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Abstract

Seismic Performance of Precast
Concrete Columns and Beam-
column Connections with
Geopolymer Concrete

Moon, Han Se
Department of Architecture and Architectural Engineering
College of Engineering

Seoul National University

In the recent situation with the environmental problem worsening, cement
which occupies a large proportion of global CO, emissions can be a good target
for reducing CO; emissions in the construction industry. Geopolymer concrete
is one type of alternative concrete which does not use any Portland cement but
alkaline activators and industrial by-products such as fly ash or ground
granulated blast-furnace slag (GGBS). However, geopolymer concrete has a
large range of variations in materials and mix proportions, making it difficult
to quantify the generic performance of geopolymer concrete. Furthermore,
most of the existing studies on geopolymer concrete have been conducted at the

material level, and studies at the member or structural level are insufficient. If
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any, only few studies have reported the seismic performance of geopolymer
concrete members by cyclic loading tests. Besides, building codes do not allow
cementitious materials not specified in the industry standard, with an exception

when investigation and verification were conducted through performance tests.

The geopolymer concrete in this study had a specific mix proportion with the
binder composed of 100% GGBS and alkaline activator (Ca-type composites).
The normal concrete to be compared consisted of the binder with 70% cement
and 30% GGBS. The material tests were conducted to investigate mechanical
properties of the geopolymer concrete, including compressive strength, stress-
strain curve, modulus of elasticity, strain at peak stress, modulus of rupture (i.e.

flexural strength), and splitting tensile strength.

Cyclic loading tests were conducted to evaluate the seismic performance of
precast concrete (PC) columns and beam-column connections using the
geopolymer concrete. For column tests, a total of 7 column specimens (2
normal concrete and 5 geopolymer concrete) were tested with 13%
compression ratio loaded on the top of the columns. The test parameters
included concrete types (normal or geopolymer), construction methods
(monolithic or PC), sizes of splice sleeves (D25 or D29), and reinforcement
ratio (0.0162 or 0.00254). For beam-column connections, a total of 3 specimens
(1 normal concrete and 2 geopolymer concrete) were tested. The test parameters
included concrete types (normal or geopolymer), construction methods
(monolithic or PC), and overlap lengths of joint hook anchorage (290 mm or
170 mm). The performance was mainly compared in terms of strength, load-
displacement relationship, secant stiffness, energy dissipation, and deformation

capacity. The seismic performance of each specimen was evaluated by ACI
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374.1-05 and AIJ 2002 Guidelines.

The geopolymer concrete had equivalent mechanical properties to the normal
concrete or exceeded the design codes’ equations overall. The PC columns and
beam-column connections using the geopolymer concrete developed the
predicted strengths calculated by the design codes. The PC geopolymer
concrete specimens showed superior seismic performance to the monolithic
normal concrete specimens. The load-displacement relationship and energy
dissipation of the PC columns using the geopolymer concrete were equivalent
to those of the PC columns using the normal concrete. However, the ductility
of the PC columns using the geopolymer concrete was 35% lower than that of

the PC column using normal concrete due to the effect of grouting quality.

The different performance between PC geopolymer concrete specimens and
monolithic normal concrete specimens does not assure material superiority of
the geopolymer concrete, which seems to be mainly caused by PC details. Thus,
further study is needed for seismic performance of monolithic columns and

beam-column connections using geopolymer concrete.

Keywords: Cyclic loading test, Geopolymer concrete, Column, Beam-
column connection, Precast concrete, Grouted splice sleeve connection,

Joint hook anchorage
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Background

(a) CO; emissions

Recently, to manage climate change caused by increasing greenhouse gas
emissions, nations in the world have taken measures to set and implement goals
for reducing greenhouse gas emissions. The Kyoto Protocol (1997) and the
Paris Agreement (2015) stipulate the countries' obligation to reduce carbon
emissions. The Korean government announced a roadmap for reducing
greenhouse gas emissions by 2030. The trend of reducing national greenhouse
gas in response to climate change is leading to the implementation of carbon

taxes and carbon border taxes.

In the construction industry, cement occupies a large proportion of carbon
emissions as well as the amount of production. Among CO; emissions of
building construction, CO, emissions due to cement occupy about 35% (UN
Environment Programme, 2021). Cement production accounts for about 6% of
the global total CO; emissions (McKinsey, 2022). 1 ton of cement production
emits from 0.59 ton (IEA, 2021) to 0.93 ton (KEITI, 2021) of CO2. In this
context, geopolymer concrete has been studied as an option to reduce CO2

emissions of the construction industry.
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(a) CO, Emissions (b) Proportion of CO, Emissions in Concrete

from Building Construction Coase aggregate (1.3%)
GGBS (3.0%) _\ ’/7 Sand (0.6%)

Cement
(35%)

Cement
(95%)

Steel
(22%)

*In 2020 (UN Environmental Programme, 2021)

Figure 1-1 CO; emissions from cement

(b) Geopolymer concrete

Geopolymer concrete is a type of alternative concrete which does not use any
Portland cement (Lloyd and Rangan, 2010). Instead of using cement, alkaline
activators react with materials containing aluminum and silicon (or
aluminosilicates) such as fly ash and ground granulated blast-furnace slag
(GGBS). Through this chemical reaction so called ‘geopolymerization’, the
mixture is binded (Mo et al., 2016). The term ‘geopolymer concrete’ was firstly
coined by a French material scientist, Joseph Davidovits, in 1978 and various
terms have been used for the same material including alkali-activated cement,

inorganic polymer concrete, geocement, and so on (Srividya et al., 2022).

Two main constituents of geopolymer concrete are aluminosilicates and
alkaline activator. As aluminosilicates, fly ash is mostly used and GGBS,
metakaolin, rice husk ash, high calcium wood ash and combined of these
materials can be used. As alkaline activator, NaOH and Na,SIO; are mostly
used and KOH and K,SiO3 can be used (Ma et al.,2018).
: 5 4% o) 8 i
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GEOPOLYMERIZATION

Aluminosilicates

Al Si

ex) NaOH, Na,SIO,, KOH, K,Si0O, ¢x) GGBS, fly ash, metakaolin, rice
husk ash, high calcium wood ash

Alkaline activator

Figure 1-2 Composition of geopolymer concrete

(c) Previous studies on geopolymer concrete and limitations

Geopolymer concrete has a large range of variations on materials and mix
proportions. This makes it difficult to quantify the generic performance of
geopolymer concrete. It is possible to wrongly apply a result of a specific
geopolymer concrete to a different one either with or without intention (Aldred

and Day, 2012).

Most of the existing studies on geopolymer concrete were conducted at the

material level, and studies at the member level and structure level are

insufficient. And if any, the results of the structural tests varied and are not

enough to conclude generic structural performance of geopolymer concrete

(Ngo et al., 2021).

Among not many studies on the structural performance of geopolymer

3 SRk
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concrete members, only few studies of them have reported the seismic
performance by cyclic loading tests. The studies were about beam-column
connections, and no study was found on the cyclic loading tests of columns.
Contrary results were reported by the cyclic loading tests (refer to 2.2.2 and
Table 2-13).

(d) Verification of structural performance of alternative-cement concrete

Cements not specified in the industry standard are not allowed to use in a
building. The only way to use alternative cements is investigation and
verification through performance tests (refer to 2.1. (f)). KDS 14 20 01 :2022
and ACI 318-19 denote that alternative cements which are not cementitious
materials specified in Korean Standard or ASTM standard can be allowed based
upon the results of performance tests. KCS 14 20 10 :2022 also allows to use
cements not specified in Korean Standard only if the quality and the usage are

enough defined.
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1.2 Scope and Objectives

In this study, the geopolymer concrete manufactured with a specific mix
proportion was used. The research is divided into three parts: material tests,

column tests, and beam-column connection tests.

Cyclic loading tests were conducted to evaluate the seismic performance of
columns and beam-column connections using the geopolymer concrete. The
geopolymer concrete specimens and the normal concrete specimens were
compared, and also the geopolymer concrete specimens with different design
parameters were compared one another. The performance was mainly
compared in terms of strength, load-displacement relationship, energy

dissipation, and ductility.

The columns and the beam-column connections in this study were
manufactured in precast concrete (PC) construction. Because the geopolymer
concrete uses activators to induce water and GGBS to react directly, the
workability tends to decrease in a relatively short time after material mixing. In
addition, since a large amount of GGBS is used instead of cement, initial
strength develops slowly. Therefore, the geopolymer concrete is recommended
to be applied to PC, which is advantageous for maintaining workability and for

securing initial strength.

Connection details of PC were covered in the study, which are secondary but
also important. For the columns, the effect of grouted splice sleeve connections
was investigated. For the beam-column connections, the effect of hooked bar

anchorage inside the joint was investigated.
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1.3 Outline of the Master’s Thesis

The outline of the master’s thesis is illustrated in Figure 1-3.

= Material properties of the geopolymer concrete (mix proportion, curing condition)

* Mechanical properties of the geopolymer concrete (f,, 6-¢, E,, € at £, ;. /)

Column Tests

Beam-column Connection Tests

= PC: Grouted splice sleeve connections

= Test parameters : concrete type,
construction method, sleeve size,
reinforcement ratio, transverse rebar
spacing

=  Comparison of seismic performance

PC : Hooked bar anchorage inside the
joint

Test parameters : concrete type,
construction method, hook anchorage
length

Comparison of seismic performance

Figure 1-3 Outline of master’s thesis
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Chapter 2. Literature Review

2.1 Review of Current Design Standard

(a) Modulus of elasticity

The calculation of modulus of elasticity (E.) varies among codes. ASTM
C469 specifies how to calculate modulus of elasticity from concrete cylinder
tests, and the other codes use compressive strength to estimate modulus of
elasticity. The equations of each code for normal weight concrete are

summarized below.

Table 2-1 Code provision for modulus of elasticity of concrete

Building code Modulus of elasticity of concrete, E.
ASTM C469, KS F 2438 Secant stiffness using 40% of peak stress
KDS 14 20 10 :2022 8,500(/‘0’)”3
ACI 318-19 4,700\[];

(b) Compressive strength of concrete in accordance with time

Compressive strength of concrete is affected by time after placing. It is well-
known that as the age of the concrete goes by about until 28 days, the
compressive strength increases. The design codes provide the equations
predicting the development of concrete compressive strength in accordance

with time (. ); as follows.
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Table 2-2 Code provision for compressive strength of concrete in accordance with time

Building code Compressive strength of concrete in accordance with
time, (1)

: 28 ,
KDS 1420 01 :2022 (£)=exp| B, 1—\/; (),

, t ,
ACI 209R-92 V)= o Vo)

Here, ¢ is the age of concrete, (£ ): is concrete compressive strength at age £, (f: )as is 28-
day strength, S, a, and f are cement-type coefficients

(c) Strain at peak stress

Strains at peak stress of concrete (¢,) can affect cracking behavior of concrete
buildings in the serviceability state. The strains at peak stress of concrete are
known to become greater as compressive strength goes high. fib MC 2010
suggests mechanical characteristics of concrete. The equations and the table of

strains at peak stress of concrete are summarized below.

Table 2-3 Proposed equation for strain at peak stress

Study Strain at peak stress, &,
Nicolo and Pozzo (1994) 0.00076+[(0.6267 /" -4.33)x107]"
Tasdemir et al. (1998) [0.067(5, /") +29.9(7, /1 ")+1053] x10°

Here, /" is 1 MPa.
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Table 2-4 Strain at peak stress per fib MC 2010

Characteristic Mean strength, Strain at peak
Concrete grade strength, fox (MPa) fem (MPa) stress, &
C12 12 20 0.0018
Cl6 16 24 0.0019
C20 20 28 0.0021
C25 25 33 0.0022
C30 30 38 0.0023
C35 35 43 0.0023
C40 40 48 0.0024
C45 45 53 0.0024
C50 50 58 0.0025
Cs5 55 63 0.0025
C60 60 68 0.0026
C70 70 78 0.0027
C80 80 88 0.0028
C90 90 98 0.0029
C100 100 108 0.0030

(d) Modulus of rupture

Modulus of rupture of concrete strength (f-), also known as flexural strength,
is a crucial factor for serviceability limit state; cracking, deflection, minimum
flexural reinforcement and so on. In design codes such as ACI 318 and KDS
2022, the use of a minimum modulus of rupture is recommended for
serviceability checks that include deflection and crack control. Hence these

equations highly underestimate the actual modulus of rupture of concrete.

Legeron and Paultre (2000) analyzed 353 experimental data of which
compressive strength ranged 20-130 MPa and proposed relations of modulus of

rupture and compressive strengths. The study reported that the equation of ACI

318 (0.62 \/]; ) is almost a lower bound relation (0.6 ﬁ ). The average relation
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found in the study was 0.94 \/Z which is the same as the equation proposed

by Carrasquillo et al. (1981). The equations of design codes and the equation

proposed by the researchers for normal weight concrete are summarized below.

Table 2-5 Code provision for modulus of rupture

Building code or study Modulus of rupture, f,
KDS 14 20 30 :2022 0.63\[/&
ACI 318-19 0.62\/]?
Carrasquillo et al. (1981) 0.94\/15

(e) Splitting tensile strength

The calculation of splitting tensile strength (f;,) varies among codes. ACI
318-14 does not explicitly denote the equation of splitting tensile strength, but
includes the equation in the commentary as an “assumption”. Unlike other
codes, fib model code 2010 uses characteristic compressive strength (fcx) rather
than compressive strength (f;), which makes it impossible to use concrete
cylinder test. The equations of each code for normal weight concrete are

summarized below.

Table 2-6 Code provision for splitting tensile strength

Building code Criterion Splitting tensile strength, f;,

ACI 318-14 - 0.56\/]5

ACI 363R-92 21<f.'<83 0.59\//?

fib MC 2010 Jx< 50 0.3(fer)*? (1)
Jfer> 50 2.12In(1 + 0.1(fx + 8)) (i1)

10 A & th
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(f) Alternative cements

KDS 14 20 01 :2022 and ACI 318-19 denote that alternative cements which

are not cementitious materials specified in Korean Standard or ASTM standard

can be allowed based upon the results of performance tests. KCS 14 20 10 :2022

also allows to use cements not specified in Korean Standard only if the quality

and the usage are enough defined.

Table 2-7 Code provision for alternative cements

Building
code Content
KDS (1) Cement shall be the same as or equivalent to those prescribed in
142001 KSL 5201, KS L 5205, KS L5210, KS L 5211, KS L 5217, and KS L
12022 5401 of the Korean Industrial Standards.
(4) This criterion may not be applied when designing by special
investigative research. However, when designing according to research
by performance experiments, the design basis considering the
variability of material strengths and the variability of structural resistant
capacities should be specified.
ACI (a) Cementitious materials shall conform to the specifications in Table
318-19  26.4.1.1.1(a) (ASTM standard), except as permitted in 26.4.1.1.1(b).
(b) Alternative cements shall be permitted if approved by the licensed
design professional and the building official. Approval shall be based
upon test data documenting that the proposed concrete mixture made
with the alternative cement meets the performance requirements for the
application including structural, fire, and durability.
KCS (1) Ordinary Portland cement, moderate-heat Portland cement, high-
142010 early-strength Portland cement, low-heat Portland cement, sulfite-
2022 resistant Portland cement suitable for KS L 5201, Portland blast furnace

cement suitable for KS L 5210, fly ash cement suitable for KS L 5211,
and pozzolan cement suitable for KS L 5401 shall be used.

(2) Cements other than (1) should be checked for its quality and its
method of use should be sufficiently reviewed.

11 A
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(g) One-way shear strength

Nominal one-way shear strength at a section (V,) is calculated by the

equation below.

Vy=V.+V, Eq2-1
Af.d
= o Eq2-2
S

Here, V. is a nominal shear strength due to concrete, Vs is a nominal shear
strength due to transverse reinforcement, 4, is an effective area of all bar legs

within spacing s, f;: is a yield strength of a transverse reinforcement.

The calculation of V. varies among codes with the same basic design
equation shared, which is summarized below. In this study, the equation of ACI

318-19 (i) is used to calculated nominal one-way shear strength.

Table 2-8 Code provision for one-way shear strength due to concrete

Building I Nominal shear strength
Criterion
code due to concrete, V.
KDS Under only shear and 1 } .
142022 bending moment 6 g \If”kbwd @
12022 Under axial 1 N, ,
—( 1+ A b,d ii
compression 6 144, o (it)
ACI e N, b d .
318-19 0.17 fC+6A » @)
AVZ Av min £
’ i3 [ Ny 3
0.66.(p, ) "~ If.+ b,d (ii)
w C 6Ag
13 [ N,
Av< Av min |:066j'€j'(p ,) f + ] bwd (]1])
' W ¢ 64,

where N, is axial compression, 4, is gross sectional area, P, is reinforcement ratio, and

As is size effect factor.

12 -':lﬂ--'i "':'l:' L}
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(h) Moment frames

ACI 318-19 denotes the definition of ordinary, intermediate, and special
moment frames. Ordinary moment frames can be used for structures which are
not resisting strong ground motion. ACI 318-19 18.3 should be satisfied.
Intermediate moment frames can resist moderately strong ground motion. ACI
318-19 18.4 should be satisfied. Special moment frames can resist string ground
motion. ACI 318-19 18.6 through 18.9 should be satisfied. In order of special,
intermediate and ordinary, more requirements in reinforcement detailing are
needed for the design of the moment frame, and better deformation capacity is

expected.

ACI 352R-02 uses the terms such as type 1 connections and type 2
connections. Type 1 connections mean frame members with limited ductility,
which are equal to ordinary moment frames. Type 2 connections mean frame
members with large ductility, which are equal to intermediate or special

moment frames.

(i) Hooked bars terminated in a joint

ACI 318-19, KDS 14 20 80 :2022 and ACI 352R-02 denote that hooked bars
terminated in a joint should extend far to the opposite face of the joint. This is
to help a diagonal compression strut inside the joint to form well. Especially,
ACI 352R-02 recommends that hooks should extend so that distance between

far face of joint hoops and the hook is less than 50 mm.

13 -'Jx'i £ ;.*._1.:5
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2 in, (50 mm) max

— e e -
_A' 1
|_7 |
fa ’
[A— ‘
—] | 1
1
/u: ——>» :
a ————> T |
4 i
.. lh—| —> H
oint L <« !
oops ! \ !
\ 1

Diagonal compression strut
(a) Hook extension (b) Diagonal compression strut

Figure 2-1 Hook extension and resulting diagonal compression strut

(j) Development length of beam reinforcement in beam-column joint

The calculation of development length of hooked bars (/) varies among
codes. The basic equations of each code without modification factors are

summarized below.

All the codes denote that the development length should be greater than 8d,
and 150 mm. Except ACI 318-19 (a, b) and ACI 352R-02 (b), the equations of
the codes yield the same value (1/4.2 = 0.24). In the study, the equation of ACI
352R-02 (i) which yields the same value as ACI 318-14 and KDS 14 20

52 :2022 was used to calculated the development length of hooked bars.

14 ’J‘_E _u;:_1._!5 =]
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Table 2-9 Code provisions for basic development length of hooked bars

Building Criterion Development length of hooked Critical
code bars, i section
KDS 14 0.24d,f
20 52 - 3 Column face
:2022 Jek
_ foanr)
ACIlj 18 - L ld, Column face
\J/
Ordinary S,
moment 42 \/; Column face (i)
ACI ﬁame§ e ‘
352R-02 Intermed'late af dy Outs1de' efige
or special 4 of the joint (ii)
moment 6.2 \/Z transverse
frames reinforcement
Ordinary or
i f;
Intermediate y di's Column face (i)
moment .
ACI 318- frames 23\[2
1 -
? Special fydp OUtSIde. e.dge
of the joint ..
moment . (i1)
transverse
frames 5-4\/2 .
reinforcement

Here, a (> 1.25) is the stress multiplier.

(k) Beam reinforcements passing through a joint

ACI 318-19, KDS 14 20 80 :2022, and ACI 352R-02 specify that when
reinforcements of a beam pass through a joint, the beam reinforcements inside
the joint can slip under cyclic loading. To reduce bond stresses and prevent bar
slip, codes specify the minimum column depth in terms of the bar diameter,

which are summarized below.

15 -':l'\._g "'::' 1.!.
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Table 2-10 Code provisions for column-depth-to-bar-diameter ratio

Building code Criterion heldy
KDS 14 20 80 J, =400 MPa >20 (i)
12022 /,>400 MPa >25 (ii)
/, <420 MPa >20 (i)
ACI 318-19

420 MPa < f, <550 MPa >26 (ii)

ACI 352R-02 - >20 fi

— 420

Here, . is column depth

(1) Joint shear strength

Codes specify nominal joint shear strengths by different equations. The

nominal joint shear strengths of beam-column connections with two opposite

beams and a continuous column are summarized below. In this study, the

equation of ACI 352R-02 (ii) was used.

Table 2-11 Code provisions for joint shear strength

Nominal joint shear strength, ¥, =Cx \/Z bih,
Building code Criterion C
KDS 14 20 80 :2022 - 1.25
Ordinary moment frame 1.7 (1)
ACI318-19 Intermediate or special ..
1.2 (i1)
moment frame
Ordinary moment frame 1.66 @)
ACI 352R-02 i i

CI 352R-0 Intermediate or special 1045 (ii)

moment frame

Here, the beam-column connection is assumed to have two opposite beams and a

continuous column. b; is effective joint width, %, is column depth.

16 A
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And also, the definition of effective joint width (b)) is varied among the codes.
Nevertheless, the resulting values calculated by the different codes are similar.

In this study, ACI 352R-02 was used to calculated nominal joint shear strength.

he Column—,

e Effective joint
Effective joint area, A;—
he/2 ! 77\ | width = lesser of
~Im Reinforcement - Eg : gl)a l
el R generating /7

shear —

g
i
i

xf

Direction of \
Loading bj {

\ h = Joint depth in

70

..

i . ) plane parallel to
<Front view> ~hm <Top view> reinforcement
generating shear
(a) ACI 352R-02 (b) ACI 318-19

Figure 2-2 Effective joint width

Table 2-12 Code provisions for effective joint width

Building code Criterion b;
+

KDS 14 20 80 :2022, minimum of bthe

ACI 318-19 . by+2x
be

b, +b,
2

ACI 352R-02 minimum of by + 5 mh,
2

be

Here, b, is beam width, b. is column width, /. is column depth, x and m are illustrated

in Figure 2-2.

(m) Seismic performance evaluation by ACI 374.1-05

ACI 374.1-05 denotes acceptance criteria to evaluate high seismic

performance of moment frames not satisfying requirements of ACI 318 for

17 . Jﬂ E 1_'_” l-fs]r
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special moment frames. ACI 318 also states that moment frames satisfying all
the acceptance criteria of ACI 374.1 can be deemed as special moment frames

(for moment frames, refer to 2.1 (h)).

The acceptance criterion (a) is to ensure providing adequate initial stiffnesses,
the acceptance criterion (b) to ensure following strong-column-weak-beam
concept, the acceptance criterion (¢) to ensure limiting the level of strength
degradation, the acceptance criterion (d) to ensure adequate damping for the
frame as a whole, and the acceptance criterion (¢) to ensure no significant

pinching effect.

The acceptance criteria defined in ACI 374.1-05 are as follows.

(a) The test module shall have attained a lateral resistance equal to or
greater than the nominal strength (£,) before its drift ratio exceeds
the value consistent with the allowable story drift limitation (4,) of

ASCE/SEI 7-10.

(b) The maximum lateral resistance (Euq) recorded in the test shall
have not exceeded AE,, where A (=2 M, commn! 2 /My peam) is the

specified overstrength factor for the test column.

(c) At the third cycle of 3.5% drift ratio, peak force for a given loading
direction shall have been not less than 0.75E ... for the same loading

direction.

(d) At the third cycle of 3.5% drift ratio, the relative energy dissipation

18 A 2 TH
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Lateral force or Moment

A
Epacf=----227 4

max

E,

max |~ ==~/

0.75

Story

o
3.5% Drift ratio

Drift for limiting
stiffness of building code (4,)

(a) Quantities used in evaluating
acceptance criteria

ratio shall have been not less than 1/8.

(e) Atthe third cycle of 3.5% drift ratio, the secant stiffness from a drift
ratio of —0.35% to a drift ratio of +0.35% shall have been not less

than 0.05 times the stiffness for the initial drift ratio.

Figure 2-3 Acceptance criteria of ACI 374.1-05

Lateral force or Moment

1,max.

Story

II 90,
3.5% Drift ratio

Initial stiffness K ' Ez‘mux

(b) Relative energy dissipation ratio

(n) Seismic performance evaluation by AlJ 2002 Guidelines

“Guidelines for Structural Design of Precast Concrete Connection Emulating

Cast-in-place Reinforced Concrete (2002)” of Architectural Institute of Japan

specifies structural performance goals so that PC structure can ensure the

performance of RC structure.

Especially, AIJ 2002 Guidelines suggests structural performance goals of

members on ultimate limit state under earthquake load. Part of structural

performance goals are summarized as follows.

PC members whose connection is in a plastic hinge region when PC

19
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structural system reaches ultimate limit state shall meet the following

performance.

(a) The flexural yield strength of the PC member shall exceed the flexural

yield strength of the RC member.

(b) The strength of the PC member shall exceed the strength of the RC

member.

(c) For PC members with beam-column joints, the strength at 2% drift

ratio shall exceed 80% of the peak strength.

(d) The difference between the flexural yield deformation of the PC
member and the flexural yield deformation of the RC member shall

be not more than 20%.

(e) For PC members with beam-column joints, at the 2™ cycle of 2% drift
ratio, the energy dissipation of the PC member shall exceed 80% of

the energy dissipation of the RC member.

Lateral force Lateral force

or Moment or Moment
e eay—-- 100%

---80%

\
\
\
\
\
=\

/ . Perd o
i / 2.0% Story ) P27 2.0% Story
Drift ratio /] ~ - Drift ratio
7=~ -
(a) Strength degradation (b) Energy dissipation

Figure 2-4 Acceptance criteria of AIJ 2002 Guidelines
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2.2 Geopolymer Concrete

2.2.1 Material performance

(a) Diaz-Loyaet al. (2011)

Diaz-Loya et al. investigated the relationship between mechanical properties
and compressive strengths of geopolymer concrete and found out that flexural
strengths and modulus of elasticity of geopolymer concrete had the same
tendency as that of ordinary Portland cement concrete. The binder material was
fly ash with various samples of chemical composition. The activator was a
mixture of 14 M sodium hydroxide (NaOH) solution and sodium silicate

(Na»Si03). The activator-solution-to-binder ratio was ranged from 40 to 98%.

(b) Amran et al. (2020)

Amran et al. broadly reviewed studies on mechanical properties of
geopolymer concrete. The splitting tensile strength of geopolymer concrete
could be 30% more than that of normal concrete. The flexural strength of
geopolymer concrete could increase 25% compared with normal concrete
depending on binder materials, but on the other hand, could decrease by using
a less amount of activator. The modulus of elasticity could increase or decrease
depending on an amount of activator. The stress-strain behavior of geopolymer

concrete was similar to or more brittle than that of normal concrete.
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(c) Hutagi et al. (2020)

Hutagi et al. conducted cyclic compressive loading tests of geopolymer
concrete cylinders and concluded that the cyclic behavior of geopolymer
concrete agreed well with the monotonic behavior. The envelop curves of the
cyclic compressive loading tests were compared with the stress-strain curves of
the monotonic compressive tests. The binder materials of geopolymer concrete
were fly ash and GGBS, and the activator was a mixture of NaOH and Na,SiOs.
The activator-solution-to-binder ratio was either of 30% (f. =60 MPa), 35%

(f.'=50 MPa), and 40% (f.'=40 MPa).

2.2.2 Structural performance (cyclic loading tests)

Among not many studies on the structural performance of geopolymer
concrete members, only few studies of them have reported the seismic
performance by cyclic loading tests. The studies were about beam-column

connections, and no study was found on the cyclic loading tests of columns.

The results of the studies varied in terms of seismic performance. Some study
(Ngo et al., 2021) reported that the geopolymer concrete specimens showed
inferior seismic performance to the normal concrete specimens. On the other
hand, some studies (Raj et al., 2016; Saranya et al., 2021) reported that the
geopolymer concrete specimens showed equivalent or better seismic

performance.

The studies adopted various properties of materials including types of binder

materials and the amount of the activator solution. The literature on cyclic

3] 3 =77
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loading tests of geopolymer concrete members was summarized in Table 2-13

and explained one by one below.

Table 2-13 Previous studies on cyclic loading tests for geopolymer concrete element

Material
Alkaline A/B
Study Binder  activator ratio?  Element Result?
Ngo GGBS?,  NaOH, 60% Beam- - Similar (monolithic)
et al. Fly Ash  NaySiOs3 column - Inferior (PC)
(2021) connection
Raj Fly ash NaOH, 35% Beam- - Equivalent or better
et al. Na,SiOs3 column (monolithic)
(2016) connection - Equivalent or better
(SFRC?Y)
Saranya  GGBS, NaOH, 60% Beam- - Better (monolithic)
et al. Dolomite  NaySiOs3 column
(2021) connection
Mao et Slag, NaOH, 38- Beam- - Inferior (monolithic)
al. Flyash  Na;SiO;,  50% column
(2022) Na,COs connection

1) A/B ratio : activator-to-binder ratio

2) Compared to ordinary Portland cement specimen
3) GGBS : ground granulated blast-furnace slag

4) SFRC : steel fiber reinforced concrete

(a) Ngo et al. (2021)

Ngo et al. conducted cyclic loading tests of 4 beam-column connection
specimens including 1 monolithic specimen with geopolymer concrete, 1 PC
specimen with geopolymer concrete, 1 monolithic specimen with ordinary
portland concrete, and 1 PC specimen with ordinary portland concrete. The
binder materials of the geopolymer concrete were 2:3 ratio of GGBS and low
calcium fly ash, and the activator was a mixture of 12 M sodium hydroxide

(NaOH) and D-grade sodium silicate (Na»SiOs;) solution. The activator-
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solution-to-binder ratio was 60%.

While the tests of the monolithic specimens either with the geopolymer
concrete or ordinary portland concrete yielded similar results, the test result of
the PC specimen with the geopolymer concrete was inferior to that of the
ordinary portland concrete specimen. The PC specimen with the geopolymer
concrete showed brittle failure behavior, the ductility of which was 42.8%
lower than that of the ordinary portland concrete specimen. Nevertheless, the
monolithic specimen with the geopolymer concrete showed equivalent
performance to the ordinary portland concrete specimen in terms of strength,
load-displacement relationship, energy dissipation, and ductility. And also, the
crack patterns of both ordinary portland concrete and the geopolymer concrete

specimens were similar regardless of construction methods.
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Figure 2-5 Load-displacement relationships in Ngo et al. (2021)

(b) Raj et al. (2016)

Raj et al. conducted cyclic loading tests of 4 beam-column connection
specimens including 2 geopolymer concrete specimens (plain or steel fiber
reinforced) and 2 conventional concrete specimens (plain or steel fiber
reinforced). The binder material of geopolymer concrete was low calcium fly
ash (Class F), and the activator was a mixture of sodium silicate (Na,SiO3)
solution and sodium hydroxide (NaOH) solution. The activator-solution-to-

binder ratio was 35%.

The results of the geopolymer concrete specimens were equivalent to or

better than those of the plain conventional concrete specimens in both plain and

25 2 X 2-tf gl

e



Chapter 2. Literature Review

steel fiber reinforced concrete specimens. The specimens showed similar
performance in terms of strength, load-displacement relationship, energy
dissipation, deformation capacity, stiffness and etc. In Figure 2-6, GBJ and CCJ
are the plain concrete specimens with the geopolymer concrete and
conventional concrete respectively. SFRGBJ and SFRCCIJ are the steel fiber
reinforced concrete specimen with the geopolymer concrete and conventional

concrete, respectively.
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Figure 2-6 Load-displacement relationships in Raj et al. (2016)

(c) Saranya et al. (2021)

Saranya et al. conducted cyclic loading tests of 5 beam-column connection
specimens including 1 geopolymer concrete, 1 cement concrete, and 3 steel
fiber reinforced geopolymer concrete specimens. The binder materials of the

geopolymer concrete were GGBS and dolomite with 7:3 ratio, and the activator
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was a mixture of sodium silicate (Na,SiO3) and sodium hydroxide (NaOH). The

activator-solution-to-binder ratio was 60%.

The results of the geopolymer concrete specimen were better than those of
the cement concrete specimen. The geopolymer concrete specimen showed
better performance in terms of load-displacement relationship, energy
dissipation, ductility, and toughness. In Figure 2-7, OPC 0 is the cement
concrete specimen, GPC is the geopolymer specimen, and SFGPC 0.25,
SFGPC 0.5, and SFGPC 0.75 are the geopolymer specimens with 0.25%, 0.5%

0.75% steel fibers, respectively.

Load (kN)

10 20 30 40

Deflection (mm)

—#—0PC 0
—+—GPCO
—4— SFGPC 0.25
SFGPC 0.5
—e—SFGPC 0.75

Figure 2-7 Envelop curves in Saranya et al. (2021)

(d) Mao et al. (2022).

Mao et al. conducted cyclic loading tests of 11 beam-column connection
specimens including 8 geopolymer concrete and 3 normal concrete specimens.

The binder materials of the geopolymer concrete were slag and fly ash, and the
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activator was a mixture of Na>SiOs, NaOH and Na,COs. The activator-solution-

to-binder ratio was 38-50%.

The results of the geopolymer concrete specimen were inferior to those of
the normal concrete specimens. The geopolymer concrete specimens showed
lower stiffness, lower ductility, early strength degradation, higher stiffness
degradation rate, and lower energy dissipation capacity than the normal
concrete specimens. The authors explained that the geopolymer concrete used
was more brittle than the normal concrete and it developed micro-cracks in the

specimens.
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Figure 2-8 Envelop curves in Mao et al. (2022)
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2.2.3 Field applications (structural uses)

(a) Precast bridge decks (Aldred and Day, 2012)

Geopolymer concrete has been used as precast bridge decks for constructing
the bridge. In 2009, the Murraire Plane site bridge in Australia was constructed
by using precast bridge decks made from geopolymer concrete. The bridge
decks were prefabricated at the factory and installed on site. Another example
is the Bundaleer Road Bridge in Australia, constructed in 2012. This bridge also

used geopolymer concrete in constructing precast bridge decks.

Figure 2-9 (a) The Murrarie Plane site bridge and (b) the Bundaleer Road bridge

(b) A small building (Sirividya et al., 2022)

Geopolymer concrete has been used in constructing a small building. The

small building in India was constructed using geopolymer concrete
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(a) Geopolymer concrete building, India (b) he lobal Change Institute, Australia
Figure 2-10 Geopolymer concrete buildings

(c) Precast beams of a multi-story building (Aldred and Day, 2012)

The Global Change Institute in Australia was investigated to be the first and
only multi-story building which used geopolymer concrete as a structural
material. Here, geopolymer concrete was used in constructing precast beams,
whose span was 10.8 m in maximum. The building, constructed in 2013, has 4

stories and used 33 precast beams using geopolymer concrete.

(d) Footbridge (Concrete products, 2022)

Geopolymer concrete with fiber-reinforced polymer rebars was used to
construct footbridges in Geelong, Australia. The engineers used carbon fiber-
reinforced polymer for tension and glass fiber reinforced polymer for

compression.
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Figure 2-11 Geopolymer concrete footbridge
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2.3 Grouted Splice Sleeve Connections

The cyclic loading tests of columns or beam-column connections with
grouted splice sleeve connections showed various results on seismic
performance. Some studies (Lu atel., 2017; Liu et al., 2016) reported equivalent
or even superb seismic performance of the PC specimens to the monolithic
specimen. On the other hand, some study (Ameli et al., 2015) reported inferior
seismic performance of the PC specimens to the monolithic specimen. The
relative compressive strength of grout to concrete used in the test specimens

varied.

The locations of cracking were also variously reported. Some studies (Ameli
et al., 2015; Liu et al., 2016) reported the cracks were concentrated on the
interface between members. On the other hand, some study (Lu at el., 2017)
reported the cracks occurred above the sleeves. The literature as to grouted
splice sleeve connections were summarized as follows, which cover the

invention (a), cyclic loading tests (b, c, d), the effect of grouting defects (e).

(a) Lin and Wu (2016)

Lin et al. summarize the invention of and the research work on splice sleeves.
The authors state that splice sleeves were first invented in the 1970s to provide
structural integrity between PC members. The fashion of splice sleeves was the
same as today, which is to splice reinforcements of two different PC members
by injecting non-shrinkage grout into the splice sleeve. The authors also

mention that few researches have conducted cyclic loading tests for the seismic
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performance of grouted splice sleeve connections.

(b) Luatel. (2017)

Lu at el. conducted cyclic loading tests of 4 PC columns with sleeve

connections and 2 monolithic columns. The column section was 500 mm width

x 500 mm height, the loading height was 1150 mm, no axial compression was

loaded on the top of the column. The average compressive strength of grout

used in the test specimens was 144% higher than the average compressive

strength of concrete (124 MPa for grout and 50.9 MPa for concrete).

The failure modes and the load-displacement relationship were equivalent

between the PC and the monolithic specimens. The energy dissipation and

ductility of the PC specimens were better than those of the monolithic

specimens.
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Interconnected
crack

]

Casl-in-silu
column

(a) Crack of monolithic
specimen
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Horizontal force
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(c) Transfer of plastic hinge
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Figure 2-12 Different crack patterns of column specimens in Lu et al. (2017)
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The location of cracks was different. Whereas the cracks of the monolithic
specimens formed at the bottom of the column, the cracks of the PC specimens
formed above the sleeves. The plastic hinge region moved upward due to the

high strengths of the splice sleeves and the grout.

(c) Ameli et al. (2015)

Ameli et al. conducted cyclic loading tests of 2 PC column-to-cap beam
joints with grouted splice sleeve connections and 1 monolithic column-to-cap
beam joints. One of the PC specimens located the splice sleeves in the column,
and the other PC specimen located the splice sleeves in the beam right under
the column face. The column section was an octagonal shape with 533 mm
width, the loading height was 2100 mm, the axial compression of 6% of the
column crushing strength was loaded on the top of the column. The average
compressive strength of grout used in the test specimens was 95% higher than
the average compressive strength of concrete (81.3 MPa for grout and 41.6 MPa

for concrete).

Fastened and grouted splice sleeve

FGSS-1 FGSS-2 CIP

Figure 2-13 Test specimens of Ameli et al. (2015)
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The load-displacement relationship and the ductility were superb in order of
the monolithic specimen, the PC specimen with the sleeves in the beam, and
the PC specimen with the sleeves in the column. In case of the PC specimen

with the sleeves in the column, the damage was concentrated in the local region.

(d) Liu et al. (2016)

Liu et al. conducted cyclic loading tests of 2 PC beam-column connections
with sleeve connections and 2 monolithic beam-column connections. The
column section was 300 mm width x 300 mm height, and the beam section was
200 mm width x 300 mm height. The total height of the column was 2000 mm,
the total length of the beam was 2300 mm. The axial compression of 30-40%
of the column crushing strength was loaded on the top of the column. The 7"
day and 28" day compressive strength of grout used in the test specimens (88.4
MPa and 100 MPa, respectively) was 185% and 223% higher than the

compressive strength of concrete (31 MPa).

The PC specimens and the monolithic specimens showed the equivalent
seismic performance in terms of load-displacement relationship, deformation
capacity, and energy dissipation. However, the crack patterns were different
between the PC specimens and the monolithic specimens. The cracks of the PC
specimens were concentrated in the interface between the beam and the joint,

while the cracks of the monolithic specimens were distributed along the beam.
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iz
Grouting

Crack coupler
distribution
v Crack
distribution
- - | -
(a) Monolithic specimen (b) Precast concrete specimen

Figure 2-14 Different crack patterns of beam-column connection specimens in Lui et

al. (2016)

(e) Xieetal. (2022)

Xie et al. investigated the effect of grouting defects by conducting cyclic
loading tests of 5 PC column specimen with grouted splice sleeve connections;
1 without grouting defects, 2 with 45% and 60% grouting defects, and 2 with

45% and 60% grouting defects which were repaired.

The column section was 550 mm width x 550 mm height, the loading height
was 2000 mm, and the axial compression of 25% of the column compressive
strength was loaded on the top of the column. The average compressive strength
of grout used in the test specimens was 105% higher than the average

compressive strength of concrete (89 MPa for grout and 43.5 MPa for concrete).

The authors reported that the specimens with grouting defects showed two

characters compared to the specimen without grouting defects. One was the bar
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slip which occurred at the interface between the sleeves and the grout. As the
gap opening was widened during cyclic loading, the rocking phenomenon was
observed. The other was the pinching effect of the hysteresis curve. In the
unloading phase, the hysteresis curves of the specimens with grouting defects
were convex in the positive loading and concave in the negative loading, while
that of the specimen without grouting defect was vice-versa. PC1-0 in Figure
2-13 is the specimen without grouting defect, and the PC2-45 is the specimen

with 45% grouting defect.

The seismic performance of the specimens with grouting defect were inferior
to that of the specimens without grouting defect. They showed lower strength,

energy dissipation, and deformation capacity.
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(a) Bar slip (b) Pinching effect

Figure 2-15 Characters of grouting defect in Xie et al. (2022)
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2.4 Hooked Bars Terminated in Joint

Even though design codes denote that hooked bars should extend far to the
opposite face of the joint, no study was found on the effect of overlap lengths
of hooked bars terminated in a joint. Instead, proposed nominal strength models
of exterior beam-column joints include the contribution of hooked bars
terminated in a joint. Among 3 studies summarized below, 2 studies (Hwang
and Lee, 1999; Pauletta et al., 2015) consider the point where the hooked bar is
terminated to affect the nominal joint strength, and the other study (Park and

Mosalam, 2012) implicitly assumes the hooked bar must extend to the far end.
(a) Hwang and Lee (1999)

Hwang and Lee proposed the softened strut-and-tie model to estimate
nominal strengths of exterior joints. The model includes the contribution of
diagonal strut, horizontal tie, and intermediate column reinforcements. Here,
the angles of the struts are determined by the point where the hooked bar is
terminated. The angles of the struts highly affect the nominal strength of the
exterior joint; for example, the contribution of diagonal mechanism is

calculated by Vi, gi,e=Dcos6. Therefore, the point where the hooked bar is

terminated affects the nominal strength of the joint.
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Figure 2-16 Softened strut-and-tie model of Hwang and Lee (1999)

(b) Park and Mosalam (2012)

Park and Mosalam proposed the assumed SAT model to estimate nominal
strengths of exterior joints without joint transverse reinforcements. The model
includes the contribution of two inclined struts in the joint, where one strut is
caused by hook anchorage and the other strut by bond resistance. Here, the
angles of the struts are not affected by where the hooked bar is terminated, but
by the height of the column section. This means the assumption is behind the

model that the hooked bar terminated in the joint must extend to the far end.
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(c) Pauletta et al. (2015)

Pauletta et al. proposed the new strut-and-tie mechanism which mixed the
model of Hwang and Lee (1999) and that of Park and Mosalam (2012). The
model includes the contribution of two inclined struts, horizontal hoops, and
intermediate column reinforcements. Here, the angles of the struts are

determined by the point where the hooked bar is terminated.
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(a) The two inclined struts {b) Truss mechanism

Figure 2-18 Strut-and-tie model of Pauletta et al. (2015)
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Chapter 3. Material Performance of Geopolymer
Concrete

3.1 Introduction

Geopolymer concrete has a large range of variations on materials and mix
proportions. Depending on constituent materials and mix proportions of
geopolymer concrete, the material performance can vary. Therefore, it is
essential to quantify the material performance of the specific material used in

this study.

In this chapter, material performance of the geopolymer concrete was
investigated. The tests were conducted to investigate mechanical properties of
the geopolymer concrete, including compressive strength, stress-strain curve,
modulus of elasticity, strains at peak stress, modulus of rupture (i.e. flexural

strength), and splitting tensile strength.

In each test, the standard-cured group and the ambient-cured group were
tested. The standard-cured group was used to investigate the exact material
performance of the geopolymer concrete, including the size effect. The
ambient-cured group made during the structural tests was used to compare the
material performance between the geopolymer concrete and the normal

concrete.
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3.2 Mixing and Curing

3.2.1 Mix proportion

Table 3-1 Mix proportion of geopolymer concrete and normal concrete

Material Geopolymer concrete Normal concrete
) Cement - (0%)V 305 (70%)
Binder
GGBS? 500 (100%) 130 (30%)
Allfahne Ca—type' ) 124.8 )
activator composites
A/B ratio? 25% -
Water 129 165
Sand 759 805
Coarse aggregate 862 978
Agents 11.4 4
Unit : kg/m?

1) Proportion among binder

2) GGBS : ground granulated blast-furnace slag

3) Ca-type composites: calcium-type-material-based activator
4) A/B ratio : activator-to-binder ratio

Table 3-1 shows mix proportion of the geopolymer concrete and the normal
concrete used in this study. In the geopolymer concrete, instead of using cement,
100% GGBS was used as a binder material. As an alkaline activator, Ca-type
composites were used, where the activator-to-binder ratio was 25%. In normal

concrete, 70% cement and 30% GGBS were used as binder materials.

3.2.2 Curing condition

The geopolymer concrete was steam-cured. Being cured at the level of 20°C

for 2-3 hours as a preconditioning time, the temperature increased from 20°C
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to 35°C for 2 hours of heating time. Then, the temperature was maintained at
35°C for 8 hours. being ended by lowering temperature from 35°C to 20°C for

2 hours.

In the case of normal concrete, the same procedure of steam curing was
conducted except the time and the temperature at the peak temperature. The

peak temperature was maintained at 50-60°C for 6 hours.
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3.3 Test Results of Material Performance

3.3.1 Compressive strength

Preparation of concrete cylinders followed KS F 2403, and compressive
strength (f.)) tests followed KS F 2405. A total of 108 geopolymer and 15
normal concrete cylinders were manufactured and steam-cured for 8 hours and
6 hours, respectively. After then, curing condition varied; standard condition
for exact material performance of the geopolymer concrete and ambient
condition for structural test. The ambient-cured specimens, in this section, were
used for relative comparison between the geopolymer concrete and the normal

concrete. The test setting is shown in Figure 3-1.

50 geopolymer concrete cylinders were cured in standard condition in a
steady-temperature-and-humidity chamber (20°C, 60-70% RH) to measure

their strength in accordance with ages. The standard-cured cylinders consisted
of 35 ¥100x200 mm cylinders and 15 ©@150x300 mm cylinders to find out the

difference due to the size of the cylinder.

58 geopolymer and 15 normal concrete cylinders were cured in ambient
condition and tested on the main testing date. In the case of cylinders without

mention of sizes, they were made in a size of #100x200 mm.

3] 3 =77
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Compressive strength,

f.” [MPa]
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Figure 3-1 Setting of compressive strength test of concrete cylinder
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Figure 3-2 Compressive strength of geopolymer concrete cylinder
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Figure 3-2 (a) shows the compressive strengths of the geopolymer concrete
in accordance with ages which were cured in standard condition after 8 hours
of steam curing. 5 cylinders were tested for each age. The average compressive
strengths of ¥100x200 mm cylinders of day 1, 3, 5, 6, 7, 14, and 28 were 21.6,
36.1, 44.2, 48.2, 50.5, 58.0, and 64.2 MPa, respectively. The average
compressive strengths of @150%300 mm cylinders of day 7, 14, and 28 were
52.4,59.2, and 65.4 MPa, respectively, which were only 2-4% different from
those of @100x200 mm cylinders.

Figure 3-2 (b) shows the compressive strengths of the geopolymer and
normal concrete in accordance with ages which were cured in ambient
condition together with the main test specimens after 8 or 6 hours of steam
curing. The average compressive strengths of the geopolymer concrete
cylinders of day 5, 6, and after day 28 were 46.6, 45.0, and 63.1 MPa,
respectively. The average compressive strength of normal concrete cylinders of
day 6 and after day 28 were 48.9 and 59.9 MPa, which was only 5% different

from those of the geopolymer concrete cylinders.

Figure 3-2 compares the test strengths of the concrete cylinders with the
equation predicting the strength of concrete in accordance with age (refer to 2.1
(b)). The results show that the concrete cylinders regardless of concrete types
well-follow the prediction of strength development. Here, the cement type 1

and moist curing condition are assumed (B, = 3.5, a = 4.0, = 0.85).
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3.3.2 Stress-strain curve

Figure 3-3 illustrates stress-strain curves of standard-cured geopolymer
concrete with different sizes and ages. In ages of 7, 14, and 28, the graph
includes 4 ¥100%200 mm cylinders and 4 @150x300 mm cylinders. The stress-
strain curves of ¥100%200 mm cylinders were similar to the stress-strain curves

of @150%300 mm cylinders regardless of ages.

80 80 80
(a) Day 7 (b) Day 14 (c) Day 28
—, 60 - 60 - 60 -
<
a
2,
2 40 A 40 40 -
2
A
20 - 20 - 20 -
— ©100%200 — ©0100x200 — ©100x200
150300 0150x300 ©9150%300
0 T 0 T 0 T
0 0.002 0.004 0 0.002 0.004 0 0.002 0.004
Strain [mm/mm] Strain [mm/mm] Strain [mm/mm]

Figure 3-3 Stress-strain curves of standard-cured geopolymer concrete

Figure 3-4 compares stress-strain curves of ambient-cured geopolymer
concrete with normal concrete. The graph includes 8 geopolymer concrete
cylinders and 4 normal concrete cylinders with almost the same compressive
strengths. The stress-strain curves of the geopolymer concrete cylinders showed
little difference from the stress-strain curves of the normal concrete cylinders.
This implies that the geopolymer concrete may be designed by the same

concepts as cementitious concrete.
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60

wv
o
1

o
o
1

Stress [MPa]
s

20 -
10 4 — Normal
Geopolymer
O T T T
0 0.001 0.002 0.003 0.004

Strain [mm/mm)]

Figure 3-4 Stress-strain curves of ambient-cured geopolymer concrete

3.3.3 Modulus of elasticity

Figure 3-3 shows modulus of elasticity (£.) of the geopolymer concrete from
the previous compressive strength tests except day 1-6 standard-cured
?100%x200 mm cylinders. Modulus of elasticity was calculated by secant
stiffness using 40% of maximum strength according to KS F 2438 and ASTM

C4609. 2 curves based on the current design codes were drawn together (refer

to 2.1 (a)).
50 50
= E _ E. _
5 40-(-- - 40-(--
E ﬂ‘f 30 A @9 30 A
5 C
9 & 20 A 20 A
2R O ($100x200 O Geopolymer concrete
3 A $150x300 A Normal concrete
s 107 —KDS 10 1 —KDS
---ACl 318 ---ACl 318
0 T T T 0 T T T
0 20 40 60 80 0 20 40 60 80
Compressive strength, f.’ [MPa] Compressive strength, f.’ [MPa]
(a) Standard-cured (b) Ambient-cured

Figure 3-5 Modulus of elasticity of geopolymer concrete cylinder
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Figure 3-3 (a) shows the modulus of elasticity of the geopolymer concrete
with compressive strength which was cured in standard condition after 8 hours
of steam curing. The modulus of elasticity of the standard-cured geopolymer
concrete was 26.8 GPa (@ 100200 mm) and 30.7 GPa (@ 150300 mm) in
average. The ratio of tested modulus of elasticity to KDS (£ s/ Ec.xps) was 81%
(© 100x200 mm) and 88% (Q 150%x300 mm) in average. As to ACI 318, the
ratio (E;esd Ec.acr) was 74% (@ 100x200 mm) and 81% (@ 150300 mm) in

average.

Figure 3-3 (b) shows the modulus of elasticity of the geopolymer and normal
concrete with compressive strength which was cured in ambient condition
together with the main test specimens after 8 hours of steam curing. The ratio
of tested modulus of elasticity to KDS (£ s/ Ec.xps) was 91% (geopolymer) and
96% (normal). As to ACI 318, the ratio (E¢ esi/Ecacr) was 85% (geopolymer)
and 88% (normal). Regardless of the concrete type, tested modulus of elasticity

was lower than the equations of the design codes.

In Figure 3-3, the modulus of elasticity of both the geopolymer concrete and
the normal concrete was 4-26% lower than the design codes. This low modulus
of elasticity seems to be caused by the process of manufacturing concrete
cylinders, not by material properties. This is supported by the low modulus of
elasticity regardless of concrete type shown in Figure 3-3 (b). When modulus

of elasticity is low, stiffness may become low and deflection may become large.

3.3.4 Strain at peak stress

Figure 3-6 and 3-7 shows strains at peak stress (&) of the geopolymer
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concrete from the previous compressive strength tests. Excluded were 1-6 days
standard-cured ©¥100%x200 mm geopolymer cylinders. Figure 3-6 presents

average strains at peak stress of each age.

(a) Standard-cured (b)Ambient-cured
4 0005 | A B Day7 O Day14 ODay28 0.005 _.fc [ Day5,6 ODay after 28
3 :
5 — 3 max. g
% g 0.004 - 0 X 0.004 0
-:% é . o Q 99_3.4_0 0.00285 0.00283
8 £ 0003 q... m el I 0400279 0.003 A 0.00260 0.00237]
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S 720002 A 0.002 -
—_ W
£ 0001 - 0.001 1
wn
0.000 T 0 T
©100 @150 Geopolymer Normal
Cylinder size Concrete type
(a) Standard-cured (b) Ambient-cured

Figure 3-6 Strain at peak stress of geopolymer concrete cylinder - 1

Figure 3-6 (a) shows the strains at peak stress of the geopolymer concrete
with the change of age which was cured in standard condition after 8 hours of
steam curing. The average strains at peak stress of ¥100%200 mm cylinders of
day 7, 14, and 28 were 0.00331 (f; we=50.5 MPa), 0.00306 (f; w¢=58.0 MPa),
and 0.00339 (f; .,c=64.2 MPa), respectively. The average strains at peak stress
of @150%x300 mm cylinders of day 7, 14, and 28 were 0.00340 (f. xc=52.4 MPa),
0.00280 (f- g=59.2 MPa), and 0.00279 (f; ..=65.4 MPa), respectively. The
average strains at peak stress of ¥150%300 mm cylinders were 82-103% of
those of ¥#3100x200 mm cylinders. The strains at peak stress ranged from

0.00279 to 0.00340 (f; we=50.5-65.4 MPa).

Figure 3-6 (b) shows the strains at peak stress of the geopolymer and normal

concrete with the change of age which was cured in ambient condition together
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with the main test specimens after 8 or 6 hours of steam curing. The average
strains at peak stress of the geopolymer concrete cylinders were 0.00285 (f.. 4=
45.8 MPa on day 5,6) and 0.00260 (f; we= 63.1 MPa on day after 28). The
average strains at peak stress of normal concrete cylinders were 0.00283 (f; we=
48.9 MPa on day 5,6) and 0.00237 (f; we= 59.9 MPa on day after 28). The

difference between concrete type was 1-9%.
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Figure 3-7 Strain at peak stress of geopolymer concrete cylinder - 2

Figure 3-7 presents average strains at peak stress versus compressive
strength and compares it with proposed equations and a design code. Two of
three curves are proposed equations of Nicolo and Pozzo (1994) and Tasdemir
et al. (1998), respectively, and one curve is based on mechanical characteristics

of concrete per fib MC 2010 (refer to 2.1 (c)).

Figure 3-7 (a) shows strains at peak stress versus compressive strength of
the standard-cured geopolymer concrete cylinders with different cylinder sizes.
Compared with the proposed equations and the design code, the strains at peak

stress of the geopolymer concrete was greater regardless of the cylinder size.
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Figure 3-7 (b) shows strains at peak stress of the ambient-cured
geopolymer and normal concrete cylinders. The strains at peak stress of both
concrete types showed similar tendency. Some specimens showed large strains

as the standard-cured geopolymer concrete specimens did.

The reason why strains at peak stress of the specimens was greater than the
proposed equations and the design code may be induced by low modulus of
elasticity. As shown in Figure 3-8, the low modulus of elasticity probably
caused by the process of manufacturing concrete cylinders (Figure 3-5) might
change the shape of strain-stress curve when compressive strength was the same.

As the peak stress developed later, the strain of the specimen might be large.

Figure 3-8 Change of strain-stress curve

This seems to be caused not by the properties of the material but by the
process of manufacturing concrete cylinders, which is supported by the fact that
both concrete types showed similar tendency. When strains at peak stress of

concrete in a building is large, the risk of cracking may become high in the
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serviceability state.

3.3.5 Modulus of rupture (i.e. flexural strength)

Preparing concrete specimens followed KS F 2403, and modulus of rupture
(f; i.e. flexural strength) tests followed KS F 2408. A total of 21 geopolymer
and 3 normal concrete specimens were manufactured and steam-cured for 8
hours and 6 hours, respectively. After then, curing condition varied. The test
setting is shown in the Figure 3-7. 3 curves based on the current design codes

and the proposed equation were drawn together (refer to 2.1 (d)).

15 geopolymer concrete specimens were cured in standard condition in a
steady-temperature-and-humidity chamber (20°C, 60-70% RH) to measure

their strength with the change of age. 6 geopolymer and 3 normal concrete

specimens were cured in ambient condition and tested on the main testing date.

P

100 100 400mm
@) Q)
T )

0.5P 0.5P

Figure 3-9 Setting of modulus of rupture test of concrete cylinder
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Figure 3-8 (a) shows the modulus of rupture of the geopolymer concrete
with the change of age which was cured in standard condition after 8 hours of
steam curing. 5 specimens were tested for each age. The average modulus of
rupture of 7, 14, and 28 days were 5.82, 5.96, and 6.06 MPa, respectively,

slightly increasing with the change of concrete age.

QO Geopolymer A Normal ——KDS ---ACI318 - Carrasquillo
10 10 10
(a) Standard-cured (b) Standard-cured (c) Ambient-cured
g 8 - max. 8 g o 8
= 5.96 Zﬁ-% o
= i i 0 i
EE 1R | : ~BBB _{ o
o= min (¢] A
7o Q-]
5~ 4 - 4 4 4
'—:‘ ~
e}
S 2 2 2 -
0 T T 0 T T T 0 T T T
Day7 Day14 Day28 0O 20 40 60 8 0 20 40 60 80
Age [days] Compre_s,sive strength, Comprgs,sive strength,
J." [MPa] J." [MPa]
(a) Standard-cured (b) Standard cured (c) Ambient cured

Figure 3-10 Modulus of rupture of geopolymer concrete cylinder

Figure 3-8 (b) shows the modulus of rupture of the geopolymer concrete
with compressive strength which was cured in standard condition after 8 hours
of steam curing. The ratio of tested modulus of rupture to KDS (f;es/fkps) was

125%, and the ratio to ACI 318 (f;sest/fracr) was 127% in average.

Figure 3-8 (c¢) shows the modulus of rupture of the 6 geopolymer and the 3
normal concrete with compressive strength which was cured in ambient
condition together with the main test specimens after 8§ or 6 hours of steam
curing. The ratio of tested modulus of rupture to KDS (f,esi/fr:xps) was 159%
(geopolymer) and 132% (normal) in average. As to ACI 318, the ratio (f;es/fr.4c1)
was 162% (geopolymer) and 134% (normal) in average. Regardless of the
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concrete type, tested modulus of rupture was higher than the equations of the

design codes.

Figure 3-8 (b), (¢) include not only the equations of the design codes but
also the proposed equation of Carrasquillo. Legeron and Paultre (2000)
demonstrated that the proposed equation of Carrasquillo represented the
average relation of modulus of rupture of concrete and compressive strength
and that ACI 318 equation highly underestimated the modulus of rupture of

concrete.

3.3.6 Splitting tensile strength

Preparing concrete cylinders followed KS F 2403, and splitting tensile
strength (f;,) tests followed KS F 2423. A total of 70 geopolymer and 6 normal
concrete cylinders were manufactured and steam-cured for 8 hours and 6 hours,
respectively. After then, curing condition varied. The test setting is shown in
Figure 3-9. 2 curves based on the design codes were drawn together (refer to

2.1 (e)).

30 geopolymer concrete cylinders were cured in standard condition in a
steady-temperature-and-humidity chamber (20°C, 60-70% RH) to measure

their strength with the change of age. The standard-cured cylinders consisted of
15 ?¥100%200 mm cylinders and 15 @150x200 mm cylinders to find out the

difference due to the size of the cylinder.

40 geopolymer and 6 normal concrete cylinders were cured in ambient

condition and tested on the main testing date. The ambient-cured geopolymer
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concrete cylinders consisted of 20 ¥100x200 mm cylinders and 20 ¥150x200
mm cylinders. The ambient-cured normal concrete cylinders consisted of 3

¥100%x200 mm cylinders and 3 ¥150%200 mm cylinders.

2100 >< 200mm

@150 < 200mm

Figure 3-11 Setting of splitting tensile strength test of concrete cylinder
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Figure 3-12 Splitting tensile strength of geopolymer concrete cylinder

Figure 3-10 (a) shows the splitting tensile strength of the geopolymer
concrete with the change of age which was cured in standard condition after 8
hours of steam curing. 5 specimens were tested for each age. The average
splitting tensile strengths of @100x200 mm cylinders of 7, 14, and 28 days were
4.88, 5.4, and 5.44 MPa, respectively. The average splitting tensile strengths of
?150%200 mm cylinders of 7, 14, and 28 days were 4.66, 5.10, and 5.5 MPa,
respectively. As the concrete age increased, splitting tensile strength increased.

The difference between cylinder sizes was only 1-5%.

Figure 3-10 (b) shows the splitting tensile strength of the geopolymer
concrete with compressive strength which was cured in standard condition after
8 hours of steam curing. The ratio of tested splitting tensile strength to ACI 318
(fsp.tes!fsp.318) Was 124% (100%200) and 120% (@150%200) in average. As to
ACI 363, and the ratio (fipresifip,363) Was 117% (©100%200) and 114%
(©150%200) in average. Regardless of the size of the cylinder, tested splitting

tensile strength was higher than the equations of the design codes.
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Figure 3-10 (c) shows the splitting tensile strength of ©100x200 the
geopolymer and normal concrete with compressive strength which was cured
in ambient condition together with the main test specimens after 8 or 6 hours
of steam curing. The ratio of tested splitting tensile strength to ACI 318
(fsp.tesilfsp,318) was 132% (geopolymer) and 130% (normal) in average. As to ACI
363, and the ratio (fsp,esi/fsp.363) Was 126% (geopolymer) and 123% (normal) in
average. Regardless of the concrete type, tested splitting tensile strength was

higher than the equations of the design codes.

Figure 3-10 (d) shows the splitting tensile strength of ©@150%200
geopolymer and normal concrete with compressive strength which was cured
in ambient condition together with the main test specimens after 8 or 6 hours
of steam curing. The ratio of tested splitting tensile strength to ACI 318
(fsp.tesi!fsp.318) was 111% (geopolymer) and 103% (normal) in average. As to ACI
363, and the ratio (f,esi/fsp.363) Was 105% (geopolymer) and 98% (normal) in
average. Regardless of the size of the cylinder, tested splitting tensile strength

was higher than the equations of the design codes in overall.
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3.4 Summary

In this chapter, material performance of the geopolymer concrete was
investigated. The geopolymer concrete consisted of the binder with 100%
GGBS and alkaline activator (Ca-type composites). The normal concrete for
control specimen consisted of the binder with 70% cement and 30% GGBS.
The geopolymer concrete was steam-cured after casting at 35°C for 8 hours.

The normal concrete was also steam-cured at 50-60°C for 6 hours.

The tests were conducted to investigate material performance of the
geopolymer concrete, including compressive strength, stress-strain curve,
modulus of elasticity, strains at peak stress, modulus of rupture (i.e. flexural
strength), and splitting tensile strength. In each test, the standard-cured group
and the ambient-cured group were tested. The standard-cured group was used
to investigate the exact material performance of the geopolymer concrete,
including the size effect. The ambient-cured group made during the structural
tests was used to compare the material performance between the geopolymer

and the normal concrete.

In overall, the geopolymer concrete had equivalent material performance to
the normal concrete or exceeded the equations of the design codes. The major

findings are summarized as follows:

1) The compressive strengths of the standard-cured geopolymer concrete on
day 7, 14, and 28 were 50.5, 58.0, and 64.2 MPa, respectively (3100x200
mm) and 52.4, 59.2, and 65.4 MPa, respectively (9150%300 mm). In the

ambient-cured group, the compressive strength of the geopolymer and the
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2)

3)

4)

5)

6)

normal concrete was only 5% different.

The stress-strain curves of standard-cured geopolymer concrete were
similar in different size of cylinders. The stress-strain curves of the
ambient-cured geopolymer concrete cylinders showed little difference from

the stress-strain curves of the normal concrete cylinders.

The ratio of tested modulus of elasticity of the standard-cured geopolymer
concrete to KDS (Ewes/Ecxps) was 81% (0100200 mm) and 88% (O
150%x300 mm) in average. As to ACI 318, the ratio (Ec e/ Ec.acr) was 74%
(©100%200 mm) and 81% (150300 mm) in average. In the ambient-
cured group, regardless of the concrete type, the tested modulus of elasticity
was 9-15% (geopolymer) and 5-12% (normal) lower than the equations of

the design codes.

The average strains at peak stress of the standard-cured geopolymer
concrete ranged from 0.00279 to 0.00340. In the ambient cured group, the
average strains at peak stress of the geopolymer concrete was 1-9%

different from that of the normal concrete.

The modulus of rupture (i.e. flexural strength) of the standard-cured
geopolymer concrete on day 7, 14, and 28 was 5.82, 5.96, and 6.06 MPa,
where the ratio of tested modulus of rupture to KDS (f;.es/f;.xps) Was 125%,
and the ratio to ACI 318 (f;.es/f1.4c1) was 127% in average. In ambient-cured
group, regardless of the concrete type, the tested modulus of rupture were

higher than the equations of the design codes.

The splitting tensile strengths of the standard-cured geopolymer concrete
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on day 7, 14, and 28 were 4.88, 5.40, and 5.44 MPa, respectively
(©100%200 mm) and 4.66, 5.10, and 5.5 MPa, respectively (0150x200).
Regardless of the size of the cylinder, the tested splitting tensile strengths
were 14-24% higher than the equations of ACI 314 and ACI 363.
Regardless of concrete type and cylinder size, the tested splitting tensile

strengths were higher than the equations of the design codes.
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Chapter 4. Cyclic Loading Tests for Columns

4.1 Introduction

Only few studies have been reported on the seismic performance of
geopolymer concrete members by cyclic loading tests, and no study was found
on the cyclic loading tests of columns. The results of the studies varied in terms
of seismic performance, and the studies adopted various properties of materials

including the type of binder materials and the amount of the activator solution.

And also, the cyclic loading tests of columns or beam-column connections
with grouted splice sleeve connections showed various results on seismic
performance. The locations of cracking were also variously reported. Therefore,
both geopolymer concrete columns and splice sleeve connections need to be

investigated regarding seismic performance.

In this chapter, cyclic loading tests were conducted to investigate seismic
performance of the PC columns using the geopolymer concrete. The structural
performance of the geopolymer concrete columns was evaluated by whether
the specimens developed nominal strengths calculated by design codes. The test
results of the geopolymer concrete specimens were compared with those of the

normal concrete specimens in terms of seismic performance.

Moreover, the seismic performance of splice sleeve connections was
evaluated by comparing PC specimens with monolithic specimen. The effect of

sizes of sleeves was covered. Furthermore, the seismic performance of each
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specimen was evaluated by ACI 374.1-05 and A1J 2022 Guidelines.

Grouted
splice

sleeves ~, i/ 1t

PC column

Figure 4-1 PC column with grouted splice sleeve connection
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4.2 Test Plan

4.2.1 Test parameters

Table 4-1 shows the test parameters of column specimens, such as concrete
types, construction methods, sizes of sleeves, reinforcement ratio, and
transverse rebar spacing. In the specimen names, the letters ‘N’ and ‘G’ denote
concrete types; the normal concrete and the geopolymer concrete, respectively.
The letter ‘IMP’ denotes imperfection in manufacturing test specimens

especially in grouting.

Table 4-1 Test parameters of column specimens

Construction ~ Sleeve  Rebar s¥
Specimen  Concrete type method size! size p? (mm)
C-N1 Normal Monolithic - D25  0.0162 200
C-N2 Normal PC D25 D25 0.0162 200
C-Gl Geopolymer PC D25 D25  0.0162 200
C-G2 Geopolymer PC D32 D32 0.0254 200
C-G3 Geopolymer PC D29 D25  0.0162 200
C-G1-IMP Geopolymer PC D25 D25  0.0162 200
C-G4-IMP Geopolymer PC D25 D25 0.0162 100

1) Standard diameters of a reinforcement inserted inside a sleeve.
2) Reinforcement ratio
3) Spacing of transverse reinforcements

The specimens can be grouped by the two control specimens (C-N1 and C-
N2) and the five experimental specimens (C-G1, C-G2, C-G3, C-G1-IMP, C-
G4-IMP). One of the control specimens, C-N1, was monolithically made and
the other, C-N2, was constructed as PC members and connected by splice sleeve
connection. All of them were made of the normal concrete. On the other hand,
the experimental specimens were made of the geopolymer concrete. One of the

experimental specimens, C-G1, was constructed by the same method as the PC

64 A & th



Chapter 4. Cyclic Loading Tests for Columns

control specimen except using the geopolymer concrete. C-G2 used higher
reinforcement ratio with larger-sized rebars and sleeves. C-G3 used the larger-
size sleeves while maintaining the size of longitudinal reinforcements. C-G1-
IMP was constructed the same as C-G1 but unintentionally manufactured with
imperfection in grouting. C-G4-IMP used halved spacing of transverse

reinforcements but also manufactured with grouting imperfection.

4.2.2 Details of test specimens

Figure 4-2 shows details of test specimens for cyclic loading column tests
under the constant axial load. The column specimens were composed of the
column and the base. The section of the column was 500 mm width x 500 mm
height and the section of the base was 800 mm width X 800 mm height. The
total height of the columns was 1900 mm and the shear span from the face of
the base to the loading point was 1500 mm. The total length of the bases was

1900 mm and the net length between reaction points was 1500 mm.

Figure 4-2 (a) shows the PC specimens. They were made of two separate PC
members (column and base) and then connected by splice sleeve connections.
The base was made of normal concrete and the column was made of either
normal or geopolymer concrete. The 50-mm grouting gap was located between
the face of the base and the column to consider a construction error and enhance
the connectivity. D13 hoops and crossties (bar diameter d, = 12.9 mm and yield
strength £, = 620.0 MPa for C-N1, C-N2, C-G2, C-G1-IMP, and C-G4-IMP; f,

= 571.3 MPa for C-G1 and C-G3) were arranged in the column, starting from

70-90 mm apart from the grouting gap. Their spacing was 200 mm (= d/2),
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and in case of C-G4-IMP it was 100 mm (= d/4). The spacing was closer (50

mm) near the loading point to prevent local shear failure, and in the sleeve zone
the spacing was about 75 mm to prevent transverse reinforcements from being
unfastened. In overall, the PC specimens followed typical PC reinforcement
details using splice sleeves for ordinary moment frames (for moment frame,

refer to 2.1 (h)).

Figure 4-2 (b) shows the monolithic specimen. The column and the base

were made monolithically together. It was made of normal concrete. The

spacing of D13 hoops and crossties in the column was 200 mm (= d/2), but

near the loading point, 50 mm to prevent local shear failure. They started from
100 mm (= s/2) apart from the face of the base. The monolithic specimen was

designed as an ordinary moment frame without seismic details.

Figure 4-2 (c¢) shows the section A-A of the columns, which represents the
connection details between the column and the base. In C-N1, eight D25 bars
(bar diameter d = 25.4 mm and yield strength f, = 661.1 MPa for C-N1, C-N2,
C-G1-IMP, C-G4-IMP; f, = 646.4 MPa for C-G1 and C-G3) were used for the
longitudinal reinforcements without sleeves. In C-N2, C-G1, C-G1-IMP, C-G4-
IMP, D25 bars and D25 sleeves were used, in C-G3, D25 bars and D29 sleeves,
and in C-G2, D32 bars (bar diameter d;, = 32.3 mm and yield strength f, = 636.0

MPa) and D32 sleeves were used.

Figure 4-2 (c) also shows the details of column transverse reinforcements
and the concrete cover. The hoops and the crossties in the columns were

designed with 135° hook anchorage at one end and 90° at the other end. The
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target value of concrete cover was 30 mm from the concrete surface to the
transverse reinforcement confining the sleeves, which resulted in the slightly
different locations of the longitudinal reinforcements of each test specimens.

(Unit : mm)
= Loading direction

1T ************* B o 57100 (C-G4-IMP)  x T ********** FEis
<&

400 s 00
+s=50 D13 “Fs=50
y Normal concrete / | - D13
I /=4 Geopolymer concrete [
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1500 Grouted splice 1500 s=200 4 concrete
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=75 1t »— 50-mm grouting t J
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(a) PC specimens (b) Monolithic specemen

Normal \ Normal \
concrete %4§ ﬁ76f concrete 30

8-D25 8-D25
200 D25\
. J' sleeve |02 G
500~ 500
C-N1 C-N2
Geopolymer Geopolymer Geopolymer
concrete 3 9 7g < concrete QN ﬁ78f concrete ;’k 5805
% © © ‘ 5 (@ ©
8-D25 8-D25 8-D32 q
® ° © o))
D25—| 91500 500 o 9 500
sleeve |@_ o7 © J sleeve J sleeve (CL_J J

<500 "

C-G1, C-G1-IMP,
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Figure 4-2 Details of column specimens
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4.2.3 Specimen construction

The construction of the column specimens can be divided into three parts:
base construction, column construction, and column-base connection. The

procedures of the construction are illustrated in Figure 4-3 to 4-5.

(a) Assembling steel cages -

» (b) Placing concrete

Attaching
strain gauges - Manufacturing mold

Figure 4-3 Construction procedures of column specimens: base construction

(a) Assembling steel cages (b) Attaching strain gauges 7

Figure 4-4 Construction procedures of column specimens: column construction
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-

(©) Maﬁufacing mold

Figure 4-4 Construction procedures of column specimens: column construction

(continued)

embling and

(b) Column—bae ass

manufacturing mold

(c) Injecting non-shrinkage grout . (d) Curing
Figure 4-5 Construction procedures of column specimens: the column-base

connection
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4.2.4 Grouted splice sleeves

In this study, three sizes of sleeves were used, D25, D29, and D32. As the
standard size of a rebar inserted into a sleeve increases, the total length and the
insertion length also increase. Inside the sleeves, non-shrinkage grout was
injected to fill a void and integrate the members. The total lengths and the
insertion lengths of each sleeve used in the study were summarized in Table 4-

2.

Table 4-2 Lengths of sleeves used in the study

Insertion length (mm)

Sleeve size Upper Lower Total length (mm)
D25 170 180 375
D29 190 210 430
D32 220 240 480
{ 1 I = }
r \ I \ r \ Insertion length
Total ld:\ngth = 5 5 ;
) Ilnserti(:bn length
D25 D29 D32

(a) Lengths of splice sleeve (b) Sleeves used in the study

Figure 4-6 Grouted splice sleeves

4.2.5 Material strength

Figure 4-7, 4-8 and Table 4-3, 4-4 show the material strength tests and the
resulting material strengths. When placing concrete, concrete cylinders (100

mm diameter X 200 mm height) were prepared for compressive test per KS F
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2403. They were cured under the same condition as that of the test specimens.
The compressive tests of concrete cylinder were conducted on each day of the
structural tests as shown in Figure 4-7 (a). The speed of loading was 0.4 MPa/s
by the load control method per KS F 2405. On the both sides of the cylinders,
concrete strain gauges were attached to measure strains. The compressive

strengths of concrete cylinders of each test specimen are shown in Table 4-3.

When grouting, non-shrinkage grout specimens (40 mm x 40 mm x 160 mm)
were prepared for compressive tests per KS F 2403. The compressive tests of
non-shrinkage grout specimens were conducted as shown in Figure 4-7 (b).
The speed of loading was 1 mm/s by the displacement control method per KS
F 4044. Concrete strain gauges were attached on the both sides to measure
strains. The average compressive strengths of the non-shrinkage grout of the

test specimens are shown in Table 4-3.

When assembling steel cages, steel rebar specimens (600 mm length, in case
of D32, 700 mm length) cut from the rebars used for manufacturing the test
specimens were prepared for tensile test per KS B 0801. The steel rebar tensile
tests were conducted as shown in Figure 4-7 (c). The speed of loading was 2
mm/s by the displacement control method, and after the rebars yielded,
gradually increased up to 8 mm/s per KS B 0802. On the center of the steel
rebar specimens, steel strain gauges were attached to measure strains. The
material strengths and the stress-strain relationships of steel rebars of the test

specimens are shown in Table 4-4 and Figure 4-8, respectively.
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(c) Steel rebar tensile test

Figure 4-7 Material strength tests of columns
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Table 4-3 Compressive material strength test results of columns

Specimen Average compressive strength, .’ (MPa)
C-N1 59.5
C-N2 59.5
C-Gl 69.4
C-G2 60.4
C-G3 70.5
C-G1-IMP 63.5
C-G4-IMP 60.4
Base 80.1

Non-shrinkage grout

75.0 (for C-N1, C-N2, C-G2, C-G1-IMP, C-G4-IMP)

83.7 (for C-G1, C-G3)

Table 4-4 Tensile material strength test results of columns

Bar Yield Ultimate Yield strain
diameter strength strength &
Rebar dp (mm) Specimen |y (MPa) fu (MPa) (mm/mm)
C-N1
C-N2
C-G2
SD500 s oL 620.0 725.4 0.00310
D13 )
C-G4-IMP
C-Gl
C.G3 571.3 675.6 0.00286
C-N1
C-N2
SD600 - C-G1-IMP 661.1 784.5 0.00331
D25 ' C-G4-IMP
C-Gl1
C.G3 646.4 775.2 0.00323
SD600
D32 323 C-G2 636.0 772.3 0.00318
¥ ’ I
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Figure 4-8 Tensile material strength test results of columns
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Chapter 4. Cyclic Loading Tests for Columns

4.2.6 Test setup and loading plan

Figure 4-9 illustrates the test setup for cyclic loading tests of the column
specimens under constant axial load. Firstly, 13% of the compressive strength
of the concrete section was loaded on the top of each column specimen, which
simulated building load effect acting to a column. Here, 3,000 kN hydraulic
machine was used. With constant axial load acting, cyclic lateral loading
simulated earthquake load acting to a column. Here, 2,000 kN actuator was

used.

The loading plan of the beam-column connection tests followed ACI 374.1-
05, and is illustrated in Figure 4-10 and Table 4-5. ACI 374.1-05 recommends
that each step include three cycles and an incremental ratio of displacements be

in a range from 1.25 to 1.5.
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Figure 4-9 Test setup of column tests
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Figure 4-10 Loading plan of column tests
Table 4-5 Loading plan of column tests
Lateral drift ~ Lateral drift? Number of Incremental
Step ratio? (%) (mm) load cycles ratio®
1 0.25 3.75 3 -
2 0.35 5.25 3 1.40
3 0.5 7.5 3 1.42
4 0.75 11.25 3 1.50
5 1.0 15 3 1.33
6 1.5 22.5 3 1.50
7 2.0 30 3 1.33
8 2.75 41.25 3 1.37
9 35 52.5 3 1.27
10 4.5 67.5 3 1.28
11 6.0 90 3 1.33
12 8.0 120 3 1.33

1) (Lateral drift) / (Net height of a column)

2) (Displacement of an actuator) — (Base slip)
3) (Current drift) / (Previous drift)
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4.2.7 Measurement plan

To measure deformations of reinforcements near the sleeve zone, strain
gauges were attached to 8 spots on steel cages. On the longitudinal
reinforcements, strain gauges were attached on 20-30 mm above and beneath
splice sleeves to investigate deformation near splice sleeves. Strains of
longitudinal reinforcements of the base was also measured at 20-30 mm
beneath the connection face to investigate transmission of stress from column
to base. On the transverse reinforcements, strain gauges were attached on the
first and second column hoop from the connection face to investigate amount
of stress in shear reinforcements confining splice sleeves. In the monolithic

specimen, strain gauges were located at the same spot as the PC specimens.

To measure deformations of the test specimens, 9 linear variable
displacement transducers (LVDT) were installed on the specimens. Actuator
displacement, base slip, and column slip were measured by laterally-installed
LVDTs, flexural deformation and gap opening by LVDTs on both sides, and

finally, shear deformation by X-shaped LVDTs on the front.
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~ LVDT

(b) LVDT plan

Figure 4-11 Measurement plan of column specimens
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4.2.8 Prediction of possible failure mode and estimation of nominal
strength

All test specimens were design to fail in flexural failure mode. The test
specimens were reinforced enough to avoid shear failure. Nominal moment
capacities of the columns were calculated by P-M interaction curve considering
design compression. Nominal lateral force capacities were calculated from the
nominal moment capacities. All material strengths followed the material test

results.
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Table 4-6 Strength prediction of column specimens

Concrete Rebar Reinforcement Axial Nominal Nominal Shear Design

strength strength ratio compression strength strength strength failure

Specimen  f.'(MPa)  f, (MPa) p (%) ratio? M,? (kN-m) P> (kN) VY (kN) mode
C-N1 59.5 666.1 1.62 802 535 1,056
C-N2 59.5 666.1 1.62 802 535 1,056
C-Gl1 69.4 646.4 1.62 849 566 1,077

C-G2 60.4 636.0 2.54 13% 988 659 1,073 Flexure
C-G3 70.5 646.4 1.62 855 570 1,078
C-G1-IMP 63.5 666.1 1.62 826 550 1,080
C-G4-IMP 60.4 666.1 1.62 807 538 1,561

1) N/0.85f. (Ag-As)HrAs)]

2) nominal moment capacity under the compression

3) nominal lateral force capacity when nominal moment capacity develops
4) nominal shear capacity under the compression (refer to 2.1 (g))
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4.3 Test Results and Observations

4.3.1 Load-displacement relationship

Figure 4-12 shows relationships between lateral load (P) and lateral drift
ratio (d) of column specimens with either the geopolymer concrete or the
normal concrete. Lateral drift ratio was calculated by dividing lateral drift with
loading height (a). Lateral drift was calculated by deducting effect of slip at a
base. Test strength (P,) is presented by a round mark, and predicted strength
(P,) is presented by a horizontal dashed line. The predicted strength (P,) is
calculated in 4.2.8. Column moment is a bending moment at the bottom face of

a column, which is calculated by M = P Xaq.

All specimens showed higher test strengths than the predicted strengths
except negative loading of C-G1. The geopolymer concrete PC specimens (C-
G1, C-G3) showed equivalent load-displacement relationships to the normal
concrete PC specimen (C-N2) as reported in the previous cyclic loading tests

of geopolymer beam-column connections (Raj et al., 2016).

The normal concrete monolithic specimen (C-N1) failed in lower drift ratio
than the PC specimens due to the sparse spacing of column transverse
reinforcements. The PC column with sleeve connections (C-N2) showed
superior seismic performance to the monolithic column (C-N1) due to use of
close spacing of column transverse reinforcements and high-strength PC
materials (splice sleeve and grout). It was reported that the use of high-strength
PC material can improve seismic performance and even move plastic hinge

region (Lu at el., 2017).
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Some PC specimens (C-G1-IMP, C-G4-IMP) failed earlier than the others
because of grouting defects in splice sleeves, which was not related to concrete
types. The PC specimens with grouted splice sleeve connections (C-N2, C-Gl1,
C-G3, C-G1-IMP, C-G4-IMP) showed the pinching effect in the hysteresis
curve. The splice sleeve connections lost bond capacity due to crushing of
grouting inside the splice sleeves after peak loads, so that load-carrying
capacity and steel strains decreased. The PC specimen with higher
reinforcement ratio (C-G2) showed desirable hysteresis curve and showed no

pinching effect.
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Specimen C-N1 is the monolithic specimen with the normal concrete. C-N1
used eight D25 as column longitudinal reinforcements and D10@200 mm as
column transverse reinforcements. The test strength was +596 kN (0 = 1.5%)
and —585 kN (6 = 1.5%), and this was respectively 13% and 11% higher than
the predicted strength, 529 kN. After the peak load, the strength was degraded
as concrete cover of a compressive side started to be spalled at 2.0% drift ratio.
At the first cycle of 3.5% drift ratio, the test ended due to severe strength
degradation as shear cracking developed and shear failure and buckling of a
compressive longitudinal reinforcement occurred. This is because the spacing

of the column transverse reinforcements was sparse (s = d/2).

Specimen C-N2 is the PC specimen with the geopolymer concrete. C-N2
used the same reinforcement detail as that of C-N1 and used D25 splice sleeves.
The test strength was +611 kN (J = 2.75%) and —583 kN (6 = 2.75%), and this
was respectively 15% and 10% higher than the predicted strength, 531 kN.
After the peak load, at the third load cycle of 2.75% drift ratio, the strength was
degraded as concrete cover of a tensile side in the sleeve zone was spalled with
sound of rupture. The test ended at 6.0% drift ratio. The pinching effect was

observed.

Specimen C-G1 is the PC specimen with the geopolymer concrete. C-G1
used the same reinforcement detail as that of C-N2. The test strength was +593
kN (0 =1.5%) and —=516 kN (6 = 1.5%). In the positive loading, the test strength
was 5% higher than the predicted strength, 566 kN. In the negative loading, the
test strength was 9% lower than the predicted strength, 566 kN. The reason may
be grouting defects inside the splice sleeves. The grouting defects can be

detected by the pinching effect of the hysteresis curve; convex curve in the
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unloading phase of the negative loading (Xie et al., 2022). After the peak load,
the strength was degraded as the corner concrete was crushed. The test ended

at 8.0% drift ratio.

Specimen C-G2 increased reinforcement ratio from p = 1.62% to p = 2.54%
based on C-G1. The test strength was +756 kN (J = 2.75%) and —755 kN (6 =
2.75%), and this is 15% higher than the predicted strength, 659 kN. At the first
load cycle of 4.5% drift ratio, a concrete cover of a tensile side in the sleeve
zone was spalled with sound of rupture Unlike C-N2 and C-G1, the strength
degradation was limited until 6.0% drift ratio. The test ended at 6.0% drift ratio
as shear failure occurred in the lower part of the column. Since high
reinforcement ratio caused high moment capacity and high shear force, the
column failed in shear failure after flexural yielding. Unlike C-N2 and C-G1
which used D25 rebars and D25 splice sleeves, the pinching effect was not

observed.

Specimen C-G3 changed the size of splice sleeves from D25 to D29 based
on C-G1. The test strength was +585 kN (d = 1.5%) and —591 kN (J = 2.75%),
and this is 3-4% higher than the predicted strength, 570 kN. At the peak load,
concrete cover of a compressive side started to be spalled. At 2.0% drift ratio,
the strength was degraded as concrete cover of a tensile side in the sleeve zone
was spalled. The test ended at 8.0% drift ratio as the strength gradually
decreased. Unlike C-N2 and C-G1 which used D25 rebars and D25 splice

sleeves, the pinching effect was not observed.

Specimen C-G1-IMP was a specimen with the same details as C-G1. The test
strength was +609 kN (6 = 1.5%) and —611 kN (6 = 2.0%), and this is 12%
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higher than the predicted strength, 543 kN. The grouting defects can be detected
by the pinching effect of the hysteresis curve; curvature in the unloading. At the
first load cycle of 2.75% drift ratio, the strength was degraded as concrete cover
of a tensile side in the sleeve zone was spalled. In following load cycles, the
strength kept being degraded. The test ended at 3.5% drift ratio, earlier than C-

N2 or C-G3 due to grouting defects.

Specimen C-G4-IMP changed spacing of transverse reinforcements from
200 mm to 100 mm in the column out of the sleeve zone. The test strength was
+616 kN (0 = 1.5%) and —600 kN (6 = 2.75%), and this is 12-14% higher than
the predicted strength, 538 kN. At the first load cycle of 2.0% drift ratio,
concrete cover of a compressive side started to be spalled. Like C-G1-IMP, the
grouting defects can be detected by the pinching effect of the hysteresis curve;
curvature in the unloading phase. At the first cycle of 3.5% drift ratio, the
strength was degraded as concrete cover of a tensile side in the sleeve zone was
spalled. After then, at the first and second load cycles of 3.5% drift ratio, the
strength kept degraded as concrete cover of a tensile side in the sleeve zone was
spalled. The test ended at 3.5% drift ratio, which was earlier than C-N2 or C-

G3 due to grouting defects.

4.3.2 Failure mode

As shown in Figure 4-13, the failure modes of the geopolymer concrete PC
specimens were similar to that of the normal concrete PC specimen (C-N2).
The monolithic specimen (C-N1) failed in shear failure after flexural yielding

after concrete crushing of a compressive side. This is thought to be caused by
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sparse spacing of transverse reinforcements of ordinary moment frames (s=d/2).

The PC specimens with splice sleeves (C-N2, C-G1, C-G2, C-G3, C-G1-IMP,
C-G4-IMP) suffered damage mainly around the grouting gap and the splice
sleeves, which disagrees with the existing test results where damage occurred
above the splice sleeves (Lu at el., 2017). The reason behind the disagreement
may be related to low relative strength of grout to concrete; 20-25% higher in
this study whereas 144% higher in Lu at el. (2017). If extremely high relative
strength of grout is used, plastic hinge zone may move above the splice sleeve

zone, resulting splice sleeve connection to be a strong connection.

The PC specimens with D25 rebars (C-N2, C-G3, C-G1-IMP, C-G4-IMP)
failed in flexural failure after concrete crushing of a compressive side and
concrete spalling of corners of a tensile side. C-G1 failed in sleeve rupture and
grout crushing after flexural yielding, experiencing the same procedure as that
of the other PC specimens. This happened due to grouting defects. The PC
specimen with high reinforcement ratio (C-G2) failed in shear failure after
flexural yielding after the same procedure as that of the other PC specimens.
This happened because higher reinforcement ratio allowed the specimen to go

through large deformation.

The grouted splice sleeve connections in PC specimens lost bond capacity
due to crushing of grouting inside the splice sleeves after peak loads, so that
load-carrying capacity and steel strains decreased. In other words, the
difference in ductility and energy dissipation of the test specimens was affected

by the time of crushing of grouting inside sleeves and spalling of concrete cover.
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(¢) C-G3 HC-GIIMP  (g) C-G4-IMP
Figure 4-13 Final failure pictures of column specimens

In C-N1 (normal concrete, monolithic), at 2.0% drift ratio, cracking of
concrete cover started (Figure 4-14 (a)), and at 2.75% drift ratio, concrete was
crushed and concrete cover was spalled in a compressive side (Figure 4-14 (b)).
At 3.5% drift ratio, shear failure and buckling of the column longitudinal
reinforcement occurred in the lower part of the column due to sparse spacing
of column transverse reinforcements of an ordinary moment frame (s=d/2)
(Figure 4-14 (c)). Finally, at 3.5% drift ratio, the specimen failed as shown in
Figure 4-14 (e). After ending of the test, concrete cover was removed as shown

in Figure 4-14 (d).
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In C-N2 (normal concrete, PC), at 1.5% drift ratio, vertical cracking occurred
in concrete cover (Figure 4-15 (a)). At 2.0% drift ratio, cover of non-shrinkage
grout started to be delaminated (Figure 4-15 (b)). At 2.75% drift ratio, concrete
cover of a tensile side in the sleeve zone was spalled (Figure 4-15 (c)). Finally,
at 6.0% drift ratio, the specimen failed as shown in Figure 4-15 (e). Column
transverse reinforcements were not unfastened as shown in the picture taken

after removing concrete cover after ending of the test (Figure 4-15 (d)).

In C-G1 (geopolymer concrete, PC) the failure mode was similar to that of
C-N2 except the failure occurred at a sleeve and grout. At 1.5% drift ratio, cover
of non-shrinkage grout was delaminated (Figure 4-16 (a)), which was followed
by vertical cracking in concrete cover (Figure 4-16 (b)). At the first load cycle
of 2.75% drift ratio, concrete cover of a tensile side in the sleeve zone was
spalled (Figure 4-16 (c)). At 8.0% drift ratio, a sleeve was ruptured and grout
was crushed (Figure 4-16 (d)). Column transverse reinforcements were not
unfastened as shown in the picture taken after removing concrete cover after
ending of the test (Figure 4-16 (e)). The failure of non-shrinkage grout inside

the sleeve was observed (Figure 4-16 (f)).

In C-G2 which used D32 as column longitudinal reinforcements, at 1.5%
drift ratio, cover of non-shrinkage grout was delaminated (Figure 4-17 (a)),
which was followed by vertical cracking in concrete cover (Figure 4-17 (b)).
Unlike C-G1 which used D25 as column longitudinal reinforcements, spalling
of concrete cover was delayed, which occurred at 4.5% drift ratio at first
(Figure (c)). Finally, at 6.0% drift ratio, the specimen failed in shear failure
after flexural yielding (Figure 4-17 (e)). This caused column transverse

reinforcements to be unfastened as shown in the picture taken after removing
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concrete cover after ending of the test (Figure 4-17 (d)).

In C-G3 which used D29 sleeve, at 1.5% drift ratio, cover of non-shrinkage
grout was delaminated (Figure 4-18 (a)), which was followed by vertical
cracking in concrete cover (Figure 4-18 (b)). At the first load cycle of 3.5%
drift ratio, concrete cover of a tensile side in the sleeve zone was spalled
(Figure 4-18 (c)). Finally, at 8.0% drift ratio, the specimen failed in flexural
failure (Figure 4-18 (e)). Column transverse reinforcements were not
unfastened as shown in the picture taken after removing concrete cover after

ending of the test (Figure 4-18 (d)).

In C-G1-IMP which is the same specimen as C-G1, at 1.5% drift ratio, cover
of non-shrinkage grout was delaminated (Figure 4-19 (a)), which was followed
by vertical cracking in concrete cover (Figure 4-19 (b)). At the first cycle of
2.75% drift ratio, concrete cover of a tensile side in the sleeve zone was spalled
(Figure 4-19 (c)). Finally, at 3.5% drift ratio, the specimen failed in sleeve
failure (Figure 4-19 (e)). Column transverse reinforcements were not
unfastened as shown in the picture taken after removing concrete cover after

ending of the test (Figure 4-19 (d)).

In C-G4-IMP which used closer spacing of transverse reinforcements, at 1.5%
drift ratio, cover of non-shrinkage grout was delaminated (Figure 4-20 (a)),
which was followed by vertical cracking in concrete cover (Figure 4-20 (b)).
At the first cycle of 3.5% drift ratio, concrete cover of a tensile side in the sleeve
zone was spalled (Figure 4-20 (c)). Finally, at 3.5% drift ratio, the specimen
failed in flexural failure (Figure 4-20 (e)). Column transverse reinforcements

were not unfastened as shown in the picture taken after removing concrete
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cover after ending of the test (Figure 4-20 (d)).

a) Concrete cover cracking (6 =2.0%) (b) Concrete cover spalling of a
(a) g palling
compressive side (6 =2.75%)

(0 =13.5%)

) & B {'A' j"‘*.
(d) Concrete cover removal after test (e) Final failure (front) (0 = 3.5%)

Figure 4-14 C-N1 detailed failure pictures
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(b) Grout cover delamination (6 =
2.0%)

(c) Sleeve cover spalling of a tesile
side (0 =2.75%

i \ e

6.0%)

(d) Concrete cover removal after test (e) F inai fglilure (front) (6 =

Figure 4-15 C-N2 detailed failure pictures
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(o) SleeVe cover spalling of a tensile (d) Sleeve ru;;ture & grout crushing
0 =28.0%)

(e) Concrete cover removal after test (f) Grout failure inside a sleeve

Figure 4-16 C-Gl1 detailed failure pictures

9

PAGE \*Arabic \* MERGEFORMAT | A—I —S— Eﬂ ] ki

F Ll



Chapter 4. Cyclic Loading Tests for Columns

)

(c) Sleeve cover spalling of a tensile
side (0 = 4.5%)

,\.

(e) Concrete cover removal éfter test (e) Final failure (front) (J = 6.0%)

Figure 4-17 C-G2 detailed failure picture s
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(a) Gr.o-ut cver delamination (6 = 1.5%)

(c) Sleeve ‘éover- épélling of a tensile |
side (60 =2.0%)

At &
(d) Concrete cover removal after test (e) Final failure (front) (J = 8.0%)

Figure 4-18 C-G3 detailed failure pictures
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(c) Sleeve cover spalling of a tensile
side (0 =2.75%)

(d) Concrete co.ver removal after test (e) Final failure (front) ( = 3.- %)

Figure 4-19 C-G1-IMP detailed failure pictures
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.—‘-t’x- ot 5
(b) Concrete cover vertical cracking
: g L

A

(c) Sleeve cover spalling of a tensile
side (0 =2.75%)

o

(d) Concrete cover removal after test (e) Final failure (front) (J = 3.5%)

Figure 4-20 C-G4-IMP detailed failure pictures
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4.3.3 Strains of steel reinforcements

From Figure 4-21 to Figure 4-23 show strains of longitudinal
reinforcements of the column specimens. The strain gauges of Figure 4-21
were attached in the 50-mm grouting gap between PC columns and base. The
strain gauges of Figure 4-22 were attached just above splice sleeves (450-560
mm away from the base face). The strain gauges of Figure 4-23 were attached
to 30 mm under the face of the base. Stain gauges of the monolithic specimen

were attached to the same location as that of PC specimens.

As shown in Figure 4-21, all steel strains in the 50-mm grouting gap were
higher than the yield strains. This occurred regardless of a type of concrete and

whether monolithic or PC.

As shown in Figure 4-22 and 4-23, the steel deformation of PC specimens
except the grouting gap was mostly less than the yield strains. Gauge 6 of C-
G3 showed a higher strain than the yield strain for a short time, but the strain

decreased to be less than the yield strain as the lateral drift increased.

This means that, in PC specimens, the deformation of steel reinforcements

was concentrated on the grouting gap between the column and the base.
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Figure 4-21 Strain of column longitudinal reinforcement in grouting gap
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Figure 4-22 Strain of column longitudinal reinforcement above splice sleeve
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Figure 4-23 Strain of column longitudinal reinforcement under face of base
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4.3.4 Secant stiffness

Figure 4-24 shows the variation of the secant stiffness of the specimens. The
secant stiffness is defined by the slope between the peak load point and the
origin either in positive or negative loading at each drift ratio. The secant
stiffness degraded as the lateral drift increased. The stiffness degradation of all
specimens except specimen C-G2 was similar regardless of concrete type or
fabrication method. In the precast specimen with higher reinforcement ratio (C-
G2), the stiffness was greater or degraded slower. The secant stiffness of

specimen C-G2 was 23-92% higher than specimen C-G1 after 1.0% drift ratio.
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Figure 4-24 Secant stiffness of columns
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4.3.5 Energy dissipation

Figure 4-25 shows cumulative energy dissipation of the column specimens
according to lateral drift ratio. Energy dissipation is defined by an area of a
closed loop in each drift ratio in a hysteresis curve. At 3.5% drift ratio, energy
dissipation of C-G2 with high reinforcement ratio was the greatest, followed in

order of C-N2, C-G3, C-G4-IMP, C-N1, C-G1, and C-G1-IMP.

Comparing the normal concrete specimens with the geopolymer concrete
specimens, the monolithic specimen with normal concrete (C-N1) showed
similar energy dissipation with other PC specimens, but failed early at 3.5%
drift ratio. The PC specimen with the normal concrete (C-N2) showed higher
energy dissipation than the PC specimen with the geopolymer concrete (C-G1,
C-G1-IMP, C-G4-IMP). This occurred because of the poor injecting quality of
grouting of C-G1, C-G1-IMP, C-G4-IMP. Instead, C-G3 which used one-size

larger sleeves showed almost the same energy dissipation as that of C-N2.

Comparing between the geopolymer concrete specimens, energy dissipation
of C-G2 with high reinforcement ratio was the highest. Energy dissipation of
C-G3 with larger sleeves was 26-40% higher than that of C-G1 after 3.5% drift
ratio. The specimens with grouting defects (C-G1-IMP, C-G4-IMP) showed
similar energy dissipation but failed early at 3.5% drift ratio. This implies that
grouting defects harm energy dissipation capacity and using one-size large

sleeves can prevent it.
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Figure 4-25 Cumulative energy dissipation of column specimens

Figure 4-26 shows energy dissipation per load cycle of the column
specimens according to lateral drift ratio. the monolithic specimen (C-N1) and
the PC specimen with grouting defects (C-G1-IMP, C-G4-IMP) failed early at
3.5% drift ratio. In PC specimens, energy dissipation of the second load cycle
was similar with that of the first load cycle, which was 73-102% of the first
load cycle. Energy dissipation of the third cycle decreased than that of the

second cycle but showed a similar pattern.
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Figure 4-26 Energy dissipation per load cycle of column specimens
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4.3.6 Deformation capacity

Deformation capacity was calculated using a method illustrated in Figure 4-

27 (b) based on the envelop curve shown in Figure 4-27 (a). The envelop curve

was drawn by connecting maximum load points at each drift ratio. The

deformation capacity was characterized by yield strength, yield stiffness,

maximum strength, yield displacement, yield drift ratio, ultimate displacement,

ultimate drift ratio, and ductility. Yield displacement was defined by the drift

ratio at the peak load of a straight line passing the origin and the point of 75%

of peak load. Ultimate displacement was defined by the drift ratio at the point

of 85% of peak load after the peak load. Yield stiffness was defined by a value

dividing the peak load with yield displacement.
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Load

Displacement

(b) Definition of deformation capacity

Figure 4-27 Envelop curve and definition of deformation capacity of column specimens

As shown in Table 4-7, the yield stiffnesses and the yield displacements of
the test specimens were similar. However, the ultimate displacements of the PC
specimens were higher than that of C-N1 except C-G1-IMP; 79%, 6%, 146%,
35%, and 9% higher in order of C-N2, C-G1, C-G2, C-G3, and C-G4-IMP.
Therefore, the ductility of the PC specimens was higher than that of C-N1;105%,
32%, 156%, 64%, 18%, and 31% higher in order of C-N2, C-G1, C-G2, and C-
G3, C-G1-IMP, and C-G4-IMP.

When comparing C-G1 (positive loading) and C-G3 to C-N2 (Figure 4-28),
the ductility of C-G1 (positive loading) C-G3 was respectively 35% and 20%
lower than that of C-N2 (normal concrete) in average, as reported in the
previous cyclic loading tests of beam-column connections (Ngo et al., 2021).

When comparing C-G1, C-G3, C-G1-IMP, and C-G4-IMP, ductility of C-G3
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(larger sleeve) was higher than the specimens with grouting defects; 24%, 39%

and 25% in order of C-G3, C-G1-IMP, and C-G4-IMP).
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Figure 4-28 Comparison of deformation capacities between specimens C-N2, C-G1

and C-G3
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Table 4-7 Deformation capacity of column specimens

Yield strength Yield stiffness Peak strength Yield drift ratio Ultimate drift ratio
P, (kN) K, (kN/mm) P, (kN) d, (%) Ductility u
Specimen Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.
C-N1 500 -494 39.1 40.0 596 -585 1.01 -0.97 2.37 -2.47 2.34 2.53
C-N2 520 -494 46.0 46.0 611 -583 0.89 -0.85 3.99 -4.66 4.50 5.51
C-G1 512 -415 383 52.0 593 -516 1.03 -0.66 2.47 -2.69 2.40 4.05
C-G2 649 -642 55.2 50.2 756 -755 0.91 -1.00 5.99 -5.93 6.56 5.92
C-G3 495 -496 44.0 50.9 585 -591 0.89 -0.77 3.01 -3.55 3.39 4.59
C-G1-IMP 519 -512 493 49.9 609 -612 0.82 -0.82 2.35 -2.35 2.84 2.88
C-G4-IMP 527 -510 43.8 53.7 616 -600 0.94 -0.74 2.73 -2.57 2.91 3.46
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4.3.7 Seismic performance evaluation by ACI 374.1-05

ACI 374-05 specifies acceptance criteria for evaluating seismic performance
of reinforced concrete moment frames by experiments. If all the acceptance
criteria are satisfied, the test specimen is considered to have equivalent seismic

performance to special moment frames according to ACI 318-19 (refer to 2.1

(m)).

As shown in Table 4-8, C-N1 and C-G1-IMP were unable to evaluate their
seismic performance because it failed before the third load cycle of 3.5% drift
ratio. Criterion (a) is excluded in this study because the allowable story drift in
criterion (a) differs according to required ductility when designing structure.
And also, criterion (b) is excluded because that criterion is for beam-column

connection tests.

The test specimens except C-N1 and C-G1-IMP satisfied criterion (d) and (e)
regardless of the type of concrete. In case of C-G2 with high reinforcement ratio

satisfied all criteria including (c).
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Table 4-8 Seismic performance evaluation by ACI 374.1-05

C-N1

C-N2

C-Gl C-G2 C-G3 C-G1-IMP C-G4-IMP
Criterion Pos.  Neg. Pos.  Neg. Pos.  Neg. Pos.  Neg. Pos.  Neg. Pos.  Neg. Pos. Neg
0.75E ax 447 -439 458 -437 444 -387 567 -566 439 -443 457 -459 462 -450
(c) Lateral force o
at 3.5% (kN) FE at3.5% - - 441 -498 363 -363 695 -686 402 -445 - - 455 -484
Judgement - - NG OK NG NG OK OK NG OK - - NG OK
Elastic plastic - 86.8 68.4 124.0 79.4 - 87.5
(d) Energy  Actual ; 24.4 14.5 34.8 212 . 12.0
dissipation )
(KN-m) Ratio - 0.281 0.211 0.281 0.267 - 0.137
Judgement - OK OK OK OK - OK
. 5% of initial K 3770 382 357 383 307 373 481 428 342 420 390 404 373 425
(e) Stiffness 3 504 - - 105 163 42 148 143 54 101 141 - - 81 82
(kN/mm)
Judgement - - OK OK OK OK OK OK OK OK - - OK OK
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4.3.8 Seismic performance evaluation by AIJ 2002 Guidelines

AlJ 2002 Guidelines specifies structural performance goals so that PC
structure can ensure the performance of RC structure. If PC members on
ultimate limit state under earthquake load satisfy all the acceptance criteria, PC
members can ensure the equivalent performance to RC members (refer to 2.1
(n)). As shown in Table 4-9, criterion (c) and (e) are excluded because they are

applied to PC beam-column joints.

The PC geopolymer concrete column specimens (positive loading of C-G1,
C-G2, C-G3) satisfied the acceptance criteria compared with the monolithic
normal concrete specimen (C-N1) in overall except the specimens with
grouting defects (negative loading of C-G1, C-G1-IMP, C-G4-IMP). The yield
strengths and the peak strengths of the PC geopolymer specimens were 99-130%
and 79-103% of the normal monolithic specimen, respectively. The yield drift
ratios of the PC geopolymer concrete specimens were 79-103% of the
monolithic normal concrete specimen, which were more than 80% of the

monolithic specimen in overall as AIJ 2002 Guideline suggests.

When comparing the PC geopolymer concrete specimens (C-G1, C-G3) with
the PC normal concrete specimen (C-N2), the PC geopolymer concrete
specimens showed similar seismic performance with the PC normal concrete
specimen. The yield strengths and the peak strengths of the PC geopolymer
concrete specimens were 95-100% and 96-101% of the PC normal concrete
specimen, respectively. The yield drift ratios of the PC geopolymer concrete

specimens were 91-116% of the PC normal concrete specimen.
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Table 4-9 Seismic performance evaluation by AlJ 2002 Guidelines

C-N1

C-N2

C-Gl C-G2 C-G3 C-G1-IMP C-G4-IMP

Criterion Pos. Neg Pos. Neg. Pos. Neg. Pos. Neg Pos. Neg Pos. Neg. Pos. Neg.

' P, (kN) 500 -494 520 -494 512 -415 649 -642 495 -496 519 -512 527 -510

(;)r;lgil}? /C-N1 - - 1.04 1.00 1.02 0.84 1.30 1.30 0.99 1.00 1.04 1.04 1.05 1.03

/C-N2 - - - - 0.98 0.84 1.25 1.30 0.95 1.00 1.00 1.04 1.01 1.03

P, (kN) 596 -585 611 -583 593 -516 756 -755 585 -591 609 -612 616 -600

(b) Peak /C-N1 - - 1.03 1.00 1.00 0.88 1.27 1.29 0.98 1.01 1.02 1.05 1.03 1.03
strength

/C-N2 - - - - 0.97 0.89 1.24 1.29 0.96 1.01 1.00 1.05 1.01 1.03

. ou (%) 1.01 -0.97 0.89 -0.85 1.03 -0.66 0.91 -1.00 0.89 -0.77 0.82 -0.82 0.94 -0.74

(d.) Ylel.d /C-N1 - - 0.87 0.87 1.02 0.68 0.90 1.03 0.87 0.79 0.81 0.84 0.92 0.76
drift ratio

/C-N2 - - - - 1.16 0.78 1.03 1.18 1.00 0.91 0.93 0.97 1.06 0.88
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4.4 Effect of Parameters

4.4.1 Effect of concrete types

Specimens C-N2 and C-G1 shared the same geometry, design and
construction method but used different concrete types. As shown in Figure 4-
29, the geopolymer concrete PC specimen (C-Gl) showed equivalent
performance until the peak loads to the normal concrete PC specimen (C-N2).
Specimen C-G1 experienced strength degradation earlier than specimen C-N2.
The yield points were similar but the ultimate points differed. This resulted in
lower ductility of specimen C-G1 (35% lower than specimen C-N2) (Table 4-
10).
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Figure 4-29 Envelop curves of specimens using different concrete types
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Table 4-10 Deformation capacity of specimens using different concrete types

Ultimate drift ratio d, (%) Ductility u
Specimen Pos. Neg. Pos. Neg. Avg.
C-N2 3.99 -4.66 4.50 5.51 5.01
C-Gl 2.47 -2.69 2.40 4.05 3.23

Investigating the previous studies (Table 4-11), low ductility of geopolymer
beam-column joints has been reported by Ngo et al. (2021) and Mao et al.
(2022). Mao et al. (2022) used brittle geopolymer materials, and suggested that
micro-cracks of geopolymer concrete induced more significant crack and faster
crack development. This brittleness and micro-cracks affected strength

degradation, stiffness, stiffness degradation and ductility.

Figure 4-30 exhibits cracking patterns of specimens C-N2 and C-G1. It is
found that no significant difference lied in cracking patterns of the specimens
using either the normal concrete or the geopolymer concrete. Even the normal
concrete specimen (C-N2) suffered the greater number of cracks during the test.
Thus, the different performance between specimens C-N2 and C-G1 may be

caused by grouting defects, not by concrete types.
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Table 4-11 Deformation capacities of geopolymer concrete elements of previous studies

Material Ductility u
Study Powder Activator A/B ratio Element Normal  Geopolymer Ratio
Ngo et al. (2021) GGBS, Fly ash NaOH, Na,SiOs 60% Beam-column 24 1.8 75%
connection
Raj et al. (2016) Fly ash NaOH, Na;SiOs 35% Beam-column 2.50 3.68 147%
connection
Saranyaetal. (2021)  GGBS, Dolomite NaOH, Na;SiOs 60% Beam-column 3.6 3.4 94%
connection
4.12(C30) 3.11(C30) 75% (C30)
. Beam-column
Mao et al. (2022) Slag, Fly ash NaOH, Na,SiOs, Na,CO;  38-50% SN 3.96 (C50)  2.92(C50)  74% (C50)
3.74(C70)  2.86(C70)  76% (C70)

1) Activator-solution-to-binder ratio
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6=1.0% 6=2.0%

Figure 4-30 Comparison of cracking patterns

4.4.2 Effect of grouting defects

In this study, the PC specimens with grouting defects showed common
characters to the previous study on grouting defects of splice sleeves (Xie at el.,
2022). The effect of grouting effects was detected in forms of pinching effect
of hysteresis curve, lower strength, early failure, failure mode, energy

dissipation, and deformation capacity

Xie et al. (2022) reported that pinching effect of hysteresis curves is one of
the characters of grouting defects. In the unloading phase of C-G1, C-G1-IMP,
and C-G4-IMP, the hysteresis curves were convex in the positive loading and
concave in the negative loading, which were opposite to a desirable load-

displacement relationship (Figure 4-31).
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In C-Gl, the test strength was 9% lower than the predicted strength in the
negative loading. C-G1-IMP and C-G4-IMP failed earlier at 3.5% drift ratio
than the others because of grouting defects in splice sleeves. Furthermore, C-
Gl failed in sleeve rupture and grout crushing after flexural yielding (Figure

4-32).
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Figure 4-31 Load-displacement relationships of specimens with grouting defects
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i

(a) éleeve rupture (b) Grouting crushing

Figure 4-32 Failure mode of C-G1

The column specimens with grouting defects (C-G1, C-G1-IMP, C-G4-IMP)
showed lower energy dissipation than the specimen without grouting defects
(C-N2) (Figure 4-33). The specimens failed relatively earlier or, even when
lasting longer, showed lower energy dissipation. The cumulative energy
dissipation of C-G1, C-G1-IMP, and C-G4-IMP was 32%, 35%, and 10% lower

than C-N2, respectively.
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Figure 4-33 Energy dissipation of specimens with and without grouting defects
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Poor injecting quality of grouting also affected deformation capacity of the
specimens. The specimens with grouting defects (C-G1, C-G1-IMP, C-G4-IMP)
showed 26-48% lower ductility than the specimen without grouting defects (C-
N2) (Table 4-12).

Table 4-12 Deformation capacity of specimens with and without grouting defects

Ductility u

Ductility u (Specimen/C-N2)

Specimen Pos. Neg. Pos. Neg.
Without

grouting  C-N2 4.50 5.51 1.00 1.00
defects

With C-Gl1 2.40 4.05 0.53 0.74

grouting  C-G1-IMP 2.84 2.88 0.63 0.52

defects  c.Gamp 291 3.46 0.65 0.63

4.4.3 Effect of larger-size splice sleeves

Grouting defects can be prevented by using larger-size splice sleeves. This
helps injecting quality of grouting better and is frequently used in practice. No
study has reported the effect of using larger-size splice sleeves on seismic
performance. C-G3 in the study used one-size-larger sleeves than other
specimens to investigate the effect of using larger-size splice sleeves. C-G3

used D29 splice sleeves while maintaining D25 rebars.

As illustrated in Figure 4-34 (a)-(c), the specimen with larger-size sleeves
(C-G3) showed better load-displacement relationship than the specimens with
standard-size sleeves (C-G1, C-G1-IMP, C-G4-IMP). C-G3 did not show any

character of grouting defects such as pinching effects in the unloading phase.
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The envelope curves in Figure 4-34 (d) also presents the same results. The

specimen with grouting defects failed at 3.5% drift ratio or showed uneven

performance in positive and negative loading. Otherwise, C-G3 showed even

and quality load-carrying performance in both positive and negative loading.
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Figure 4-34 Load-displacement relationships and envelope curves of specimen with

and without larger-size sleeves

Good injecting quality of grouting also affected energy dissipation. As

illustrated in Figure 4-35, The specimens with larger-size sleeves (C-G3)

showed higher energy dissipation and lasted longer. Energy dissipation of C-

G3 with larger sleeves was 26-40% higher than that of C-G1 after 3.5% drift

ratio. The specimens with grouting defects (C-G1-IMP, C-G4-IMP) showed
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Chapter 4. Cyclic Loading Tests for Columns

similar energy dissipation but failed early at 3.5% drift ratio. This implies that
grouting defects harm energy dissipation capacity and using one-size large

sleeves can prevent it.

800
@ C-GT

700 - cG3

600 - C-G1-IMP

500 | ——C-Ga-IMP

400 - l

300
200

Cumulative energy
dissipation (kN-mm)

100

Lateral drift ratio (%)

Figure 4-35 Energy dissipation with and without larger-size sleeves

Good injecting quality of grouting induced by using larger-size splice sleeves
also affected deformation capacity of the specimens. The specimen with larger-
size splice sleeves (C-G3) showed 13-59% higher ductility than the specimens
with grouting defects (C-G1, C-G1-IMP, C-G4-IMP) (Table 4-13).

Table 4-13 Deformation capacity of specimens with and without larger-size sleeves

Ductility u
Ductility u (Specimen/C-G3)
Specimen Pos. Neg. Pos. Neg.
D29 sleeve  (C-G3 3.39 4.59 1.00 1.00
D25 sleeve  (C-G1 2.40 4.05 0.71 0.88
with C-G1-IMP 2.84 2.88 0.84 0.63
grouting
defects C-G4-IMP 2.91 3.46 0.86 0.75
3 )
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4.4.4 Effect of reinforcement ratio

In this study, the geopolymer concrete PC specimens included two different
reinforcement ratios. Specimen C-G1 used p = 1.62% (8-D25) and specimen
C-G2 used p = 2.54% (8-D32). The specimen with higher reinforcement ratio
(C-G2) showed better performance in terms of load-displacement relationship,
energy dissipation and deformation capacity (Figure 4-36 and Table 4-14). No

pinching effect was detected in specimen C-G2 unlike specimen C-G1.

Lateral drift (mm)
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Figure 4-36 Load-displacement relationships and envelop curves of specimens with

different reinforcement ratios

Table 4-14 Deformation capacity of specimens with different reinforcement ratios

Ultimate drift ratio d, (%) Ductility u
Specimen Pos. Neg. Pos. Neg. Avg.
C-Gl 2.47 -2.69 2.40 4.05 3.23
C-G2 5.99 -5.93 6.56 5.92 6.24

Investigating the failure modes of the PC specimens (from Figure 4-15 to

Figure 4-20), the failure mode of specimen C-G2 was different from the other
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PC specimens. In overall, the PC specimens suffered limited concrete damage
under compression and sudden grout crushing or gradual bond-slip under

tension. On the other hand, specimen C-G2 suffered severe concrete crushing.

Figure 4-37 shows the strains of the main bars at each drift ratio. At first, the
moment-curvature relationship of the specimens was estimated by a cross-
sectional analysis (Figure 4-37 (a)). Then, the strains of the main bars could be
obtained from strain distribution at each point of the M-¢ relationship (Figure
4-37 (b)). Lastly, the test moment strengths at each drift ratio were matched

with the moments of the M-¢ relationship (Figure 4-37 (c)).

When the reinforcement ratio of the section became higher, the strains of the
longitudinal reinforcements at the section became lower at the same drift ratio
and the compressive zone became deeper. In general, this low steel strain and
deep compressive zone cause the concrete to reach the limit state earlier than

the steel reinforcements, leading to a less ductile behavior of the section.

However, the specimens in this study failed mainly due to the tensile damage
regarding the sleeves or the grout, while the compressive damage of concrete
was limited at the concrete cover locally around the column-base interface
(Figure 4-15, Figure 4-16 and from Figure 4-18 to Figure 4-20). If the failure
of the specimens is not governed the compressive zone, bond capacity of the

longitudinal reinforcements may decide the ductile behavior.

Indeed, in the PC specimens with the same reinforcement ratio (C-N2, C-Gl1,
C-G3), locally high strains of the longitudinal reinforcements at the column-
base interface caused gradual bond-slip inside the sleeves (Figure 4-15, Figure

4-16 and Figure 4-18). In this point of view, the precast specimen with higher
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reinforcement ratio (C-G2) could prevent bond failure of the longitudinal

reinforcements because of the low steel strain so that could maintain the

strength after the peak load.
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Figure 4-37 Strain of main bar at each lateral drift
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4.5 Summary

In this chapter, the cyclic loading tests were conducted to investigate seismic
performance of the PC columns using the geopolymer concrete. Total 7 column
specimens (2 normal concrete and 5 geopolymer concrete) were tested for
cyclic loading tests with 13% compression ratio loaded on the top of the
columns. The test parameters included concrete types (normal or geopolymer),
construction methods (monolithic or PC), sizes of sleeves (D25, D29),
reinforcement ratio (0.0162 or 0.0254), and transverse rebar spacing (100 mm
or 200 mm). The same reinforcements details and fabrication methods used in
practical PC construction were adopted. The seismic performance of the
column specimens was investigated in terms of strength, load-displacement
relationship, failure mode, secant stiffness, energy dissipation, and ductility.
The seismic performance of each specimen was evaluated by ACI 374.1-05 and

AIJ 2002 Guidelines.

For the seismic performance of the PC columns using the geopolymer

concrete, the major findings are summarized as follows:

1) The geopolymer concrete columns (C-G1, C-G2, C-G3, C-G1-IMP, and
C-G4-IMP) developed the predicted strengths calculated by the design
codes (P./P, = 1.03-1.15, except negative loading of C-G1 which had

grouting defects).

2) The PC geopolymer concrete columns (C-G1 (positive loading) and C-G3)
showed similar or superior seismic performance to the monolithic normal

concrete column (C-N1). The PC geopolymer concrete columns resisted
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3)

4)

5)

6)

until 8.0% drift ratio, whereas the monolithic normal concrete column

failed at 3.5% drift ratio.

The PC geopolymer concrete columns (C-G1 (positive loading) and C-G3)
showed equivalent seismic performance to the PC normal concrete column
(C-N2). The strength, load-displacement relationship, failure mode, and
energy dissipation of the PC geopolymer concrete columns were similar to
those of the PC normal concrete column. the PC geopolymer concrete
columns (C-G1 (positive loading), C-G3) satisfied AIJ 2002 Guidelines
for ensuring equivalent performance to the PC normal concrete columns

(C-N2).

However, ductility of the PC geopolymer concrete columns (C-G1) was
35% lower than that of the PC normal concrete column (C-N2) due to the
effect of grouting quality. The cracking patterns and the stress-strain

curves were almost the same.

The PC columns with grouting defects (C-G1 (negative loading), C-G1-
IMP, C-G4-IMP) showed inferior performance to the PC column without
grouting defects (C-N2). The test strength was 9% lower than the predicted
strength calculated by the design codes. The PC columns with grouting
defects showed 10-35% lower energy dissipation and 26-48% lower

ductility than the PC column without grouting defects.

The PC column with larger-size sleeves (C-G3) prevented grouting defects
caused by poor injecting quality of grouting. However, using larger-size

sleeves does not mean better seismic performance.
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7) The PC column with higher reinforcement ratio (C-G2) showed better
performance. It could prevent bond failure of the longitudinal
reinforcements inside the splice sleeves because of the low steel strains, so

that could maintain the strength after the peak load.
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Chapter 5. Cyclic Loading Tests for Beam-column
Connections

5.1 Introduction

Only few studies have been reported on the seismic performance of
geopolymer concrete members by cyclic loading tests. The results of the studies
vary in terms of seismic performance, and the studies adopted various
properties of materials including the type of binder materials and the amount of

the activator solution.

Monolithic beam-column connections let beam longitudinal reinforcements
pass through the joint, while PC beam-column connections require beam
bottom longitudinal reinforcements to be anchored in the joint by hooked bars.
Design codes specify that when beam reinforcements pass through a joint, the
beam reinforcements inside the joint can suffer high bond stresses and bar slip

under cyclic loading (refer to 2.1 (k)).

Design codes denote that hooked bars terminated in a joint should extend far
to the opposite face of the joint to help a diagonal compression strut inside the
joint to form well (refer to 2.1 (i)). Proposed nominal strength models of beam-
column joints are affected by the point where the hooked bar is terminated or
implicitly assume the hooked bar must extend to the far end (refer to 2.4).
However, hooked bars from the opposite sides of a joint are often constructed
not to overlap each other due to congestion of reinforcements inside the joint.
Furthermore, no study was found on the effect of overlap lengths of hooked

bars terminated in a joint.
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In this chapter, cyclic loading tests were conducted to investigate seismic
performance of PC geopolymer concrete beam-column connections with 90°
hooked bars anchored in the joint. The structural performance of PC
geopolymer concrete beam-column connections was evaluated by whether the
specimens developed nominal strengths calculated by design codes. The test
results of PC geopolymer concrete beam-column connection specimens were
compared with that of monolithic normal concrete specimen in terms of seismic

performance.

Moreover, the effect of PC construction method using joint hook anchorage
on the seismic performance of beam-column connections was evaluated. The
effect of presence of joint hook anchorage and the effect of different overlap
lengths were investigated. Furthermore, the seismic performance of each

specimen was evaluated by ACI 374.1-05 and A1J 2002 Guidelines.
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PC column

Hooked bars

Grouting gap
~

Cast-in-place
topping & joint

Figure 5-1 PC beam-column connection
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5.2 Test Program

5.2.1 Test parameters

Table 5-1 shows the test parameters of beam-column joint specimens, such
as concrete types, construction methods, and anchorage hooks. In the specimen
names, the letters ‘N’ and ‘G’ denote concrete types except panel zone (normal

concrete and geopolymer concrete, respectively).

Table 5-1 Test parameters of beam-column connection specimens

Concrete type Beam Overlap
Construction bottom bar  length
Specimen  Joint Column Beam method detail (mm)
J-N1 Normal Normal Normal Monolithic  Penetrating -
J-G1 Normal Geopolymer Geopolymer PC 90° hook 290
J-G2 Normal Geopolymer Geopolymer PC 90° hook 170

The specimens can be grouped by the one control specimen (J-N1) and the
two experimental specimens (J-G1 and J-G2). The control specimen (i.e. J-N1)
represents monolithic beam-column connections. It was monolithically made
with normal concrete and both top and bottom beam longitudinal
reinforcements penetrate the joint. On the other hand, the experimental
specimens represent PC beam-column connections. The beams and columns
were constructed as PC members and connected by the cast-in-place (CIP)
panel zone and 150-mm-height topping concrete. The PC members were made
of the geopolymer concrete and CIP panel zone and topping used normal
concrete. Both two PC specimens have details of 90° anchorage hooks for beam
bottom longitudinal reinforcements inside the joints, while beam top

longitudinal reinforcements still penetrated the joints. The difference between

133 :1 ,



Chapter 5. Cyclic Loading Tests for Beam-column Connections

two PC specimens is in the overlap length of hooks. J-G1 has relatively long
overlap length of hooks, 290 mm. J-G2 has relatively short overlap length, 170
mm. The different overlap lengths were caused by using different sizes of rebars

meeting development length specified in the design code.

5.2.2 Details of test specimens

Figure 5-2 shows details of test specimens for cyclic loading beam-column
connection tests. The beam-column connection specimens were composed of
two beams, two columns and a joint. The section of the columns was 500 mm
width x 650 mm height and the section of beams was 350 mm width x 500 mm
height. The total vertical height of the columns was 2800 mm and the net height
from the loading point at upper column to the reaction point at lower column
was 2100 mm. The total horizontal length of the beams was 5600 mm and the

net length between the supports was 4800 mm.

Figure 5-2 (a) shows the details of the monolithic specimen (i.e. J-N1). The
specimen was monolithically constructed with the normal concrete. Both four
top D25 bars (bar diameter d, = 25.4 and yield strength f, = 658.0 MPa) and
two bottom D25 bars of the beams passed through the joint. The column
transverse reinforcements started 100 mm up and 50 mm down from the joint
face, respectively. Their spacing was 200 mm, but near the loading and reaction

points 50 mm in order to prevent local shear failure.

Figure 5-2 (b) and (c) shows the details of the PC specimens (i.e. J-G1 and
J-G2). Two columns and two beams were separately constructed with the

geopolymer concrete as PC members. They were connected by cast-in-place
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(CIP) topping and joint and grouted splice sleeve connection. The normal
concrete was used in CIP topping and joint. The 50-mm grouting gap was
located between the joint face and the upper column in order to consider a
construction error and enhance the connectivity. The column transverse
reinforcements started 80 mm up from the grouted face and 50 mm down from
the joint face, respectively. Their spacing varied by each zone; 50 mm near the
loading point to prevent local shear failure, 60 mm in the sleeve zone to prevent

shear reinforcements from being unfastened., and 200 mm in the lower column.

The difference between J-G1 and J-G2 lied in beam bottom longitudinal
reinforcements details. J-G1 used two D25 bars as the beam bottom
longitudinal reinforcements with standard 90° hook anchorage. The calculated
development length was 470 mm, and the overlap length of both anchorage
hooks was 290 mm. Meanwhile, J-G2 used three D22 bars (bar diameter d, =
22.2 mm and yield strength f, = 672.4 MPa) as the beam bottom longitudinal
reinforcements with standard 90° hook anchorage, whose reinforcement ratio
was similar to that of J-G1; 0.65% for J-G1 and 0.74% for J-G2. Even though
the reinforcement ratios were similar, their development lengths were different
since the development lengths are a function of bar diameters. The calculated
development length of D22 was 410 mm, and the overlap length of both

anchorage hooks was 170 mm.
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Figure 5-2 Details of beam-column connection specimens
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Figure 5-2 Details of beam-column connection specimens (continued)

5.2.3 Specimen construction

The construction of the beam-column connection specimens can be divided
into three parts (PC member construction, CIP topping and joint, and upper
column assembly). Procedures of the construction are illustrated in Figure 5-3

to 5-5.
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(c) Manufacturin, mold (d) Placing cocrete and curing

i

Figure 5-3 Construction procedures of beam-column connection specimens: PC

member construction
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(b) Assembling upper column and
manufacturing mold

(c) Injecting nbn-éhrikage grout (d) Curig 7
Figure 5-5 Construction procedures of beam-column connection specimens: upper

column assembly
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5.2.4 Material strength

Figure 5-6, 5-7 and Table 5-2, 5-3 show the material strength tests and the
resulting material strength. When placing concrete, concrete cylinders (100 mm
diameter x 200 mm height) were prepared for compressive tests. They were
cured under the same condition as that of the test specimens. The compressive
tests of concrete cylinders were conducted on each day of the experiments as
shown in Figure 5-6 (a). The speed of loading was 0.4 MPa/s by the load
control method according to KS specification. On the both sides of the cylinders,
concrete strain gauges were attached to measure strains. The compressive

strengths of the concrete of each test specimen are shown in Table 5-2.

When grouting, non-shrinkage grout specimens (40 mm x 40 mm x 160 mm)
were prepared for compressive test. The compressive tests of non-shrinkage
grout specimens were conducted as shown in Figure 5-6 (b). The speed of
loading was 1 mm/s by the displacement control method. Concrete strain
gauges were attached on the both sides to measure strains. The average
compressive strength of the non-shrinkage grout of the test specimens is shown

in Table 5-2.

When assembling steel cages, steel rebar specimens (600 mm length, in case
of D32, 700 mm length) cut from the rebars used for manufacturing the test
specimens were prepared for tensile test. The tensile tests of the steel rebars
were conducted as shown in Figure 5-6 (c). The speed of loading was 2 mm/s
by the displacement control method, and after a rebar yielded, gradually
increased up to 8 mmy/s. On the center of the steel rebar specimens, steel strain
gauges were attached to measure strains. The material strengths and stress-

strain relationships of steel rebars of the test specimens are shown in Table 5-3
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and Figure 5-7, respectively.

S - LI,
(b) Non-shrinkage grout compressive test

m

|2

(c) Steel rebar tensile test

Figure 5-6 Material strength tests of the beam-column connections
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Table 5-2 Compressive material strength test results of beam-column connections

Concrete Non-
CIP topping shrinkage
Specimen Monolithic PC & joint grout
J-N1 62.3 - - -
J-G1 - 61.2 52.6 94.3
J-G2 - 62.8 48.5 94.6
Unit: mm

Table 5-3 Tensile material strength test results of beam-column connections

Ultimate Yield strain
Bar diameter  Yield strength strength
Specimen dp (mm) fy (MPa) Jfu (MPa) &
SD500 D13 12.7 552.8 653.7 0.00276
SD600 D22 22.2 672.4 789.6 0.00336
SD600 D25 25.4 658.0 775.4 0.00329
SD600 D29 28.7 625.1 741.4 0.00313
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Figure 5-7 Tensile material strength test results of beam-column connections
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5.2.5 Test setup and loading plan

Figure 5-8 shows the test setup for cyclic loading tests of the beam-column
connection specimens. Both beam ends were roller supported. The bottom of
the lower column was pin supported. Cyclic lateral loading applied to the upper
column simulated earthquake load acting to the column. Here, 2,000 kN

actuator was used.

The loading plan of the beam-column connection tests followed ACI 374.1-
05, and are shown in Figure 5-9 and Table 5-4. ACI 374.1-05 recommends that
each step include three cycles and an incremental ratio of displacements be in

the range from 1.25 to 1.5.
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Figure 5-8 Test setup of the beam-column connection tests
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Figure 5-9 Loading plan of the beam-column connection tests

Table 5-4 Loading plan of the column tests

Net lateral

Lateral drift  displacement? Number of Incremental
Step ratio" (%) (mm) load cycles ratio®
1 0.25 5.25 3 -
2 0.35 7.35 3 1.40
3 0.5 10.5 3 1.42
4 0.75 15.75 3 1.50
5 1.0 21 3 1.33
6 1.5 31.5 3 1.50
7 2.0 42 3 1.33
8 2.75 57.75 3 1.37
9 3.5 73.5 3 1.27
10 4.5 94.5 3 1.28
11 6.0 126 3 1.33
12 8.0 168 3 1.33

1) (Net lateral displacement) + (Net height of columns)
2) (Displacement of the actuator) — (Bottom hinge slip) — (rigid body rotation)

3) (Current displacement) + (Previous displacement)
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5.2.6 Measurement plan

To measure deformations around the joint, strain gauges were attached to 24
spots on the steel cages. In the beams and the columns, the strain gauges were
attached to the reinforcements near the joint. The stain of the column
longitudinal reinforcements inside the joint was measured at 20-30 mm beneath
the connection face to investigate transmission of stress from the column to the
joint. The strain gauges were also attached to the hoops inside the joint to
investigate amount of stress in the transverse reinforcements inside the joint. In

the monolithic specimen, the strain gauges were located at the same spot.

To measure deformations of the test specimens, 11 linear variable
displacement transducers (LVDT) were installed on the specimens. The
actuator displacement and the slip at the lower column were measured by the
horizontal LVDTs on the top and the bottom, the rigid body rotation by the
vertical LVDTs on both beam ends, the beam flexural deformation and the gap
opening by the horizontal and vertical LVDTs on the corner of the joint,

respectively. The joint shear deformation by the X-shaped LVDTs on the joint.
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B Strain gauge
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(a) Strain gauge plan
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Figure 5-10 Measurement plan of beam-column connection specimens
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5.3 Prediction of Possible Failure Mode and Estimation of
Nominal Strength

Possible failure modes can be classified into flexural yielding of beam or
column, joint shear failure, anchorage failure of hooked bars, and bond failure
of longitudinal bars. All test specimens were designed to fail in beam flexural
failure mode. The five failure modes including beam flexural failure mode were

considered and described below.

5.3.1 Flexural yielding of beam or column

L

M,
R, | T e R
oo P ST ~—c
[ all P
$ 5 Gy — Y= T, / <Shear force diagram>

R,~R, e b

Figure 5-11 Internal and external forces acting on beam-column connections

A nominal strength of a test specimen due to column flexural yielding (Pyc)
can be calculated by considering column moments at the joint face to reach the

nominal moment strengths of the columns. Then, the nominal strength of the
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test specimen is calculated by dividing the nominal moment strength (M,.) by

the shear span (a = (H — hs)/2).

Eq 5-1

A nominal strength of a test specimen due to beam flexural yielding (P,s) can
be calculated by considering beam moments at the both joint faces to reach the
nominal moment strengths of the beams. The beam support reactions at both
ends should be calculated at first by force equilibrium (R; + R, = 2PH/L).
Assuming that the beam moments at the joint face reach the nominal moment
strengths of the beams, the beam support reactions can be calculated (R; = M,~
/a; R2 = M,"/a; where a = (L — h.)/2). By combining the two equations and

organizing it in terms of P, the nominal strength can be obtained:

P, = MZ+M; £ Eq 5-2
nb L—hc H q

Here, M," and M, are the positive and negative nominal moment strengths of

the beams, respectively.

5.3.2 Joint shear failure

A nominal strength of a test specimen due to joint shear failure (P,) can by
calculated by considering that the joint is subjected to the nominal joint shear
strength. In this study, the joint shear strength of ACI 352R-02 was used (refer
to 2.1 ().

V,=0.083y |f b;h, Eq 5-3
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where y is a value regarding connection types, and b; is the effective joint

width. For joints with a continuous column and two opposite beams, y is 20
for ordinary moment frames, and 15 for intermediate or special moment frames
(for moment frames, refer to 2.1 (h)). In this study, y-value of 15 was selected
to conservatively evaluate the joint shear strength even though the test
specimens did not fully satisfy the details of intermediate or special moment

frames.

The joint shear force (V) induced by lateral force (P) can be calculated as

follows:

V]-=Tb+Cb—P
My M,
_j—d_ Eq5-4

(7))

Here, jd is moment arm length of the beams.

By organizing the equation in terms of P and substituting Vj, for Vj, the
nominal strength can be calculated. Here, the moment arm length is assumed

(id = 0.87d).

P”j_(H)(IJ_}lc)l Eq 5-5
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5.3.3 Anchorage failure of hooked bars

The anchorage lengths of the hooked bars of the PC specimens were
calculated by ACI 352R-02 which is the same as KDS 14 20 52 :2022 and ACI
318-14 (refer to 2.1 (j); here, the multiplier 0.7 was incorporated). The
anchorage lengths (/) were designed to be equal to required anchorage lengths
calculated by the code. However, the actual material strengths were greater than
the specified strengths, which decreased the required anchorage lengths. The
actual anchorage lengths were 14-21% higher than the required anchorage

lengths as shown in Table 5-5.

Table 5-5 Anchorage length of PC beam-column connection specimens

Requirement

Dimension Design Actual

db ldh,aclual fv fck ldh,reql) ldh,des[gn fv fc’ ldh,reql) ldh,aclual
Specimen (mm) (mm) (MPa) (MPa) (mm) /lp,., (MPa) (MPa) (mm) /lgreq

J-G1 254 470 600 30 467 1.00 658.0 52,6 387 1.21
J-G2 222 410 600 30 409 1.00 6724 485 360 1.14

1) The anchorage lengths calculated by ACI 352R-02, KDS 14 20 52 :2022 and ACI
318-14 (refer to 2.1 (j))

5.3.4 Bond failure of beam longitudinal bars

According to ACI 352R-02, a wide column depth is recommended to limit
slippage of straight bars passing through the joint (refer to 2.1 (k)). During
cyclic loading, straight bars inside the joint may slip, which may cause bond
failure. KDS 14 20 80 :2022 also specifies required column-depth-to-bar-

diameter ratio of beam-column connections (refer to 2.1 (k)).

As shown in Table 5-6, the actual column-depth-bar-diameter ratio of the

specimens (beam top longitudinal reinforcements of J-N1, J-G1 and J-G2 and
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beam bottom longitudinal reinforcements of J-N1) satisfied KDS 14 02

80 :2022 but was lower than the required value of ACI 352R-02.

Table 5-6 Column-depth-to-bar-diameter ratio of beam-column connection specimens

heo/dy
Specimen he dp £ Specimen KDS ACI 352
J-N1
J-G1 650 25.4 658.0 25.6 25.0 31.3
J-G2

5.3.5 Estimation of nominal strength of test specimens

As shown in Table 5-7, all test specimens were designed to fail in beam
flexural yielding. The test specimens were reinforced enough to avoid shear
failure in the beams and the columns (for the nominal shear strength, refer to
2.1 (g)). The nominal moment capacities of the columns were design to be
larger than those of the beams. The nominal shear strength of the joint was
designed to be safe even when nominal moment strengths of the beams were
developed. Therefore, nominal lateral force capacities were calculated based on
the beam moment strengths. All nominal strengths were calculated with respect
to the material test results. The predicted failure mode of all test specimens was
beam flexural yielding. The anchorage lengths of hooked bars were longer than

the required lengths.

154 A - :'l: - T



Chapter 5. Cyclic Loading Tests for Beam-column Connections

Table 5-7 Estimation of nominal strengths and failure modes of beam-column connection specimens

Column yielding Beam yielding Joint shear failure Nominal Predicted
My Phe My* My P Vin Py strength failure Lanactual
Specimen  (kN-m) (kN) (kN-m) (kN-m) (kN) (kN) (kN) P, (kN) mode ah,req heldp
J-N1 939 1173 288 551 462 3194 871 462 Beam - 25.6
J-G1 937 1172 288 551 462 2935 800 462 flexural 1.21 25.6
J-G2 939 1174 311 552 475 2818 772 475 yielding 1.14 25.6

M, : nominal moment strength of column

P, : nominal lateral force capacity due to column flexural yielding
M,»* : nominal positive moment strength of beam

M,y : nominal negative moment strength of beam

P, : nominal lateral force capacity due to beam flexural yielding
Vjn : nominal shear strength of joint

P, : nominal lateral force capacity due to joint shear failure

P, : nominal lateral force capacity due to predicted failure mode
Lan,acwar - actual development length of hooked bars

Lan req - Tequired development length of hooked bars calculated by ACI 352R-02 (the same as KDS 14 20 52 :2022 and ACI 318-14; refer to  (refer to 2.1

(K)))
h. : depth of column
dp : diameter of beam longitudinal bar
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5.4 Test Results and Observations

5.4.1 Load-displacement relationship

Lateral drift (mm)
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800 L L
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& 200 {(Monolithic)
T o —
2
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<
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Figure 5-12 Load-displacement relationship of beam-column connection

specimens

Figure 5-12 shows relationships between lateral load (P) and lateral
displacement ratio (d) of the beam-column connection specimens with either
geopolymer concrete or normal concrete. The lateral drift ratio was calculated
by dividing lateral drift with loading height (4 = 2100 mm). The lateral drift
was calculated by deducting an effect of the slip at the lower column hinge and

the rigid body rotation of the specimen. The test strength (P.) is presented by a
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round mark, and the predicted strength (P,) is presented by a horizontal dashed
line. The predicted strength (P,) is calculated in 5.3.5. All three specimens

showed greater test strengths than the predicted strengths.

The specimens with different overlap lengths of hooked bars (J-G1 and J-G2)
showed no significant difference. This is because the failure was caused by
beam flexural failure not joint shear failure and the specimens did not suffer

severe steel deformation in the joint.

Specimen J-N1 was the monolithic specimen with normal concrete. The test
strength was +506kN (0 = 2.75%) and —465kN (6 = 2.75%), and this was
respectively 10% and 1% higher than the predicted strength, 462kN. At the first
load cycle of 3.5% drift ratio, the load decreased as beam bottom concrete was
spalled around the joint face. The load continued decreasing as beam bottom
crushing became severe. The test ended at 8.0% drift ratio. Joint damage was
hardly detected, but severe concrete spalling happened around beam bottom
reinforcement near the joint face. The pinching effect occurred on the unloading

phase.

Specimen J-G1 was the PC specimen with the geopolymer concrete and the
hooked bar overlap length of 290mm. The test strength was +498kN (J = 2.75%)
and —462kN (J = 2.75%), which was respectively 8% and 4% higher than the
predicted strength, 462 kN. At 4.5% drift ratio, joint diagonal crack was
detected and beam top and bottom concrete started to be spalled. The test ended

at 8.0% drift ratio.

Specimen J-G2 was the PC specimen with the geopolymer concrete and the

hooked bar overlap length of 170mm. The test strength was +542kN (J = 2.75%)

157 __:x_'.i: T



Chapter 5. Cyclic Loading Tests for Beam-column Connections

and —513kN (0 = 3.5%), which was respectively 11% and 5% higher than the
predicted strength, 488 kN. At 4.5% drift ratio, the load decreased as the beam
top and bottom concrete started to be spalled. The test ended at 8.0% drift ratio.
At the joint occurred severer diagonal cracks than those of J-G1 which had the

longer overlap length of the hooked bars.
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5.4.2 Failure mode

Figure 5-13 shows failure pictures after the tests ended. In all specimens,
plastic hinges were formed at the beams and concrete spalling and crushing
were detected. After the maximum load, J-N1 suffered bond damage of beam
bottom longitudinal bars rather than joint damage. Both J-G1 and J-G2 suffered
cracking damage on the joint and concrete crushing on beam top region at the

joint face, and J-G2 suffered severe damage on the joint than that of J-G1.

1]

(b) J-G1

Figure 5-13 Final failure pictures of beam-column connection specimens
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As shown in Figure 5-14, the monolithic specimen (J-N1) suffered concrete
crushing and bond damage at the bottom of the beams. Joint damage was hardly
detected. Unlike J-G1 and J-G2, bond damage was severe under cyclic loading
at the beam bottom longitudinal reinforcements as concrete at the bottom of the
beams was spalled after concrete crushing. At the joint, only few diagonal

cracks occurred.

As shown in Figure 5-15, J-G1 suffered concrete crushing at the corner of
the beams and joint cracking damage. Concrete was crushed as plastic hinges
were formed at the top and bottom of the beams. Diagonal cracks occurred at
the joint, but were not severe until drift ratio 8.0%. The corner concrete cover
of the upper and lower columns was spalled around the joint face. The damage

was concentrated on the top and bottom corners of the beams.

As shown in Figure 5-16, J-G2 suffered similar damage patterns with J-G1
but joint cracking damage was severer. The width of joint diagonal cracks was
larger because the overlap length of the hooked bars inside the joint was shorter.
The corner concrete cover of the upper and lower columns was spalled around

the joint face.
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Figure 5-14 J-N1 detailed failure pictures
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Figure 5-15 J-G1 detailed failure pictures
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Figure 5-16 J-G2 detailed failure pictures
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5.4.3 Strain of steel reinforcements

From Figure 5-17 to Figure 5-19 show strains of beam longitudinal

reinforcements at the beam ends 30 mm away from the joint face. In every

reinforcement, strains exceeded the yield strains (e, = 0.00336 (D25), 0.00329

(D22)). This means plastic hinges were formed in the beams as expected. In J-

N1, strains of beam top longitudinal reinforcement dropped rapidly as bond

damage occurred after the peak load (Figure 5-17). In J-G1, beam bottom

longitudinal reinforcements showed more ductile behavior than the other

specimens (Figure 5-18).
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Figure 5-17 Strain of beam longitudinal reinforcement of J-N1
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Figure 5-18 Strain of beam longitudinal reinforcement of J-G1
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Figure 5-19 Strain of beam longitudinal reinforcement of J-G2
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Figure 5-20 shows strains of joint transverse reinforcements located in the
center of the joint. In J-N1 and J-G1, the strains did not exceed the yield strain.
The strain of J-G2 reached the yield strain, but it was not significantly large.
This means all beam-column specimens did not suffer severe steel deformation
in the joint, but the steel deformation of J-G2 which used the shorter overlap

length was larger than J-G1 which used the longer overlap length.
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5.4.4 Secant stiffness

As shown in Figure 5-21, secant stiffnesses of the beam-column specimens
were the same. The secant stiffness was calculated from a straight line passing

through the minimum and the maximum load points at the first load cycle of

each drift ratio.
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Figure 5-21 Secant stiffness of beam-column connections
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5.4.5 Panel zone deformation

Lateral drift developed by panel zone deformation (4,:) can be calculated by
Figure 5-22 and Eq 5-9. Here, Vpz is shear distortion angle at the joint, H is
the height of beam-column connection, L is the length between the beam
supports, and 4. and 4, are the section depth of the column and the beam,

respectively. Shear distortion angle (sz) can be calculated by Vo = ((Sj—

5})\/ a?+b°2ab using two LVDTs (9, 5}) installed at the joint panel zone with

X-shape as shown in Figure 5-23 (Here, a and b are horizontal and vertical

spacing of LVDTs).

P
Actuator > e

Figure 5-22 Calculation of drift developed by panel zone shear deformation
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~ S
e
\/\ a
(a) LVDT at the joint (b) Panel zone shear deformation

Figure 5-23 Calculation of panel zone shear deformation

4 =ypz(H—hc——hb> Eq 5-6

35 4 ——J-N1 - 1.7
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Figure 5-24 Drift developed by panel zone shear deformation
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As shown in Figure 5-24, Panel zone shear deformation was the largest in J-
G1, the next was J-G2, and J-N1 showed the smallest deformation. In case of
J-N1, beam bottom longitudinal reinforcements passing through the joint
suffered severe bond damage, which caused relatively small panel zone shear
deformation. Both J-G1 and J-G2 met anchorage length of hooked bars
specified in ACI 352R-02 (the same as KDS 14 20 52 :2022 and ACI 318-14;
refer to 2.1 (k)), but J-G1 showed greater panel zone shear deformation than J-

G2.

5.4.6 Energy dissipation
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Figure 5-25 Cumulative energy dissipation of beam-column connection specimens

Figure 5-25 shows cumulative energy dissipation of the beam-column
connection specimens according to lateral drift ratio. Energy dissipation is

defined by an area of a closed loop in each drift ratio in a hysteresis curve. Until
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2.75% drift ratio where the load reached the peak, all specimens showed similar
cumulative energy dissipation. After the peak load, the difference was captured
in cumulative energy dissipation in inelastic range. J-G1 and J-G2 showed
similar energy dissipation, which was relatively greater than J-N1. Their
cumulative energy dissipation was 232 kN-m and 251 kN-m respectively at 3.5%
drift ratio, and 661 kN-m and 641 kN-m respectively at 8.0% drift ratio. On the
other hand, J-N1 showed relatively small energy dissipation due to bond failure
of the beam bottom longitudinal reinforcements. Its cumulative energy
dissipation was 191 kN-m at 3.5% drift ratio (82% of J-G1 and 76% of J-G2),
and 353 kN-m at 8.0% drift ratio (53% of J-G1 and 55% of J-G2).
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Figure 5-26 Energy dissipation per load cycle of beam-column connection specimens
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Figure 5-26 shows energy dissipation per load cycle of the beam-column
connection specimens according to lateral drift ratio. Energy dissipation of J-
N1 whose beam top and bottom longitudinal reinforcements passed through the
joint was relatively lesser than that of J-G1 and J-G2 whose beam bottom
longitudinal reinforcements were anchored by 90° hooked bars inside the joint.
This is because after plastic hinges were formed at the beam ends at the peak
load and concrete crushing and concrete cover spalling occurred at the bottom
of the beams, bond capacity of the beam bottom longitudinal reinforcements

decreased and slip occurred.

No significant difference in energy dissipation was observed between J-G1
and J-G2 whose beam bottom longitudinal reinforcements were anchored by

90" hooked bars inside the joint. At 8.0% drift ratio, J-G2 showed relatively

lesser energy dissipation than J-G1 because of severe joint cracking.

In all specimens, energy dissipation decreased rapidly at the second load
cycle after the peak load. Energy dissipation of the second cycle was 56-88%
of that of the first cycle. Energy dissipation of the third cycle decreased than

that of the second cycle but showed similar pattern.

5.4.7 Deformation capacity

The envelop curve shown in Figure 5-27 (a) was drawn by connecting
maximum load points at each drift ratio. Until the peak load, the monolithic and
the PC specimens showed almost the same load-displacement relationship,

reaching equivalent peak strength. However, after the peak load, the patterns of

173 __:x_'.i: T



Chapter 5. Cyclic Loading Tests for Beam-column Connections

the monolithic specimen and the PC specimens were different. While the both
PC specimens gradually decreased in strength regardless of the length of the
joint hook anchorage, the monolithic specimen showed a relatively steep

decrease in strength compared to the PC specimens.
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(a) Envelop curve (b) Definition of deformation capacity
Figure 5-27 Envelop curve and definition of deformation capacity of beam-

column specimens

Deformation capacity was calculated using a method illustrated in Figure 5-
27 (b) based on the envelop curve. The deformation capacity was characterized
by yield strengths, yield stiffnesses, maximum strengths, yield displacements,
yield drift ratios, ultimate displacements, ultimate drift ratios, and ductility.
Yield displacements were defined by the drift ratio at the peak load of a straight
line passing the origin and the point of 75% of the peak load. Ultimate
displacements were defined by the drift ratio at the point of 85% of peak load
after the peak load. Yield stiffnesses were defined by the value dividing the

peak load with the yield displacement.

As shown in Table 5-8, the yield strengths and the maximum strengths of the

test specimens were similar. The yield displacements were also similar, so were
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the yield stiffnesses. However, the ultimate displacements of J-G1 and J-G2
were greater than that of J-N1 (54% and 43% higher respectively). Therefore,
the ductility of J-G1 and J-G2 was greater than that of J-N1 (61% and 38%

higher respectively).
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Table 5-8 Deformation capacity of beam-column connection specimens

Yield strength Yield stiffness Peak strength Yield drift ratio Ultimate drift ratio
P, (kN) K, (kN/mm) P, (kN) d, (%) 0u (%) Ductility u
Specimen Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.
J-N1 449 -411 15.9 14.2 506 -465 1.55 -1.59 3.39 -4.05 2.18 2.54
J-G1 446 -429 16.2 16.2 498 -479 1.50 -1.54 5.72 -5.66 3.80 3.68
J-G2 476 -450 15.5 15.5 542 -513 1.65 -1.61 5.25 -5.36 3.18 3.32
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5.4.8 Seismic performance evaluation by ACI 374.1-05

ACI 374-05 specifies acceptance criteria for evaluating seismic performance
of reinforced concrete moment frames by experiments. If all the acceptance
criteria are satisfied, the test specimen can be considered to have equivalent
seismic performance to special moment frames according to ACI 318-19 (refer

to 2.1 (m)).

As shown in Table 5-9, only J-G1 and J-G2, the PC specimens with the
geopolymer concrete, satisfied all acceptance criteria from (b) to (e). Criterion
(a) was excluded in the study because the allowable story drift in criterion (a)
differs according to required ductility when structure designing. On the other
hand, J-N1, the monolithic specimen with the normal concrete, dissatisfied the
criteria expect criterion (b) and (d), which are criteria to check whether failure
occurred at a beam according to the strong-column-weak-beam concept and to

ensure adequate damping for the frame as a whole, respectively.

Criteria (c) and (e) which only J-N1 failed to satisfy are related to the third
load cycle of 3.5% drift ratio. In Figure 5-28 which shows the third load cycle
of 3.5% drift ratio, the peak strengths of J-N1, the monolithic specimen, was
26% and 30% lower than those of J-G1 and J-G2, the PC specimens, in both
positive and negative direction (criterion (c)). And also, J-N1 showed severe
pinching behavior, which was characterized by the flat curves near the origin
(criterion (e)). This is because the beam bottom longitudinal reinforcements
passing through the joint suffered severe bond slip. As such, unlike J-N1
showed the same secant stiffness as those of J-G1 and J-G2, the stiffness near

the origin was severely lower than those of J-G1 and J-G2.
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Table 5-9 Seismic performance evaluation by ACI 374.1-05

J-N1 J-G1 J-G2
Criterion
Pos. Neg. Pos. Neg. Pos. Neg.
(b) Emax 506  -465 498 479 542 -513
Maximum 3 - 1034 -1034 1032 -1032 1035 -1035
lateral load
(kN) Judgement OK OK OK OK OK OK
0.75Emax 379 349 374 -359 406  -385
(c) Lateral
force at  Eat3.5% 339 324 459 440 487  -463
3.5% Judgement NG NG OK OK OK OK
kN
(kM) /(J-N1) - - 137 132 134 129
Elastic plastic 79.4 102 106
(d) Energy  Actual 15.0 31.1 29.9
dissipation ~ Ratio 0.189 0.306 0.282
(kN-m)  jydement OK OK OK
/(J-N1) - 1.62 1.49
5% ofinitial K 1.44 1.04 137 126 139 130
(¢) Stiffness K at 3.5% 0.82 044 478 423 428  3.38
(kN/mm)  judgement NG NG OK OK OK OK
/(J-N1) - - 6.08 790 537 6.14
v Yy
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Figure 5-28 The 3rd load cycle of 3.5% drift ratio

5.4.9 Seismic performance evaluation by AIJ 2002 Guidelines

AlJ 2002 Guidelines specifies structural performance goals so that PC
structure can ensure the performance of RC structure. If PC members on
ultimate limit state under earthquake load satisfy all the acceptance criteria, PC
members can ensure the equivalent performance to RC members (refer to 2.1

(n)). The result is summarized in Table 5-10,

The PC geopolymer concrete beam-column connection specimens (J-G1, J-
G2) satisfied the acceptance criteria compared with the monolithic normal
concrete specimen (J-N1) in overall. The yield strengths and the peak strengths
of the PC geopolymer concrete specimens were 99-110% and 111-125% of the
monolithic normal concrete specimen, respectively. The strengths at 2% drift

ratio of the PC geopolymer concrete specimens were 97% of the peak strengths,
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which were higher than 80% as the guideline suggests. The yield drift ratios of
the PC geopolymer concrete specimens were 96-106% of the monolithic
normal concrete specimen, where the difference between the specimens were
not more than 20% as the guideline suggests. The energy dissipation at the 2™
cycle of 2% drift ratio of the PC geopolymer concrete specimens was 106-123%
of the monolithic normal concrete specimen, which were higher than 80% as

the guideline suggests.

Table 5-10 Seismic performance evaluation by AlJ 2002 Guidelines

J-N1 J-G1 J-G2
Criterion Pos. Neg. Pos. Neg. Pos. Neg.
(a) Yield P, (kN) 449 411 446 -429 476  -450
strength /J-N1 - - 099 1.04 1.06 1.10
(b) Peak P, (kN) 506  -465 498 479 542 -513
strength /J-N1 - - .11 117 121 125
(c) Strength at ~ Pu at 2% (kN) 495 482 524
2% driftratio (P, at 2%)/P, 0.978 0.968 0.966
(d) Yield drift 0u (%) 1.55 -1.59 150 -1.54 1.65 -1.61
ratio /J-N1 - - 097 096 1.06 1.01
(¢) Energy E at 2% (kN-m) 9.10 9.60 11.2
dissipation /J-N1 - 1.06 1.23
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5.5 Summary

In this chapter, the cyclic loading tests were conducted to investigate seismic
performance of the PC beam-column connections using the geopolymer
concrete. Total 3 beam-column connection specimens (1 normal concrete and
2 geopolymer concrete) were tested for the cyclic loading tests. The test
parameters included concrete types (normal or geopolymer), construction
methods (monolithic or PC), and overlap lengths of hooked bars anchored
inside the joint (290 mm or 170 mm). For the PC beam-column connections,
the beams and the columns used the geopolymer concrete while topping and
joint used the normal concrete. The same details of reinforcements used in PC
construction were adopted such as 90° hook anchorage of the beam bottom
longitudinal bars, while the monolithic beam-column connection used straight
beam bottom longitudinal bars passing through the joint panel. The seismic
performance of the beam-column connections was investigated in terms of
strength, load-displacement relationship, failure mode, secant stiffness, energy
dissipation, and ductility. The seismic performance of each specimen was

evaluated by ACI 374.1-05 and A1J 2002 Guidelines.

For the seismic performance of the PC beam-column connections using the

geopolymer concrete, the major findings are summarized as follows:

1) The PC geopolymer concrete beam-column connections (J-G1, J-G2)
developed the predicted strengths calculated by the design codes (P./P, =
1.01-1.11)

2) The PC geopolymer concrete beam-column connections (J-G1, J-G2)
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3)

4)

5)

6)

showed superior seismic performance to the monolithic normal concrete
beam-column connection (J-N1). The PC geopolymer concrete beam-
column connections showed 82-87% higher energy dissipation and 38-61%
higher ductility than the monolithic normal concrete beam-column

connection.

The PC geopolymer concrete beam-column connections (J-G1, J-G2)
showed equivalent seismic performance to special moment frames by

satisfying all the criteria of ACI 374.1-05.

The failure modes after beam flexural yielding varied depending on the
construction methods (monolithic or PC). The monolithic beam-column
connection (J-N1) suffered bond damage of beam bottom longitudinal bars
rather than joint damage. On the other hand, the PC beam-column
connections (J-G1, J-G2) suffered cracking damage on the joint and

concrete crushing on beam top region at the joint face.

The monolithic beam-column connection with beam bottom bars passing
through the joint (J-N1) suffered severe bond slip damage, which degraded
energy dissipation, ductility, and load-carrying capacity after the peak
strengths compared to the PC beam-column connections with joint hook
anchorage. The severe pinching effect was detected in the load-

displacement relationship of the monolithic beam-column connection.

The beam-column connections with different overlap lengths of hooked
bars (J-G1, J-G2) showed no significant difference in seismic performance.
This may be because beam flexural failure dominated rather than joint

shear failure, the difference of overlap length was not significant, and the
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7)

reinforcement ratio of beam bottom longitudinal reinforcement was low.
Further studies are needed to evaluate the effect of different overlap

lengths of joint hook anchorage.

Nevertheless, slight disadvantages were discovered on using shorter
overlap length of joint hook anchorage. The beam-column connection with
shorter overlap length (J-G2) suffered slightly more cracking damage on
the joint, slightly greater steel deformation on the transverse reinforcement
in the joint, while experiencing slightly less panel zone shear deformation.
The ductility of the beam-column connection with shorter overlap length

was 15% less than that of the specimen with longer overlap length (J-G1)
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Chapter 6. Conclusion

Cyclic loading tests were conducted to evaluate the seismic performance of
PC columns and beam-column connections using the geopolymer concrete. The
geopolymer concrete in the study had the specific mix proportion with the
binder composed of 100% GGBS and alkaline activator (Ca-type composites).
The geopolymer concrete specimens were compared with the normal concrete
specimens with the binder composed of 70% cement and 30% GGBS. The
geopolymer concrete specimens with different design parameters were also
compared one another. The study also covered the effects of the connection
details of PC (splice sleeve connections, joint hook anchorage). The
performance was mainly compared in terms of strength, load-displacement
relationship, failure mode, secant stiffness, energy dissipation, and deformation

capacity.
The general conclusion of the study is presented as follows:

The geopolymer concrete had equivalent material performance to the normal
concrete or exceeded the equations of the design codes in overall. The PC
columns and beam-column connections using the geopolymer concrete
developed the predicted strengths calculated by the design codes. The PC
columns and beam-column connections using the geopolymer concrete showed
superior seismic performance to the monolithic normal concrete specimens.
The load-displacement relationship and energy dissipation of the PC columns
using the geopolymer concrete were equivalent to those of the PC columns

using the normal concrete. However, the ductility of the PC columns using the
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geopolymer concrete was 35% lower than that of the PC column using the

normal concrete. The different performance between PC geopolymer concrete

specimens and monolithic normal concrete specimens does not assure material

superiority of the geopolymer concrete, which seems to be mainly caused by

PC details. Thus, a further study is needed for seismic performance of

monolithic columns and beam-column connections using geopolymer concrete.

Specifically, for the material performance of the geopolymer concrete, the

major findings are summarized as follows:

1)

2)

3)

The compressive strengths of the standard-cured geopolymer concrete on
day 7, 14, and 28 were 50.5, 58.0, and 64.2 MPa, respectively (0100x200
mm) and 52.4, 59.2, and 65.4 MPa, respectively (9150x300 mm). In the
ambient-cured group, the compressive strength of the geopolymer and the

normal concrete was only 5% different.

The stress-strain curves of standard-cured geopolymer concrete were
similar in different size of cylinders. The stress-strain curves of the
ambient-cured geopolymer concrete cylinders showed little difference from

the stress-strain curves of the normal concrete cylinders.

The ratio of tested modulus of elasticity of the standard-cured geopolymer
concrete to KDS (Egesi/Eckps) was 81% (100x200 mm) and 88% (O
150%x300 mm) in average. As to ACI 318, the ratio (E¢es/Ec.acr) was 74%
(©100%200 mm) and 81% (150300 mm) in average. In the ambient-
cured group, regardless of the concrete type, the tested modulus of elasticity
was 9-15% (geopolymer) and 5-12% (normal) lower than the equations of

the design codes.
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4)

5)

6)

The average strains at peak stress of the standard-cured geopolymer
concrete ranged from 0.00279 to 0.00340. In the ambient cured group, the
average strains at peak stress of the geopolymer concrete was 1-9%

different from that of the normal concrete.

The modulus of rupture (i.e. flexural strength) of the standard-cured
geopolymer concrete on day 7, 14, and 28 was 5.82, 5.96, and 6.06 MPa,
where the ratio of tested modulus of rupture to KDS (f;.«s/frxps) was 125%,
and the ratio to ACI 318 (f;est/f1.4c1) was 127% in average. In ambient-cured
group, regardless of the concrete type, the tested modulus of rupture was

higher than the equations of the design codes.

The splitting tensile strengths of the standard-cured geopolymer concrete
on day 7, 14, and 28 were 4.88, 5.40, and 5.44 MPa, respectively
(©100%200 mm) and 4.66, 5.10, and 5.5 MPa, respectively (150x200).
Regardless of the size of the cylinder, the tested splitting tensile strengths
were 14-24% higher than the equations of ACI 314 and ACI 363.
Regardless of concrete type and cylinder size, the tested splitting tensile

strengths were higher than the equations of the design codes.

For the seismic performance of the PC columns using the geopolymer

concrete, the major findings are summarized as follows:

1)

The geopolymer concrete columns (C-G1, C-G2, C-G3, C-G1-IMP, and C-
G4-IMP) developed the predicted strengths calculated by the design codes
(P./P, = 1.03-1.15, except negative loading of C-G1 which had grouting

defects).
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2) The PC geopolymer concrete columns (C-G1 (positive loading) and C-G3)
showed similar or superior seismic performance to the monolithic normal
concrete column (C-N1). The PC geopolymer concrete columns resisted
until 8.0% drift ratio, whereas the monolithic normal concrete column

failed at 3.5% drift ratio.

3) The PC geopolymer concrete columns (C-G1 (positive loading) and C-G3)
showed equivalent seismic performance to the PC normal concrete column
(C-N2). The strength, load-displacement relationship, failure mode, and
energy dissipation of the PC geopolymer concrete columns were similar to
those of the PC normal concrete column. the PC geopolymer concrete
columns (C-G1 (positive loading), C-G3) satisfied AIJ 2002 Guidelines for
ensuring equivalent performance to the PC normal concrete columns (C-

N2).

4) However, ductility of the PC geopolymer concrete columns (C-G1) was 35%
lower than that of the PC normal concrete column (C-N2) due to the effect
of grouting quality. The cracking patterns and the stress-strain curves were

almost the same.

5) The PC columns with grouting defects (C-G1 (negative loading), C-G1-
IMP, C-G4-IMP) showed inferior performance to the PC column without
grouting defects (C-N2). The test strength was 9% lower than the predicted
strength calculated by the design codes. The PC columns with grouting
defects showed 10-35% lower energy dissipation and 26-48% lower

ductility than the PC column without grouting defects.
6) The PC column with larger-size sleeves (C-G3) prevented grouting defects
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7)

caused by poor injecting quality of grouting. However, using larger-size

sleeves does not mean better seismic performance.

The PC column with higher reinforcement ratio (C-G2) showed better
performance. It could prevent bond failure of the longitudinal
reinforcements inside the splice sleeves because of the low steel strains, so

that could maintain the strength after the peak load.

For the seismic performance of the PC beam-column connections using the

geopolymer concrete, the major findings are summarized as follows:

1)

2)

3)

4)

The PC geopolymer concrete beam-column connections (J-G1, J-G2)
developed the predicted strengths calculated by the design codes (P./P, =
1.01-1.11)

The PC geopolymer concrete beam-column connections (J-G1, J-G2)
showed superior seismic performance to the monolithic normal concrete
beam-column connection (J-N1). The PC geopolymer concrete beam-
column connections showed 82-87% higher energy dissipation and 38-61%
higher ductility than the monolithic normal concrete beam-column

connection.

The PC geopolymer concrete beam-column connections (J-G1, J-G2)
showed equivalent seismic performance to special moment frames by

satisfying all the criteria of ACI 374.1-05.

The failure modes after beam flexural yielding varied depending on the
construction methods (monolithic or PC). The monolithic beam-column

connection (J-N1) suffered bond damage of beam bottom longitudinal bars
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5)

6)

7)

rather than joint damage. On the other hand, the PC beam-column
connections (J-G1, J-G2) suffered cracking damage on the joint and

concrete crushing on beam top region at the joint face.

The monolithic beam-column connection with beam bottom bars passing
through the joint (J-N1) suffered severe bond slip damage, which degraded
energy dissipation, ductility, and load-carrying capacity after the peak
strengths compared to the PC beam-column connections with joint hook
anchorage. The severe pinching effect was detected in the load-

displacement relationship of the monolithic beam-column connection.

The beam-column connections with different overlap lengths of hooked
bars (J-G1, J-G2) showed no significant difference in seismic performance.
This may be because beam flexural failure dominated rather than joint shear
failure, the difference of overlap length was not significant, and the
reinforcement ratio of beam bottom longitudinal reinforcement was low.
Further studies are needed to evaluate the effect of different overlap lengths

of joint hook anchorage.

Nevertheless, slight disadvantages were discovered on using shorter
overlap length of joint hook anchorage. The beam-column connection with
shorter overlap length (J-G2) suffered slightly more cracking damage on
the joint, slightly greater steel deformation on the transverse reinforcement
in the joint, while experiencing slightly less panel zone shear deformation.
The ductility of the beam-column connection with shorter overlap length

was 15% less than that of the specimen with longer overlap length (J-G1)
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