steelTag 3 $as 3 $as 2 $as 12 1255

# Define Geometry
set Weight 36;  # superstructure weight in Ton
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set Ls [expr $db*28];# Section Zone2 length in mm fron base
set LCol 2200; # column length in mm

set Efflz 0.28; # Effective stifness for Elastic column

# nodal coordinates:
node 1 0 0;
node 2 0 440;
node 3 0 880;
node 4 0 1320;
node 5 0 1760;
node 6 0 2200;
set NodeTop 6;
# Define ELEMENTS & SECTIONS ---------mmmmmmm oo oo oo

set PCol [expr $Weight*1000*9.81]; # Superstructure weight in N
set ACol [expr $BSec*$HSec]; # Cross-sectional area
set 1zCol [expr $BSec*pow($HSec,3)/12]; # Column moment of inertia

# Single point constraints -- Boundary Conditions

fix1111; # node DX DY RZ
set IDColTransf 1;

#set ColTransfType PDelta ;

geomTransf PDelta 1;

# Element connectivity:

set numlintgrPts 5; # number of integration points for force-based
element

element dispBeamColumn 1 1 2 $numintgrPts 1 1;
element dispBeamColumn 2 2 3 $numintgrPts 2 1;
element dispBeamColumn 3 3 4 $numintgrPts 2 1;
element dispBeamColumn 4 4 5 $numintgrPts 3 1;
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element dispBeamColumn 5 5 6 $numlintgrPts 3 1;

puts "Column model Ok™

# Define RECORDERS
recorder Node -file NS/Disp.out

recorder Node -file NS/Reaction.out -node 1

# Define Gravity Load
pattern Plain 1 Linear {
load $NodeTop 0 -$PCol 0;
}

set Tol 1.0e-2;

constraints Transformation;

numberer RCM;
(optimization), if you want to

system BandGeneral;
equations in the analysis

test NormDisplncr $Tol 1000;
achieved at the end of an iteration step

algorithm Newton;
updates tangent stiffness at every iteration

set NstepGravity 10;
set DGravity [expr 1./$NstepGravity];

integrator LoadControl $DGravity;
analysis

analysis Static;
transient

analyze $NstepGravity;

loadConst -time 0.0;
reset time to zero

puts "Static Analysis OK"

-node 6 -dof 1 disp

-dof 1 reaction

# convergence tolerance for test
# how it handles boundary conditions

# renumber dof's to minimize band-width

# how to store and solve the system of

# determine if convergence has been

# use Newton's solution algorithm:

# apply gravity in 100 steps
# first load increment;

# determine the next time step for an

# define type of analysis static or

# apply gravity
# maintain constant gravity loads and
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# Define Cyclic Loading

set IDctrINode $NodeTop; # node where displacement is read for
displacement control

set IDctrIDOF 1, # degree of freedom of displacement
read for displacement control

set iDmax "0.0025 0.005 0.0075 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
0.055 0.06 0.065 0.07"; # vector of displacement-cycle peaks, in terms
of storey drift ratio

set Dincr [expr 0.001*$LCol]; # displacement increment for pushover.
you want this to be very small, but not too small to slow down the analysis

set Fact $LCol, # scale drift ratio by storey height for displacement
cycles

set CycleType Full; # you can do Full / Push / Half cycles with the proc

set Ncycles 2; # specify the number of cycles at each peak

set Hload [expr $PCol]; # define the lateral load as a proportion of the weight so

that the pseudo time equals the lateral-load coefficient when using linear load pattern

set iPushNode "$NodeTop"; # define nodes where lateral load is applied in static
lateral analysis

pattern Plain 2 Linear {; # define load pattern -- generalized
foreach PushNode $iPushNode {
load $PushNode -$Hload 0 0

k
k

source LibAnalysisStaticParameters.tcl; #
constraintsHandler, DOFnumberer,system-of-
equations,convergenceTest,solutionAlgorithm,integrator

source LibGeneratePeaks.tcl

set fmtl "%s Cyclic analysis: CtrINode %.3i, dof %.1i, Disp=%.4f %s"; # format
for screen/file output of DONE/PROBLEM analysis

foreach Dmax $iDmax {

set iDstep [GeneratePeaks $Dmax $Dincr $CycleType $Fact]; #
this proc is defined above

for {seti 1} {$i <= $Ncycles} {incri 1} {



294

set zeroD 0
set DO 0.0
foreach Dstep $iDstep {
set D1 $Dstep
set Dincr [expr $D1 - $D0]

integrator DisplacementControl $IDctrINode
$IDctrIDOF $Dincr

analysis Static

if {$ok 1=0} {
# if analysis fails, we try some other stuff

# performance is slower inside this loop
global maxNumlterStatic; # max no. of iterations performed before
"failure to converge" is ret'd

if {$ok != 0} {

puts "Trying Newton with Initial
Tangent .."

test NormDisplncr $Tol 700 0
algorithm Newton -initial
set ok [analyze 1]

test $testTypeStatic $TolStatic
$maxNumlterStatic 0

algorithm $algorithmTypeStatic
}
if {$Sok =0} {

set putout [format $fmtl "PROBLEM"
$IDctrINode $IDctrIDOF [nodeDisp $I1DctrINode $1DctrIDOF] $LunitTXT]

puts $putout



return -1

} #end if

+H #end if
. e
set DO $D1, # move to next step
H # end Dstep

H #endi
+H # end of
iDmaxCycl
Hoeee . —..cce A . ... A

if {$ok 1= 0} {
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puts [format $fmtl "PROBLEM" $IDctrINode $IDctrIDOF [nodeDisp

$IDctrINode $IDctrIDOF] $LunitTXT]
}else {

puts [format $fmtl "DONE" $IDctrINode $IDctrIDOF [nodeDisp

$IDctrINode $IDctrIDOF] $LunitTXT]
}
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A4.5 Necessary Files for OpenSees
Procedure BuildRCrectSection

proc BuildRCrectSection {id HSec Bsec coverH coverB corelD coverlD steellID
numBarsTop barAreaTop nhumBarsBot barAreaBot numBarsintTot barArealnt
nfCoreY nfCoreZ nfCoverY nfCoverzZ} {

# BuildRCrectSection $id $Hsec $Bsec $coverH $coverB $corelD $coverlD $steelID
$numBarsTop $barAreaTop $numBarsBot $harAreaBot $numBarsintTot $harArealnt
$nfCoreY $nfCoreZ $nfCoverY $nfCoverZ

# Build fiber rectangular RC section, 1 steel layer top, 1 bottom, 1 skin, confined core
# Define a procedure which generates a rectangular reinforced concrete section
# with one layer of steel at the top & bottom, skin reinforcement and a

# confined core.

# by: Silvia Mazzoni, 2006
# adapted from Michael H. Scott, 2003
#

# Formal arguments

# id — tag for the section that is generated by this procedure
# Hsec — depth of section, along local-y axis

# Bsec — width of section, along local-z axis

# cH — distance from section boundary to neutral axis of reinforcement
# cB —distance from section boundary to side of reinforcement

# corelD — material tag for the core patch

# coverlD — material tag for the cover patches

# steellD — material tag for the reinforcing steel

# numBarsTop — number of reinforcing bars in the top layer

# numBarsBot — number of reinforcing bars in the bottom layer

#

numBarsiIntTot — TOTAL number of reinforcing bars on the intermediate layers,
symmetric about z axis and 2 bars per layer—needs to be an even integer

# barAreaTop — cross-sectional area of each reinforcing bar in top layer

# barAreaBot — cross-sectional area of each reinforcing bar in bottom layer
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# barArealnt — cross-sectional area of each reinforcing bar in intermediate layer
# nfCoreY — number of fibers in the core patch in the y direction

# nfCoreZ — number of fibers in the core patch in the z direction
#

nfCoverY — number of fibers in the cover patches with long sides in the y
direction

# nfCoverZ — number of fibers in the cover patches with long sides in the z direction
#

# Notes

# The core concrete ends at the NA of the reinforcement

# The center of the section is at (0,0) in the local axis system

set coverY [expr $Hsec/2.0]; # The distance from the section z-axis to the
edge of the cover concrete — outer edge of cover concrete

set coverZ [expr $Bsec/2.0]; # The distance from the section y-axis to the
edge of the cover concrete — outer edge of cover concrete

set coreY [expr $coverY-$coverH]; # The distance from the section z-axis to
the edge of the core concrete -- edge of the core concrete/inner edge of cover
concrete

set coreZ [expr $coverZ-$coverB]; # The distance from the section y-axis to
the edge of the core concrete -- edge of the core concrete/inner edge of cover
concrete

set numBarsint [expr $numBarsIntTot/2];  # number of intermediate bars per side
# Define the fiber section

section Fiber $id -GJ 1000000000 {

# Define the core patch

patch quadr $corelD $nfCoreZ $nfCoreY -$coreY $coreZ -$coreY -$coreZ $coreY -
$coreZ $coreY $coreZ

# Define the four cover patches

patch quadr $coverID 2 $nfCoverY -$coverY $coverZ -$coreY $coreZ $coreY
$corezZ $coverY $coverZ

patch quadr $coverlD 2 $nfCoverY -$coreY -$coreZ -$coverY -$coverZ $covery -
$coverZ $coreY -$coreZ

patch quadr $coverID $nfCoverZ 2 -$coverY $coverZ -$coverY -$coverZ -$coreY -
$coreZ -$coreY $coreZ
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patch quadr $coverID $nfCoverZ 2 $coreY $coreZ $coreY -$coreZ $coverY -$coverZ
$coverY $coverZ

# define reinforcing layers

#layer straight $steellD $numBarsint $barArealnt -$coreY $coreZ $coreY $coreZ;
# intermediate skin reinf. +z

#layer straight $steellD $numBarsint $barArealnt -$coreY -$coreZ $coreY -$coreZ;
# intermediate skin reinf. -z

layer straight $steellD $numBarsTop $harAreaTop $coreY $coreZ $coreY -$coreZ;
# top layer 298einforcement

layer straight $steellD $numBarsBot $barAreaBot -$coreY $coreZ -$coreY -$coreZ;
# bottom layer reinforcement

H # end of fibersection definition

h # end of procedure



# define UNITS ----mmmmmmmmm-

setm 1.0;

set kN 1.0;

set sec 1.0;

set LunitTXT "m";

set FunitTXT "kN";

set TunitTXT "sec";

set cm [expr $m/100];
set mm [expr $m/1000];
set N [expr $kN/1000];

Procedure Slunits

# output units
# output units
# output units
# text for output
# text for output
# text for output
# input units
# input units

# output units

set MPa [expr $N/pow($mm,2)]

set pi [expr 2*asin(1.0)];

# define constants

set g 9.81; # gravitational acceleration

set Ubig 1.e10;
set Usmall [expr 1/$Ubig];

# a really large number

# a really small number

299
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Procedure LibGeneratePeaks

proc GeneratePeaks {Dmax {DincrStatic 0.00001} {CycleType "Full"} {Fact $LCol}
}{; # generate incremental disps for Dmax

HRH R R R R R R R R R R R R R
HEHBHEH R

## GeneratePeaks $Dmax $DincrStatic $CycleType $Fact

HHHHHBHH B B A R
HHHHEH BT

# generate incremental disps for Dmax

# this proc creates a file which defines a vector then executes the file to return
the vector of disp. increments

# by Silvia Mazzoni, 2006
# input variables
# $Dmax: peak displacement (can be + or negative)

# $DincrStatic - : displacement increment (optional, default=0.01,
independently of units)

# $CycleType : Full (0->+peak), Half (0->+peak->0), Full (0->+peak-
>0->-peak->0) (optional, def=Full)

# $Fact : scaling factor (optional, default=1)

# $iDstepFileName : file name where displacement history is stored
temporarily, until next disp. peak

# output variable

# $iDstep : vector of displacement increments
file mkdir data

set outFilelD [open data/tmpDsteps.tcl w]

set Disp 0.

puts $outFilelD "set iDstep { ";puts $outFilelD $Disp;puts $outFilelD $Disp;
# open vector definition and some 0

set Dmax [expr $Dmax*$Fact]; # scale value
if {$Dmax<0} {; # avoid the divide by zero

set dx [expr -$DincrStatic]
} else {
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set dx $DincrStatic;

}

set NstepsPeak [expr int(abs($Dmax)/$DincrStatic)]

for {set i 1} {$i <= $NstepsPeak} {incri 1} {; # zero to one
set Disp [expr $Disp + $dx]
puts $outFilelD $Disp; # write to file

}

if {$CycleType !'="Push"} {

for {set i 1} {$i <= $NstepsPeak} {incri 1} {; # one to
zero

set Disp [expr $Disp - $dx]

puts $outFilelD $Disp; # write to file
}
if {$CycleType !="Half"} {
for {set i 1} {$i <= $NstepsPeak} {incri 1} {; #

zero to minus one

set Disp [expr $Disp - $dx]

puts $outFilelD $Disp; # write to
file
}
for {set i 1} {$i <= $NstepsPeak} {incri 1} {; #
minus one to zero
set Disp [expr $Disp + $dx]
puts $outFilelD $Disp; # write to
file
}
}
}
puts SoutFilelD " }"; # close vector definition

close $outFilelD

source data/tmpDsteps.tcl; # source tcl file to define entire vector
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return $iDstep
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Procedure LibAnalysisStaticParameters

# static analysis parameters

# | am setting all these variables as global variables (using variable rather than set

command)
# so that these variables can be uploaded by a procedure
# Silvia Mazzoni & Frank McKenna, 2006

# CONSTRAINTS handler -- Determines how the constraint equations are enforced

in the analysis (http://opensees.berkeley.edu/OpenSees/manuals/usermanual/617.htm)

# Plain Constraints -- Removes constrained degrees of freedom from the system
of equations (only for homogeneous equations)

# Lagrange Multipliers -- Uses the method of Lagrange multipliers to enforce

constraints

# Penalty Method -- Uses penalty numbers to enforce constraints --good for

static analysis with non-homogeneous eqns (rigidDiaphragm)

# Transformation Method -- Performs a condensation of constrained degrees of
freedom
variable constraintsTypeStatic Plain; # default;

if { [info exists RigidDiaphragm] == 1} {
if {$RigidDiaphragm=="0ON"} {

variable constraintsTypeStatic Lagrange;  # for large model, try

Transformation
} # if rigid diaphragm is on
b # if rigid diaphragm exists

constraints $constraintsTypeStatic
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# DOF NUMBERER (number the degrees of freedom in the domain):

(http://opensees.berkeley.edu/OpenSees/manuals/usermanual/366.htm)
# determines the mapping between equation numbers and degrees-of-freedom
# Plain -- Uses the numbering provided by the user

# RCM -- Renumbers the DOF to minimize the matrix band-width using the
Reverse Cuthill-McKee algorithm

set numbererTypeStatic RCM
numberer $numbererTypeStatic
# SYSTEM (http://opensees.berkeley.edu/OpenSees/manuals/usermanual/371.htm)

# Linear Equation Solvers (how to store and solve the system of equations in the

analysis)

# -- provide the solution of the linear system of equations Ku = P. Each solver is
tailored to a specific matrix topology.

# ProfileSPD -- Direct profile solver for symmetric positive definite matrices
# BandGeneral -- Direct solver for banded unsymmetric matrices

# BandSPD -- Direct solver for banded symmetric positive definite matrices
# SparseGeneral -- Direct solver for unsymmetric sparse matrices

# SparseSPD -- Direct solver for symmetric sparse matrices

# UmfPack -- Direct UmfPack solver for unsymmetric matrices

set systemTypeStatic BandGeneral, # try UmfPack for large model

system $systemTypeStatic
# TEST: # convergence test to

# Convergence TEST
(http://opensees.berkeley.edu/OpenSees/manuals/usermanual/360.htm)
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# -- Accept the current state of the domain as being on the converged solution path
# -- determine if convergence has been achieved at the end of an iteration step

# NormUnbalance -- Specifies a tolerance on the norm of the unbalanced load at

the current iteration

# NormDisplincr -- Specifies a tolerance on the norm of the displacement

increments at the current iteration

# Energylncr-- Specifies a tolerance on the inner product of the unbalanced load

and displacement increments at the current iteration

# RelativeNormUnbalance --

# RelativeNormDisplncr --

# RelativeEnergylIncr --

variable TolStatic 1.e-3; # Convergence Test: tolerance

variable maxNumlterStatic 1000; # Convergence Test: maximum number of

iterations that will be performed before "failure to converge" is returned

variable printFlagStatic 0; # Convergence Test: flag used to print

information on convergence (optional) # 1: print information on each step;
variable testTypeStatic Energylncr ; # Convergence-test type
test $testTypeStatic $TolStatic $maxNumiterStatic $printFlagStatic;
# for improved-convergence procedure:
variable maxNumlterConvergeStatic 2000;
variable printFlagConvergeStatic O;

# Solution ALGORITHM: -- lIterate from the last time step to the current
(http://opensees.berkeley.edu/OpenSees/manuals/usermanual/682.htm)

# Linear -- Uses the solution at the first iteration and continues

# Newton -- Uses the tangent at the current iteration to iterate to convergence
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# ModifiedNewton -- Uses the tangent at the first iteration to iterate to
convergence
# NewtonLineSearch --

# KrylovNewton --

# BFGS --

# Broyden --

variable algorithmTypeStatic Newton
algorithm $algorithmTypeStatic;

# Static INTEGRATOR: -- determine the next time step for an analysis

(http://opensees.berkeley.edu/OpenSees/manuals/usermanual/689.htm)

# LoadControl -- Specifies the incremental load factor to be applied to the loads
in the domain
# DisplacementControl -- Specifies the incremental displacement at a specified

DOF in the domain

# Minimum Unbalanced Displacement Norm -- Specifies the incremental load

factor such that the residual displacement norm in minimized

# Arc Length -- Specifies the incremental arc-length of the load-displacement

path

# Transient INTEGRATOR: -- determine the next time step for an analysis including

inertial effects
# Newmark -- The two parameter time-stepping method developed by Newmark
# HHT -- The three parameter Hilbert-Hughes-Taylor time-stepping method

# Central Difference -- Approximates velocity and acceleration by centered

finite differences of displacement

integrator DisplacementControl $IDctrINode $1DctrIDOF $Dincr
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# ANALYSIS -- defines what type of analysis is to be performed

(http://opensees.berkeley.edu/OpenSees/manuals/usermanual/324.htm)

# Static Analysis -- solves the KU=R problem, without the mass or damping
matrices.
# Transient Analysis -- solves the time-dependent analysis. The time step in this

type of analysis is constant. The time step in the output is also constant.

# variableTransient Analysis -- performs the same analysis type as the Transient
Analysis object. The time step, however, is variable. This method is used when

# there are convergence problems with the Transient Analysis object at a
peak or when the time step is too small. The time step in the output is also variable.

set analysisTypeStatic Static

analysis $analysisTypeStatic
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