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Article Info  Abstract 

Article History:  A flat slab is an efficient structure in resisting gravity loads by transferring the load 
from the slab to the columns and then to the foundations. Various normal concrete 
(NC) flat slab reinforcements against punching shear have been developed, 
including drop panels, steel plates, aluminum plates, additional longitudinal bar 
reinforcement, steel tubes, and transverse reinforcement. However, previous 
studies have not discussed the effect of the transverse reinforcement ratio that 
impacts capacity and ductility. In contrast, the performance of flat slabs with 
environmentally friendly concrete, such as geopolymer concrete (GC), has not 
been discussed. This study aims to analyze the performance of GC flat slabs 
reinforced with transverse reinforcement. The novelty of this study is extending 
the NC flat slab test results to GC flat slab numerical models with different 
transverse reinforcement. The performance of NC and GC flat slabs subjected to 
monotonic downward vertical loads is analyzed using a finite-element-based 
software. The issues discussed include shear load, deflection, stress contour, 
displacement contour, ductility, stiffness, energy absorption, and punching shear 
capacity. The results show that transverse reinforcement increases the flat slab 
capacity to withstand punching shear loads. The GC materials enhance shear 
strength. However, excessive transverse reinforcement results in brittle behavior 
and reduces deformation, ultimate load, and ultimate deflection.  
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1. Introduction 

Geopolymer concrete is environmentally friendly because it does not contain Portland cement as a 
binder and its manufacturing process requires low energy [1,2], thereby supporting sustainable, 
environmentally friendly construction activities [3,4]. The binder during the hydration process in 
geopolymer concrete is a compound rich in silica and alumina, such as fly ash or rice husk ash 
[5,6,7], which is activated with alkaline liquid [8,9,10]. It supports reducing industrial and organic 
waste, which helps prevent climate change [2]. In contrast to geopolymer concrete, conventional 
concrete contains a binder—Portland cement —which produces carbon dioxide emissions [11], 
increases global temperatures [12], and creates pollution [13]. Geopolymer concrete has high 
durability [1,14,15], is more fire resistant than conventional concrete, and can be used as an 
insulator [16]. Geopolymer concrete has the potential to serve as a material for forming structural 
elements, as its mechanical properties can match or exceed those of conventional concrete. 
Geopolymer concrete achieves a compressive strength of 12.5-31.3 MPa [14], 28.5-50.1 MPa [6], 
and meets the minimum compressive strength requirements for structural elements of 17.5 MPa 
[17,18]. The interfacial shear capacity of geopolymer concrete ranges from 2.15 to 2.5 MPa [19], 
enabling it to form column and beam structural elements under axial and bending loads [20,21], as 
well as other structural elements, such as slabs and foundations. High-quality geopolymer concrete 
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reaches a compressive strength of 78.2-81.17 MPa [20], 163-210 MPa [21], and has the potential 
to be used as a material for forming structural elements that can withstand high compressive loads, 
namely foundations, bridge pillars, bridge girders, and prestressed beams [22,23]. 

Research on geopolymer concrete structural elements generally focuses on beams and columns to 
investigate their flexural and compressive performance [23-28]. The performance of flat slabs 
using geopolymer concrete materials and resisting punching shear loads has not been 
comprehensively studied and thus requires further investigation. Flat slab is one of the structural 
element systems for high-rise buildings that is vulnerable to seismic loads. Its function as a 
secondary seismic-resistant structure [29] makes it more suitable in the low-magnitude 
earthquake risk zones [30].  

The corners of rectangular or square columns experience increased concrete strain concentrations 
as the ratio of the long to short sides of the column cross-section increases. The circular column 
cross-section reduces the concrete strain concentration and provides higher shear strength than 
rectangular columns [31]. The column shape affects the punching shear capacity of flat plates. The 
results of the analysis using the finite element method show that L-shaped, T-shaped, and Cross-
shaped column cross-sections increase the punching shear capacity by 3%, 5.3%, and 22.6%, 
respectively, compared to columns with square cross-sections. This shows that the cross-sectional 
shape of the column can be effectively optimized to increase the punching shear resistance of flat 
plates [32]. 

The use of flat slabs reduces construction costs because they are built without beams. In the flat 
slab system, the concentrated axial load of the column is transferred directly to the flat slab and 
potentially causes damage due to punching shear. The performance of flat slabs in punching shear 
needs improvement. The transverse reinforcement system in flat slabs increases the shear capacity 
to withstand punching shear significantly [33-35]. 

Other methods for enhancing flat slab performance include shear reinforcement systems using 
diagonal and orthogonal aluminum sheets [36]. Aluminum sheets measuring 25 x 50 mm were 
installed at the mid-thickness of the slab to increase shear strength. The aluminum sheet 
installation position configurations were horizontal, vertical, diagonal, and hybrid. The aluminum 
sheet thicknesses were 1.0 mm, 1.5 mm, and 2.0-mm. Monotonic loading was gradually applied at 
a single location in the middle of the slab, downward until the specimen failed. The results of the 
investigation in this research showed that each aluminum sheet placement configuration slowed 
crack initiation and propagation. Aluminum sheets helped prevent the concrete cover from 
cracking before failure occurred. The thicker the aluminum sheet, the higher the initial cracking 
load in all aluminum sheet position configurations. The most significant increase in initial cracking 
load, 55.8%, was achieved with a flat slab using a combination of horizontal and vertical aluminum 
sheet configuration with a thickness of 2 mm. The most significant increase in ultimate load, 60.9%, 
was achieved with the flat slab reinforced with a hybrid aluminum sheet position. The highest 
increase in absorbed energy, 60%, was achieved by the flat slab with aluminum sheets in a 
combination of horizontal and vertical configurations. 

Another type of reinforcement is a two-way integrity reinforcement, parallel to the column, located 
in the center of the flat slab and the compression zone [37]. Three flat slabs with a two-way ϕ8-60 
longitudinal reinforcement were reinforced with integrity reinforcement installed in the X and Y 
axes in the center of the slab and the compression zone. The diameter variations for the three 
integrity reinforcements were 10 mm, 12 mm, and 14 mm for the flat slab types 1, 2, and 3, 
respectively. Each slab was also reinforced with perimeter reinforcement. The monotonic load was 
applied to the top of a short column in the middle of a rectangular steel plate as an intermediary. 
Before punching shear failure, concrete plays a more dominant role in resisting shear. Upon 
entering the punching shear condition, the concrete cracked and crushed; thus, the longitudinal 
steel reinforcement and integrity reinforcement were more dominant in resisting the load. Shear 
capacity increases with the larger diameter of the integrity reinforcement steel bar. The difference 
between the concrete compressive and steel tensile strengths significantly affected punching shear 
capacity and post-punching resistance. 
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Some other methods for improving flat slab performance are elaborated in the following brief 
reports. Reinforcement around concrete columns enclosed by steel tubes in the form of horizontal 
and vertical bearing plates enhances the performance of flat slabs in terms of punching shear 
capacity, ductility, and energy absorption. The gradually increasing vertical loading on the upper 
side of the column cross-section does not result in yielding of the horizontal bearing plates. 
Otherwise, the vertical bearing plates yield only at the upper and lower corners. This condition 
indicates that the vertical bearing plates provide a greater stiffness and contribute to resisting 
punching shear than the horizontal bearing plate. The use of larger vertical bearing plate 
dimensions or slab thickening increases resistance to punching shear. Another property of flat 
slabs that contributes to increased punching shear capacity is the concrete's compressive strength, 
which also increases ductility and energy absorption. The addition of tensile reinforcement 
significantly increases the punching shear capacity in flat slabs with minimal longitudinal 
reinforcement [38]. 

The use of steel plates at the column-to-flat slab connection has been shown to increase maximum 
load capacity and shear strength by up to 2.15 times. The rib plates connecting the column and the 
flat slab contribute to increased stiffness and shear performance. Some rib plates experienced 
premature buckling despite the application of rib plate thickening. The behavior of the flat slab 
reinforced with steel plates at the column-to-flat slab and rib plate connections is also influenced 
by the bond and deformation of the steel reinforcement [39]. 

The shear capacity of the flat slab-column connection was increased by using ultra-high-
performance fiber-reinforced concrete material on the flat slab around the column with a side size 
of 273 mm to 600 mm in a square shape. High compressive strength in concrete increases the 
capacity of the flat slab-column connection in terms of initial stiffness, punching shear capacity, and 
deformation. The increase in capacity is influenced by the addition of a flat slab area with ultra-
high-performance concrete containing fibers [40]. 

The above methods for improving flat slab performance indicate that punching shear resistance 
can be achieved by strengthening transverse reinforcement. The addition of shear reinforcement 
increases the maximum shear force that can be resisted by a flat slab in both elastic and inelastic 
conditions. Transverse reinforcement in thick slabs and waffle slabs can increase the shear capacity 
[41,42]. Thus, it can be applied to flat slabs to improve the ability to resist punching shear 
equivalent to or better than flat slabs with conventional concrete materials. However, research on 
the performance of flat slabs with geopolymer concrete materials and shear reinforcement to resist 
punching shear has not been comprehensively studied. An adequate transverse reinforcement 
provides sufficient shear capacity and enables geopolymer concrete flat slabs to resist punching 
shear. 

This study aims to perform a performance analysis of geopolymer concrete flat slabs with 
transverse reinforcement to resist punching shear, with reinforcement of various diameters. The 
novelty of this study is extending the NC flat slab test results to the GC flat slab through numerical 
modeling with different transverse reinforcement configurations. 

2. Materials and Methods  

The research method involves investigating the mechanical properties of geopolymer concrete, 
including compressive strength, elastic modulus, and stress-strain relationship curves. The 
numerical modeling of a geopolymer concrete flat slab under monotonic loads was carried out 
using ANSYS, based on the finite element method, to analyze load-displacement relationships, 
stress and displacement contours, ductility, stiffness, energy absorption, and punching shear 
resistance. The transverse reinforcement was varied to investigate the flat slab's behavior in 
resisting punching shear under monotonic loading. 

2.1. Details of Specimens and Models 

In the previous research [41], the NC compressive strength and the modulus of elasticity were 30 
MPa and 22500 MPa, respectively. The yield strength of steel for longitudinal reinforcement was 
549 MPa for the flat slab without transverse steel reinforcement, and 615 MPa for the flat slab with 
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transverse reinforcement of 𝜙5 and 𝜙8. The yield strength of transverse reinforcement of 𝜙5 and 
𝜙8 was 698 MPa and 706 MPa, respectively [41], as shown in Table 1. In all flat slab models, the 
upper longitudinal reinforcement was 16 mm in diameter, spaced at 155 mm, and connected with 
16 mm hook-shaped rods at the same spacing. The lower longitudinal reinforcement diameter was 
10 mm. The column reinforcement consisted of 8 longitudinal reinforcement bars with 16 mm in 
diameter surrounded by 10 mm in diameter stirrups with 80 mm spacing. The modeling analysis 
includes punching shear capacity, stress and displacement contours, ductility, strength 
degradation, and energy absorption [43-45].  

The investigated flat slabs have dimensions of 2500 mm × 2500 mm with a thickness of 180 mm, 
effective depth of 162 mm, consisting of a composite of concrete and reinforcing steel. The concrete 
materials used in the specimens were normal concrete (NC), whereas in the numerical models, they 
were NC and geopolymer concrete (GC). The flexural reinforcement configuration from the 
previous research [41] is the same for all slabs. The upper longitudinal reinforcement has a 
diameter of 16 mm, spaced at 155 mm, and is connected with 16 mm-diameter steel bars in the 
form of hooks at the same spacing. The lower longitudinal reinforcement has a diameter of 10 mm 
and is placed directly below the upper reinforcing steel bars with a spacing of 155 mm. Table 1 
shows the types of flat slabs. In the previous study [41], the NC flat slab specimens consisted of NC-
0 and NC-5, while in this numerical study, the models consisted of three NC flat slab types (NC-0-F, 
NC-5-F, and NC-8-F) and three GC flat slab types (GC-0-F, GC-5-F, and GC-8-F). The NC-0 specimen 
and NC-0-F model do not have shear reinforcement. The NC-5 specimen and NC-5-F model were 
equipped with 5𝜙5 mm transverse reinforcement with 72 mm spacing, while the NC-8-F model 
used 5 𝜙8 mm with 72 mm spacing. The performance of the flat slab with increased transverse 
reinforcement area is analyzed in this study. The column cross-section is 300 mm × 300 mm, with 
8D16 longitudinal reinforcement and 𝜙8-80 stirrups. The clear column heights on the top and 
bottom sides of the flat slab are 800 mm and 600 mm, respectively. Details of the longitudinal and 
transverse steel bar reinforcements in all specimens [41], as well as the NC and GC models, are 
shown in Table 1. The GC compressive strength and elastic modulus are 41.5 MPa and 30266 MPa, 
respectively [46]. Details of the flat slab dimensions, longitudinal and transverse reinforcement 
from the top and side sections are shown in Figures 1 and 2, respectively. The reinforcement design 
for the flat slab to resist shear and bending, per code [17], is shown in Figure 3. Figure 4 shows the 
perimeter control, expressed as the dimensions and spacing of shear reinforcement, for the slab 
based on the code [17]. 

Table 1. Steel bars properties 

Type of flat 
slab 

Concrete 
material 

Top and 
bottom 

longitudinal 
steel bar  

Transverse 
steel bar 

 

Transverse 
steel bar 

ratio 

Longitudinal 
steel bar 

yield 
strength 
[41], 𝑓𝑦𝑙  

Transverse 
steel bar 

yield 
strength 
[41], 𝑓𝑦𝑡  

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

NC-0 & NC-0-F NC 𝜙16 & 𝜙10 - 0 549 - 

NC-5 & NC-5-F NC 𝜙16 & 𝜙10 𝜙5-72 0.17 615 698 

NC-8-F NC 𝜙16 & 𝜙10 𝜙8-72 0.44 615 706 

GC-0-F GC 𝜙16 & 𝜙10 - 0 549 - 

GC-5-F GC 𝜙16 & 𝜙10 𝜙5-72 0.17 615 698 

GC-8-F GC 𝜙16 & 𝜙10 𝜙8-72 0.44 615 706 
 

In the experiment, a monotonic load was applied to the top of the column cross-section, which was 
covered with a steel plate serving as an intermediary between the horizontal loading frame and the 
column, as shown in Figure 5. The load cells pressed four spreader beams above the flat slab, 
resulting in uniform loads that caused the flat slab to move downwards. This condition persisted 
until the flat slab structure failed [41].  
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Fig. 1. Plan of flat slab details [41, redrawn] 

 
Fig. 2. Section of flat slab details [41, redrawn] 

 
Fig. 3. Details of the transverse reinforcement [41, redrawn] 
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Fig. 4. Perimeter control and details for a flat slab [17, redrawn] 

 
Fig. 5. Loading setup [41, redrawn] 

2.2. Finite Element Modeling 

The flat slab numerical model was developed using the finite element method under monotonic 
loading. The geometry, dimensions, details of the steel longitudinal and transverse reinforcement, 
concrete compressive strength, yield and ultimate strengths of the steel reinforcement, and 
monotonic loads were derived from previous research [41], as shown in Figure 1-5. Verification of 
the NC flat slab models was carried out by comparing the hysteretic curves of the load-
displacement correlations from the numerical analysis with the experimental results of [41], with 
a tolerance of 10% to ensure accuracy [47,48]. 

The load-control method, with the exact loading location on the column and the spreader beams 
above the flat slab, was used in numerical modeling, where the compressive axial load was 
increased by 40 kN at each load step until failure. The position of the Linear Variable Differential 
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Transducer (LVDT) in the experiment [41], which became the reference for the flat slab 
displacement data in this study, was at a distance of 1050 mm from the center to the edge of the 
flat slab. The model for a flat slab and top-column structural system that supports uniform loads 
from four spreader beams and concentrated loads on the top of the column cross-section is shown 
in Figure 6. Figure 7 shows the flat slab structure connected to the columns. Flat slab finite element 
modeling was conducted by defining concrete and reinforcing steel as separate, discrete elements. 

 
Fig. 6. The top side of a flat slab model 

 
Fig. 7. Three-dimensional side view of the flat slab model 

2.2.1 Concrete Element 

The concrete is modeled using three-dimensional SOLID65 discrete elements with 8 nodes (8-node 
brick elements) in this study, as shown in Figure 8. Each node has three degrees of translational 
freedom in the X, Y, and Z axes. SOLID65 elements can be modeled as elements that experience 
cracking due to tensile stress, crushing due to compressive stress, plastic deformation, and creep. 

 
Fig. 8. SOLID65 element 
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2.2.1.1 Cracking Behavior of Concrete Elements 

The material stiffness matrix under isotropic material conditions can be derived as in equation (1). 

Dc = 
𝐸

(1+𝜐)(1−2𝜐)
 . 

[
 
 
 
 
 (1 − 𝜐)

𝜐
𝜐
0
0
0

𝜐
(1 − 𝜐)
𝜐
0
0
0

𝜐
𝜐

(1 − 𝜐)
0
0
0

0
0
0

(1−2𝜐)

2

0
0

0
0
0
0

(1−2𝜐)

2

0

0
0
0
0
0

(1−2𝜐)

2 ]
 
 
 
 
 

   (1) 

Where; 𝐸: modulus of elasticity of concrete (MPa), 𝜐 : Poisson’s ratio of concrete 

The material stiffness from the stress-strain relationship for a cracked material in one direction is 
given by equation (2). 

𝐷𝑐
𝑐𝑘 = . 

𝐸

(1+𝜐)
. 

[
 
 
 
 
 
 𝑅

𝑡(1−𝜐)

𝐸

0
0
0
0
0

0
1

(1−𝜐)
𝜐

(1−𝜐)

0
0
0

0
𝜐

(1−𝜐)

1

(1−𝜐)

0
0
0

0
0
0
𝛽𝑡

2

0
0

  

0
0
0
  0  
1

2

0

 

0
0
0
0
0
𝛽𝑡

2 ]
 
 
 
 
 
 

 (2) 

The notation 𝑐𝑘 represents the stress-strain relationship referring to a coordinate system parallel 
to the principal stress axis with the 𝑋𝑐𝑘  axis perpendicular to the crack plane. 𝑅𝑡 is the slope (secant 
modulus) as in Figure 9. The notation 𝑓𝑡 represents the tensile stress and 𝑇𝑐 is the multiplier for 
tensile stress relaxation. 

  

Fig. 9. Stress-strain diagram for cracked concrete material 

Suppose the crack closes due to unloading conditions. In that case, the compressive stress 
perpendicular to the crack plane will be transferred to the crack, and there is only a shear transfer 
coefficient 𝛽𝑐 , so that the stiffness matrix becomes as in equation (3). 

𝐷𝑐
𝑐𝑘 =. 

𝐸

(1+𝜐)(1−2𝜐)
. 

[
 
 
 
 
 (1 − 𝜐)

𝜐
𝜐
0
0
0

𝜐
(1 − 𝜐)
𝜐
0
0
0

𝜐
𝜐

(1 − 𝜐)
0
0
0

0
0
0

𝛽𝑐(1−2𝜐)

2

0
0

0
0
0
0

𝛽𝑐(1−2𝜐)

2

0

0
0
0
0
0

𝛽𝑐(1−2𝜐)

2 ]
 
 
 
 
 

     (3) 

The stress-strain relationship for concrete that cracks in two directions is as in equation (4). 

 
0 
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𝐷𝑐
𝑐𝑘 = 𝐸

[
 
 
 
 
 
      

𝑅𝑡

𝐸
       

0
0
0
0
0

      0       
𝑅𝑡

𝐸
0
0
0
0

𝜐
𝜐
1
0
0
0

    

0
0
0
𝛽𝑡

2(1 + 𝜐)
0
0

   

0
0
0
0
𝛽𝑡

2(1 + 𝜐)
0

   

0
0
0
0
0
𝛽𝑡

2(1 + 𝜐)]
 
 
 
 
 
 

 (4) 

If the crack closes in two directions, then the stress-strain relationship is as in equation (3). The 
stress-strain relationship of concrete cracked in three directions is in accordance with equation (4). 
If the crack closes in three directions, then the stress-strain relationship is as in equation (3). The 

state of the crack is open or closed, depending on the strain value 𝜀𝑐𝑘
𝑐𝑘 , which is called the crack 

strain. For the condition of the crack in the X-axis direction, the strain value is obtained by equation 
(5). 

𝜀𝑐𝑘
𝑐𝑘 =

{
 

 𝜀𝑋
𝑐𝑘 + 

𝜐

1 − 𝜐
𝜀𝑌
𝑐𝑘 + 𝜀𝑍

𝑐𝑘  

𝜀𝑌
𝑐𝑘 + 𝜐𝜀𝑍

𝑐𝑘

𝜀𝑋
𝑐𝑘  

 

 

if no crack occurs 

if the crack is in the Y-axis direction 

if the crack is in the Y and Z axis direction 

 

(5) 

where 𝜀𝑋
𝑐𝑘 , 𝜀𝑌

𝑐𝑘 , 𝜀𝑍
𝑐𝑘  are the three components of normal strain in the crack direction. 

If 𝜀𝑐𝑘
𝑐𝑘  is less than zero, then the crack is assumed to be closed, whereas if 𝜀𝑐𝑘

𝑐𝑘  is equal to or greater 
than zero, then the crack is assumed to be open. When the first crack occurs, the crack is assumed 
to be open for the next iteration. 

2.2.1.2 Concrete Destruction Behavior and Damage Criteria 

If a material is crushed by uniaxial, biaxial, or triaxial compressive forces, it is considered to be 
crushed. In the SOLID65 element in ANSYS, if crushing occurs, the material's stiffness contribution 
can be ignored. Concrete material that undergoes cracking and deterioration is modeled using the 
CONC type in SOLID65 elements. The failure criteria resulting from multiaxial stress are given by 
equation (6). 

𝐹

𝑓𝑐
− 𝑆 ≥ 0 (6) 

Where; 𝐹: a symbol to state the principal stress; 𝑆: failure area expressed in terms of principal 
stress and five parameters (𝑓𝑡 , 𝑓𝑐 , 𝑓𝑐𝑏 , 𝑓1, and 𝑓2); 𝜎𝑥𝑝, 𝜎𝑦𝑝, 𝜎𝑧𝑝: principal stresses in the direction of 

the principal axis; 𝑓𝑡 : ultimate uniaxial tensile strength (MPa); 𝑓𝑐: Ultimate uniaxial compressive 
strength (MPa); 𝑓𝑐𝑏: Ultimate biaxial compressive strength (MPa); 𝑓1: Ultimate biaxial compressive 
strength plus hydrostatic stress (MPa); 𝑓2: Ultimate uniaxial compressive strength plus hydrostatic 
stress (MPa). 

The behavior of concrete material is modeled using Multilinear Isotropic Hardening (MISO) in the 
ANSYS software, as shown in Fig. 10. MISO uses the von Mises yield criterion and isotropic work 
hardening. The slope of the first segment of the curve (initial slope) represents the material's 
modulus of elasticity. Subsequent slopes must be greater than zero and less than the elastic 
modulus. The stress-strain curve can be defined up to 100 points. The response of concrete under 
loading is determined by its nonlinear behavior. Typical stress-strain behavior of concrete 
subjected to uniaxial loading is shown in Fig. 11. 
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Fig. 10. Isotropic multilinear stress-strain diagram [49] 

 

Fig. 11. Kinematic bilinear stress-strain diagram [49] 

2.2.2 Steel Bar Element 

In this study, the longitudinal and transverse reinforcing steel element models use 2-nodes 
LINK180 discrete bar elements in the ANSYS software. The axial forces at the ends of the LINK180 
bars are as shown in Figure 12. The reinforcing steel is assumed to be fully bonded to the concrete. 

 

Fig. 12. LINK180 element 

In these models, the element is formed through two points at the ends of the bar in the Cartesian 
coordinate system X, Y, Z. Each point has three degrees of freedom in the form of translations along 
the X, Y, and Z axes. The element does not experience bending, and the stresses are assumed to be 
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the same along the length of the element bar. The element stiffness matrix is expressed in equation 
(7), where 𝐴 is the cross-sectional area of the element (mm2), 𝐸𝑠 is the modulus of elasticity of the 
steel (MPa), and 𝐿 is the length of the element (mm). Multilinear Kinematic Hardening (MKIN) is 
used for reinforcing elements. In MKIN, the Bauschinger effect is assumed, with the total stress 
equal to twice the yield stress. The initial slope of the curve represents the material's elastic 
modulus, which is greater than zero. Subsequent slopes must be less than the elastic modulus. 

[𝐾] =. 
𝐴𝐸𝑠

𝐿
. 

[
 
 
 
 
 
1 0 0
0 0 0
0 0 0

   
−1 0 0
0 0 0
0 0 0

−1 0 0
0 0 0
0 0 0

   
1 0 0
0 0 0
0 0 0]

 
 
 
 
 

 (7) 

2.2.3 Boundary Conditions and Load 

The flat slab model created in ANSYS software is identical to the specimen used in the experimental 
testing reported in previous research [41]. In the model, the width of the flat slab and column is in 
the x-axis direction, the height of the flat slab is in the y-axis direction, and the thickness of the flat 
slab is in the z-axis direction. In the flat slab specimen, clamps are placed to prevent the structural 
members from moving during testing. The middle of the column on the flat slab is given a 
concentrated downward load of 0.1𝑓𝑐

′𝐴𝑔. The top of the flat slab is provided with four spreader 

beams and four flexible hydraulic actuators that can move up and down. Each flat slab model has 
supports and loads at the exact locations as the specimen to ensure precise boundary conditions.  

Monotonic loads are applied by four hydraulic actuators that press eight steel plates at the top ends 
of the four spreader beams. The load is then transferred from the spreader beams to the flat slab. 
The top of the columns is loaded through steel plates with the same load increment as the spreader 
beams [41]. In the numerical models, monotonic loads are applied to the top of each left and right 
end of the four spreader beams and the top of the columns.  

2.2.4 Nonlinear Solving Solution 

The solution of nonlinear equations satisfying boundary conditions using the finite element method 
in ANSYS software can be described as follows. When the stress-strain relationship for concrete 
and reinforcing steel elements is nonlinear, a solution to the nonlinear equations is required. In the 
structural plane, equation (8) is for linear systems. 

[𝐾]{𝑢} = {𝐹𝑎} (8) 

Where; [𝐾]: structural stiffness matrix; {𝑢} : degrees of freedom vector; {𝐹𝑎} : load vector. 

Equation (9) needs to be modified to satisfy the boundary conditions in nonlinear cases. An 
iterative process is required to obtain a solution to the equation. ANSYS provides some methods to 
solve nonlinear equations, including the Newton-Raphson method [50]. An iterative process of this 
method is applied to solve the nonlinear equations (9) and (10). 

[𝐾𝑖
𝑇]{∆𝑢𝑖} = {𝐹

𝑎} − {𝐹𝑖
𝑛𝑟}  (9) 

{𝑢𝑖+1} = {𝑢𝑖} + {∆𝑢𝑖}  (10) 

Where; [𝐾𝑖
𝑇] : structural stiffness matrix; {𝑢𝑖}: degrees of freedom vector; {𝐹𝑖

𝑛𝑟} : load vector 

Iterations are required to obtain a convergent solution with the following workflow: 

• Assume the value of {𝑢𝑜}. The {𝑢𝑜} is the solution of the previous iteration step. Thus, in the 
first iteration, {𝑢𝑜} = {0}. 

• Obtain [𝐾𝑖
𝑇], with {𝐹𝑖

𝑛𝑟} is from {𝑢𝑖} confirmation.  
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• Obtain {∆𝑢𝑖}. 
• Add {∆𝑢𝑖} to {𝑢𝑖} to obtain {𝑢𝑖+1} 

Figure 13 shows the next iteration process to solve a nonlinear equation. It provides a solution of 
the iteration process when the load factor {𝐹𝑖

𝑛𝑟} is equal to {𝐹}, or less than a specific tolerance 
value of 0.001. In this study, the Full Newton-Raphson method was chosen for solving iterations 
using an ANSYS software, which built the initial stiffness matrix in each iteration. 

 

Fig. 13. Newton-Raphson iteration on one loading sub-step 

2.3. Material Properties 

In numerical modeling, the stress-strain relationship was based on the Hognestad equation, which 
has been shown to best match test results for NC and GC materials compared to other equations 
[51]. Equations (11) and (12) represents the stress-strain relationship according to Hognestad in 
ascending and descending curves, respectively. The tensile strengths of NC and GC are obtained 
from equation (13) [17], which yields tensile strengths closest to the test results for NC and GC [51]. 
The Poisson's ratios of NC and GC are assumed to be 0.2 [52] and 0.22 [53], respectively. For 
comparison, other equations of stress-strain in ascending and descending curves referring to Kent-
Park, Saatcioglu-Razvi, and Mander are stated in equations (14-19). The Hognestad stress-strain 
curve is not much different compared to the Kent-Park, Saatcioglu-Razvi, and Mander curves in 
Figure 14. 

𝑓𝑐 = 𝑓𝑐
′ [2 (

𝜀𝑐

𝜀𝑜
) − (

𝜀𝑐

𝜀𝑜
)
2
] (Hognestad; ascending) (11) 

𝑓𝑐 = 0.85 𝑓𝑐
′ (Hognestad; descending) (12) 

𝑓𝑠 = 0.33√𝑓𝑐
′ (13) 

𝑓𝑐 = 𝑓𝑐
′ [2 (

𝜀𝑐

𝜀𝑜
) − (

𝜀𝑐

𝜀𝑜
)
2
] (Kent-Park; ascending) (14) 

𝑓𝑐 = 𝑓𝑐
′[1 − 100(𝜀𝑐 − 0.002)] (Kent-Park; descending) (15) 
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𝑓𝑐 = 𝑓𝑐
′ [2 (

𝜀𝑐

𝜀𝑜
) − (

𝜀𝑐

𝜀𝑜
)
2
] (Saatcioglu-Razvi; ascending) (16) 

 𝑓𝑐 = 𝑓𝑐
′ + [

𝑓𝑐
′−𝑓𝑐85

𝜀𝑐𝑜−𝜀𝑐85
] (𝜀𝑐 − 𝜀𝑐𝑜) (Saatcioglu-Razvi; descending) (17) 

𝑓𝑐 =
𝑓𝑐
′𝑥𝑟

𝑟−1+𝑥𝑟
 (Mander; ascending and descending) (18) 

𝑥 =
𝜀𝑐

𝜀𝑐𝑜
; 𝑟 =

𝐸𝑐

𝐸𝑐−𝐸𝑠𝑒𝑐
;  𝐸𝑐 = 5000√𝑓𝑐

′;  𝐸𝑠𝑒𝑐 =
𝑓𝑐
′

𝜀𝑐𝑜
 (Mander) (19) 

Where; 𝜺𝒐 : concrete compressive strain at ultimate stress = 0.002; 𝒇𝒄: concrete compressive stress 
(MPa); 𝒇𝒄

′  : uniaxial compressive strength (MPa); 𝒇𝒄𝟖𝟓: 85% of uniaxial compressive strength 
(MPa); 𝑬𝒄 : modulus of elasticity of concrete (MPa); 𝒇𝒔: tensile strength of concrete (MPa) 

 

Fig. 14. GC stress-strain curves with Kent-Park, Hognestad, Saatcioglu-Razvi, and Mander 
equations 

The fracture energy is expressed in equation (20) [35]. The maximum diameter of aggregates was 
16 mm for NC [41] and 4.75 mm for GC [46]. The initial fracture energy for NC is 0.03 N/mm and 
0.025 N/mm for GC [54]. Then, the fracture energies for NC and GC are 64.73 N/mm² and 67.70 
N/mm², respectively. 

𝐺𝑓 = 𝐺𝑓0[(𝑓𝑐
′ 10⁄ )0.7] (20) 

Where; 𝐺𝑓: fracture energy of concrete (N.m/mm2); 𝐺𝑓0: initial fracture energy (N/mm) 

3. Results and Discussion 

The load-displacement relationship curve is influenced by transverse reinforcement. The model 
loading process is the same as the experiment, namely by increasing the gravity load on the 
spreader beams in 40 kN increments [41]. Comparison of the experimental load-displacement 
relationship curves and flat slab-column modeling of NC-0, NC-0-F, NC-5, and NC-5-F is shown in 
Figure 14. The NC-0, NC-0-F, NC-5, and NC-5-F load-displacement curves almost match, due to the 
overlapping curves resulting from nearly the same slopes and stiffnesses. The difference in load 
and displacement at the initial and ultimate loading conditions is less than 10% as stated in Table 
2. It indicates the accuracy of the modeling [47,48]. The highest punching shear capacity is achieved 
by the NC-8-F, followed by NC-5, NC-5-F, and NC-0, NC-0-F. The transverse reinforcement ratio 
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affects the punching shear capacity and deformability [55]. Without transverse reinforcement, NC-
0 and NC-0-F cannot achieve vertical displacements as far as NC-5, NC-5-F, NC-8, and NC-8-F. NC-8 
and NC-8-F exhibit more brittle properties than NC-5 and NC-5-F. Thus, their ultimate 
displacements are less than those of NC-5 and NC-5-F. 

The NC-0 and NC-0-F load-displacement curves in Figure 15 show that the absence of transverse 
reinforcement results in the lowest shear load resistance, leading to the lowest maximum load and 
displacement compared to the NC-5, NC-5-F, NC-8, and NC-8-F counterparts. At a specific loading 
condition, the displacement in NC-0 is the most significant value compared to NC-5 and NC-8 due 
to the absence of transverse reinforcement. This behavior is also influenced by the quality of 
longitudinal reinforcement steel in NC-0, which is lower than that in NC-5 and NC-8, as described 
in Table 1. The ultimate load and displacement values in specimens NC-0 and NC-5, as well as in 
models of NC-0-F, NC-5-F, and NC-8-F, are shown in Table 2. The ultimate vertical loads in the NC-
0-F, NC-5-F, and NC-8-F models are the same as those applied to the NC-0 and NC-5 specimens, with 
increments of 40 kN. The differences in the ultimate displacement values of the NC-0 and NC-5 
specimens and the NC-0-F and NC-5-F numerical models are 7.909% and 1.563%, respectively. 
Thus, these models fulfil the accuracy criterion, with differences less than 10% [47,48]. The NC-8-
F model was created to analyze the performance of flat slabs with an increased transverse 
reinforcement of 5ϕ8-72. This model represented a flat slab with denser transverse reinforcement 
in resisting punching shear. This condition results in a higher ultimate load of 616 kN but decreases 
ductility [56], as evidenced by the lower ultimate displacement of 19.178 mm compared with the 
NC-5 and NC-5-F counterparts. Table 3 shows crack loads and displacements, as well as the initial 
stiffnesses of NC specimens and models. The discrepancies are less than 10% which shows 
modeling accuracy [47,48]. 

 
 

Fig. 15. Curves of load and displacement of the NC specimens and models 

Table 2. Ultimate loads and displacements of NC specimens and models 

Specimen Model  

Type of 
flat slab 

Ultimate 
load, 𝐹𝑢  

Ultimate 
displacement, 

𝛿𝑢  

Type of flat 
slab 

Ultimate 
load, 𝐹𝑢  

Ultimate 
displacement, 

𝛿𝑢   
Difference  

 (kN) (mm)  (kN) (mm) (%) 

NC-0 479 15.58 NC-0-F 479 14.35 7.91 

NC-5 605 19.08 NC-5-F 605 19.38 1.56 

- - - NC-8-F 616 19.18 - 
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Table 3. Crack loads, displacements, and initial stiffnesses of NC specimens and models 

Specimen Model  

Type of 
flat slab 

Crack 
load, 
𝐹𝑐𝑟  

Crack 
displ., 
𝛿𝑐𝑟  

Initial 
stiffness, 

𝐾𝑖  

Type of 
flat slab 

Crack 
load, 
𝐹𝑐𝑟  

Crack 
displ., 
𝛿𝑐𝑟  

Initial 
stiffness, 

𝐾𝑖  
Discrepancy 

  (kN) (mm) (kN/m)   (kN) (mm) (kN/m) (%) 

NC-0 80 0.269 0.297 NC-0-F 80 0.294 0.272 8.57 

NC-5 80 0.282 0.283 NC-5-F 80 0.288 0.277 2.10 

- - -  - NC-8-F 80 0.285 0.280  - 
 

3.1. Load-displacement Curves of GC Flat Slabs 

The flat slab models with GC properties were incrementally vertically loaded by 40 kN until failure. 
The detailed dimensions, longitudinal and transverse reinforcement of the geopolymer flat slab 
models were the same as those of the NC flat slab specimens as described in Table 1. The GC-0-F 
flat slab model only achieved an ultimate load of 679 kN, while the GC-5-F and GC-8-F flat slab 
models achieved an ultimate load of 805 kN and 696 kN, respectively, as shown in Figure 16. The 
performance of GC-0-F in resisting shear loads was affected by the absence of transverse 
reinforcement in the slab. GC-5-F could withstand the highest shear load compared to the other 
two models. The GC-8-F model achieved lower ultimate shear load and displacement than the GC-
5-F model because the larger transverse reinforcement diameter imparted brittle behavior [56], 
leading the flat slab to collapse more rapidly. 

 
 

Fig. 16. Curves of load and displacement of GC-0, GC-5, and GC-8 models 

Table 4 shows the crack, ultimate shear load, and displacement of GC flat slab models with different 
shear reinforcement configurations. All GC models cracked at a load of 120 kN, which was higher 
than the crack load of the NC specimens and models. The crack deflection in the GC models was 
greater than that experienced by the NC specimens and models. This indicates that the GC flat slab 
performed better under elastic conditions before cracking. Initial stiffness increases with the 
diameter of the transverse reinforcement. The ultimate shear load of each GC flat slab model is 
higher than that of an NC flat slab with the same reinforcement details. The GC-0-F, GC-5-F, and GC-
8-F flat slab models achieved ultimate shear loads of 679 kN, 805 kN, and 696 kN, respectively. The 
𝜙8 reinforcement tends to produce a stiffer but less ductile response in the GC-8-F flat slab, leading 
to a lower ultimate shear load than in the GC-5-F flat slab. The GC-5-F model achieved the highest 
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ultimate shear force and displacement among the flat slab models, surpassing the GC-0-F and GC-
8-F models. 

The GC-0-F flat slab model without transverse reinforcement failed to resist the ultimate shear load. 
This behavior differs from the NC-0-F flat slab model owing to the higher compressive strength of 
GC compared to NC, leading to a higher ultimate load. However, the absence of transverse 
reinforcement reduced the shear capacity. Thus, the GC material could not resist the ultimate shear 
load. In the GC-0-F flat slab model, concrete crushing occurred, followed by failure at the ultimate 
condition [17]. The ultimate shear achieved by the GC-0-F flat slab model was 679 kN, with a 
difference of 200 kN compared to the NC-0-F counterpart, which only achieved an ultimate shear 
of 479 kN. It indicated that the higher compressive strength of GC needs to be supported by 
transverse reinforcement in resisting shear loads. 

Table 4. Crack, ultimate load, and displacement of GC models 

Type of flat 
slab 

Model 

Crack 
load, 𝐹𝑐𝑟  

Crack 
displacement, 𝛿𝑐𝑟  

Initial 
stiffness, 𝐾𝑖   

Ultimate 
load, 𝐹𝑢 

Ultimate 
displacement, 𝛿𝑢 

  (kN) (mm) (kN/mm) (kN) (mm) 

GC-0-F 120 0.530 0.227 679 17.418 

GC-5-F 120 0.518 0.232 805 22.658 

GC-8-F 120 0.471 0.255 696 16.211 
 

The microstructure of GC also influences the difference in behavior of NC and GC flat slabs. The fly 
ash-based, low-calcium binder content in GC affects shear and bond behavior differently than in 
NC. Geopolymer concrete in a previous study [57] contained low-calcium fly ash, fine and coarse 
aggregates, and an alkaline solution. The test specimens, consisting of geopolymer blocks, were 
subjected to a concentrated downward vertical load. The average first cracking load and ultimate 
deflection of the geopolymer blocks were 22% higher than those of conventional concrete. It 
indicates that the inter-matrix bond in the geopolymer concrete mixture has greater adhesive 
strength than conventional concrete. Fly ash-based geopolymer concrete produces lightweight fine 
aggregate with a stronger bond than fly ash-based geopolymer concrete using quartz aggregate 
[58]. It is consistent with research on the relationship between density and concrete compressive 
strength. The lighter the concrete density, the stronger the bond [59]. 

The shear strength of both conventional and geopolymer concrete is significantly influenced by the 
concrete's compressive strength [60]. Shear cracking and the ultimate shear capacity of 
geopolymer blocks increase with increasing concrete strength [61]. Factors that influence the 
strength of the matrix bond in resisting shear are the type and content of fly ash, concrete 
compressive strength, sodium hydroxide (NaOH) concentration [62-69] with an optimum 
concentration of around 12% to 14% and molarity (solution concentration expressed in moles per 
liter of solution) of 10M to 15M, aggregate to binder mass ratio, mix design, curing, and coating 
[68]. 

3.2. Stress Contour of NC Flat Slabs 

Stress contours are used to visualize the stress distribution on a flat slab in several colors within a 
specific stress range. Stress contours provide information on the location of structural elements 
susceptible to failure or damage based on the stress they cause, as well as the locations of maximum 
and minimum stresses. Compressive and tensile stresses are expressed as negative and positive 
values, respectively. When a flat slab is subjected to a monotonic load, the structure responds by 
resisting compressive or tensile stresses depending on the placement and loading location. Figure 
17 (a) shows the top of the NC-0-F flat slab, including the areas around the columns and four 
spreader beams. The orange compressive stresses of 3-12 MPa indicate that the NC-0-F flat slab 
experiences compressive stresses lower than the normal concrete compressive strength of 30 MPa. 
Some parts of the two spreader beams and a few small yellow areas experience compressive 
stresses of 12-21 MPa. The red areas on the top of the columns, slab, and spreader beams 
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experienced stresses from 3 MPa compression to 6 MPa tension. Although the dominant stress in 
the red areas is compressive, the stress contours extend to 6 MPa of tensile stress. Figure 17 (b) 
shows the area around the columns for the NC-5-F flat slab with compressive stresses of 3-12 MPa 
(orange) and 12-21 MPa (yellow), which are wider than those for the NC-0-F flat slab. This is due 
to the NC-5-F flat slab experiencing higher shear loads and ultimate displacements than NC-0-F, 
resulting in higher compressive stress. The stress contour of the NC-8-F flat slab is shown in Figure 
17 (c). The area around the column is fitted with shear reinforcement, resulting in an ultimate shear 
load that produces compressive stresses of 3-12 MPa (orange) and 12-21 MPa (yellow). The stress 
area in NC-8-F is similar to that of NC-5-F. It indicates that increasing the reinforcement diameter 
from 5 mm to 8 mm does not increase the ultimate stress. 

  

(a) NC-0-F (b) NC-5-F 

 

(c) NC-8-F 

 

Fig. 17. Top side of stress contours of the NC flat slab models 
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The crack patterns in NC-0 and NC-5 specimens are shown in Figure 18. Due to the loading on the 
top of the column and four spreader beams placed on the flat slab, punching shear failure occurred 
in NC-0 and NC-5 [41]. The crack pattern that occurred in the NC-0 specimen in Figure 18(a) 
corresponds to the stress contour of NC-0-F in Figure 17(a). The four spreader beams and the flat 
slab experienced compressive stresses of 3 to 21 MPa, which led to punching shear. Specimen NC-
5 experienced punching shear failure, with the area around the column formed by cracks in the flat 
slab in Figure 18(b) being broader than that of NC-0. This correlates to the stress contour of NC-5-
F in Figure 17(b), where the compressive stress area of 12 to 21 MPa is wider than that of NC-0-F. 

  

(a) Crack pattern of the NC-0 specimen (b) Crack pattern of the NC-5 specimen 

Fig. 18. Top side of the crack pattern of the NC flat slab specimens [41] 

Figure 19(a) shows the red stress contour on the bottom side of the NC-0-F flat slab, which is 
predominantly subjected to tensile stress just below the column. The slab area around the column 
is indicated in light and dark green, with maximum compressive stresses of 21-30 MPa and 30-39 
MPa, respectively. It shows that the dark green area fails due to compressive stress exceeding the 
normal concrete compressive strength of 30 MPa. This behavior indicates that the bottom side of 
the slab is more prone to failure than the top side, owing to the top side being compressed and 
resisted by the concrete, while the bottom side withstands tensile loads through longitudinal 
reinforcement [70].  

Figure 19(b) shows the stress that occurs around the column on the NC-5-F flat slab with a larger 
area due to monotonic loads on the top side of the column and the spreader beam support indicated 
by light green, dark green, turquoise, and light blue with compressive stresses of 21-30 MPa, 30-39 
MPa, 39-48 MPa, and 48-57 MPa, respectively. It shows that the area experiencing collapse is wider 
because the presence of 5𝜙5 shear reinforcement of NC-5-F flat slab causes the ultimate shear load 
to be higher than that of the NC-0-F flat slab. Most of the compressive stress in the flat slab does 
not exceed the concrete compressive strength of 30 MPa, which is indicated by light green (21-30 
MPa), yellow (12-21 MPa), and orange (3-12 MPa).  

Figure 19(c) shows the stress that occurs in the area around the column in the NC-8-F flat slab with 
light green, dark green, a little turquoise green, and a little light blue with maximum stress of 21-
30 MPa, 30-39 MPa, 39-48 MPa, and 48-57 MPa, respectively. Most of the stress contours in yellow 
(12-21 MPa) and orange (3-12 MPa) do not exceed the concrete compressive strength of 30 MPa. 
The area of the 12-21 MPa compressive stress contour (yellow) is wider on the NC-8 flat slab than 
on the NC-5 flat slab because the achieved ultimate shear load is higher. 
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(a) NC-0-F (b) NC-5-F 

 

(c) NC-8-F 

 

Fig. 19. Bottom side of stress contours of the NC flat slab models 

3.3. Stress Contour of GC Flat Slab Models 

Figure 20(a) shows the stress contours of the top side of the flat slab around the column and the 
spreader beam supports for the GC-0-F flat slab without shear reinforcement in the slab around the 
column. Compressive stresses of 1.08-9.13 MPa (orange), 9.16-17.23 MPa (yellow) are distributed 
and dominate the slab. The slab parts around the column experience a greater compressive stress 
of 17.23-25.31 MPa (light green). There is a small area that experiences a compressive stress 
exceeding the concrete compressive strength (30 MPa), namely 25.31-33.39 MPa (dark green). The 
middle of the four spreader beams experiences greater compressive stress than the ends, at 9.16-
17.23 MPa (yellow) and 17.23-25.31 MPa (light green). Each end of the spreader beam and column 
experiences a lower compressive stress of 1.08 MPa (compression) to 7 MPa (tensile). Although 
the red stress contour is predominantly compressive, the color display includes tensile stress. 
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Figure 20(b) shows the top side of the GC-5-F flat slab. The compressive stress of 9.16-17.23 MPa 
(yellow) in the slab occurs over a larger area than the GC-0-F flat slab. A higher compressive stress 
of 25.31-33.39 MPa (dark green) develops in the middle of the two spreader beams. It occurs 
because the ultimate shear load in GC-5-F is higher than that of the GC-0-F flat slab due to the 
presence of 5𝜙5 shear reinforcement around the columns. The stress distribution on the top side 
of the GC-8-F flat slab in Figure 20(c) shows that the ultimate shear load is almost the same as that 
of GC-0-F, causing similar stress behavior. The use of 5𝜙8 shear reinforcement around the columns 
causes the flat slab to become brittle and reduces the shear load and ultimate displacement [55]. 
The GC-8-F model experiences lower compressive stress at the ultimate condition than the GF-5-F 
model due to its less ductile behavior (Table 7). Since the ultimate load of the GC-8-F model is lower 
than that of the GC-5-F (Tables 2 and 4), its ultimate compressive stress is lower. The GC-5-F model 
achieves a compressive stress of 25.31 to 33.39 MPa (dark green), while the GC-8-F model only 
achieves a compressive stress of 17.23 to 25.31 MPa (light green) on the top side of the flat slab as 
shown in Figures 20(b) and (c). 

  
(a) GC-0-F (b) GC-5-F 

 
(c) GC-8-F 

 
Fig. 20. Top side of stress contours of the GC flat slab models 
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(a) GC-0-F (b) GC-5-F 

 
(c) GC-8-F 

 
Fig. 21. Bottom side of stress contours of the GC flat slab models 

Figure 21(a) depicts the compressive stress on the underside of the GC-0-F flat slab that occurs in 
the area around the column. There are small areas colored turquoise, light blue, and blue with 
compressive stress ranges of 33.39-41.47 MPa, 41.47-49.54 MPa, and 49.54-57.62 MPa, 
respectively. An area of the highest compressive stress contour of 57.62-65.7 MPa appears on the 
slab directly below the column perimeter. This indicates that this area is experiencing significant 
collapse due to flat slab compressive stress exceeding the GC compressive strength of 41.5 MPa. 
However, most flat slabs survive failure and experience compressive stress below 41.5 MPa, as 
shown by the red-to-turquoise-green areas with the highest compressive stress of 41.5 MPa. The 
underside of the column exhibits the smallest compressive stress in red (1.08 MPa to 7 MPa-tensile 
stress) and orange (1.08 to 9.16 MPa).  

Figure 21(b) depicts the compressive stresses that occur in the area around the wider column 
indicated by light blue, blue, and dark blue with values of 41.47-49.54 MPa, 49.54-57.62 MPa, and 
57.62-65.70 MPa, respectively, which exceed the compressive strength of geopolymer concrete of 
41.5 MPa. It indicates a wider collapse occurred owing to the achievement of a higher ultimate 
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shear load than that achieved in the GC-0-F flat slab in this area. The presence of 5𝜙5 shear 
reinforcement increases the shear capacity of the slab [55]. The GC-8-F flat slab shows a very 
similar stress contour distribution to its GC-0-F counterparts because these flat slabs achieve very 
close values of ultimate shear loads, as shown in Figure 21(c). The use of 8 mm diameter shear 
reinforcement in the GC-8-F flat slab results in less ductile behavior that restricts it from developing 
deformation that leads to a lower ultimate shear load than the GC-5-F flat slab. This condition also 
influences the stress. The bottom side of the flat slab of the GC-8-F model at the ultimate condition 
reaches a compressive stress of 41.47 – 49.54 MPa (light blue) and 57.62 – 65.7 MPa (dark blue) in 
a narrower area than that of the GC-5-F model, as shown in Figures 21 (b) and (c). It is because the 
ultimate load on the GC-8-F model is lower than that of the GC-5-F model. This compressive stress 
exceeded GC compressive strength of 41.5 MPa in the light and dark blue areas and lead to the 
ultimate condition. 

3.4. Displacement Contours of the NC Flat Slab Models 

Displacement contours show the positions of the elements and nodes of the flat slabs under vertical 
downward monotonic loads. The achieved ultimate loads vary across flat slab models owing to the 
shear capacity provided by the longitudinal and transverse reinforcements. This condition affects 

the magnitude of the displacement expressed in the contours. The ultimate load of the NC-0-F 
flat slab is 479 kN with an ultimate displacement of 15.581 mm. Figure 22(a) shows the 
dominant downward vertical displacement on the four edges of the flat slab due to the 
application of monotonic loads on the four spreader beams of 14.61 to 17.58 mm 
(turquoise green). The displacement of the flat slab towards the center decreases because 
the load pressure from the spreader beam is reduced. It can be seen with displacements of 
8.67 to 11.64 mm (yellow), 2.72 to 5.69 mm (orange), and +0.25 to 2.72 mm (red). The 
columns and the center of the flat slab experience the same range of displacements. Figure 
22(b) shows the displacement contour of the NC-5-F flat slab. The presence of 𝜙5-72 
transverse reinforcement increases the ultimate load and displacement, resulting in larger 
displacements than the NC-0-F counterpart, which are 23.53-26.50 mm (dark blue) at the 
four corners of the flat slab, 20.56-23.53 mm (medium blue) at the four edges, and 17.58-
20.56 mm (light blue) at the spreader beams. The magnitude of the displacement decreases 
as the element location approaches the center, resembling that of the NC-0-F flat slab. The 
NC-8-F flat slab has  𝜙 8-72 transverse reinforcement. Thus, it achieves the highest ultimate 
load among all other models but exhibits a lower ultimate displacement than the NC-5-F 
flat slab, with a difference of 1.06% (Table 2), as shown in Figure 22(c). In general, the 
displacement in the NC-8-F flat slab is similar to that of NC-5-F. It shows that increasing the 
percentage of transverse reinforcement does not result in a significant difference in the 
displacement contour. Otherwise, the addition of transverse reinforcement reduces 
ductility and leads to a lower ultimate displacement. 

  

(a) NC-0-F under load of 479 kN (b) NC-5-F under load of 605 kN 
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(c) NC-8-F under load of 616 kN 

 

Fig. 22. Top side of displacement contours of the NC flat slab models 

3.5. Displacement Contours of the GC Flat Slab Models 

The downward displacement contour of GC-0-F in Figure 23(a) shows the position of the four 
corners of the flat slab that experienced the most significant displacement compared to other parts, 
namely 20.92-24.44 mm (light blue). The four edges of the flat slab performed smaller 
displacements, ranging from 17.39 to 20.92 mm (turquoise green). Spreader beams that received 
monotonic loads exhibited displacements of 13.86-17.39 MPa (dark green). The displacements 
decreased towards the center of the flat slab, ranging from 10.33 to 13.86 mm (light green), 6.80 to 
10.33 mm (yellow), 3.28 to 6.81 mm (orange), and +0.25 (upward) to 3.28 mm (red). The 
displacements in the GC-0-F flat slab were greater than those of the NC-0-F counterpart owing to 
the presence of GC material that provided a greater capacity to withstand monotonic loads at the 
ultimate condition. The GC-5-F flat slab in Figure 23(b) achieved a greater ultimate displacement 
than the GC-0-F flat slab owing to the shear load capacity from the 𝜙5-72 transverse steel bars. The 
four corners of the GC-5-F flat slab sustained displacements of 27.97-31.50 mm (dark blue). On the 
side towards the center at the corners of the flat slab, the displacements reached 24.44-27.97 mm 
(medium blue). Towards the center of the flat slab, the displacements decreased to 20.92-24.44 
mm (light blue), 17.39-20.92 mm (turquoise green) on the spreader beams, 13.86-17.39 mm (dark 
green), 10.33-13.86 mm (light green), 6.81-10.33 mm (yellow), 3.28-6.81 mm (orange), and +0.25-
3.28 mm (red). 

  

(a) GC-0-F under load of 679 kN (b) GC-5-F under load of 805 kN 
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(c) GC-8-F under load of 696 kN 

 

Fig. 22. Top side of the displacement contours of the GC flat slab 

Figure 23(c) shows the contours of the displacements of the GC-8-F flat slab. The presence of 
transverse reinforcement with a larger diameter in the GC-8-F flat slab, compared with that in the 
GC-5-F counterpart, resulted in brittle behavior [55]. The ultimate displacement in GC-8-F was only 
16.211 mm (Table 3), with a maximum displacement range of 20.92-24.44 mm (light blue) at the 
four corners. The four edges of the GC-8-F flat slab and spreader beams performed displacements 
of 17.39-20.92 mm (turquoise green). The displacements decreased toward the center and 
resembled those in the GC-0-F counterpart. 

3.6. Ductility of NC Flat Slab Specimens 

Ductility is the ratio of the ultimate displacement (∆u) to the yield displacement (∆y) [71]. Ductility 
represents the ability of a structure to deform and withstand loads up to the ultimate condition 
before failure [56,72]. The position of the yield point on the load-displacement relationship curve 
was determined by the method of equality of areas above and below the curve formed by the two 
linear lines [73]. The determination of the yield point from the load-displacement curve of the NC-
0 flat slab specimen is shown in Figure 24. Table 5 shows the yield load (𝐹𝑦), yield displacement 

(𝛿𝑦), ultimate load (𝐹𝑢), ultimate displacement (𝛿𝑢), and ductility ratio. Using the same method, the 

yield point position of the NC-5 specimen was obtained. The ductility ratio of the NC-0 and NC-8 
flat slab specimens is less than 2.0, and thus they are categorized as low-ductility [73]. The brittle 
nature of these specimens was due to the slab's large area, which provided adequate stiffness and 
resisted monotonic loads. The NC-5 flat slab specimen exhibited higher ultimate loads and 
displacements due to the presence of 𝜙5-72 transverse reinforcement, which increased the shear 
capacity. 

Table 5. Yield load, yield displacement, and ductility of NC specimens 

Type of flat slab 
(experimental) 

Yield Ultimate 
Ductility 

ratio Load, 𝐹𝑦 
Displacement, 

𝛿𝑦 
Load, 𝐹𝑢 

Displacement, 
𝛿𝑢 

 (kN) (mm)  (kN) (mm) µ 

NC-0 451.433 11.271 479 15.580 1.382 

NC-5 557.335 13.895 605 19.380 1.395 

 



Nurjannah et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 
 

25 

 
. 

Fig. 24. Yield point determination of NC-0 specimen 

3.7. Ductility of NC Flat Slab Models 

Using the similarity area method [73], the yield loads and displacements were obtained for the flat 
slab models of NC-0-F, NC-5-F, and NC-8-F. The presence of 𝜙5-72 transverse reinforcement 
increased the shear capacity, thus slowing the yield condition in the NC-5-F than the NC-0-F flat 
slab. Similarly, the 𝜙8-72 transverse reinforcement in the NC-8-F model delayed the yield condition 
compared to NC-5-F. However, the larger shear reinforcement area led to more brittle behavior. 
Thus, the ultimate displacement of the NC-8-F flat slab was lower than that of NC-5-F even though 
its ultimate load was higher. This reinforcement resulted in a lower ductility ratio in the NC-8-F 
compared to the NC-5-F flat slab. All NC flat slab models exhibited ductility ratios of less than 2, as 
shown in Table 6; thus, they were categorized as low ductile. It was owing to the large area of the 
flat slab, which provided a high stiffness, resulting in low ultimate displacements. The differences 
in the ductility ratios of the NC-0 specimen and NC-0-F model are 9.70%, while the NC-5 specimens 
and NC-5-F model exhibit a 1.08% discrepancy in the ductility ratio. 

Table 6. Determination of the yield point and ductility ratios of NC flat slab models 

Type of flat 
slab (model) 

Yield Ultimate Ductility 
ratio Load Displacement Load Displacement 

𝐹𝑦 (kN) 𝛿𝑦 𝐹𝑢 (kN) 𝛿𝑢 µ 

NC-0-F 458.416 11.498 479 14.349 1.248 

NC-5-F 562.040 14.041 605 19.381 1.380 

NC-8-F 603.130 14.951 616 19.178 1.283 
 

3.8. Ductility of GC Flat Slab Models 

The ductility ratios of the GC flat slab models are shown in Table 7. Each GC flat slab ductility ratio 
is higher than its NC counterpart. This behavior indicates that the GC material influences flat slab 
properties by increasing ductility. However, all GC flat slab models are categorized as low-ductility 
due to ratios below 2 [73,74]. The GC-5-F flat slab model is more ductile than the GC-0-F 
counterpart, owing to higher ultimate loads and displacements supported by the presence of 𝜙5-
72 transverse reinforcement that provided a higher shear capacity. However, the excessive 
transverse reinforcement of 𝜙8-72 resulted in a lower ductility ratio for the GC-8 flat slab than the 
GC-5 counterpart. This behavior is similar to NC-8-F, which exhibits less ductility compared to NC-
5-F in Table 6. The transverse reinforcement of 𝜙8-72 and the higher compressive strength of GC 
(41.5 MPa) compared to NC (30 MPa) decrease ductility. Thus, the GC-8-F model achieves a smaller 
ultimate displacement than GC-5-F, as shown in Table 7. 
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Table 6. Determination of the yield point and ductility ratios of NC flat slab models 

Type of flat 
slab (model) 

Yield Ultimate Ductility 
ratio Load Displacement Load Displacement 

𝐹𝑦 (kN) 𝛿𝑦 𝐹𝑢 (kN) 𝛿𝑢 µ 

NC-0-F 458.416 11.498 479 14.349 1.248 
NC-5-F 562.040 14.041 605 19.381 1.380 
NC-8-F 603.130 14.951 616 19.178 1.283 

 

Table 7. Determination of yield point and ductility ratios in GC flat slab models 

Type of flat 
slab (model) 

Yield Ultimate 

Ductility,  
µ 

Differences 
with NC 
models  

Load, 𝐹𝑦 
Displacement,  

𝛿𝑦 
Load, 
𝐹𝑦 

Displacement,  
𝛿𝑦 

(kN) (mm) (kN) (mm) (%) 
GC-0-F 616.781 12.814 679 17.418 1.359 8.920 
GC-5-F 760.042 16.301 805 22.658 1.390 0.696 
GC-8-F 649.661 12.382 696 16.211 1.309 2.071 

 

 

3.9. Stiffness of NC Flat Slab Specimens 

Stiffness is the ratio of load to displacement at a specific loading condition. As the load increases 
monotonically, expressed in Time Load, the stiffness of a flat slab decreases due to extended 
element damage. Stiffness degradation occurs due to the reduced capacity and is expressed as the 
ratio of the stiffness to the yield stiffness. The curves that correlate stiffness and stiffness 
degradation with Time Load on NC-0 and NC-5 specimens are shown in Figures 25 and 26, 
respectively. The stiffness of NC-0 and NC-5 flat slabs at the 1st load step was 419.697 kN/mm and 
424.513 kN/mm, respectively. At the 2nd and 3rd load steps, the stiffness dropped drastically to 
297.319 kN/mm and 83.996 kN/mm for NC-0, while at NC-5, the stiffnesses were 283.297 kN/mm 
and 93.042 kN/mm. Since the 4th load step, the stiffness was relatively stable, although it continued 
to decrease through the 12th load step for NC-0 and the 16th for NC-5. At the 4th Time Load, the 
stiffness of NC-0 was 58.825 kN/mm. It continued to decrease to 30.742 kN/mm. The stiffness of 
the NC-5 flat slab at the 4th Time Load was 57.255 kN/mm. It revealed that the significant damage 
to the concrete occurred at the 2nd and 3rd load steps. Furthermore, concrete cracks and yielded 
steel bars occurred, but did not cause a drastic decrease in stiffness. It followed the load-
displacement relationship curve of the NC-0 and NC-5 flat slab specimens in Figure 15. 

 
Fig. 25. Curves of stiffness of NC-0 and NC-5 specimens 
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Fig. 26. Curves of stiffness degradation of NC-0 and NC-5 specimens 

The behavior of the flat slab, as shown in the stiffness degradation curve, resembles the stiffness 
curve. Significant degradation occurred at Time Loads 1, 2, and 3, with 10.479%, 7.423%, and 
2.097% in NC-0, and 10.584%, 7.063%, and 2.320% in NC-5. Furthermore, there was a gradual 
stiffness degradation in NC-0 from 1.469% to 0.768%. In NC-5, the stiffness degradation at Time 
Load 4 was 1.427% and continued to decrease slowly to 0.790%. The NC-5 flat slab exhibited 
greater stiffness and stiffness degradation than its NC-0 counterpart. This behavior was shown by 
the lower ultimate load of the NC-0 than that of the NC-5 flat slab. 

3.10. Stiffness of NC Flat Slab Models 

The stiffness relationship curve with Time Load of NC-0-F, NC-5-F, and NC-8-F flat slab models is 
shown in Figure 27. In general, the stiffness behavior of the NC-0-F flat slab model resembles the 
NC-0 specimen, and the NC-5-F model resembles the NC-5 specimen. The NC-0-F flat slab model 
has a drastically reduced stiffness of 396,660 kN/mm, 271,830 kN/mm, and 77,432 kN/mm at 
Time Loads 1, 2, and 3, respectively. The stiffness at Time Load 4 to 12 decreased more slowly from 
46,059 kN/mm to 33,383 kN/mm. In the NC-5-F and NC-8-F flat slab models, the stiffness change 
behavior was relatively the same: at Time Loads 1 to 4, there was a drastic decrease, then slowed 
until the ultimate condition at Time Load 16. In the NC-5-F flat slab, Time Load 1, 2, 3, 4, and 16, 
the stiffnesses were 396.888 kN/mm, 277.345 kN/mm, 87.537 kN/mm, 51.074 kN/mm, and 
31.216 kN/mm, respectively. The NC-8-F flat slab model performed stiffnesses of 397.164 kN/mm, 
280.261 kN/mm, 94.286 kN/mm, 52.469 kN/mm, and 32.120 kN/mm at the same Time Loads.  
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Fig. 27. Curves of stiffness of NC-0-F, NC-5-F, and NC-8-F models 
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Overall, the stiffness of the NC-8-F flat slab was higher than that of its NC-5-F and NC-0-F 
counterparts. This was due to higher loads on the NC-8-F flat slab model compared to the NC-5-F 
and NC-0-F flat slab models, as shown in the transverse reinforcement areas. Figure 28 depicts the 
percentage of stiffness degradation that occurred drastically at Time Load 1 to 4 in the NC-0-F, NC-
5-F, and NC-8-F models. Then, stiffness degradation slowed down at Time Load 5 until the ultimate 
condition at the end of loading. Stiffness degradations at Time Load 1, 2, 3, 4, and 12 in NC-0-F were 
9.949%, 6.818%, 1.942%, 1.155%, and 0.837%. Stiffness degradations of NC-5-F at Time Load 1, 2, 
3, 4, and 16 were 9.915%, 6.929%, 2.187%, 1.276%, and 0.780%. At the same Time Load, the 
degradations of the NC-8-F flat slab model were 9.846%, 6.948%, 2.337%, 1.301%, and 0.796%. 
The comparisons of initial stiffness, crack load, and ultimate displacement between the 

specimens and NC models are shown in Table 8. The difference between the NC specimens and 

models is less than 10%. Thus, the NC models are categorized as accurate [47,48]. 

Table 8. Stiffness of NC specimens and models 

Specimen Model   

Type of 
flat slab 

Crack 
load,  

Crack 
displ.,  

Initial 
stiffness,  

Type of 
flat slab 

Crack 
load,  

Crack 
displ.,  

Initial 
stiffness,  Difference  

𝐹𝑐𝑟  𝛿𝑐𝑟  𝐾𝑖  𝐹𝑐𝑟  𝛿𝑐𝑟  𝐾𝑖  
  (kN) (mm) (kN/m)   (kN) (mm) (kN/mm) (%) 

NC-0 80 0.269 0.297 NC-0-F 80 0.294 0.272 8.57 
NC-5 80 0.282 0.283 NC-5-F 80 0.288 0.277 2.10 

- - -   NC-8-F 80 0.285 0.280   
 

3.11. Stiffness of GC Flat Slab Models 

The stiffness behavior of a flat slab made of GC material was almost similar to that of its counterpart 
using NC material. Stiffness decreased rapidly from Time Load 1 to 4, then slowly reduced from 
Time Load 5 until the end of loading at the ultimate condition. The difference was that the Time 
Load on the GC flat slab model was greater than that on the NC model. Figure 29 shows the GC-0-F 
flat slab model had stiffnesses at Time Load 1, 2, 3, 4, 5, and 17 (ultimate) of 554.226 kN/mm, 
429.445 kN/mm, 226.510 kN/mm, 62.816 kN/mm, 55.649 kN/mm, and 38.984 kN/mm. At Time 
Loads 1, 2, 3, 4, 5, and 21 (ultimate), the GC-5-F flat slab model performed stiffnesses of 554.015 
kN/mm, 429.074 kN/mm, 231.593 kN/mm, 67.425 kN/mm, 59.153 kN/mm, and 35.528 kN/mm, 
respectively. The GC-8-F flat slab model exhibited stiffnesses at Time Loads 1, 2, 3, 4, 5, and 18 
(ultimate), namely 554.288 kN/mm, 432.545 kN/mm, 254.645 kN/mm, 72.403 kN/mm, 61.975 
kN/mm, and 42.934 kN/mm. The GC-8-F flat slab model was more brittle than its GC-5-F 
counterpart because the transverse reinforcement diameter was larger, resulting in greater 
stiffness at the same Time Load, while its ultimate Time Load was smaller. Figure 30 shows that 

 
Fig. 28. Curves of stiffness degradation of NC-0-F, NC-5-F, and NC-8-F models 
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the stiffness degradation at Time Load 1 differs for the flat slab models GC-0-F, GC-5-F, and GC-8-F, 
namely 11.514%, 11.883%, and 10.564%. Then the stiffness at Time Load 2 decreases to 8.922%, 
9.203%, and 8.244% for each flat slab. At the ultimate condition, each GC flat slab model 
experiences stiffness degradation of 0.810%, 0.762%, and 0.818%. 

 
Fig. 29. Curves of stiffness of GC-0-F, GC-5-F, and GC-8-F models 

 
Fig. 30. Curves of stiffness degradation of GC-0-F, GC-5-F, and GC-8-F models 

3.12. Energy Absorption of NC and GC Flat Slab Models 

Energy absorption is distributed throughout the structure from yielding to ultimate resistance 
under load. Due to monotonic loading, the amount of energy absorption is calculated from the area 
of the load-displacement relationship curve from the yielding state to the ultimate state at the end 
of the loading. Figure 31 depicts the shaded area under the load-displacement curve of the NC-0 
flat slab specimen from yield to ultimate state, which is the energy absorption [75]. Similarly, the 
energy absorption of the NC-5 specimen and the NC-0-F, NC-5-F, and NC-8-F models is presented 
in Table 9. The unreinforced NC-0-F flat slab model resisted a lower ultimate load than its NC-5-F 
and NC-8-F counterparts. The NC-5-F model achieved higher ultimate load and displacement than 
NC-8-F, thereby absorbing the greatest energy among all NC models. The NC-8-F flat slab model 
was brittle and, therefore, reached a lower ultimate load and displacement than the NC-5-F flat slab 
model. The difference in energy absorption between the NC-0 specimen and the NC-0-F model is 
because the NC-0 specimen experiences a greater deflection in the ultimate condition compared to 
the NC-0 model, with a difference of 1.232 mm or 7.91% as presented in Table 2. It is influenced by 
the lack of post-cracking tension stiffening or simplified bond behavior in the numerical modeling. 
The reinforcing steel bars are assumed to be fully bonded to the concrete in all flat slab models. 
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Thus, the NC-0-F model behaves less ductile than the NC-0 specimen. Table 10 shows that the GC-
5-F flat slab model achieved the highest energy absorption at 4727 kN · mm. In comparison, the 
brittleness of the GC-8-F counterpart reduced its deformation capacity and resulted in a lower 
energy absorption of 2461.5 kN · mm. Each GC flat slab model absorbed more energy than its NC 
counterpart with identical transverse reinforcement details. It occurred because GC has a higher 
compressive strength than NC, allowing the flat slab to resist greater loads under greater 
displacements. 

 
 

Fig. 31. The shaded area of absorption energy of the NC-0 specimen 

Table 9. Energy absorption of the NC flat slab specimens and models 

Type of flat slab 
Energy absorption of 

specimen  
Type of 
flat slab 

Energy absorption 
of model  

Difference 

 (kN · mm)  (kN · mm) (%) 
NC-0 1849.45 NC-0-F 1265.66 31.57 
NC-5 3528.37 NC-5-F 3043.95 13.73 
NC-8 - NC-8-F 2437.81 - 

 

Table 10. Energy absorption of the GC flat slab model 

Type of flat slab Energy absorption (model)  Difference with NC model  
 (kN · mm) (%) 

GC-0-F 2858.05 125.815 
GC-5-F 4727.00 55.292 
GC-8-F 2461.50 - 

 

3.13. Punching Shear 

The effect of transverse reinforcement is analyzed by examining the nominal shear of each flat slab 
compared to the resisted shear. Different transverse reinforcement diameters result in various 
nominal shear strengths and determine the ability to resist punching shear loads. Equations (21)-
(34) are used to perform the analysis. The load combination involved in this study is from Table 
5.3.1 [17] and expressed by equation (14). 

𝑊𝑢 = 1.4 𝐷 (21) 

The critical cross-sectional area for two-way shear on a plate (𝑏𝑜) is based on Fig. R22.6.4.2a [17] 
in equation (15). The 𝑏𝑜 for all NC and GC flat slabs is 1848 mm. 

𝑏𝑜 = [(𝑏𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑑𝑠𝑙𝑎𝑏) + (ℎ𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑑𝑠𝑙𝑎𝑏)] × 2 (22) 
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The ultimate shear resisted by the flat slab is given by equation (16). 

𝑉𝑢 = 𝑊𝑢[𝐿 𝑊 − (𝑏𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑑𝑠𝑙𝑎𝑏)] (23) 

The ultimate factored two-way shear stress around the perimeter of a critical section in Clause 
8.4.4.2.1 and the stress of concrete nominal two-way shear strength from Table 22.6.6.1 with shear 
reinforcement [17] is expressed in equations (24) and (25). The nominal shear stress on steel is 
given by equation (19). 

𝜈𝑢 =
𝑉𝑢

𝑏𝑜𝑑𝑠𝑙𝑎𝑏
 (24) 

𝜈𝑐 = 0.17 𝜆𝑠𝜆√𝑓𝑐
′ (25) 

𝜈𝑠 =
𝜈𝑢
𝜙
− 𝜈𝑐 (26) 

The size effect factor (𝜆𝑠) in Clause 22.5.5.1.3 [17] is written in equation (27). 

𝜆𝑠 = √
2

1 + 0.004𝑑𝑠𝑙𝑎𝑏
≤ 1 (27) 

The value of 𝜆 for GC is according to Table 19.2.4.1(a) [17] since the density (𝑤𝑐) of the GC is 2102.9 
kg/m3 [46] and is shown in equation (28). The value of 𝜆 for NC is 1 [17]. The required and installed 
transverse reinforcement area is given by equations (29) and (30). 

𝜆 = 0.0075 𝑤𝑐 ≤ 1.0 (28) 

𝐴𝑣 =
𝑣𝑠𝑏𝑜𝑠

𝑓𝑦𝑡
 (29) 

𝐴𝑣 = 𝑛 𝐴𝑠𝑣 (30) 

The nominal shear provided by concrete is expressed in equation (31), based on Clauses 11.11.2.1 
[76] and Table 22.6.6.1 [17]. The nominal shear of steel in equation (32) is based on Clauses 
11.4.7.2 [76] and 22.6.7.2 [17]. Clause 11.11.7.2 [76] provides equation (33) for nominal shear. 
Equation (34) shows the strength reduction factor (𝜙), which is 0.75 for shear and adopted from 
Table 5.3.1 [17]. 

𝑉𝑐 = 𝜈𝑐𝑏𝑜𝑑 = 0.17 𝜆𝑠𝜆√𝑓𝑐
′𝑏𝑜𝑑 (31) 

𝑉𝑠 = 𝜈𝑠𝑏𝑜𝑑 =
𝐴𝑣𝑓𝑦𝑡𝑑

𝑠
 

(32) 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 
(33) 

𝜙𝑉𝑛 ≥ 𝑉𝑢 (34) 

Where; 𝑏𝑜 : perimeter of critical section for two-way shear in slabs (mm), 𝑏𝑐𝑜𝑙𝑢𝑚𝑛 : width of column 
cross section (mm); ℎ𝑐𝑜𝑙𝑢𝑚𝑛 : height of column cross section (mm); ℎ𝑠𝑙𝑎𝑏 : height of flat slab = 180 
mm (Fig. 2); 𝑑𝑠𝑙𝑎𝑏: effective depth of slab (mm); 𝐷: dead load (N); 𝑊𝑢 : ultimate load (N) = 1.4 D [17, 
Table 5.3.1];  𝑉𝑢 : ultimate shear (N); 𝑉𝑐  : nominal shear provided by concrete (N); 𝑉𝑠 : nominal shear 
provided by steel (N); 𝐿 : length of slab (mm) = 2500 mm (Fig. 1); 𝑊: width of slab (mm) = 2500 
mm (Fig. 1); 𝜈𝑢 : factored shear stress (MPa); 𝜈𝑐  : nominal shear stress on concrete (MPa); 𝜈𝑠 : 
nominal shear stress on steel (MPa); 𝜆𝑠 : size effect factor; 𝜆: modification factor of the reduced 
mechanical properties of lightweight concrete to normal weight concrete ; 𝑓𝑐

′ :compressive strength 
of concrete (MPa); 𝑓𝑦𝑡  : yield strength of transverse reinforcement (MPa); 𝑤𝑁𝐶  : density of NC = 



Nurjannah et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx 
 

32 

23.50 kN/m3 [77]; 𝑤𝐺𝐶  : density of GC = 20.62 kN/m3 [46];  𝑞𝐷 : weight of floor finish = 1.5 kN/m2 
[78, Table 4.3-1]; 𝐴𝑣 : total area of transverse reinforcement (mm2); 𝐴𝑠𝑣 : area of one 
transverse reinforcement bar (mm2); 𝑛: the number of vertical stirrup bars in a cross-section; 𝑠: 
spacing between transverse reinforcement (mm); 𝜙𝑠 : diameter of transverse reinforcement (mm) 

As an example of calculation using equations (21)-(34), the parameters of the GC-5-F model are 
described in Appendix. Table 11 presents the shear stresses in flat slabs. The ultimate load on NC 
and GC flat slabs depended on the concrete density. Thus, the ultimate loads, ultimate shears, 
ultimate shear stresses, and nominal shear stresses on NC flat slabs were greater than the GC ones. 
Table 12 shows the flat slab transverse reinforcement. The required transverse reinforcement 
(𝐴𝜈−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑) of NC-8 and GC-8 was greater than that of NC-0, NC-5, GC-0, and GC-5 owing to the 

lesser transverse steel bar yield strength in Table 1. The NC-0 and NC-8 required 68.88 mm2 of 
transverse reinforcement, while the NC-8 required 68.10 mm2. The GC flat slabs also show this 
trend. The GC-0 and GC-5 required 15.34 mm2 of transverse reinforcement, while GC-8 required 
15.17 mm2. The installed transverse reinforcement was 5 mm in diameter for NC-5 and GC-5 flat 
slabs, while NC-8 and GC-8 flat slabs were installed with 8 mm-diameter transverse reinforcement. 
The installed transverse reinforcement area is as described in Table 13. These installed steel bars 
with diameters of 5 mm and 8 mm provided shear stresses of 0.41 MPa and 1.07 MPa, respectively, 
according to equation (19). Installing transverse reinforcement with an 8 mm diameter, compared 
to 5 mm, increased shear stress by 2.59 times. The values of 𝜆𝑠 and 𝜆 in all NC and GC specimens 
and models were determined using equations (20) and (21). Thus, the nominal shear stresses 
provided by the concrete (𝜈𝑐) were the same for all NC flat slabs, namely 0.93 MPa. Since the 
reduction factor (𝜙) of 0.75 [17], the obtained 𝜙𝜈𝑐  is 0.70. In the GC flat slab models, the value of 𝜈𝑐  
and 𝜙𝜈𝑐  are 1.10 and 0.82, respectively. The greater area of transverse reinforcement and concrete 
compressive strength increased the nominal shear stress on the flat slab.  

The reduced nominal shear (𝜙𝑉𝑛) of each NC and GC flat slab is compared with the ultimate shear 
(𝑉𝑢) to determine its capability in Table 10. Flat slabs without transverse reinforcement, NC-0, NC-
0-F, and GC-0-F are unable to resist punching shear because the value of 𝜙𝑉𝑛 𝑉𝑢⁄  is less than 1.0, 
which is 0.72. The NC-5, NC-5-F, and GC-5-F flat slabs can resist punching shear owing to the shear 
capacity provided by the ϕ5-72 transverse reinforcement. The GC-5-F flat slab shows a higher 
punching shear capacity with a value of 1.28, compared to its NC-5 and NC-5-F counterparts, which 
have a value of 1.04. Transverse reinforcement ϕ8-72 increases the punching shear capacity of NC-
8 and NC-8-F with a value of 1.55. GC material improves the GC-8-F flat slab's capability, achieving 
a value of 1.84. Thus, the ϕ5-72 shear reinforcement provides adequate punching shear capacity 
for NC and GC flat slabs. The transverse reinforcement with a diameter of 8 mm of NC and GC flat 
slabs provides the highest nominal shear capacity in resisting punching shear. Table 14 shows the 
increased nominal shear by using GC materials compared with the NC counterparts. 

Table 11. Flat slab shear stresses due to ultimate loads 

Type of flat slab Type 𝑊𝑢 𝑉𝑢 𝜈𝑢 𝜆𝑠 𝜆 𝜙𝜈𝑐  𝜈𝑠 

  (kN) (kN) (MPa)   (MPa) (MPa) 

NC-0 Specimen 50.14 290.20 0.97 1.00 1.00 0.70 0.36 

NC-5 Specimen 50.14 290.20 0.97 1.00 1.00 0.70 0.36 

NC-8 Specimen 50.14 290.20 0.97 1.00 1.00 0.70 0.36 

NC-0-F Model 50.14 290.20 0.97 1.00 1.00 0.70 0.36 

NC-5-F Model 50.14 290.20 0.97 1.00 1.00 0.70 0.36 

NC-8-F Model 50.14 290.20 0.97 1.00 1.00 0.70 0.36 

GC-0-F Model 45.61 263.96 0.88 1.00 1.00 0.82 0.08 

GC-5-F Model 45.61 263.96 0.88 1.00 1.00 0.82 0.08 

GC-8-F Model 45.61 263.96 0.88 1.00 1.00 0.82 0.08 
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Table 12. Flat slab transverse reinforcement 

Type of 
flat slab 

Type 𝐴𝜈−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝜙𝑠−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝜙𝑠−𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐴𝜈−𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑣𝑠−𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 
Transverse 

steel bar 
ratio 

  (mm2) (mm) (mm) (mm2) (MPa) (%) 

NC-0 Specimen 68.88 4.68 0 0 0 0 
NC-5 Specimen 68.88 4.68 5 78.54 0.41 0.17 
NC-8 Specimen 68.10 4.66 8 201.06 1.07 0.44 

NC-0-F Model 68.88 4.68 0 0 0 0 
NC-5-F Model 68.88 4.68 5 78.54 0.41 0.17 
NC-8-F Model 68.10 4.66 8 201.06 1.07 0.44 
GC-0-F Model 15.34 2.21 0 0 0 0 
GC-5-F Model 15.34 2.21 5 78.54 0.41 0.17 
GC-8-F Model 15.17 2.20 8 201.06 1.07 0.44 

 

Table 13. Flat slab nominal shears 

Type of flat slab Type 𝑉𝑐  𝑉𝑠 𝑉𝑛 𝜙𝑉𝑛 𝜙𝑉𝑛 𝑉𝑢⁄  

  (kN) (kN) (kN) (kN)  

NC-0 Specimen 278.76 0.00 278.76 209.07 0.72 

NC-5 Specimen 278.76 123.35 402.10 301.58 1.04 

NC-8 Specimen 278.76 319.39 598.14 448.61 1.55 

NC-0-F Model 278.76 0.00 278.76 209.07 0.72 

NC-5-F Model 278.76 123.35 402.10 301.58 1.04 

NC-8-F Model 278.76 319.39 598.14 448.61 1.55 

GC-0-F Model 327.86 0.00 327.86 245.90 0.93 

GC-5-F Model 327.86 123.35 451.21 338.41 1.28 

GC-8-F Model 327.86 319.39 647.25 485.44 1.84 
 

Table 14. Increase in nominal shears on GC flat slabs 

Type of flat slab Type Increased 𝑉𝑛 (%) 

GC-0-F Model 17.62 

GC-5-F Model 12.21 

GC-8-F Model 8.21 

3.14. Mesh Convergence Study 

A mesh convergence study was conducted to examine whether the element size affects the flat slab 
modeling analysis results. The meshing process is performed based on the location of the steel 
reinforcement, with the side dimensions of the concrete elements ranging from 13 mm to 50 mm. 
Then, the NC-0-F model element density was increased to ensure that the dimensions of the 
meshed concrete and steel elements meet accuracy requirements, as shown in Figures 32 and 33.  
The model identity is NC-0-F-D. The distance between the nodes of NC-0-F-D became closer when 
compared to NC-0-F in Figures 6 and 7. The side dimensions of the concrete ranged from 13 to 32 
mm. The analysis results produced a load-to-deflection curve in Figure 34. It shows that the NC-0-
F-D model curve almost coincides with the NC-0-F curve. This indicates that the element size in NC-
0-F was sufficient to produce an accurate finite element analysis.  
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Fig. 32. The top side of a flat slab NC-0-F-D model 

 
Fig. 33. Three-dimensional side view of the flat slab NC-0-F-D model 

 
 

Fig. 34. Comparison of load-deflection curves of NC-0-F and NC-0-F-D 

3.15. Limitations and Future Works 

In this study, the elaboration and analysis of the NC and GC flat slab numerical models are still 
limited to the following points: 

• The GC behavior was not experimentally validated. 
• Only two bar diameters (5 mm and 8 mm) and one spacing (72 mm) were studied for finite 

element modeling. 
• The unbalanced moments at slab-column connections and long-term durability effects were 

not considered. 
• No crack patterns were produced from the finite element modeling. 
• Numerical modeling is still limited in simulating post-yield energy absorption, which is 

influenced by stiffness and ultimate capacity.  
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• The broader significance of the novelty of this study remains underdeveloped. 

The suggestions for future work to improve the quality of the analysis results are as follows: 

• Experimental works to validate the numerical findings, especially for NC-8 and all GC flat slab 
models. 

• Further study of the effect of transverse reinforcement ratio on flat slab ductility. 

4. Conclusions 

The NC-0-F and NC-5-F flat slab numerical models, developed in ANSYS, were verified against 
specimens and met the accuracy requirements. The performance of the NC flat slab specimens and 
models, as well as the GC flat slab models, was analyzed, including ultimate loads, displacements, 
ductility ratios, stress contours, displacement contours, stiffness, energy absorption, and shear 
capacity. Some conclusions are elaborated as follows.  

• The NC-0 and NC-5 flat slab specimens were modelled using the finite element method and 
verified. The NC-0-F model shows a displacement difference of 7.909% compared with the 
NC-0 specimen. The NC-5-F model performed a displacement discrepancy of 1.563% 
compared with the NC-5 specimen. These percentages meet the 10% accuracy limit.  

• The percentage of transverse reinforcement significantly affected the shear resistance 
capacity of a flat slab. In all NC flat slab specimens and models, the highest transverse 
reinforcement percentage of 0.44% resulted in the flat slab's ability to withstand the best 
punching shear. The NC-8-F flat slab model achieved the best shear of 616 kN. However, the 
influence of excessive transverse reinforcement at 0.44% in the GC-8-F flat slab model led to 
brittle behavior, reduced ductility, and limited deformation capacity. Thus, the GC-8-F flat 
slab model achieved less ultimate shear and displacement (696 kN; 16.211 mm) than the GC-
5-F counterpart (805 kN; 22.658 mm). It indicated that the higher compressive strength of 
GC than that of NC led to less ductility. Thus, the ultimate displacement and shear of the GC-
8-F flat slab model were not as high as those of the GC-5-F counterpart. Each GC flat slab 
model achieved a higher ultimate shear than the NC models with the same transverse 
reinforcement ratio. It was owing to the greater compressive strength and elastic modulus of 
the GC than those of the NC, namely 41.5 MPa and 30266 MPa for the GC, and 30 MPa and 
22500 MPa for the NC, respectively. 

• The stress contour of the NC-0-F flat slab model shows increasingly higher compressive 
stresses of 3-12 MPa in the slab around the columns. The portion of the slab under 
compressive stresses of 12-21 MPa is wider in the NC-5-F and NC-8-F flat slab models than 
in the NC-0-F model, due to the higher ultimate shear strength. The GC flat slab models exhibit 
higher and wider compressive stresses of 1.08-17.23 MPa compared to the NC flat slab 
models (3-12 MPa). The largest compressive stress area occurs in the GC-5-F flat slab model, 
due to the highest ultimate shear among the models.  

• The displacement contour of the NC-0-F flat slab model shows that larger vertical 
displacements occur in the spreader beams (11.64-14.61 mm). The larger vertical 
displacements occur at the edges and corners of the NC-5-F and NC-8-F flat slab models 
(17.58-26.50 mm). In the GC-0-F and GC-5-F flat slab models, larger vertical displacements 
occur at the flat slab edges and corners, ranging from 13.86 to 31.50 mm. In contrast, the 
vertical displacement in the GC-8-F (13.86-24.44 mm) is not as large as in the GC-5-F flat slab 
due to its more brittle behavior, which originates from the largest area of transverse 
reinforcement.   

• The compressive strength of NC and GC, as well as the area of transverse reinforcement, 
affects ductility. Each GC flat slab model has a higher ductility ratio than its NC counterpart, 
owing to GC's compressive strength, which enables higher ultimate loads and displacements. 
The larger areas of transverse reinforcement in NC-8-F and GC-8-F result in lower ductility 
ratios (1.283 and 1.309) than in NC-5-F and GC-5-F flat slab models (1.380 and 1.390). The 
NC-0-F and GC-0-F flat slab models without transverse reinforcement are unable to 
withstand significant ultimate shear and displacement, resulting in low ductility ratios (1.248 
and 1.359). 
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• The stiffness of the NC and GC specimens and models decreased drastically from Time Load 
1 to 4 due to widespread element damage at the beginning of monotonic loading. From Time 
Load 5 to the final load, stiffness degradation occurred slowly, owing to a slower reduction 
in shear capacity after yield. The stiffnesses of NC-0-F, NC-5-F, and NC-8-F at Time load 1 
were 396,660 kN/mm, 396.888 kN/mm, and 397.164 kN/mm, respectively. Then on Time 
Load 4, they were 46,059 kN/mm, 51.074 kN/mm, and 52.469 kN/mm. While the stiffnesses 
of GC-0-F, GC-5-F, and GC-8-F at Time load 1 were 554.226 kN/mm, 554.015 kN/mm, and 
554.288 kN/mm. At Time Load 4, the stiffnesses were 62.816 kN/mm, 67.425 kN/mm, and 
72.403 kN/mm, respectively. 

• The energy absorption of GC flat slab models is higher than that of NC counterparts. The GC-
5-F flat slab model absorbs the highest energy of all models at 4727 kN · mm. The significant 
difference in energy absorption indicates that the GC material can improve the performance 
of flat slabs compared to the NC ones. 

• The GC material increases the nominal punching shear, as shown by all GC flat slab models, 
compared with the NC counterparts. The increment of nominal punching shear on GC-0-F, 
GC-5-F, and GC-8-F are 17.62%, 12.21%, and 8.21%, respectively. The ultimate shear can be 
overcome by the presence of 𝜙5 − 72 as the minimum adequate transverse reinforcement in 
the GC and NC flat slabs. All flat slabs without transverse reinforcement are unable to 
withstand the punching shear since the 𝜙𝑉𝑛 𝑉𝑢⁄  values are less than 1.0. 

• The use of transverse reinforcement in flat slabs needs to consider the influence of the 
concrete material properties to produce structural members that provide sufficient punching 
shear and ductility capabilities. These results of this study could inform design practice or 
future experimental validation.  
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Appendix 

The data used in this study for numerical modeling are summarized in Table A. 

Table A. Numerical model parameters 

Parameter Data Location 

Type of elements 

Concrete: three-dimensional SOLID65 
discrete element with 8 nodes (8-node 

brick elements). 

Steel bar: 2-nodes LINK180 discrete 
bar elements. 

2.2.1 Concrete Element 

Paragraph #1 

2.2.2 Steel Bar Element 

Paragraph #1 

Concrete properties 

NC: 

𝑓𝑐
′ = 30 MPa 

𝐸𝑐 = 22500 MPa 

GC: 

𝑓𝑐
′ = 41.5 MPa 

𝐸𝑐 = 30266 MPa 

2.1. Details of Specimens and Models 

Paragraph #1-2 

Steel properties 
including tensile 

strength 
𝑓𝑦𝑙  and 𝑓𝑦𝑡 Table 1. Steel bars properties 

Fracture energy 
NC: 𝐺𝑓 = 64.73 N.m/mm2 

GC: 𝐺𝑓 = 67.70 N.m/mm2 

2.3. Material Properties Paragraph 
#2 
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Parameter Data Location 

Poisson’s ratio 
NC: 𝜈 = 0.20 

GC: 𝜈 = 0.22 

2.3. Material Properties 

Paragraph #1 

The Poisson’s ratios of NC and GC are 
assumed to be 0.2 [53] and 0.22 [54], 

respectively. 

Bond assumptions 
The reinforcing steel is assumed to be 

fully bonded to the concrete. 

2.2.2 Steel Bar Element 

Paragraph #1 

Mesh size 

NC-0-F, NC-5-F, NC-8-F, GC-0-F, GC-5-
F, GC-8-F models: 13 mm to 50 mm. 

NC-0-F-D model:  13 to 32 mm. 

3.14. Mesh Convergence Study 

Paragraph #1 

 

Example of calculation using equations (14)-(27) for the GC-5-F model: 
• 𝑏𝑐𝑜𝑙𝑢𝑚𝑛  : 300 mm (2.1. Details of Specimens and Models; paragraph #2) 
• ℎ𝑐𝑜𝑙𝑢𝑚𝑛 : 300 mm (2.1. Details of Specimens and Models; paragraph #2) 
• 𝑑𝑠𝑙𝑎𝑏   : 162 mm (2.1. Details of Specimens and Models; paragraph #2) 
• 𝑠 = 72 mm (Fig. 2) 
• 𝐿 = 2.5 m; 𝑊 = 2.5 m (Fig. 1) 
• Thickness of the flat slab: ℎ𝑓𝑠 = 180 mm (Fig. 2) 

• 𝑛 = 4 (Fig. 4) 
• 𝑓𝑦𝑡 = 698 MPa (Table 1) 

• Density of GC: 𝑤𝐺𝐶 = 2102.9 kg/m3 [46] = 20.62 kN/m3 
• Self-weight of the flat slab: 𝑆𝑊𝑓𝑙 = ℎ𝑓𝑠𝑤𝐺𝐶𝐿𝑊 = 23.20 kN 

• Weight of floor finish = 1.5 kN/m2 (assumed) 
• Weight of floor finish on the flat slab:  𝑤𝑓 = Weight of floor finish × L × W = 9.38 kN 

• Dead Load: 𝐷 = 𝑤𝐺𝐶 +𝑤𝑓 = 32.57 kN 

𝑊𝑢 = 1.4 𝐷 = 45.61 𝑘𝑁 (21) 

𝑏𝑜 = [(𝑏𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑑𝑠𝑙𝑎𝑏) + (ℎ𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑑𝑠𝑙𝑎𝑏)] × 2 = 1848 mm (22) 

𝑉𝑢 = 𝑊𝑢[𝐿 𝑊 − (𝑏𝑐𝑜𝑙𝑢𝑚𝑛 + 𝑑𝑠𝑙𝑎𝑏)] = 263.96 kN (23) 

𝜈𝑢 =
𝑉𝑢

𝑏𝑜𝑑𝑠𝑙𝑎𝑏
= 0.88 MPa (24) 

𝜈𝑐 = 0.17 𝜆𝑠𝜆√𝑓𝑐
′ = 1.10 MPa (25) 

𝜈𝑠 =
𝜈𝑢

𝜙
− 𝜈𝑐 = 0.08 MPa (26) 

𝜆𝑠 = √
2

1+0.004𝑑𝑠𝑙𝑎𝑏
≤ 1; then 𝜆𝑠 = 1 (27) 

𝜆 = 0.0075 𝑤𝑐 ≤ 1.0; then 𝜆𝐺𝐶 = 1 (28) 

𝐴𝑣 =
𝑣𝑠𝑏𝑜𝑠

𝑓𝑦𝑡
= 15.34 mm2 (= 𝐴𝜈−𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑) (29) 

𝐴𝑣 = 𝑛 𝐴𝑠𝑣 = 𝑛(0.25𝜋𝜙𝑠
2) = 78.54 mm2 (= 𝐴𝜈−𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑) (30) 

𝑉𝑐 = 𝜈𝑐𝑏𝑜𝑑 = 0.17 𝜆𝑠𝜆√𝑓𝑐
′𝑏𝑜𝑑 = 327.86 kN (31) 

𝑉𝑠 = 𝜈𝑠𝑏𝑜𝑑 =
𝐴𝑣𝑓𝑦𝑡𝑑

𝑠
= 123.35 kN 

(32) 

𝑉𝑛 = 𝑉𝑐 + 𝑉𝑠 = 451.21 kN (33) 

𝜙𝑉𝑛 ≥ 𝑉𝑢 then 338.41 kN ≥ 263.96 kN (34) 
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