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Comparative study on the using of PEG and PAM
as curing agents for self-curing concrete

Alaa A. Bashandy *, Nageh N. Meleka, Mohamed M. Hamad

Department of Civil Engineering, Menoufia University, Shebin EIKoum, Menofia, Eqypt

ABSTRACT

ARTICLE INFO

There are many factors, which may affect on concrete quality. One of those is concrete
curing. Self-curing concrete is the solution. It may produce by using chemical curing
agents. The concept of those agents is to reduce the water evaporation from concrete.
This research aims to study the effect of chemical curing agents on the behavior of
self-curing concrete. Two different chemical curing agents were used to study the
main mechanical properties of concrete. The main variables are; the type of curing
agent (Polyethylene glycol "PEG400"-Poly Acrylamide "PAM") and its dosages. The
results obtained in terms of compressive, tensile and flexure strength values. Test
results showed that the self-curing concrete cured by each agent performed better in
hardened properties compared to none cured concrete. Also, curing using the both
agents together perform better than using each one individually.
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1. Introduction

The curing of concrete is an essential step in the con-
crete construction. A suitable curing period is essential
at early ages to enable the concrete to have strength, to
reduce shrinkage, and to develop a structure that will
make the concrete sufficiently durable (Schlitter et al.,
2010). Curing is the process by which hydraulic cement
concrete develops hardened properties over time. Hard-
ening of concrete is a result of the continued hydration
of the cement in the presence of sufficient water and heat
(ACL.308R-01, 2001). Water is necessary to the hydra-
tion reaction of the cement, which led the gray cement
powder to convert into the binding cement paste, which
gives concrete its strength (ACI.308R-01, 2001; Ambily
and Rajamane, 2007). Excessive evaporation of water
(internal or external) from fresh concrete led to unsatis-
factory properties if it is not avoided. Curing regimes
should ensure the availability of adequate amount of wa-
ter for cement hydration.

Using self-curing "SC" concrete is a good solution to
avoid the conventional curing processes (Jensen and
Lura, 2006; Schlitter et al., 2010; Jagannadha Kumar etal.,
2012; Junaid et al.,, 2015). It has satisfied characteristics

in strength and durability (Dhir et al., 1995; Mather,
2001; Jagannadha Kumar et al., 2012; Kholia et al., 2013;
Mousa et al,, 2014; Vyawahare and Patil, 2014; Junaid et
al,, 2015; Bashandy, 2016). Also, SC concrete behaves
well at elevated temperatures (Bashandy, 2015). The
main idea of self-curing concrete is to cure the concrete
from inside to outside. There are two main methods to
obtain self-curing concrete (Chella-Gifta et al, 2013).
The first is conducted by using porous materials (Light-
weight Aggregates, Wood powder) to act as internal res-
ervoirs (Bentur et al,, 2001; Kovler et al., 2002; Ambily
and Rajamane, 2007). The second is conducted by using
chemical curing agents (Super-absorbent Polymers
"SAP" and Shrinkage Reducing Admixture "SRA" such as
polyethylene-glycol "PEG", polyacrylamide "PAM" and
propylene glycol) (El Dieb et al., 2012; Sathanandham et
al,, 2013). Using PEGs results in self-curing, helps in bet-
ter hydration, and improves strength (Sathanandham et
al,, 2013). Also, PEGs reduces early age shrinkage cracks.
Adding PEGs to concrete led to forming shells around
water particles. Those shells formed on every water par-
ticles present in the concrete with thicknesses of about
2nm. Due to the formation of those shells, water is not
able to evaporate from concrete. That led to reduces rate

* Corresponding author. E-mail address: dr.alaa.bashandy @sh-eng.menofia.edu.eg (A. A. Bashandy)

ISSN: 2548-0928 / DOI: https://doi.org/10.20528/cjcrl.2017.01.001


mailto:dr.alaa.bashandy@sh-eng.menofia.edu.eg
https://doi.org/10.20528/cjcrl.2017.01.001
http://cjcrl.challengejournal.com/

2 Bashandy et al. / Challenge Journal of Concrete Research Letters 8 (1) (2017) 1-10

of evaporation so water is always available at the time
when hydration heat is going on. As evaporation does
not take place there is no need for curing water (El Dieb,
2007; Sathanandham et al.,, 2013). PAM increases the
strengths of concrete through its functions of absorbing
water, filling larger pores, forming polymer films over
hydrates, and interacting with hydration process (Rai
and Singh, 2005). There are several types of SRAs. Each
type of SRA has a different effect on the behavior of the
obtained SC concrete (Jensen and Lura, 2006; El Dieb et
al.,, 2012; Sathanandham et al., 2013; Kamal et al,
2016).

2. Research Significance

This research aims to investigate the effect of using
two different chemical self-curing agents (PEG400 -
PAM) on the hardened properties of concrete in order to
obtain self-curing concrete. The main variables are; the
type of self-curing agent (PEG400 - PAM) and the dos-
ages of self-curing agents.

The importance of this research is to addressing the be-
havior of SC concrete for the researchers and engineers to
overcome the possible problems due to insufficient curing.
Fig. 1 shows the flow chart of the experimental program.

Experimental Program

[ | | \
Group A Group B Group C Group D
Ordinary concrete (1: 6% PEG) (0.01: 0.03% PAM) (1%PEG+0.01:
(2 mixes) (6 mixes) (3 mixes) 0.03%PAM)
\ J
) !

as conventional Concrete

A
| 1

Cured

Non-cured

as Self-curing Concrete

Fresh properties

Slump Test

Hardened properties
at 7, 28, 56 days

Comp. Str.
Tens. Str.
Flex. Str.

Fig. 1. Flow chart of experimental program.

3. Materials and Test Specimens

All tests in this research were carried out in the con-
crete research laboratory at Civil Eng. Dep. at Faculty of
Engineering, Menoufia University.

The materials used, the design of test specimens and
testing procedures are discussed in the following sections.

3.1. Materials

The cement used is ordinary Portland cement CEM I
42.5 N obtained from Lafarge factory. It satisfies the
Egyptian Standard Specification (E.S.S. 4756-1/2009).
Chemical and physical properties are shown in Table 1.

The fine aggregate used is natural siliceous sand
that satisfies the Egyptian standards (E.S.S.
1109/2008). It is clean and nearly free from impurities
with a specific gravity of 2.64 and a fineness modulus

of 3.05. Its mechanical and physical properties are
shown in Table 2.

The coarse aggregates used is crushed dolomite with
a maximum nominal size of 10 mm, which satisfies the
(E.S.S 1109/2008). Its mechanical and physical proper-
ties are shown in Table 3.

Drinkable clean water, fresh and free from impurities
was used for mixing and curing satisfying the Egyptian
Code of Practice (E.C.P. 203/2007).

A Super plasticizer "SP"as a high range water re-
ducer without retarding effect for concrete is used. It
complies with ASTM C-494 type F. The technical data at
25°C is shown in Table 4. Silica fume as a pozzolanic ad-
ditive is used in powder form satisfied. Chemical and
physical properties are shown in Table 5.

The self-curing agents used in this study are two
types; Polyethylene glycol 400 "PEG 400"and Poly-
acrylamide "PAM". PEG 400 is in liquid form as chemical
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self-curing agent. Sisco Research Laboratories Com-
pany, India, manufactures it. The main physical and
chemical properties are shown in Table 6. The PAM

used is manufactured by Yixing Bluwat Chemicals Co.
Ltd., China. The main physical and chemical properties
are shown in Table 7.

Table 1. Typical properties of ordinary Portland cement used.

Property Value
Surface Area (m2/kg) 310.0
Setting Time Initial (minutes) 150.0
Specific Weight (t/m3) 3.12
Compressive Strength:

2 day (N/mm?) 20.0

28 day (N/mm?) 49.0
Sulfate SOs3 (%) 2.9
Chloride CL (%) 0.06
Alkali Eq. Naz0 (%) 0.50
Tri-Calcium Silicate CsS (%) 55.0:65.0
Di-Calcium Silicate C2S (%) 15.0 to 25.0
Tri-Calcium Aluminate C3A (%) 7.0
Tetra-Calcium Aluminoferrite C4AF (%) 11.0

Table 2. Typical properties of silica fume used.

Property Value
Surface Area (m?/kg) 15000
Specific Weight (kg/m3) 2200
Sulfate S03 (%) 0.30
Silicon Dioxide Si02 (%) 95.0
Aluminum Oxide AL203 (%) 0.40
Iron Oxide Fe203 (%) 0.60
Calcium Oxide Ca0 (%) 0.20
Magnesium Oxide MgO (%) 0.40

Table 3. Mechanical and physical properties of sand used (as obtained from tests).

Sieve Size (mm) 4.75
Pass (%) 98.18
Fineness Modulus

Specific Gravity

Volume Weight (kg/m3)

Dust by Weight (%)

2.00 1.18 0.60 0.25 0.15
81.14 61.61 39.07 13.79 0.66
3.05
2.64
1675
0.01

Table 4. Main mechanical and physical properties of crushed dolomite used (as obtained from tests).

Sieve Size (mm) 4.75
Pass (%) 98.18
MNS* (mm)

Specific Gravity

Volume Weight (kg/m3)

Absorption Percentage (%)

2.00 1.18 0.60 0.25 0.15
81.14 61.61 39.07 13.79 0.66
10
2.58
1610
1.0

* MNS = Maximum nominal size
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Table 5. Main properties of Addicrete PVF (as provided by manufacturer).

Property

Value

Base

Appearance
Density (at 25°C)
Chloride Content
Air Entrainment

Compatibility

Naphthalene sulphonate
Brown liquid
1.18 £ 0.01 kg/1
Nil
Nil

All types of Portland cement

Table 6. Main properties of Polyethylene glycol (PEG 400) as curing agent type 1 (as provided by manufacturer).

Property

Value

Average Molecular Weight
Viscosity at 20°C

Acidity

Wt /ml at 20°C

380 - 420 g/mol
85-105cs
0.05% (max)
1.120-1.126 gm

Table 7. Main properties of Polyacrylamide (PAM) as curing agent type 2 (as provideD by manufacturer).

Property

Value

Average Molecular Weight
Appearance

Specific Gravity

PH Value

9000000 g/mol
White crystalline powder
0.75 (50% agq. sol.)
5-7

3.2. Concrete manufacturing

The start point of choosing the proportions of self-
curing concrete mixes was conducted firstly based on
previous researches (Yehia, 2010; El Dieb et al.,, 2012).
All components of the concrete mixture of all stages are
the same except the type and the dosage of self-curing

agent, which considered as the main variable. The mix-
ture proportions are illustrated in Table 8.

The pozzolanic additive (silica fume) used to re-
duce the concrete permeability then subsequently
the concrete mixing water evaporation decreased
and retained in the concrete as the self-curing agent
does.

Table 8. Proportions of concrete mixes used.

Mixture Self-Curing Agent Cement Water F.A. C.A. Silica.F.ume S.P.
code (as % of C) Content (addition)
PEG PAM (kg/m3) (kg/m3) (kg/m3) (kg/m3) (as % of C) (%)
NC - -
TC - -
SE1 1.0 --
SE2 2.0 -
SE3 3.0 ==
SE4 4.0 -
SE5 5.0 ==
- a0 B 300 150 643 1193 15 0.70
SA1 - 0.01
SA2 - 0.02
SA3 - 0.03
SEA1 1.0 0.01
SEA2 1.0 0.02
SEA3 1.0 0.03
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3.3. Concrete samples

The conducted experimental program divided to four
groups as shown in Tables 8 and 9. The first group per-
formed to study the hardened concrete properties for
conventionally cured concrete compared to non-cured
concrete. The second group was performed to study the
effect of using PEG400 only as the self-curing agent by
six varied dosages from 1.0 up to 6.0 % of cement weight
to obtain SC concrete. The third group was performed to
study the effect of using three different dosages from
PAM only as 0.01 to 0.03% of cement weight to obtain SC
concrete too. The fourth group was performed to study the
effect of using a mix of PEG400 and PAM as a self-curing
agent by three different dosages (1.0%PEG + 0.01: 0.03%
PAM). Table 9 shows the mix code identification for each
group, slump values, and hardened concrete properties.

For all groups, fresh properties obtained in term of
slump value The standard cone of dimensions 100mm
upper diameter, 200 mm bottom diameter and 300 mm
height was used according to the Egyptian Code of Prac-
tice (E.C.P. 203/2007). The main mechanical properties
obtained in terms of compressive, tensile and flexure
strengths according to E.C.P. 203/2007. The specimens
are cubes (10x10x10 cm) to obtained compressive
strength, cylinder (10cm diameter, 20 cm height) to ob-
tained indirect tensile strength, and prism
(10x10x50cm) to obtained flexural strength. A compres-
sive strength testing machine of 2000 kN capacity was
used to obtain compressive strength, indirect tensile
strength and bond strength. A flexure-testing machine of
100 kN capacity was used to obtain flexural strength val-
ues. Tests performed after 7, 28, and 56 days of cast date.

4. Test Results and Discussions

The results of this study derived in terms of slump test
for fresh concrete and in terms of compressive strength,
indirect tensile (splitting) strength, and flexure strength
of the hardened concrete.

4.1. Effect of using (PEG 400) as self-curing agent

The slump test values increased when the dose of
(PEG400) increased as shown in Table 9. The effect of us-
ing PEG400 on the mechanical properties of the hardened
concrete second group is shown in Table 9 and Figs. 2-7.

The specimens which cured traditionally (immersed
in water) as control specimens recorded a compressive
strength of 33.18 MPa at 28 days. The optimum dosage
of PEG is 4% in the specimens (SE4) with a compressive
strength of 35.64 MPa at 28 days’ tests. The specimens
with PEG (SE4) records greater strengths at 28 days than
control specimens by about 7.4%, 11.70%, and 3.80%
respectively, for compressive strength, indirect tensile
strength, and flexural strength. The strength of the spec-
imens (SE4) greater than that recorded for none cured
(NC) at age of 28 days by 37.80%, 38.70 % and 39.90%
respectively, for compressive, indirect tensile and flex-
ural strengths. The optimum compressive strength value

obtained at a dosage of 4.0% PEG which nearly agreed
with previous researches (Yehia, 2010; Emam, 2012).
Compressive strength values of control specimens at age
of 56 days increase by about 58.50% and 11.20% for
(NC) and (SE4) specimens, respectively. That may be-
cause of the presence of silica fume in the concrete mix-
ture, which improves the strength to the concrete at the
later ages. Practically, the performance of concrete mix
(SE4) is better than that of control specimens at age 56
days in the case of the presence of difficulties in curing
processes in the field.

45

40

35

30

25

20

———— 7 days
15

Compressive strength (MPa)

—=o—— 28days
10

- - 4- - 56days
5 y!

0

0 1 2 3 4 5 6 7

%PEG

Fig. 2. Compressive strength values of the specimens ver-
sus the variable dosages of (PEG) as self-curing agent.

45

40 -

35

30

25

Compressive strength (MPa)

~ — —&- — T.curing

20 -=-=-&--- No curing
——%— 1.0% PEG

15 L] 2.0% PEG
——o—— 3.0% PEG

10 —— 4.0% PEG
——eo—— 5.0% PEG

5 — a— 6.0%PEG

0

0 7 14 21 28 35 42 49 56

Age (days)

Fig. 3. Compressive strength values of concrete specimens
cured by (PEG) as self-curing agent during early ages.

5,0

4,0

3,0

2,0

——— 7days

Indirect Tensile strength (mpa)

1,0 —o0—— 28days
— —-4-- 56days
0,0
0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0

%PEG

Fig. 4. Indirect tensile strength values of the specimens
versus the variable dosages of (PEG) as self-curing agent.
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Table 9. Concrete specimens and their main properties.

. . Comp- Tensile Flexural
Mix . Slump Test Test Age Density
Group Identification Strength Strength Strength
Code (mm) (day) (t/m3)
(MPa) (MPa) (MPa)
7 2.50 26.54 2.62 2.73
TC Traditional curing 56 28 2.50 33.18 3.24 341
56 2.48 44.13 4.22 4.50
A
7 2.46 23.94 2.42 2.31
NC Non -cured 56 28 2.41 25.86 2.61 2.53
56 2.36 27.84 2.73 2.76
Cured by 1% of ce- 7 2.52 25.51 2.55 2.52
SE1 TR R 60 28 2.52 27.91 2.85 2.82
as self-curing agent
of cement content 56 2.47 29.96 3.03 2.97
7 2.54 26.00 2.63 2.64
SE2 PEG 2% 64 28 2.52 29.28 2.95 3.00
56 2.49 31.64 3.19 3.21
7 2.53 26.68 2.74 2.70
SE3 PEG 3% 70 28 2.52 31.52 3.17 3.20
7 56 2.50 34.31 3.47 3.47
7 2.55 27.79 2.82 2.79
SE4 PEG 4% 76 28 2.52 35.64 3.62 3.54
56 2.52 39.68 4.03 3.77
7 2.50 26.72 2.69 2.67
SE5 PEG 5% 80 28 2.50 34.95 3.53 3.49
56 2.46 38.87 3.89 3.72
7 2.52 2557 2.52 2455
SE6 PEG 6% 87 28 2.50 33.95 3.32 3.34
56 2.49 38.05 3.72 3.55
7 2.53 26.85 2.78 2455
SA1 PAM 0.01% 55 28 2.52 32.77 3.06 3.00
56 2.50 33.53 3.40 3.24
7 2.49 24.45 2.50 2.40
© SA2 PAM 0.02% 49 28 2.48 28.44 2.95 2.79
56 2.48 29.11 3.25 3.06
7 2.45 20.74 2.20 2.01
SA3 PAM 0.03% 45 28 2.43 23.82 2.37 2.31
56 2.40 24.22 2.51 2455
7 2.44 37.44 3.58 3.66
PEG+PAM
SEA1 58 28 2.42 44.86 4.46 4.35
1.0%+0.01%
56 2.40 45.84 4.55 4.71
7 2.48 30.33 2.95 2.94
PEG+PAM
D SEA2 56 28 2.46 43.17 4.22 3.84
1.0%+0.02%
56 2.45 44.01 4.31 3.94
7 2.50 22.59 2.22 2.25
PEG+PAM
SEA3 54 28 2.48 25.10 2.47 2.46
1.0%+0.03%
56 2.48 25.89 2.56 2.67

SE : Self-curing concrete mixture with Polyethylene glycol (PEG) as self-curing agent
SA : Self-curing concrete mixture with Polyacrylamide (PAM) as self-curing agent
SEA : Self-curing concrete mixture with combination of Polyethylene glycol +Polyacrylamide (PEG + PAM) as self-curing agent.
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————— T.curing
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—*—— 1.0% PEG

15 - 2.0% PEG

10 ——o—— 3.0% PEG
' —0—— 4.0% PEG
0,5 ——e—— 5.0% PEG

Indirect Tensile strength (mpa)

0,0

0 7 14 21 28 35 42 49 56
Age (days)

Fig. 5. Indirect tensile strength values of specimens
cured by (PEG) as self-curing agent during early ages.

5,0

4,0

3,0

2,0
—&—— 7 days

Flexural strength (MPa)

10 —@—— 28 days

- —4A-- 56days

0,0

0,0 1,0 2,0 3,0 4,0 5,0 6,0 7,0

%PEG

Fig. 6. Flexural strength values of the specimens versus
the variable dosages of (PEG) as self-curing ages.
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4 -
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g 3
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5 ? ----A---- No curing
E X 1.0% PEG
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: —0— 3.0% PEG
) 1 —0—— 4.0% PEG
———— 5.0% PEG
— A= 6.0% PEG
0
0 7 14 21 28 35 02 o s

Age (days)

Fig. 7. Flexural strength values of concrete specimens
cured by (PEG) as self-curing agent during early ages.

4.2. Effect of using (PAM) as self-curing agent

The slump test values (the fluidity) decreases initially,
then increases, and decreases again with increasing PAM
and the concrete mixture become sticky as shown in Ta-
ble 9. That may because of the water-absorption effect of
PAM, as well as the lubrication effect of the formed latex
around cement particles (Sun and Xu, 2008). The effect
of using PAM on the mechanical properties of hardened
concrete (group C) are shown in Table 9 and Figs. 8-13.
The optimum dosage of PAM is 0.01% (specimen SA1)

which records a compressive strength value of 32.77
MPa at age of 28 days. The specimens cured by the opti-
mum dosage of PAM (SA1) records strength less than
control specimens (TC) at age of 28 days by 1.3%, 5.60%
and 12%, respectively for compressive, indirect tensile
and flexural strengths. The strength values of the speci-
mens (SA1) are greater than that for none cured speci-
mens (NC) at age of 28 days by about 26.70%, 17.24%
and 18.57%, respectively for compressive, indirect ten-
sile and flexural strengths. When the dosage of PAM in-
creased more than 0.01% the strength of concrete de-
creased. It's noticed that the using of optimum dosage
from PAM as self-curing agent in concrete specimens
produced a compressive strength values less than that
for cured by optimum dosage from PEG (SE4) by about
15.5 % at the age of 56 days and less than traditionally
cured (TC) by 24% at the same age. That may results
from the water-absorption effect of PAM compared to
PEG.

45

40

35

©
s
= 30
=
B
s 25
#
_g 20
@
o 15 ——— 7days
o
g —=0—— 28days
o 10
- —4A-- 56days
5
0
0,00 0,01 0,02 0,03 0,04

%PAM

Fig. 8. Compressive strength values of the specimens
versus the variable dosages of self-curing agent (PAM).

50
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20 —

15

- — 4- - T.curing

Compressive strength (MPa)

-=---A---- No curing

—0—— 0.01% PAM

10 ——0—— 0.02% PAM

5 —%—— 0.03% PAM

0 7 14 21 28 35 42 49 56

Age (days)

Fig. 9. Compressive strength values of concrete specimens
cured by (PAM) as self-curing agent during early ages.

4.3. Effect of using a mix of PEG 400 and PAM as self-
curing agents

The slump test values decreased when the dose of
(PAM) increased as shown in Table 9. The effect of using
a combination of both (as 1.0%PEG400 + PAM) on the
mechanical properties of the hardened concrete (group
D) are shown in Table 9 and Figs. 14-19.
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Fig. 10. Indirect tensile strength values of the specimens
versus the variable dosages of (PAM) as self-curing agent.
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Fig. 11. Indirect tensile strength values of concrete speci-

mens cured by (PAM) as self-curing agent during early ages.
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Fig. 12. Flexural strength values of the specimens ver-
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The optimum dosage is at (0.01%PEG+0.01%PAM) in
the specimens (SEA1) which records 44.86 MPa in com-
pressive strength at age of 28 days. This specimen cured
by the optimum dosage of the mixture (SEA1) records
strength greater than control specimens (TC) at age of
28 days by 35.20%, 37.65% and 27.56%, respectively for
compressive, indirect tensile and flexural strengths. The
strength of the specimens (SEA1) is greater than that for
none cured specimens (NC) at the age of 28 days by
73.47%, 70.88% and 71.93%), respectively for compres-
sive, indirect tensile and flexural strengths.
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Fig. 14. Compressive strength values of the specimens
at different dosages of (PEG+PAM) as self-curing agent.
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Fig. 15. Compressive strength values performance
when cured using a mix of (PEG+PAM) as self-curing
agent during early ages.
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Fig. 16. Indirect tensile strength values of the specimens
at different dosages of (PEG+PAM) as self-curing agent.
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The compressive strength values decreased for dos-
ages over 0.01% PAM at all ages. It is noticed that the us-
ing of optimum dosage from the mixture of
(1.0%PEG400+PAM) as self-curing agent in concrete
specimens gives compressive, indirect tensile, and flex-
ure strength greater than that recorded for specimens
cured by optimum dosage from PEG or PAM individually
and greater than that traditionally cured also at all ages.
That may result from the dual effect of each curing agent
used which causes absorbing water, filling pores, form-
ing polymer films over hydrates, and interacting with hy-
dration process.
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Fig. 17. Indirect tensile strength values when cured using
a mix of (PEG+PAM) as self-curing agent during early ages.
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Fig. 18. Flexure strength values of the specimens at dif-
ferent dosages of (PEG+PAM) as self-curing agent.
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Fig. 19. Flexural strength values when cured using a mix
of (PEG+PAM) as self-curing agent during early ages.

5. Conclusions

In this study, a series of experiments has been per-
formed to investigate the behaviour and the properties
of self-curing concrete specimens that cured by chemical
self-curing admixtures. Comparison between self-curing
concrete, traditional (cured in water), and none cured
concrete has been done. Based on the experimental re-
sults presented in this paper, the conclusions could be
drawn as follow:

e Using PEG400 or PAM is efficient to obtain SC con-
crete (in the range of this study).

e The slump values increased as increasing the content
of PEG 400 while the slump values decreased as in-
creasing the PAM content (in the range of this study).

e The optimum dosage when using PEG400 is 4% of ce-
ment content to obtain SC concrete.

e The optimum dosage when using PAM is 0.01% of ce-
ment content.

e The mechanical properties of the hardened concrete
with the optimum dosage of PEG400 perform better
than that used with the optimum dosage of PAM at the
same ages.

e When mixing the two chemical curing agents used as
1.0%PEG400+0.01%PAM, the mechanical properties
of SC concrete significantly improved compared to us-
ing each of PEG400 or PAM individually at all ages.
Generally, using PEG and PAM is efficient as a chemi-

cal self-curing agent to produce SC concrete with satis-
fied characteristics. Using a combination of PEG and PAM
enhance the concrete strength with less cost as the PEG
dosage decreased from 4.0% to 1.0% (which considered
an expensive material) while PAM is cheaper material
and its dosage is very small. That can be applied to cast
self-curing concrete in poor water areas.
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ABSTRACT

ARTICLE INFO

Brick masonry walls consist of the main elements that responsible for the global sta-
bility of brick masonry buildings when subjected to lateral loads such as wind and
seismic forces. These elements are subjected to gravity forces, bending moments and
shear forces due to the horizontal loading. The application of reinforcement in-
creases the deformation capacity, controls the crack opening and allows a better dis-
tribution of stresses. Longitudinal reinforcements increase the flexural strength,
even if they seem not to influence the shear behavior. Effectiveness of reinforcement
on the increase of the resistance of brick masonry wall is highly related to the failure
mode of the element. This paper shows the flexural strength of reinforced perforated
brick masonry wall and weight loss of reinforcements for corrosion after a certain
period of time. Several reinforce bar arrangements into the perforated brick masonry
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walls show the variety of possible applications.

1. Introduction

Brick work strengthened by the introduction of
mild steel flats, hoop iron, expanded mesh or bars is
termed as reinforced brick masonry (Hossain et al,,
1997). This reinforced brick masonry is capable of re-
sisting both compressive as well as tensile and shear
stress. On account of its ability to resist lateral forces,
reinforced brick masonry is extensively used in seismic
areas. It is essential to use first class bricks with dense
cement mortar in the reinforced brick work. The rein-
forcement should be effectively embedded and sur-
rounded with mortar cover of 15 to 25 cm. This is neces-
sary to protect the reinforcement against corrosion
(Cabrera, 1996).

Reinforced perforated brick masonry is frequently
adopted for the construction of retaining walls especially
in places where exposed brick work is necessary from
architectural considerations. In another case, brick work
has been restricted for compression members (Kumar,
2006).

2. Experimental Program
2.1. Preparation of specimen

During the experimental study, a total of 40 brick ma-
sonry specimens (each having dimension: 10"x10"x18")
were constructed where 20 specimens (1st batch) have
been used for determining strength test and other 20
(2nd batch) have been used for determining strength and
corrosion in rebar. An English bond arrangement of
bricks was followed giving a cross-sectional area of
10"x10". The height of the specimens was 18" achieved
through 10 mm mortar thickness and by laying six bricks
one after another. However, masonry with mortar bond
is difficult to predict for masonry flexural bond which is
generally not practical (Maroliya, 2012).

The specifications for required specimen cover mini-
mum construction requirements for masonry structures
such as requirements for materials, the placing, bonding
and anchoring of masonry, the placement of grout and of
reinforcement (Lumantarna et al.,, 2014).
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Before using in specimen construction, bricks were
kept immersed in clear water for about 24 hours and
then cleaned with a cloth. The ratio of cement and sand
was fixed for particular brick strength. The water-ce-
ment ratio was varied to suit the fixed cement and sand
ratio. The required amount of cement and sand were
measured by a cylinder type vessel. A 1000 ml plastic
cylinder graduated to 10 ml was used to measure water.

To obtain the mortar mix of a certain proportion, re-
quired volumes of sand and cement were mixed in dry
condition. Water was gradually added to the mixture un-
til workability of cement and sand of different propor-
tions comes in order to construct the specimens. The
workability of concrete depends on the factors like grad-
ing and proportioning of aggregates, proportion of ce-
ment, the efficiency of mixture (Aziz, 2012).

Two pieces of required diameter rod and trowel were
used to facilitate spreading of mortar in a proper thick-
ness. Bricks were then firmly embedded on this mortar.
10 mm rebar were placed vertically through the holes of
perforated bricks. The vertical joints between bricks
were filled up with mortar by the help of a trowel. Alter-
native layers of mortar of required thickness and bricks

were laid up to the six layers. Each layer contains two
bricks.

A final 10 mm layer of definite proportion of mortar
was placed on the top of six layers. The mortar used in
the top was finished smooth with steel trowels. Finally,
all the mortar joints were flushed jointed. After perform-
ing these operations, all specimens were cured for 7 days
before testing (Grimm, 1975). Then 10% NaCl solution
was also applied for 28 days for the 2nd batch only before
testing because 2 batch was used for determining
strength as well as corrosion (difference between 1stand
2nd batch).

All the specimens were numbered for identifying be-
fore the testing. From Fig. 1, we can see the arrangement
of rebars clearly where different water cement ratios
were taken constant for arrangement. For example, for
water cement ratio 0.3, five arrangements were made.
Here, arrangement no. 4 and 5 were nearly same except-
ing that they generated slightly different load value due
to machine fault or the position of the arrangement. Fig.
2 shows steps of constructing the specimens before test-
ing. Fig. 3 shows the application of 10% NaCl solution on
specimen’s surface.

Fig. 2. Photos of constructing specimens for testing.

The specimens were mounted on the testing machine
and centred (Haach, 2011). Typical load was applied ini-
tially at a rate of 1000 kN or 224810 lbs per minute. At
this loading rate, the specimens took about 1 minute to
2 minute to fail. Gradually, the 40 specimens with differ-
ent number and arrangements of rebar were broken one
after another. There also be the two supports were ar-
ranged on the two sides of the specimens for determin-
ing the flexural strength of the specimens at the time of

testing shown in Fig. 4. Calculation for specimen flexural
strength was done by dividing the ultimate load by the
area of specimen (10"x10"). Here, we used 3-point load-
ing because load measurement was easy using the ma-
chine’s crosshead position sensor (typically a digital
encoder), whereas the 4-point bend test had been
measured using a deflectometer. In our instrument, we
had a digital encoder that’s why we used 3-point load-
ing.
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Fig. 3. Applying 10% NaCl solution into specimens:
(a) NaCl solution on top surface; (b) Covering the speci-
mens (for curing).

2.2. Numerical details

Out of total 40 specimens, 1st batch was made for de-
termining flexural strength only (Table 1, Fig. 5), and 2nd

Lc:lad

@ Pr——F

Top Rebar

Bottom Rebar

batch was made for determining both flexural strength
of specimens (Table 2, Fig. 6) and weight losses of rebar
due to corrosion (Table 3, Fig. 7).

Fig. 5(a, b, ¢, d) and Fig. 6(a, b, ¢, d) are showing the
comparison of rebar arrangements and flexural strength
for strength and strength with corrosion respectively.
For example, for water cement ratio 0.3, arrangement
no. 1 gives higher strength than other arrangements and
arrangement no. 4 and 5 give the lowest nearly values.

The reason behind this occurrence is the amount of
rebar. No. 1 arrangement has 6 rebars whereas no. 4 and
5 similarly have 2 rebars. So, no. 1 arrangement needs
higher value of load to break whereas no. 4 and 5 need
lower value of load to break. In other cases, if we change
the water cement ratio then the strength value will be
changing. Generally, we know that an increase in water
cement ratio reduces the value of mechanical properties
and increases the workability but here, by increasing
water cement ratio, we have got higher strength. This is
due to high temperature reason and fault of machine.

(b) =

Fig. 4. Testing of specimens: (a) Horizontal loading; (b) Specimens during testing.

Table 1. Flexural strength of reinforced perforated brick masonry specimens (10"x10") (for strength test only).

SL. Rebar Water/Cement Failure Load Strength
No. Arrangement Ratio (kN) (psi)
1 1 67.49 151.72
2 2 53.28 119.78
3 3 0.60 46.17 103.79
4 4 39.06 87.81
5 5 36.02 80.98
6 1 64.45 144.89
7 2 51.25 115.22
8 3 0.50 45.16 101.52
9 4 37.03 83.25
10 5 35.00 78.68
11 1 61.40 138.03
12 2 44.14 99.23
13 3 0.40 40.08 90.10
14 4 36.02 80.98
15 5 32.97 74.12
16 1 58.35 131.18
17 2 41.09 92.37
18 3 0.30 39.06 87.81
19 4 33.99 76.41
20 5 30.94 69.56

*Cement/sand ratio is 1:3
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Fig. 5. Relationship between rebar arrangement and flexural strength.

Table 2. Flexural strength of reinforced perforated brick masonry specimens (10"x10") (for strength and corrosion test).

SL. Rebar Water/Cement Failure Load Strength
No. Arrangement Ratio (kN) (psi)
1 1 69.52 156.29
2 2 51.25 115.22
3 3 0.30 43.12 96.94
4 4 37.03 83.25
5 5 35.00 78.68
6 1 73.58 165.42
7 2 54.29 122.05
8 3 0.40 48.20 108.36
9 4 46.17 103.79
10 5 39.06 87.81
11 1 74.60 167.71
12 2 56.32 126.61
13 3 0.50 50.23 112.92
14 4 45.16 101.52
15 5 4211 94.67
16 1 76.63 172.27
17 2 59.37 133.47
18 3 0.60 49.22 110.65
19 4 47.19 106.09
20 5 43.12 96.94

*Cement/sand ratio is 1:3

From Figs. 5 and 6, it is observed that the 1st arrange-
ments have higher flexural strength with higher number
of rebars. So, higher number of rebar blocks gives higher
values and lower number of rebar blocks gives lesser
values with the positions of rebar.

The reason behind this is the number of rebars. Spec-
imens containing more rebars need more loads because
rebar needs extra load to resist the load. In the other
case, specimens containing less rebars will need less
load.
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Fig. 6. Relationship between rebar arrangement and flexural strength with corrosion.
Table 3. Weight losses of rebar.
SL. Rebar Water/Cement % of Weight Loss % of Weight Loss
No. Arrangement Ratio (top rebar) (bottom rebar)
1 1 0.25 0.22
2 2 0.54 0.32
3 3 0.30 0.51 0.34
4 4 0.33 0.12
5 5 0.39 0.32
6 1 0.54 0.44
7 2 0.50 0.47
8 3 0.40 0.50 0.33
9 4 0.41 0.28
10 5 0.39 0.39
11 1 0.42 0.40
12 2 0.49 0.45
13 3 0.50 0.50 0.45
14 4 0.44 0.39
15 5 0.51 0.40
16 1 0.56 0.54
17 2 0.72 0.60
18 3 0.60 0.80 0.49
19 4 0.63 0.53
20 5 0.58 0.56
3. Results and Discussion water cement ratio: 0.3, 0.4, 0.5, 0.6) has the lowest cor-
rosion as well as the highest strength.
To get accurate results, we can see the following fig- From Fig. 7, itis observed that rebar arrangement 5 is
ures (Fig. 7) where corrosion is less in arrangement no. comparatively less corrosive and more economical than

5. So, in fine we can say that arrangement no. 5 (for all any other rebar arrangements.
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Fig. 7. Relationship between rebar arrangements and % of weight loss.

4. Conclusions

The following conclusions are drawn from the pre-
sent experimental study:

e The behaviour of Reinforced Perforated Brick Ma-
sonry works to loads was observed. Arrangement 1 (6
#3 bar & w/c= 0.60) was carried the maximum flex-
ural strength comparatively.

o Flexural strength of masonry works increases with
the strength of brick, number of rebar and different
rebar arrangements.

o Flexural strength of masonry works also depends on
water cement ratio and mortar.
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ABSTRACT

ARTICLE INFO

This paper presents an experimental and numerical investigation to determine the
behavior of steel tubular columns filled with recycled aggregates concrete up to fail-
ure under constant axial compression loads. The experimental program included two
steel tube columns, four recycled concrete columns and eight composite columns
filled with different types of recycled coarse aggregates (granite and ceramic). Differ-
ent percentages of recycled coarse aggregates: 0, 25 and 50 of the percentage of the
coarse aggregates (dolomite) were used. The results of the numerical model that was
employed by the finite element program, ANSYS, were compared with the experi-
mental results. The results of the experimental study and the finite element analysis
were compared with the design equations using different national building codes:
AISC1999, AISC2005 and EC4. The results indicated that the recycled aggregates con-
crete infill columns have slightly lower but comparable ultimate capacities compared
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with the specimens filled with normal concrete.

1. Introduction

Composite section is defined as a structural element
composed of two or more different materials. These ma-
terials are joined together to act as one unit. There are
several types of composite elements in civil structures;
composite column, beam and slab. Many kinds of compo-
site column have been widely used included steel-con-
crete (the steel may be wide-flange, box, I or any shape),
steel-wood, wood-concrete, and plastic-concrete or ad-
vanced composite materials-concrete. Hollow structural
(square or rectangular) steel sections are often filled
with concrete to form a composite column. Such kinds of
composite columns have been the interest of structural
engineers because of their high load bearing capacity. In
these columns, steel box (rectangular or square) plates
can only buckle outward locally under compression due
to the restraints of the concrete core. This buckling mode
leads to a considerable increase in the critical local buck-
ling strength of the steel box. Also the ductility of con-
crete core is remarkably improved because of the steel
box completely encases the concrete core. Additionally

using these kinds of composite columns saves the mate-
rials and speeds the construction processes because of
working the steel plates as longitudinal reinforcements
and permanent formworks for the concrete core
(Schneider, 1998; Uy, 1998; Shanmugam and Lakshmi,
2001; Uy, 2001; Bradford et al,, 2002; Sakino et al., 2004;
Lam and Gardner, 2008; Chen and Jin, 2010; Liang,
2012).

Recycled Aggregates Concrete (RAC) can be recog-
nized as a new kind of concrete construction, in which,
broken pieces of waste stone, ceramic, brick or concrete
are used as coarse aggregates. The physical properties of
RAC depend on both adhered mortar quality and the
amount of adhered mortar. The previous published re-
searches in the field of RAC concluded that it has low
strength and elastic modulus, bad workability, high wa-
ter infiltration and high shrinkage and creep so that they
should be only used as nonstructural concrete. Also
these results indicated that recycled aggregates concrete
showed similar shear crack distributions as the natural
aggregates concrete. Also they indicated that natural ag-
gregates concrete specimens had bond strengths that
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were 9 to 19% higher than the equivalent RAC speci-
mens. However, RAC is well recognized in view of its low
thermal conductivity, low brittleness as well as the low
specific gravity that reduces the self-weight of the struc-
tures. Most importantly, the use of RAC can save natural
resources and protect our living environment (Gomez-
Soberon, 2002;Poon et al, 2004; Oikonomou, 2005;
Etxeberria et al., 2007; Marco Breccolotti and Materazzi,
2010; Butler et al., 2011; Schubert et al., 2012; Campian
et al,, 2015). Evangelista and de Brito (2007) and Zega
and Di Maio (2011) made concretes with recycled fine
aggregates (RFA) replacing different percentages of nat-
ural river sand. Their results indicated that the compres-
sive strengths of concretes made with 20% and 30% of
recycled fine aggregates are similar to those of concrete
made with 100% of natural fine aggregates.

A total of fourteen specimens were cast and tested to de-
termine the behavior of Recycled Aggregates Concrete
Filled Steel Tube Columns (RACFSTC) under axial loads
up to failure. Different percentages of recycled coarse ag-
gregates; 0, 25 and 50% of the natural coarse aggregates
(dolomite) were used. The effect of composite action and
the steel tube shape were studied. Their behavior includes
the mode of failure, the ultimate capacity and the longi-
tudinal strain. Also the buckling of the specimens was ex-
amined. The composite specimens were simulated by
the FE program, ANSYS and their results were compared
with the experimental test results. Additionally the re-
sults of the experimental study and the finite element
analysis were compared with the design equations using

different national building codes such as the AISC1999,
AISC2005 and ECA4.

2. Experimental Program

The experimental program considered four sets of
test specimens giving a total of fourteen circular and
square cross section columns as presented in Table 1.
The specimens are with 1200 mm length, 100 mm diam-
eter for the circular cross section specimens, 100 mm
width for the box columns and 2 mm thickness as shown
in Fig. 1. Their length-to-their depth and their depth-to-
their tube thickness ratios remained a constant of 12 and
50; respectively. The first set of tests (S1) was designed
to load the steel only and it included the control speci-
mens; C&S specimens. The second set of tests (52) con-
sisted of four specimens: PC-C, R25G-C, R25C-C and
R25G-C specimen and they was designed to load the con-
crete only and they are with circular cross section. The
third set of tests (S3) was designed to load the composite
section uniformly. They included four specimens; (CPC-
C, CR25G-C, CR25C-C and CR25G-C). Four box columns;
CPC-S, CR25G-S, CR25C-S and CR25G-S were categorized
as set four (S4). In set two, set three and set four of the
tests, four different types of concrete were used; plain
concrete (PC100%), concrete with Recycled (R) Ceramics
(C) and Granite (G) as a coarse aggregates replaced the
natural coarse aggregates in plain concrete by percentage
of 25% and 50% (RAC 25%G, RAC 25%C and RAC 50%G).

Table 1. Specimen details.

No. Set Specimen Code Specimens Designation Concrete Code Steel Thickness D/t L/D
C Circle 5 12
S1 Empty Section 2 mm
S Square 5 5
PC-C PC100% 5 12
S2 R25G-C . RAC25%G 5 12
Circle No Steel
R25C-C RAC25%C 5 12
R50G-C RAC50%G 5 12
CPC-C PC100% 5 12
CR25G-C . RAC25% G 5 12
S3 Circle 2mm
CR25C-C RAC25% C 5 12
CR50G-C RAC50% G 5 12
CPC-S PC100% 5 12
CR25G-S RAC25% G 5 12
S4 Square 2mm
CR25C-S RAC25% C 5 12
CR25C-S RAC25% C 5 12
. Filled concrete
Filled concrete
(a) )/ (b) M % + + + i
[+ Ll * W * -
t=2 W * w ¥ A
t=2 =2 — f— b +* W v t;"
[+ ” +* * W ) W * +* v -
‘ ‘ ‘ ‘ b . * . + . + . + . i
= — | - | | -
[ D=100 | i D=100 { | B=100 | | B—lOO—{

Fig. 1. Cross section details for hollow steel tube and concrete filled steel tube columns:
(a) Circular tube column; (b) Box column (all dimension in mm).
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2.1. Constituent materials

The cement used was Egyptian Ordinary Portland Ce-
ment (E.S.S. 4756-1/2009). The density of the cement was
3.16 g/cm3 and the specific surface was 3.5 cm2/g. The
chemical composition of the cement is shown in Table 2.
Local sand from natural sources, clean and free from del-
eterious substances was used. The used coarse aggregates
was commercially available (dolomite) and two RCA with
different replacement percentages of the natural coarse

aggregates were used; recycled ceramics and granite (Fig.
2). The physical properties of the aggregates are illus-
trated in Table 3. Sieve analyses were conducted for the
fine and the coarse aggregates used and their results were
performed and compared with the limits of the Egyptian
Standard Specifications (E.S.S. 1109/2008), as shown in
Tables 4 and 5; respectively. Clear water free from impu-
rities was used for mixing. No chemical and mineral ad-
mixture was used in this study. The steel tubes are made
from steel with properties indicated in Table 6.

Table 2. Chemical compositions of cement (%).

AL203 Si02

Fe203 Ca0 MgO S03 k20

L.C.F

5.6 19.8 2.4 65.9 2.54 2.8 0.58

98.9

(a) Dolomite

(b) Recycled ceramics

Fig. 2. Natural and recycled coarse aggregates.

Table 3. Physical properties of the aggregates used.

Coarse Aggregates
Properties Sand Recycled
Natural
Ceramic Granite
Mass (g/m3) 1.73 1.75 1.55 1.7
Specific Gravity (g/cm3) 2.6 2.7 2.6 2.7
Water Absorption (%) 1.12
Table 4. Sieve analysis of sand used.
Sieve Size (mm) 0.15 0.35 0.7 1.4 2.83 4.75
% Passing by Weight 4 15 62 79 95 100
Limits of (E.E.S.) 10-0 30-10 80-60 100-75 100-85 100

Table 5. Sieve analysis of natural and recycled coarse aggregates.

Sieve Size (mm) 2.36 4.75 9.5 12.5 20

% Limits of (E.S.S.) 5-0 15-0 70-40 100-90 100
= Natural Dolomite 2 O 59 100 100
bp +
£5 .
a3 Ceramic 3 12 60 100 100
£ Recycled
e Granite 4 14 55 100 100
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Table 6. Mechanical properties of steel.

Modulus of Elasticity
(GPa)

Yielding Strength
(MPa)

Tensile Strength
(MPa)

200

235 350

2.2. Concrete mix design

The mortar mix was designed according to Egyptian
code of practice (E.C.P. 203/2007). Table 6 shows one
meter cube (m3) of the mixes. Twelve 150 x 150 x 150
mm cubes were cast and tested after 7 and 28 days, to
determine the compressive strength of the matrix with

the selected mortar mix. Compression test was carried
out according to the E.S.S. (E.S.S. 2070/2007) on a hy-
draulic compression testing machine and the average
strengths of the cubes are presented in Table 7. Also
four 50 x 50 mm cylinders were cast and test to deter-
mine the splitting tensile stress of the mix after 28
days.

Table 7. Concrete mix and average strength for the plain concrete and recycled concrete.

. Average Strength (MPa)

2 o EREE Concrete Mix (kg/m3) _

» Code Compression _

s Tension

C W/C % S NCA RCA 7 days 28 days

1 PC 100% 450 0.55 920 752 0 25.8 36.26 3.82
2 RAC 25%G 450 0.55 935 532 220 24 33.48 3.38
3 RAC 25%C 450 0.55 915 564 188 22.5 32.0 3.25
4 RAC 50%G 450 0.55 935 376 376 22.5 32.4 3.2

2.3. Specimens preparation

The filled concrete specimen’s preparation passed
through three stages. At the first stage, the steel sections
were prepared. Segments with 314 mm cutting width for
box columns and with 400 mm for the specimens of the
square sections and 1200 mm interrupted length were
cutting from steel sheet 2000 x 1200 x 2 mm total dimen-
sions. Then each piece was formed to be with required
cross section and was welded using automatic sub-
merged welding machine. Finally, sections were settled
after removing welding impurities and were painted by
insulator paint to prevent corrosion of steel during treat-
ment. At the second stage, the top and the bottom base
plate were prepared as shown in Fig. 3. At the third stage,
the concrete was mixed and cast in the steel section (Fig.
4). Then the column was compacted during casting. Fi-
nally, the samples were treated in the water sector until
two days before the test.

Fig. 3. Circular and box base plates.

Fig. 4. Mixing and casting concrete.

2.4. Test setup

The prepared specimen was inserted into a 5000 kN
testing machine as shown in Fig. 5. Two base plates (30
mm thickness) were placed on the top and bottom ends
of the specimens to ensure uniform load distribution.
The loading rate was 50 kN per minute. A 2000 kN load
cell was attached to the upper machine head to measure
the load during testing. Two transducer springs LVDT's
of length 50 mm was used to measure the lateral dis-
placement of the tested columns as shown in Fig. 6. Two
strain gauges were fixed longitudinally on the outside
surface of the steel tubes to monitor the axial strain of
the steel tube as illustrated in Fig. 6. All the instrumenta-
tions were connected to a data accusation system to rec-
ord different measurements with a rate of recording of
one reading per second.
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Fig. 5. Test machine and setup.
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Fig. 6. Location of strain gauges and LVDTs.

3. Numerical Analysis

The composite tested columns were simulated by FE
program; ANSYS 12. The current simulation model takes
in consideration the geometry and the material nonline-
arities. In this simulation, Soild65 elements were used
for presented concrete (Fig. 7). Each element is defined
by eight nodes and each node has three degrees of free-
dom (translations in the nodal x, y, and z directions). This
element has cracking and crushing capabilities (ANSYS,
2006; Hoque, 2006; Singh, 2006; Aboul-Anen et al., 2009;
Shaheen et al,, 2013; Shaheen et al., 2014). Shell181 ele-
ments were used for modeling steel tube. Each element
was defined by four or three nodes with six degree of
freedoms at each node: translation in the x, y, and z di-
rections and rotation about the x, y, and z directions as
shown in Fig. 8. Shell181 element is well-suited for large
rotation and large strain nonlinear applications (ANSYS,
2006; Patel and Lande, 2016). At the bottom of the column,
all nodes had transition restraints in the x, y, and z directions.

At the top of the column, perimeter nodes were restrained in
x,y, and z directions. All other nodes were free to translate
or rotate at any direction. The FE model is illustrated in Fig. 9.

Fig. 7. Solid65 element.
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Rectangular shell element

Triangular shell element

Fig. 8. Shell181 element.
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Fig. 9. FE simulation.

Cracking is permitted in three orthogonal directions
at each integration point and the cracking is modeled in
ANSYS program. If cracking occurs at an integration
point, the cracking is modeled through an adjustment of
material properties which effectively treats the cracking
as a smeared band of cracks, rather than discrete cracks
(Wilson et al,, 1973). Also if a crack is detected at an in-
tegration point, the stress-strain relationship is modified
by introducing a plane of weakness in the direction nor-
mal to the crack face. To simulate the nonlinear behavior
of the specimens, the modules of elasticity, the compres-
sive and tensile strength of concrete after 28 days and
the stress-strain curve of concrete mix must be defined

to the program. The modulus of elasticity of concrete and
stress-strain curve were calculated according to the
Egyptian Code (E.C.P. 203/2007). By considering the
compressive strength of concrete after 28 days (Feu in
MPa), The modulus of elasticity of concrete (E: in MPa)
can be calculated from Eq. (1). The multi-linear isotropic
stress-strain curve for the concrete can be computed by
Eq. (2). The stress-strain curve for the unconfined con-
crete mix is presented in Fig. 10.

E, = 4400/F, 1)
E.c
Stress = — (2)
1+ (e/g)
2F.,
= 3
Eo E. 3)
40
35 ] e e
30 4 xR Xk Kk
© 25 -
Z 20 -
w
S 15 -
A 10 1 === R25%G
exm R25%C
==te=R50%G
0 a T T 1
(a) 0 0,001 . 0,002 0,003
Strain
F::ﬂ -
b Confined concrete
rk. £
ERRS :
0.3F
) i i Unconfined concrete
(b) EC Ecc HE:: i

Fig. 10. Stress- strain curves for concrete used: (a)Un-
confined concrete; (b) Confined concrete (Saenz, 1964).
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The confinement provided by the steel tube on the
concrete increases the strength and ductility of the con-
crete. This confinement depends on the steel depth-to
thickness (D/t) ratios. A lower value of D/t ratio gives
high considerable confinement for the concrete however
a higher D/t ratio provides failure of the columns due to
local buckling of the steel tube (Mander et al., 1988;
Zuboski, 2013). The compressive strength; f.c of confined
concrete and the corresponding confined strain; e.c were
calculated from Egs. (5) and (6); respectively (Mander et
al,, 1988). Where o1 is the lateral confining pressure im-
posed on the concrete by the steel tube and the factors
k1 and k2 were considered as 4.1 and 20.5; respectively
(Patton and Singh, 2014). The stress-strain curve of con-
fined concrete is presented in Fig. 10. The first part of the
curve is the elastic part up to the proportional limit
(0.5fcc). The second part of the curve starts from the pro-
portional limit stress (0.5fc) to the fe. This part was
adapted from Egs. (7-9) (Patton and Singh, 2014). R; is
the ratio of maximum compressive strength of concrete
to the stress corresponding to maximum strain on
stress-strain curve. R: is the ratio of maximum strain on
stress-strain curve to the strain corresponding to maxi-
mum compressive strength. The two factors were con-
sidered as 4.0. The third part of the curve is used to de-
scribe the softening behavior of the concrete. It starts
from fc to a value lower than or equal to rksfec and this
part does not considered in the analysis.

fcc = fc + klalat (4)
o Tiat

J— (1 the ) (5)

E..c
f= £ £1\2 £33 (6)
1+ (R+Rs _2)(6_65)_(2R_1)(€_m) +R(E—CC]
RE — ECC ECC (7)
fCC

CReR,-1) 1
" ®’.-1? R @)

The behavior of the steel tube is modeled according to
the simple plastic theory (Salem, 1970; Vazirani and Rat-
wani, 1996). According to their theory strain hardening
is neglected. The relation between the stress and strain
extends from zero stress and strain passing through the
linear zone to the yield (oy) point and finally through
zero slops horizontal part of the curve. To describe this
relationship into the program, the steel sheet modulus of
elasticity, yield stress and tangent modulus or strain
hardening modulus were defined to the program as ex-
plained in the experimental work. In the current analy-
sis, the load-control technique was considered. In this
technique, the load was applied to the model and it was
divided into a series of increments called load steps. The
load steps were defined by program user. After complet-
ing each increment, the stiffness matrix of the model is
adjusted to reflect nonlinear changes in structural stiff-
ness. This change occurs before proceeding to the next
load increment.

The ANSYS program uses Newton-Raphson method
for updating the model stiffness. The design of composite
columns is addressed by a large number of design speci-
fications. AISC-LRFD (1999), AISC-LRFD (2005) and EC4
(2004) codes were used to determine the ultimate load
of composite specimens and their results were com-
pared with the numerical and experimental results.

4., Results and Discussion

The experimental results of the ultimate failure loads
for all specimens tested are presented in Table 8. Fig. 11
showed the full collapse of all specimens tested as ob-
tained from the experimental program. The effectives of
therecycled concrete in the behavior of the long columns
are presented in Figs. 12 and 13. Fig. 12 shows the load-
strain curves for the four circular concrete columns and
Fig. 13 represents the comparison between the ultimate
loads for these columns.

Figs. 14 and 15 illustrate the experimental load-strain
curves and load-lateral displacement curve for S3 speci-
mens. Fig. 11 and Table 8 illustrate that the failure occurs
in steel column due to local buckling and it occurs due to
concrete crushing in the concrete columns. On the other
hand the failure occurs in composite columns because of
global buckling in specimens with circular cross sections
and local buckling in all specimens with square cross
sections except that CR50G-S specimen.

From Fig. 12, it can be seen that the load-strain curves
for all the four specimens of S2 group are linear till the
ultimate load then the load are decreased. Also Figs. 12
and 13 and Table 8 indicate that RAC columns have
slightly lower comparable ultimate capacities compared
with the normal concrete specimen. The ultimate capac-
ities of the in filled steel circular column with normal
concrete were about 16 and 8 percent higher than those
containing 25 and 50 percent recycled granite coarse ag-
gregates; respectively as shown in Figs. 14 and 15 and
Table 8. Also these figures indicated that the specimen
with The RAC 25C% concrete mix nearly achieved the
same properties as the plain concrete mix maintaining
the mix proportions and its production order the same.

The effect of composite action is presented in Fig. 16.
From this figure, it can be seen that the ultimate loads of
composite columns are 250 percent higher than con-
crete or steel columns. The strain at the mid-height for
specimens with square cross section are measured and
given in Figs. 17-19. These Figures show that the increas-
ing ranges of ultimate load of plain concrete column are
about 11 and 17 percent. Table 8 indicates that the ulti-
mate strength in circular section column is 30 to 40 per-
cent higher compared to square section. This is because
circular section takes confining effect better than square
section.

The deformed shapes of the test columns as observed
from the tests were compared with the deformed shapes
obtained from the finite element analysis. It was found
that good agreement exists between the experimental
and numerical deformed shapes of the columns as
shown in Fig. 20. The experimental and numerical ulti-
mate load-axial strain relationships for specimen
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CR50G-C as a sample are presented in Fig. 21. The com-
parison between the ultimate loads of composite col-
umns as obtained from the FE simulation and four design
procedures are illustrated in Tables 9 and 10 for speci-
mens with circular and square sections; respectively.
Results in Table 9 and Table 10 show that AISC-LRFD
(1999), AISC-LRFD (2005) and EC4 (2004) are conserva-
tive for predicting the member capacities of the speci-
mens with different RAC contents. Overall, AISC-LRFD

(1999) and AISC-LRFD (2005) gives ultimate capacity
about 11% and 7% respectively; lower than the results
obtained from the tests. However, EC4 (2004) gives ca-
pacity of the column as presented in Table 8 and Table 9
about 2% higher than those of the measured ultimate
strength, and from that it can be concluded that it is an
unsafe predictor. Also the two tables show that the FE
simulation gives acceptable results compared to the ex-
perimental results.

Table 8. Specimens’ results.

No. Specimen Ultimate Load Max. Strain Lateral Displacement Failure
Set Code Pu(kN) (uE) (mm) Mode
C 141.68 562.675 - Local failure at the column ends
3t S 154.56 1247.84 0.976 Steel local buckling
PC-C 175.17 1930 -
$2 R25G-C 149.41 1803 _
— 14186 1687 L Concrete crushing
R50G-C 131.37 1597 -
CPC-C 654.3 1802.85 10.08
CR25G-C 575.73 14163.5 9.109
S3 Global buckling
CR25C-C 552.55 4003.795 4.773
CR50G-C 547.4 14413.2 4.334
CPC-S 604.07 2937.77 —
CR25G-S 537.09 3754.03 -—-- Steel local buckling
5 CR25C-S 533.233 161242 -
CR50G-S 504.89 1461.71 23.52 Global buckling
Table 9. Experimental and numerical of concrete filled circular steel tubular columns.
- AISC-LRFD AISC-LRFD EC4
Sa— Pan (1999) (2005) (1994)
Code (kN) Pre Pew / Pr Py Pu/ Peo Py Pu/ P Py Pu/ Pexp
(kN) (kN) (kN) “ » (kN)

CPC-C 654.3 595.4 1.098 590.8 0.903 602.6 0.921 635.98 0.972
CR25G-C 575.73 526.7 1.092 521.5 0.906 548.6 0.953 622.90 1.082
CR25C-C 533.233 513.8 1.075 482.8 0.88 507.5 0.925 570.64 1.04
CR50G-C 504.89 488.3 1.121 487.8 0.883 508.8 0.921 540.34 0.978

Mean - - 1.097 - 0.893 - 0.93 - 1.018

Table 10. Experimental and numerical ultimate loads of concrete filled square steel columns.
5 AISC-LRFD AISC-LRFD EC4
S e (1999) (2005) (1994)
Code (kN) Pre Pew / Pre Py Pu/ Poo Py Pu/ Pro Py P/ Peop
(kN) (kN) (kN) (kN)

CPC-S 604.7 575.1 1.053 561.2 0.927 553.9 0.915 619.8 1.024
CR25G-S 537.09 474.5 1.064 464.5 0.92 458.4 0.908 511.96 1.014
CR25C-S 534.54 475.7 1.123 500.9 0.937 494.4 0.925 552.7 1.034
CR50G-G 537.09 494.1 1.086 491.4 0.915 484.9 0.903 541.3 1.008

Mean - - 1.081 - 0.924 - 0.912 - 1.020
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Fig. 13. Comparison between tested specimens of S2.

Fig. 12. Applied load-strain curve for S2 specimens.
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Fig. 17. Applied load-strain curve for S4 specimens.
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Fig. 18. Load-buckling curve of CR25-S specimens.

Fig. 19. Ultimate load of box column.
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Fig. 20. Experimental and FE simulation failure modes.
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Fig. 21. Experimental and numerical load-axial strain
for specimen CR50G-C as a sample.

5. Conclusions

The main objective of this study is to evaluate the
structural behavior of recycled aggregates concrete-
filled steel tubular columns under compression forces up
to failure as well as to examine the effects of different pa-
rameters that recycled aggregates ratio, type of recycled
aggregates, steel tube shape and the effect of the compo-
site action. The study consisted of an experimental inves-
tigation, theoretical and numerical study. A total of four-
teen specimens were cast and tested under compression
axial loading conditions in the laboratories of the Hous-
ing and Building National Research Center, Egypt. The
modes of failure, the ultimate capacities and the general
deformational behavior of the specimens, based on the
measured strain and buckling introduced and the crack-
ing behavior of specimens were presented and dis-
cussed. Analytical models by finite element method were
employed for the composite specimens and were com-
pared with the experimental results. The composite
specimens were also analyzed by different national
building codes such as AISC-LRFD (1999), AISC-LRFD
(2005) and European code EC4 (2004). Also the experi-
mental, analytical and numerical results were compared.
Based on the results of this study, the following conclu-

sions can be drawn:

The typical failure modes of Recycled Aggregates Con-
crete Filled Steel Tube (RACFST) columns are similar
to those of the normal CFST columns. They were all
failed due to buckling.

The ultimate capacities of composite columns suc-
cessfully increased more than 250 percent compared
with concrete or steel columns.

The recycled aggregates concrete filled columns have
slightly lower but comparable ultimate capacities
compared with the filled specimens with normal con-
crete. The ultimate capacities of the filled steel circu-
lar column with normal concrete were about 8 and 16
percent higher than those containing 25 and 50 per-
cent recycled coarse aggregates; respectively.

For square filled steel tube column with normal con-
crete, the increasing ranges are about 11 and 17 per-
cent. The lowering in capacities of RACFST columns
can be attributed to the lower strength of recycled ag-
gregates concrete as compared to normal concrete.
The ultimate load of columns with circular section is
greater than ultimate load of columns with square
section by about 30 to 40 percent. This is because cir-
cular section takes confining effect better than square
section.

It was found that, the FE model gives good results
comparing with the experimental results.

From the results of this study, it is proved that RAC
has given acceptable results comparing with NPC.
Moreover using RAC preserves the environment and
reduces the cost of construction.

AISC-LRFD (1999) and AISC-LRFD (2005) gives ulti-
mate capacity about 11 and 7 percent respectively;
lower than the ultimate capacity obtained from the tests.
EC4 (2004) gives a member capacity about 1.0 to 3.4
percent higher than the experimental result for circu-
lar and square RACFST columns respectively.
Composite specimens have given ductility failure be-
havior comparing with concrete and steel specimens.
This leads to an early warning before complete failure
occurring.
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