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Abstract Nonlinear behaviour of stud connected steel-concrete composite girders is numerically studied in this paper.
Focus of the study is to develop and validate a three-dimensional finite element model. Numerical results are compared
with that obtained from an experimental study conducted by authors. Brief description of the experiment to the extent
required for validation is provided in the paper. A sophisticated 3D finite element model of the composite girder is
developed using ABAQUS software. Nonlinear damage plasticity model is considered for modelling concrete. Suitable
interface elements combined with the constraints are used to describe interaction among the concrete slab, steel beam and
studs. Besides the interaction between concrete and steel, appropriate value of friction coefficient is also used. Validation of
the model is done in terms of comparing the predicted energy absorption capacity, slip at interface, cracking and crushing
of the concrete, yielding and local buckling of steel beam flanges with the corresponding values obtained in the
experiments. Energy absorption capacity of the composite girder obtained from the finite element analysis corroborated
well with corresponding measured values. It is observed that the FE model predicts a conservative value for ultimate load.
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1. Introduction

Performance of steel-concrete composite (SCC) girders
for static and dynamic loads depends significantly on force
transfer mechanism at the interface between steel beam and
concrete[1,2]. Stud connected SCC girders consists of an
effective mechanism to resist the shear force at the interface
between concrete slab and steel beam[3]. Stud connectors
significantly increase the shear resistance of interface and
hence assist in increasing the load carrying capacity of the
SCC girder through dowel action. It is important to
understand nonlinear behaviour of the stud interface in
order to exercise control in the design of SCC girder.

Nonlinear behaviour of SCC girders has been extensively
studied by conducting experiments[4-8] or through
numerical modelling[9,10]. Evidence and understanding
developed through experiments are made use of to develop
and validate sophisticated finite element models[11-13].
Simple analytical models are also available to depict the
force transfer mechanism between the concrete slab and
steel girder[14-18]. These models are useful to obtain an
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approximate estimate of the capacity of a SCC girder.

Two dimensional finite element model representing a
cross-section can be used to study the behaviour of a SCC
girder[19-21]. These 2D models, however, impose
restrictions on representation of interface and its actual
behaviour. Three dimensional models are versatile to
represent the actual geometry including the interface
behaviour in SCC girders. In fact 3D finite element models
are useful for a variety of conditions such as simulation of
push-out tests[22-24], analysis of SCC bridge decks[25],
and modelling of full and partial shear connection in SCC
beams[26]. Combination of solid, shell, beam and link
elements enable accurate modelling of interface behaviour
besides the actual representation of geometry. In spite of
using sophisticated models simplifying assumptions are
introduced with the aim to limit the modelling requirements.
One such simplification is due to imposing linear relation
between stress and strain across the depth of a SCC girder
under flexure[27,28]. This implies equal curvature for
concrete slab and steel beam which may not be true due to
difference in their stiffness.

Another common assumption is to neglect the local
buckling of constrained steel flange. Notwithstanding these
simplifications 3D finite element model[29,30] provide
excellent correlation with experimental results on ultimate
capacity. Liang et al.[13] used a 3D beam element to model
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stud shear connectors in their numerical studies. Studs were
assumed to connect the mid plane of concrete slab and the
top steel flange of the steel beam, both of which were
modelled with the shell elements. Equivalent shear
connection stiffness was used in the 3D model due to
variation in modelled length of shear connector. Quieroz et
al.[26] have modelled concrete slab using solid element
while elasto-plastic shell element is used to model the steel
section. Slab-girder interface has been modelled using
nonlinear springs and smeared approach has been adopted
to represent steel reinforcement in the slab. This model has
failed to capture the concrete behaviour in the vicinity of
stud connector. Research publications on stud-connected
SCC girders using 3D finite element models are found to be
limited. Even among those available, a detailed study that
includes contact and interaction among the stud and
concrete could not be identified.

The present paper contributes to understanding of the
nonlinear behaviour of stud connected SCC girder through
comprehensive numerical investigations. The paper is
focused towards developing a 3D finite element model of
stud connected SCC girder and validating it by using
responses measured from an experiment conducted by
authors. Finite element model of the SCC girder is unique
by accounting for local interactions among the studs and
concrete slab. Results indicate capability of the 3D model to
predict local buckling of the constrained steel beam flange
in SCC girder. The finite element model incorporates
suitable interface elements in combination with tie
constraints to describe structural interaction among the steel
components like stud base and top flange of steel beam,
stiffener to web and flanges. Concrete is idealized to behave

as an elasto-plastic material under compression and linear
elastic material upto cracking under tension.

Damage plasticity model, which considers cracking as
damage, is used to represent concrete. The same material
model is used to account for stiffness degradation of
concrete due to cracking. The finite element model is
validated by comparing critical global and local responses
such as energy absorption capacity of SCC girder,
deformation, interface slip, cracking and crushing of
concrete, yielding and local buckling of girder flanges
measured in experiments. The present study proves better
performance of the finite element model in predicting
energy absorption capacity.

2. Experimental Investigation

As a part of the present study, experiments were carried
out on SCC girder to investigate their flexural behaviour. A
series of six large-scale SCC girders were tested under
monotonic (quasi-static) and cyclic loading. The test set up
for the experimental study is shown in Figure 1.

Each specimen was 4 m long simply supported over a
span of 3.8 m. Besides reinforced concrete slab, SCC girder
comprises of rolled steel beam with workshop welded stud
connectors and plate type stiffeners at the ends. The width
of the concrete slab was 665 mm. The test setup was
basically same for both quasi-static and cyclic loading. The
tests were carried out after the concrete had achieved its
design strength (cylinder strength, 36 MPa). A hydraulic
actuator capable of applying up to a maximum load of
600 kN was used to test the specimens.
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Figure 1. Details of steel-concrete composite girder specimen.
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Figure 2. Cross-section of the steel-concrete composite girder.
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Roller at one end of the specimen and rocker at the other

end was used to ensure the simply supported end conditions.

Load was applied by the actuator and distributed at two
points through distributor beam assembly. SCC girder
specimen was instrumented for measuring vertical
defections along the length, steel and concrete strains at

mid span, and the slip between concrete slab and steel beam.

Cross-sectional details of SCC girder shape and size are
shown in Figure 2.

For six beams, dial gauges were mounted to measure
both vertical and lateral deflections. Concrete strains at
quarter and mid span were also measured. During testing,
the steel beam was examined for yielding. Surface of
concrete was carefully monitored for any cracks initiation
and propagation. Testing was terminated when crushing of
the concrete occurred or the deflection became excessively
large and crack width excessively widened with increment
in the loading. The load-displacement curves, interface slip,
ultimate load and mode of failure were recorded for each
SCC girder specimen.

In the present work, finite element model is developed
only for the SCC girder that has twelve stud connectors in
each shear span and four stud connectors in the constant
bending moment zone which could mobilize full shear
capacity, and subjected to monotonic loading. The ultimate
load carrying capacity of the girder was found as 550kN.

3. Finite Element Model

Steel-concrete composite girder with a clear span of 3.8
m having simply supported ends is modelled using
ABAQUSJ31]. The load is applied on the top surface of
concrete slab distributed over full width of the girder. Due
to symmetry in geometry, loading and boundary conditions
only a quarter model is developed as shown in Figure 3.
Three coordinate axes X, Y and Z are represented as axes 1,
2, 3 in the model. Symmetry boundary conditions are
shown with restrained degrees of freedom.

Z-gymmetry plane &B.C.
U3=UR1=UR2 =0

Pressure Loading

X-symmetry plane & B.C.

Ul=UR2=UR3 =0

— Mid-span

z

U:1,2,3 = Translationin X, Y and Z direction respectively
UER: 1,2, 3= Fotationabout X, Y and Z directions respectively

Figure 3. Quarter model of the SCC girder.

Eight-node brick elements with reduced integration
(C3DS8R) are picked from element library to model concrete
slab, studs and steel beam. Reduced integration avoids the
requirement of higher order solid elements without
compromising the accuracy of the computed responses.
This element takes care of hourglass problems which
commonly arise with continuum linear solid elements. Steel
reinforcement bars are modelled using embedded rebar
element.

Accuracy of the results basically depends upon the finite
element mesh, constitutive material model and the
boundary conditions. Therefore, these aspects are carefully
incorporated in the proposed finite element model.
Adequate attention has been paid in the development of
hexahedral mesh and assigning interaction between various
surfaces.

Various components namely, concrete slab, steel beam
and stud connectors, reinforcement bars and stiffeners, are
meshed using part by part basis instead of using global or
sweep features. Thus a regular structured hexahedral mesh
is generated. Different mesh sizes were tried prior to
converging at the final FE mesh which is shown in Figure 4

FE Mesh

N

Firnite element mesh near stud -closer
Figure 4. Finite element mesh of the quarter SCC girder.

The salient features of this proposed finite element model
and the subsequent analysis are:

1. ABAQUS/Explicit solver is used.

2. Quarter model is developed considering symmetry of
geometry, loading and boundary conditions along centreline
of the SCC girder.

3. Structured mesh wusing hexahedral
generated.

4. The final mesh includes 45514 elements and 58123
nodes.

5. Nonlinear material behaviour of concrete is modelled
using concrete damage plasticity model and elastic-plastic
bilinear model is used for steel.

6. Interface contact and tie constraints are applied
between steel and concrete surfaces.

Material and geometrical details of SCC girder are given
in Tables 1 and 2 respectively.

elements is



The concentrated loading (Figure 1) has been modelled
as equivalent pressure on the top surface of concrete slab
over a contact width of 100 mm at load point location
(Figure 3). The load is applied in steps of 10 % of the
maximum value.

4. Material Model

4.1. Concrete

4.1.1. Compression Behaviour

Elastic—plastic behaviour of concrete in compression
including strain softening has been modelled according to
Carreira and Chu[32]. The model is expressed by following
equations:
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Table 1. Details of material used in SCC girder.
Details Description Value
Material
Concrete Density, kg/m® 2500
Elastic modulus, MPa 30000
Poisson’s ratio 0.2
Comp. strength (cube) of concrete, MPa 41
Comp. strength (cyl.) of concrete, MPa 36
Steel Density, kg/m® 7850
Poisson’s ratio 0.3
Elastic modulus, MPa 210000
Rolled beam section  Yield strength, MPa 300
Ultimate tensile strength, MPa 420
Studs Connectors Yield strength, MPa 680
Ultimate tensile strength, MPa 900
Reinforcement bars Yield strength of reinforcing bar, MPa 415
Ultimate tensile strength, MPa 550
Table 2. Details of geometry of SCC girder.
Details Description Value
Geometry
Steel-Concrete Composite girder
Total length of girder specimens, mm 4000
Clear span (between supports), mm 3800
Shear span, mm 1600
Longitudinal stud spacing, mm 283
Total numbers of stud connectors (2 rows) 28
Number of stud connectors per row 14
Steel Beam
Area of cross section, mm?> 5806
Total depth, mm 306.6
Width of flanges, mm 165.7
Thickness of flanges, mm 11.8
Thickness of web, mm 6.7
Stud Connector
Diameter of shank, mm 20
Diameter of head, mm 30
Total length, mm 100
Thickness of head, mm 10
Concrete Slab
Width, mm 665
Thickness, mm 150
Transverse reinforcement, % 1.259
Longitudinal reinforcement, % 1.259
3.1. Loads Fy (SC /8;) 1)

~
y—1+(&./s.)
where, 0, is the compressive stress in concrete; &, is the

strain in concrete; f, is cylinder compressive strength of

concrete; 6;, strain corresponding to f C in MPa; and y is

a7 )
7/_[32.4} +1.55

Usually peak compressive strain for concrete &, is

defined as:

considered as 0.002[13]. In the present nonlinear FE
analysis, the stress—strain behaviour of concrete in

compression is assumed as linear elastic up to 0.4 fc .
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Failure ratio option has been used to define failure
surface of concrete. In the present study, ratio of the
ultimate biaxial compressive stress to the ultimate uniaxial
compressive stress was taken as 1.12. The ratio of the
uniaxial tensile stress to the uniaxial compressive stress at
failure is maintained as 0.1[13]. Nonlinear stress-strain
behaviour of concrete in uniaxial compression and tension
used in the study are shown in Figures 5 and 6 respectively.
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Figure S. Uniaxial compressive stress-strain behaviour of concrete (using
eq. | and 2).

4.1.2. Tension Behaviour

Stress—strain relationship for concrete in tension assumes
that the tensile stress increases linearly with tensile strain
up to concrete cracking stress. After cracking of concrete,
the tensile stress decreases linearly as the concrete softens.
Post peak stress-strain behaviour is defined using tension
stiffening option.
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Figure 6. Uniaxial tensile stress-strain behaviour of concrete.

4.1.3. Damage Model

Elastic-plastic response of the concrete is described in
terms of the effective stress, & and the hardening variables,
& and €7 [31]:

E:Dgl:(g—gpl)e{E|F(5,§1’[)£0} 3)

where,
g =n(5,&").&" and,
&Pl = ] 6G(5) R

oo

where, A is non-negative plastic multiplier and F is yield
function both obey the Kuhn-Tucker conditions: A F =0;
A 20;F<0. Plastic flow is governed by flow potential
G. The Cauchy stress, O is calculated in terms of the

stiffness degradation variable, d (5 R g’ ! ), and the effective
stress as:

o=(1-d)& )

Stiffness degradation variable reduces the elastic

modulus for damaged concrete. The constitutive relations

for the elastic-plastic responses, equation (3) are decoupled

from the stiffness degradation responses using equation (4),

which makes the damage plasticity model simple for
effective numerical implementation.

4.1.4. Stiffness Degradation
Evolution equations of the hardening variables in tension

g7 and compression £” are formulated by considering
uniaxial loading conditions first and then extended for
multi-axial conditions[31]. As shown in Figure 7, when the
concrete specimen is unloaded from any point on the strain
softening branch of the uniaxial nonlinear stress-strain
curve, the unloading response weakened, due to which the
elastic stiffness of the material appears to be damaged (or
degraded). Degradation of the stiffness is significantly
different between compression (Figure 7a), and tension
(Figure 7b). In either case, the effect is more pronounced as
the plastic strain increases. The response of degraded
concrete is characterized by two independent uniaxial
damage variables, d; and d, (both have the value between 0
and 1), which are assumed to be functions of the plastic

strains, and field variables.

(b) Damage parameter for tension damage
Figure 7. Graphical representation of the damage parameters in relation
with uniaxial nonlinear stress-strain behaviour.

The uniaxial degradation variables are modelled as
monotonically increasing functions of the equivalent plastic
strain. The degradation variables can take values ranging
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from zero, for the undamaged material, to one, for the fully
damaged material. If E, is the initial (undamaged) elastic
stiffness of the concrete, the stress-strain relation under
uniaxial tension and compression loading is, expressed as in
equation (5):

0 = (l_dt)EO (gt _étpl)

0. =(1=d,) o[, -2"") o

Under uniaxial loading cracks propagate in a direction
transverse to the stress direction. Nucleation and
propagation of cracks, therefore, cause reduction of the
available load-carrying area, which in turn leads to increase
in the effective stress. The effect is less pronounced under
compressive loading since cracks run parallel to the loading
direction; however, after a significant amount of crushing,

the effective load-carrying area is also significantly reduced.

The effective uniaxial cohesion stresses with respect to
tension O, and compression O, , are determined using
equation (6):

Bl )
o, :#:Eo(sc —é‘cpl)

The effective uniaxial cohesion stresses determine the
size of the yield (or failure) surface

For the determination of concrete damage parameters
based on equations (4) - (6) the procedure proposed by
Jankowiak and Lodygowski[33] may be referred. In this
study same procedure is adopted and all required input
values related to concrete damage plasticity model are
determined. In addition to this, for concrete the dilation
angle which is attached with flow potential G, is taken as
38°, eccentricity is 0.1 which implies that the concrete has
almost same dilation angle over a wide range of confining
pressure, and factor K, which is the ratio of second stress
invariant on the tensile meridian to that on compression
meridian at initial yield for any given value of the pressure
invariant, is considered as 0.666 in the model. The values of
these parameters are adopted as recommended[31].
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Figure 8. Uniaxial stress-strain behaviour of structural steel.

4.2. Steel

Nonlinear behaviour of steel is modelled using elastic
and plastic models. The uniaxial tensile stress-strain

behaviour of various steels is provided in following sub
sections.

4.2.1. Steel Beam and Stiffener

Elastic-plastic material model is employed based on the
nominal stress-strain behaviour of steel shown in Figure 8.
The true stress and strain values are given as input to the
finite element model.

4.2.2. Stud

Elastic-plastic bilinear model is used for the steel used in
stud connectors. Nonlinear stress-strain behaviour as shown
in Figure 9 is provided as input to the model. The yield
stress given in Table 1 is obtained based on 0.2% strain
criterion.
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Figure 9. Uniaxial stress-strain behaviour of steel in stud connectors.

5. Interaction Model

Mechanical interaction between the stud and concrete
surfaces is modelled using friction formulation in tangential
direction and hard contact in normal direction to avoid
penetration into each other. The penalty method is used for
tangential behaviour along with the coefficient of friction as
0.4. For normal interaction, hard contact option is used and
the separation was allowed after contact in the interaction
model.

For interaction between concrete slab and top flange of
steel beam the concrete surface is modelled as slave and top
flange surface of steel beam is modelled as master.
Similarly, the concrete surface around stud is modelled as
slave and curved surface of stud connectors as master.
Finite sliding along with penalty contact method is used for
the interaction between studs and concrete.

Welded regions like stud to flange of steel beam and
stiffener to web of steel beam were modelled using tie
constraints assuming no separation at weld locations.
Longitudinal and transverse reinforcement bars are used
with embedded region option.

6. Validation of Finite Element Model
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Validation of the finite element model is carried out
using the experimental study as described in section 2.0.
The energy absorption capacity that is area under load-
deflection curve, interface slip variation, stress and strain
variation in steel and concrete elements are discussed in
following sections. Numerical and experimental results are
found to match very well. The ultimate load obtained by the
finite element model is found to be only 90% of the
corresponding experimental value (550 kN).
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_400 -
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Figure 10. Load-deflection behaviour.

6.1. Load-deflection Behaviour

The numerical and experimental results are compared in
the load-deflection plot of the girder shown in Figure 10. It
is found that both numerical and experimental load-
deflection curves coincide in the initial elastic region upto
about 140 kN. This indicates that upto load value of about
25% of ultimate load no degradation occur in stiffness of
SCC girder. With increasing load there is almost constant
difference in the curve upto a load value of 400 kN and FE
analysis shows higher deflection as compared to the
experimental. The yield load for the composite girder was
determined based on elastic analysis as 360 kN. During
experiment, yielding in steel bottom flange has started at
about 330 kN. However, flexural tension induced cracking
in the bottom face of concrete slab was observed to initiate
at a load of about 290 kN.

After a load of about 400 kN, the numerical model
predicts considerably more deflection than the experimental
specimen. Also the descending post peak behaviour is
found to have minor differences with that of experiments.
This could be due to the bilinear model used for steel.
Another possible reason for the difference in load-
deflection behaviour may be due to neglecting the
contribution of weld collar at the stud bottom.

In FE model tie constraint is used for simplicity which
does not account for the weld collar contribution in
resisting the interface forces. The maximum deflection
obtained numerically at mid span is found to be about 136
mm which is closer to experimental value of 138 mm,
however corresponding loads are different. It can be seen
that the numerically computed deflection is more for load
beyond 400 kN as compared with experimental values. This

difference can be minimized by considering the
contribution of weld collar at the stud bottom and the
effects of confinement of concrete.

Beyond the peak load, the vertical deflection was found
to increase rapidly and, therefore, dial gauges were
removed to avoid any damage. However the vertical
deflections after peak load were measured with the help of
steel ruler. Due to this, few points just after the peak could
not be recorded. Post peak response of the composite girder
exhibited large displacement at failure. In experiment, the
SCC girder was considered to have failed when concrete at
top, near support got crushed and the load reduction (370
kN) at this stage was about 30% of peak load recorded (550
kN).
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Figure 11. Slip behaviour at steel-concrete interface.

As shown in Figure 10, the predicted ultimate load is
about 10% lesser compared to experimental value.
However it can be seen that area under curve is nearly same.
Therefore absorption of energy (area under -curve)
computed in the present study is nearly same as that
obtained from the experiment. This is important for the
nonlinear response of structures under severe loading.

6.2. Interface Slip Behaviour

Predicted slip behaviour at the steel-concrete interface
near yield load of SCC girder and at maximum load are
shown in Figures 11(a) and 11(b), respectively. Interface
slip is computed as difference in horizontal displacement in
longitudinal direction between the adjacent finite element
nodes in concrete slab and top flange of steel beam.
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Figure 12. Comparison of interface slip.

As seen from Figure 10, numerical model shows slightly
higher deflection for loading more than about 25% of
ultimate load. In this background, comparison of interface
slips at three different values of deflection is shown in
Figure 12. It can be observed that the computed interface
slip increases monotonically towards the support while
experimental values show slight decrease near the support.

Flexural cracks

Figure 13. Flexural cracks and location of concrete crushing.

Values of interface slip corresponding to the initial and
peak deflection are found to match well. However for
15 mm deflection (Figure 12) which is about 40% of the
deflection at peak load, variation between numerical model
and experimental slip values is found to be more as
compared to the slips for other two deflection values.

6.3. Cracking and Crushing in Concrete

In the experiment, flexural cracks started appearing at
bottom face of concrete slab as shown in Figure 13. These
cracks further grew upward with the increase in load till
crushing at top of the concrete slab near the left side load
point occurred. Stress contours shown in Figure 14 gives
the damage due to compression at the bottom of the stud
shank near yield load. A similar trend is observed till the
ultimate load is reached (Figure 15).In the finite element
analysis, top face of the concrete slab exhibited crushing
near mid span for compressive stress in concrete of about
36 MPa and strain of 2030 pe. In experiment also similar
values were obtained.

6.4. Yielding and Local Buckling in Steel Beam

Yielding of bottom flange was observed in the rolled
steel beam section. The predicted yield load capacity based
on elastic analysis for the SCC girder was found to be about
380 kN and experimentally yielding in bottom flange was
observed at load of about 330 kN.

Left load pommt
ompressive zone due torotation of stud head

Support Section atmid span /

High compressive
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Figure 14. Stresses in concrete slab near yield load.
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Figure 15. Stress in concrete slab near ultimate load.

Figure 16. Local buckling of top flange in steel beam at failure load
(Experimental).

The yielding of the bottom flange of steel beam was
considered based on the strain record corresponding to
1500 pe. The local buckling in top flange of steel beam was
also observed near the failure load in experiment (Figure
16). The exact location is captured in the FE analysis as
shown in zoomed view of Figure 17.
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Figure 17. Local bucklmgof top flange near maximum load (FE Model).

Figure 18. True strain contours at ultimate load.
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Figure 19. Stress distribution in stud shank.

6.5. Stud Shank Response

True strain contours as shown in Figure 18 exhibit that

there occurs a pattern in the strain (or stress) within the
height of the stud. The contours indicate the inflexion
between compressive and tensile strains which indicate that
stud tends to deform in double curvature. This observation
is important to understand the damage zone in the vicinity
of studs. It can be stated that stud can cause damage due to
the compressive forces at diagonally opposite faces.

Figure 19 shows that the stress in stud shank varies along
its height as well as perimeter. Due to this nature of tensile
and compressive stresses, the stud tends to deform in
double curvature. Understanding of deformation behaviour
of studs is useful in the design of SCC composite girders

7. Conclusions

A three-dimensional finite element model of SCC girder
is developed using the commercial software ABAQUS. The
model has proved to be effective in terms of predicting the
energy absorption capacity, load-slip at the steel-concrete
interface, shear force carried by the studs and the mode of
failure (stud failure or concrete crushing). It is also able to
investigate SCC girders with either full or partial shear
connection

The following conclusions are drawn from this study

= Damage plasticity model which is implemented in
ABAQUS is found suitable for the modelling of cracking
and crushing of concrete.

= It is found that energy absorption capacity of the SCC
girder predicted by the analysis is nearly same as obtained
from experiment. It is also observed that present model
predicts conservative value for ultimate load.

= Interface slips obtained from the present model are
found to match well for linear elastic and ultimate
deflection values. However, predicted interface slip
corresponding to deflection at yield load show minor
deviation though both had the same trend.

= Locations of high stress concentration zones near studs
and crushing of concrete are found to be predicted exactly
by FE analysis.

= Location of local buckling in steel beam flange was
also captured accurately by the FE analysis.

= Implementation of contact and interaction features in
the modelling provided more realistic behaviour of SCC
girder

= The proposed three-dimensional FE model provides the
framework for developing more realistic model to capture
the intrinsic behaviour of SCC girders. It is otherwise
difficult, if not impossible, to obtain using experimental
studies, due to cost and time factors.

= The FE analysis provides a better insight into realistic
behaviour (including the detection of local aspects of
behaviour e.g., local deformations of steel beam and
cracking and crushing of the concrete slab). The inflexion
in stress and strain values for concrete is observed in the
vicinity of stud specifically along the height of studs.
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