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Abstract: This study experimentally
investigates the structural performance of
exterior reinforced concrete beam—column
joints incorporating metakaolin-based self-
compacting concrete under monotonic
lateral loading. Three full-scale exterior
joint specimens with identical dimensions
and reinforcement details were fabricated
and tested under constant axial

Highlights:

e Structural performance of full-scale exterior
RC joints with metakaolin was tested.

e Metakaolin addition enhanced the peak
lateral load capacity from 57.4 kN to 63.8 kN.

e Joint stiffness improved significantly from
1.45 kN/mm to 1.69 kN/mm.

e Cumulative energy dissipation increased from
1755 kN-mm to 1879 kN-mm.

e Metakaolin-based SCC led to gradual crack

compression combined with progressively
increasing lateral loading until failure. The
experimental program  focused on
evaluating load-carrying capacity, stiffness,
ductility, crack propagation, and energy

development and  overall  structural s .
efficienF::y dissipation = behavior. = The  results
demonstrated that the use of Metakaolin
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1.69 kN/mm, while cumulative energy
dissipation increased from 1755 to 1879
kN-mm. Crack development in the
modified specimens progressed more
gradually, with satisfactory deformation
capacity maintained throughout the
loading stages. The findings confirm that
metakaolin-based self-compacting
concrete can effectively enhance the
strength, stiffness, and overall structural
efficiency of exterior reinforced concrete
joints.
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INTRODUCTION

The beam—column joints are an important zone in reinforced concrete (RC)
structures, where the forces of axial compression and tension, shear, bending
moments and torsion are transferred from one structural member to another [1-3].
The behavior of these joints under seismic loading is complex due to multidirectional
stress interactions between connected elements. Prior to the 1970s, seismic design
requirements for beam—column joints were limited, and in many older RC structures,
detailing was inadequate. These types of connections are therefore frequently found to
lack adequate confinement, have poor shear resistance and are prone to brittle failure

mechanisms during an earthquake [4, 5].

Based on the post-earthquake field investigation, the beam-column joints of the
reinforced concrete frame structure are the most critical and most fragile parts of the
structure, and they are the first to be damaged and even collapse when the structure is
subjected to seismic action [6—9]. Research on failure mechanisms of joints [10, 11]
shows that brittle shear failure can occur at the joint core when the shear strength is
low, combined with a high concentration of stress. Buildings that meet current
building codes can still exhibit poor failure modes because of construction or detailed
design errors. Exterior joints, which are subject to lateral loading, are even more
susceptible [12—14], and achieving adequate joint performance is one of the most

critical aspects of seismic design and retrofit of an existing structure.

Several strengthening and retrofitting methods exist to address deficiencies in existing
buildings. Many traditional techniques, such as reinforced concrete jacketing,
shotcrete application, epoxy injection, and FRP systems, are effective in strengthening
structural joints and increasing their stiffness [15—22]. Such methods, however, tend
to have drawbacks such as increased structural mass, larger member dimensions, high
labor requirements, and a complicated installation process [23, 24]. Thus, further

research into more practical and efficient retrofit solutions is ongoing.

Different methods of strengthening joints have been studied recently, such as steel
cages, prestressed steel angles, and stiffened steel plates, to increase joint
confinement, ductility, and shear resistance. In this respect, steel plate retrofitting has

attracted significant attention due to its minimal geometric modification and ease of
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installation, thereby enhancing the structure's load-carrying capacity [16, 25, 26].
Mechanical characteristics of the existing concrete, particularly in the vicinity of
congested joint areas, are also important factors affecting the efficiency of such retrofit

systems.

Reinforced concrete structures have become more efficient and better behaved in
construction due to improvements in concrete technology. Self-compacting concrete
(SCC) is considered an effective alternative to conventional concrete, as it is highly
flowable and requires no vibration to achieve full compaction [27, 28]. This property
makes SCC an excellent material for highly reinforced areas, such as beam-column
joints. Moreover, SCC can be used to increase filling ability, decrease internal voids,
and increase the homogeneity, mechanical properties and durability of structural

elements [29].

SCC's performance can be improved by adding supplementary cementitious materials;
Among these, Metakaolin (MK) represents one of the most effective and promising.
Metakaolin is produced by calcining kaolin clay at 650-900°C and is considered a
highly reactive pozzolan [30, 31]. Furthermore, the product's fine particles, large
specific surface area, and high levels of both amorphous silica and alumina make it
highly reactive. Adding Metakaolin to SCC improves rheological properties (i.e.,

viscosity and cohesion), leading to less segregation/bleeding while maintaining proper

flow [32, 33].

The high pozzolanic reactivity of Metakaolin increases the formation of calcium
silicate hydrate gel, resulting in a denser microstructure and a refined pore structure
in SCC, and it also improves the early-age performance of SCC [34]. Therefore, the
durability and resistance to moisture, chloride ions and chemical attacks of SCCs with
Metakaolin are better [30, 35]. Metakaolin was believed to be highly effective in
improving the properties of self-compacting concrete compared with other additional
cementitious materials. It is suitable for use in high-performance structural

applications.

In addition to the performance benefits that a mechanically superior material would
offer, Metakaolin can be used in the sustainable construction practice of replacing a
portion of Portland Cement with Metakaolin, thereby reducing the carbon footprint
associated with Portland Cement production [31]. As interest in environmentally

friendly construction materials increases, metakaolin-based self-compacting concrete
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(SCC) is being used more in new infrastructure projects. Hence, Metakaolin-
reinforced or enhanced SCC is an ideal solution for critical load-bearing areas, such as

beam-column joints, where performance and constructability are both important.

Although construction technology has advanced, few studies examine the
performance of structures with beam—column joints under lateral loads when
strengthened with metakaolin-based SCC. Most previous studies have concentrated

on either material properties or joint behavior, with few studies combining both.

Previous studies have employed comprehensive finite element (FE) analysis to
investigate the non-linear behaviour of reinforced concrete (RC) beam-column joints
under various loading conditions. This study will provide useful data on the stress,
crack, or failure mechanisms of beam-column joints. For many of the new
cementitious materials (concrete treated with Metakaolin), however, testing is still
necessary to determine their behavior under lateral pressure [11, 36, 37]. The
behaviour of external beam-column junctions subjected to monotonic lateral loads has
received less attention, particularly with respect to the effects of both SCC and

strengthening.

Previous investigations of RC beam-column joints have primarily addressed
conventional concrete and traditional reinforcement methods. There has also been
relatively little exploration of how Metakaolin affects the structural performance of
exterior RC joints under monotonic lateral loading. Given this gap in the literature, the
purpose of this study is to investigate the contributions of using Metakaolin for
enhancing the structural performance of exterior RC beam-column joints during

lateral load testing. This will be done using controlled experimental methods.

PROGRAM FOR EXPERIMENTATION

Beam-column joint specimen design, dimensions, and reinforcing

information

A section of a multi-story reinforced concrete building was represented by three
external beam-column junction specimens, which were produced and tested. The total
size of the specimens was determined by the capabilities and limitations of the testing
facility at the University of Baghdad, Faculty of Engineering, Iraq. The exterior RC

beam-column joints were cast using the geometric configuration depicted in Fig. 1.
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Each beam had a length of 600 mm with a cross-sectional dimension of 210 x 200
mm, whereas the columns measured 250 x 200 mm in cross-section and 900 mm in
height. Both beams and columns were reinforced longitudinally with 10 mm diameter
bars and transversely with 6 mm diameter stirrups spaced 40 mm apart. The
reinforcement detailing for all specimens was designed in accordance with the

requirements of ACI 352R and ACI 318 [38, 39].

The University of Baghdad laboratory conducted tensile testing to determine the
mechanical properties of 6 mm and 10 mm steel reinforcement bars. Table 1
summarizes the mechanical and physical properties of the reinforcement steel as
defined by ASTM A615 standards [40]. The number of specimens was limited due to

laboratory constraints and the high cost associated with full-scale beam—column joint

testing.
- | Control e
i | o -
Fig. 1 Samples of BCJ
Table 1: Steel bars' physical characteristics
Bar Cross- Yield Tensile Maximum Elastic
diameter sectional strength strength tensile strain modulus
(mm) area (mm?2) (MPa) (MPa) (%) (GPa)
6 28.26 310 425 7.5 201
10 78.50 322 445 8.1 205

Materials and Mixture Proportions
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Natural sand from Karbala, Iraq, with a bulk density of 1615 kg/m3 and a maximum
nominal particle size of 4.75 mm, served as the fine aggregate (FA) in this study. The
material's specific gravity is 2.60, its fineness modulus is 2.65, and its water absorption
capacity is 2.41 percent. Conversely, the coarse aggregate (CA) was made of crushed
gravel purchased from Baghdad, Iraq, with a unit weight of 1515 kg/m3 and a

maximum nominal size of 9.5 mm.

A specific gravity of 2.50, a fineness modulus of 6.05, and a water absorption value of
1.75 percent were among its measured characteristics. Sieve analysis was carried out
in compliance with ASTM C33 [41] to confirm adherence to standard requirements

and guarantee material suitability.

The particle size distribution, which is essential for achieving the required fresh and
hardened concrete performance, was determined using this method—the gradation

curves for the FA and CA employed in this study are shown in Fig. 2.

100 A
—&- - Min. FA :
Sample FA A/
80 —A- - Max. FA .
— X— Min. CA / .
—f— Sample CA : )
60 — 4= Max. CA

Passing (%)
=

N
(=}

0.01 0.1 1 10 100
Sieve of Size (mm) - Log scale
Fig. 2 Gradations of FA and CA

An X-ray fluorescence (XRF) spectrometer produced by Bruker (model S8 tiger) was
utilized to investigate the chemical makeup of binders that were included in this study.
Results indicated that Metakaolin (MK) exhibits a very large amount of
aluminosilicate material (33% of total material), comprised primarily of silicon dioxide
and aluminum oxide (<noise). Using X-ray diffraction (XRD) techniques, the phase
composition of the sample was further investigated; XRD patterns obtained from
samples collected in this study confirm that the phase composition of ordinary
Portland cement (OPC) binders consists of calcium silicate compounds. In contrast,

the phase compositions of metakaolin samples show significant amounts of quartz
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(silica) and mullite (high-alumina silicate), as well as smaller quantities of hematite,

anatase, and C3S.

The analysis also showed that Metakaolin contained a substantial quantity of
aluminosilicate material; specifically, the total combined percentage of silicon oxide
and aluminum oxide exceeded 97.81% (Table 2). This satisfies the ASTM C618-17 [42],
which specifies that suitable pozzolanic materials must contain at least 70% of reactive
aluminosilicate phases for use in cementitious and geopolymeric systems.
Accordingly, Metakaolin is confirmed as a highly reactive supplementary binder

suitable for enhancing cement-based composites.

Table 2 MK and OPC properties and chemical compositions

Compound MK (Wwt%) OPC (wit%)

SiO2 51.36 22.49

Al203 43.52 3.08

Fe203 1.25 3.25

CaO 0.83 64.71

MgO 0.99 1.05

SO3 1.07 1.96

Naz20 1.05 0.65

K20 - 1.05

R20* 0.05 1.34
TiO2 1.55 -

L.O.I. 2.4 0.39

Specific surface area (m2/kg) 20,550 328

Density (g/cm3) 2.55 3.08

* R20 = Na20 + 0.658K20

The specimens were cast using regular concrete manufactured in a lab with a
compressive strength of 65 MPa. In this paper, the concrete mix design was based on
ACI-211.1 [43]. The mix proportions for one cubic meter (m3) of concrete are shown in
Table 3. Three standard cylinders were used in laboratory experiments at the
University of Babylon to determine these proportions. The average compressive
strength of the cylindrical concrete specimens was 44.6 MPa, and the average tensile
strength of three more cylinders was 2.0 MPa. Table 4 offers a thorough summary of
the compressive and tensile strength values. In this study, ordinary Portland cement
(OPC) Type I, complying with ASTM C150 [44], was obtained from Sulaymaniyah,
Iraq. The water-to-cement (w/c) ratio was 0.33, and the proportions of binder, FA and

CA in the concrete mix were 1:1.75:1.91.
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At a 10% by weight, Metakaolin was added to replace cement partially. Throughout the
process, drinking water fit for mixing concrete was used. In accordance with ASTM
C494, the superplasticizer (SP) Master Glenium-54 was added to the mixture at a

binder weight of 2%, improving workability while maintaining a low water content

[45].

Table 3 Concrete mix proportions for 1 m3

Ingredient %‘::/nntll:)y

Cement 450

- 28 Metakaolin 45
g % g Water 163
255 E W/C 0.33
2 g § FA 870
S & CA 950
SP 9.9

Table 4: Tensile and compressive strengths of concrete cylinders
Compressive Tensile

Density Average Average Average

Samples (g/m3) (kg/m)  SQERMpa) SUEEM upa)
Sa 2389 63.9 2.05

S.2 2401 2396 64.7 64.4 1.98 2.0
S.3 2399 64.6 1.97

Loading Conditions: Methodology and Equipment

Members in moment-resisting frame structures subjected to lateral loading typically
experience minimal moments at the beam mid-span; therefore, the adopted boundary
conditions were designed to simulate realistic frame behavior, as illustrated in Fig. 3.
In this setup, a roller support was used at the beam end. At the same time, the column
base was restrained using a hinge support to permit rotation and prevent translational
movement. The experimental program was conducted under a monotonic lateral
loading procedure, as recommended by ACI T1.1 [46] and consistent with previous
experimental programs [14, 47—51]. Due to the limited capabilities of the University of
Kerbala's testing facilities, which could only be used under static loading, the current
study chose static loading rather than cyclic loading, as employed in most previous

studies to replicate seismic loading.

A hydraulic jack was first positioned at the top of the column, and the load was applied
to the top in order to apply a constant axial load. A constant axial load of 110 kN
(0.08*Ac* f’c) was applied throughout the test, and the lateral load was applied
incrementally by placing a second hydraulic jack horizontally at the top of the column,

with an eccentricity of about 70 mm from the column face. To assure lateral stability
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during testing, the specimen was fixed with a rigid steel reaction frame. Axial
deformation and realistic load-transfer behaviour were provided by a roller support
placed above the specimen. Lateral loading was applied gradually to the column until
failure, and load—displacement responses were recorded continuously by installing an
LVDT at 70 mm from the column face, close to the loading point, which provided an

accurate measurement of the horizontal movement.

Fig. 3 A picture of the loading technique specimen and prototype structure employed in the test setup

The EFNARC specifications [52] were used to test the fresh properties of self-
compacting concrete (SCC), including slump flow, V-funnel, and L-box tests, which
gauge SCC's flowability, passing ability, and deformability. Other tests, such as the J-
ring test, were not adopted because they provide similar assessments and could lead

to redundant testing.
RESULTS AND DISCUSSION

Peak Load Monotonic

The lateral loads at which the first crack was observed in the beam—column joints, the
ultimate lateral load and the displacement at that moment are given in Table 5 as the
main response parameters for the various exterior beam—column joints tested under
monotonic loading. Given the same geometry, reinforcement, and loading conditions,
the results indicated only slight differences in the load at which the crack initiates and
at which the structure fails, with crack initiation loads varying by less than 28% and

ultimate loads varying by approximately 16.2%.
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Displacement responses at cracking and peak load stages were also very similar,
confirming nearly identical stiffness among the specimens. Flexural cracks first
appeared at the beam—column interface and progressively propagated toward the
beam soffit as the lateral load increased. At ultimate load, cracks extended to the upper
beam region, followed by concrete crushing and spalling near the beam compression
zone, leading to a reduction in load-carrying capacity (Fig. 4). The specimens
containing Metakaolin (MK) exhibited improved stiffness and load capacity due to the
pozzolanic reaction, which enhanced the interfacial transition zone and produced

additional C—S—H gel, resulting in a denser concrete matrix [33].

Table 5: Loads at the specimens' first crack and peak

BCi1-Control 26 2.8 57.4 39.6
BC2-MK 22 3.2 61.3 37.6
BC3-MK 20 2.7 63.8 37.7

BC1-Control
57.4 kN

T 2

Fig. 4 Crack patterns in samples for testing

Curves of Load-Displacement

Fig. 5 shows the monotonic lateral loading-displacement response for all the beam-
column joint specimens. A calibrated load cell and indicator system were used at a
reference point 70 mm from the column face to record the critical failure values. In

contrast, the applied load and associated displacement were continually monitored.

Initially, all the specimens showed an almost linear response, indicating that the
structural behavior remained in the elastic range. As the lateral load increased
gradually, microcracks began to form in the concrete cover, followed by progressive
stiffness degradation of the concrete as the steel reinforcement reached yield.

Continued loading led to the widening of cracks and the redistribution of internal
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stresses, ultimately resulting in flexurally dominated failure of the beam—column

joints at the final stage of testing.

80
——B(C3-MK

——B(C2-MK

70 ——BC1-Control

60

50

40

30

20

10

Lateral Monotonic Load (kN)

0 5 10 15 20 25 30 35 40 45 50
Displacement (mm)

Fig. 5 Experimental specimen load-displacement curves

Stiffness and Energy Dissipation

Energy dissipation (Ediss) reflects the ability of exterior beam—column joints (BCJs) to
absorb energy under lateral loading; higher values indicate greater resistance to
structural damage [22, 51]. In this study, Ediss was calculated as the area under the

monotonic load—displacement curve using the trapezoidal rule and Equation (1).
8i+1 = Smax ] ]
Ba = [y " F(®).08 ~ )" 7 (B x 8y - 80)) ™
0

Equation (2) was used to calculate joint stiffness (K), which represents resistance to
lateral deformation, as the ratio of the ultimate load to the corresponding

displacement [53, 54].

Stiffness (K) = E—;’ (2)

The results in Table 6 show that the energy dissipation values ranged from 1755 to
1879 kN-mm, with a variation of about 6.5%, while stiffness values ranged from 1.45
to 1.69 kN/mm, showing a variation of approximately 14.2%. Although energy
dissipation is commonly evaluated under cyclic loading, the area under the monotonic
load—displacement curve remains a reliable indicator of a specimen's energy

absorption capacity.
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Table 6: Results of experiments on the stiffness and energy dissipation of sampled

BC1-Control 57.4 39.6 1755 1.45
BC2-MK 61.3 37.6 1845 1.63
BC3-MK 63.8 37.7 1879 1.69

Stiffness and Energy Dissipation

The displacement ductility factor was adopted in this study to evaluate the ductility
behavior of the specimens [54]. Based on the idealized bilinear load—displacement
response, it was calculated using the ratio between the yield displacement and the

effective ultimate displacement as per Equation (3) [25, 55].

8.
Ductility Factor (p) = —;‘ (3)
Table 7: The specimens' ductility factor results
. Yielding Ultimate Effective ultimate e
SflmplF Py Ml @ E displacement, load, P, displacement, 8, L
designation (kN) load, Py (kN) 8y (mm) &N) (mm) factor, p
BCi1-Control 57.4 44.7 12.6 48.8 45.8 3.6
BC2-MK 61.3 55.1 14.6 52.1 47.6 3.2
BC3-MK 63.8 55.8 14.9 54.2 46.4 3.1

where Py (ultimate load) equals 85% * Pp

The yielding load (Py), yield displacement (8y), ultimate displacement (Su), peak load
(Pp), and ductility factor (u) of the tested specimens are shown in Table 7. The ductility
factor varied by almost 16.1% between 3.1 and 3.6. The slightly reduced ductility of the
Metakaolin (MK) specimens is explained by the concrete's denser microstructure and

greater stiffness [5].

CONCLUSIONS

Based on the experimental investigation of three exterior reinforced concrete beam—
column joints subjected to monotonic lateral loading, the following conclusions can be

drawn:

e The tested specimens exhibited generally consistent structural behavior in terms
of cracking load, ultimate load, stiffness, and energy dissipation, with peak loads
ranging from 57.4 to 63.8 kN and a maximum variation of 16.2%.

e The incorporation of Metakaolin (MK) improved the load-carrying capacity of the
joints, where specimen BC3-MK achieved an increase of approximately 11.1%

compared with the control specimen.
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e Theload—displacement response showed an initial linear elastic behavior followed
by stiffness degradation due to crack propagation and reinforcement yielding. Flexural
cracks initiated near the beam—column interface and propagated toward the beam
soffit and upper beam region with increasing load.

e Energy dissipation values ranged from 1755 to 1879 kN-mm, indicating improved
energy absorption capacity for MK specimens and enhanced resistance to lateral
loading.

e Stiffness values ranged from 1.45 to 1.69 kN/mm, with MK specimens
demonstrating higher stiffness and greater resistance to lateral deformation.

o All specimens exhibited adequate ductility under monotonic loading, with ductility
factors ranging from 3.1 to 3.6. Although the control specimen showed slightly higher
ductility, MK specimens provided improved strength and stiffness.

e Flexural failure was the dominant failure mode in all specimens, characterized by
concrete cracking and localized crushing near the beam—column joint region.

e Since the present study was limited to monotonic loading and a single MK
replacement ratio, future work should examine cyclic loading behavior and different

MK contents through both experimental and numerical investigations.
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NOMENCLATURE
SCC Self-Compacting Concrete
RC Reinforced Concrete
MK Metakaolin
FA Fine Aggregate
CA Coarse Aggregate
SP Superplasticizer
Pr First Crack Load
Pp Peak Load
OF Displacement at First Crack Load
Op Displacement at Ultimate Load
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Ediss The energy dissipation

K Stiffness

u Ductility factor
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