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Abstract

This study delves into the dynamics of a bending moment and compressive axial force acting on a steel column base
connection. The multitude of elements, including the base plate, anchor rods, and stiffeners, that need to be taken into account
in the numerical models makes the behaviour of this connection highly complex. In addition, the column base connection was
simulated using a nonlinear three-dimensional finite element model. By validating numerical models using actual test results
and comparing them to the analytical model based on the components technique of Eurocode 3, this model may be utilised to
analyse the moment-rotation relationship for the connection. Evidence suggests that altering component qualities not only
affects the column base connection's stiffness and bending resistance, but also moment-rotation form, stress distribution, and
prying actions. The analytical model of Eurocode3 does not account for the fact that the anchor rod is impacted by a local
moment in addition to the axial force. By connecting the welded stiffeners to the connectors at the base of the columns, a
comprehensive parametric research on stiffeners revealed several fascinating results.
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1. Introduction

Column base connections, which are quite popular in steel structures, often consist of a plate welded to the steel
profile and bolted to the foundation using anchor rods. They generally transmit normal forces and bending moments to
the foundations. It is worth emphasizing that the flexibility of the plate, on the one hand, and the stress concentration in
the column-plate connection zone, on the other hand, both generate a variable concentration of pressure under the plate
[1]. The column base connection is the final link in a chain that transfers the loads between a steel structure and its
foundations. Thus, it is crucial that these connections need to be designed to safely transfer these loads [2]. The column
base plate (CBP) connection is one of the most safety—critical components of steel structures since it transfers the vertical
forces, the shear forces, and the bending moments from the structure to the foundation [3, 4]. The column base consists
of a set of elementary components whose strength and stiffness should be defined and designed in accordance with
Eurocode 3 (EN1993-1-8) [5]. Over the past few years, several experimental and numerical studies have been carried
out in order to better understand the global behaviour of this connection (axial resistance, bending resistance, bending
stiffness) [6, 7].

It is well acknowledged that the column base connections are very important and have a significant influence on the
response of the structure. However, little research work has been carried out on this element compared to that which has
been devoted to rigid and semi-rigid beam-to-column and beam-to-beam connections [8]. It has been revealed that
predicting the behavior of column bases, such as the moment-rotation relationship, is more difficult and more complex
than that of column-beam connections, because several factors are involved in this relationship. These factors include
the column stiffness, the dimensions and flexibility of the base plate, the number and position of the anchor rods on the
plate, the concrete foundation, and the effect of the contact between the steel plate and the concrete foundation [9].

A common column base consists of several components, like the column cross-section, base plate, stiffeners, anchor
rods, concrete foundation, and shear-lug. Each of these components affects the connection’s capacity to withstand the
axial force, shear force, and bending moment [10]. Some researchers have tried to describe the interactions between the
bending moment and the axial forces as well as the effects on some aspects of column base rotational response. Moreover,
experimental studies previously carried out have made it possible to develop methods for calculating the bending
resistance of column bases [11-16]. Other studies have also been conducted for the purpose of evaluating the rotational
stiffness of column bases [17-21]. It should be pointed out that column bases mainly deform when loaded through normal
forces, shear forces, and bending moments. Note that, theoretically, the rotational behavior of column bases can generally
be idealized by considering a hinge or a stiff connection. Nevertheless, in the majority of cases, their rotational response
is an intermediate case between these two situations. In this case, the column bases are considered semi-rigid [22].
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Furthermore, a number of theoretical and experimental studies have been carried out on column base connections by
Jaspart & Vandegans [22] that succeeded in highlighting the fact that the main modes of column base failure are due to
the fracture of the anchor rods, deformation of the base plate, and crushing of concrete. Hon and Melchers [23]
investigated the effects of some parameters, such as the base plate thickness and anchor rod size. They suggested that
the stiffness of the column base increases significantly when the base plate thickness and anchor rod diameter increase.
Ermopoulos and Stamatopoulos [24] proposed a simple analytical formula to describe the relationship between the
moment and rotation of the column base.

Otherwise, several experimental studies have been carried out on column bases. The findings revealed that typical
failure modes under cyclic loading include rod failure, base plate failure, combined failure of rod and base plate, and
column buckling failure [25]. It should be noted that the effective length of the anchor rod is one of the most important
parameters for determining stiffness. This effective length can be estimated as equal to 8 times the diameter of the anchor
rod [26]. In addition, other experimental and numerical studies have indicated that a rigid column base with 4 anchor
rods has a mechanical behavior characterized by the deformation of the base plate in the tension zone and the concrete
crushing in the compression zone of the connection [27]. Delhomme et al. [28] performed experimental studies on
connections with anchor rods and plates embedded in concrete. The anchor rods were prestressed in order to reduce the
fatigue effect. The results showed that concrete does not crack around the anchor plate as long as the prestressing force
is less than 50% of the elastic limit of the anchor rod. Similarly, Zhao et al. [29] conducted experimental studies on
prestressed anchor rods embedded in rock and successfully demonstrated that prestressing plays an important role in
shear strength. Based on a nonlinear finite element model of the column base, Razzaghi & Khoshbakht [30] conducted
a study to examine the connection behaviour and identify the effects of different components, such as the base plate,
anchor rods, and stiffeners. It was also demonstrated that in addition to column base stiffness, the moment-rotation
relationship and the overall stress distribution can be significantly influenced by the characteristics of the basic
components. The exposed and embedded base plate connection has been studied by Falborski et al. [31], obtaining that
rotational fixity of a column base plate in steel moment resisting frames strongly influences their seismic response.
However, stiffened base plates were not considered in this investigation.

The current study aims to assess the effects of some of the most important components of column base connections
such as the base plate, anchor rod and stiffeners. A nonlinear three-dimensional finite element model is used to simulate
the behaviour of the connection. A bending moment and compressive axial force with prestressing in the anchor rods
were applied of the column base plate connection, in order to validate the numerical model by comparison with the
experimental results. A detailed study was made on different components of the column base plate. Thus, the analysis
concerned the deformation of the base plate, the rotational stiffness of the connection, the failure modes, the prying
effect, as well as the forces and the stresses in the anchor rods. The obtained failure modes were then compared with
those defined by the analytical models of Eurocode 3. In addition to the previous mechanical parameters, the influence
of the stiffeners (position, geometry) on the behaviour of the column base plate was evaluated.

2. Research Methodology

This study aims to perform detailed analysis of the behavior of the column base plate considering several parameters
such as the base plate, the anchor rods and the stiffeners. It is based on a numerical model validated by comparison with
experimental results and used to perform a parametric study. The numerical results, considering a bending moment and
a compression axial force, are used to evaluate the analytical model of Eurocode 3 [5]. The flowchart of the research
methodology is shown in Figure 1.
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Figure 1. Flowchart of the research methodology

3. Validation of the Developed Finite Element Model
3.1. Experimental Testing

The finite element numerical model was validated based on the experimental tests that were carried out at the
Materials and Structures Laboratory of the University of Salerno (Italy) [9]. It should be noted that the column was
connected to a concrete footing using a base plate and anchor rods. In addition, the concrete footing was fixed to the
solid floor of the laboratory by means of a system of four prestressed high-strength bars in order to prevent the rotation
of the concrete block, as is clearly illustrated in Figure 2. The vertical axial load F1 and horizontal load F2 were applied
to the column by means of hydraulic jacks which were placed at the top of the column; the column footing consisted of
C20/25 concrete grade. The base plate and concrete footing were connected by means of M20 class 8.8 anchor rods,
with a prestressing equal to 80% of the elastic limit.
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Figure 2. Column base connection test setup [9]

3.2. Geometry of the Tested Connection

The specimen under study consisted of a HEA160 column connected to a concrete footing; its dimensions were
(1400%600x600) mm. This column was welded to the base plate with a thickness equal to 15 mm, as shown in Figure 3
and Table 1.
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Figure 3. Geometry of the tested specimen

Table 1. Characteristics of the tested specimen

Specimen Column Rods I(mm) b(mm) p(mm) W(mm) el(mm) e2(mm) tp(mm)

I HEA160 4 335 280 245 160 45 60 15
3.3. Numerical Model

The 3D finite element model was developed under the Ansys code in order to study the behavior of the column base,
while taking into account the geometric and material non-linearities; the effect of contact between the various elements
was also taken into consideration. In the finite element model, all the connection components were perfectly joined or
in good contact, with or without friction. In this case, it should be specified that the column and base plate were in perfect
connection, the base plate and washer were in contact, the base plate and concrete were in frictional contact, and finally
the anchor rods and concrete were in frictional contact. It should be noted that solid finite elements with 8 nodes and
three degrees of freedom per node, were used. In the Ansys code, the finite element is known as Solid 45 [32]. Figure 3
depicts a rectangular optimized mesh that was developed for all parts of the connection. In addition, surface-to-surface
contact was generated for all elements. Moreover, the applied compression axial load F1 was equal to 34 kN according
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to the experimental test. Finally, the vertical and horizontal loads F1 and F2 were generated in imposed displacements
(Figure 4).
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Figure 4. Meshing of the various connection parts and boundary conditions of the model

3.4. Material Behavior Laws The mechanical characteristics of the steel elements used are as follows: E = 210000
MPa, v =0.3, fy = 358 MPa, fu =551 MPa which were defined by an elasto-plastic constitutive law with hardening. The
concrete block was considered as homogeneous, elastic and isotropic, with an elastic modulus equal to 30000 MPa. The
anchor rod was homogenous with constant unthreaded diameter of 20 mm and a length of 400 mm. It was made of 8.8
class, with a prestressing equal to 80% of the elastic limit.

3.5. Description of the Applied loads to the Numerical Model

The loading was applied in successive stages. First, the prestressing was applied on the anchor rods; then, a
compressive force generated in imposed and constant displacement was applied on the head of the column; finally, a
horizontal force (imposed displacement) was exerted at the top of the column thus generating a bending moment at the
base of the column (Figure 5).

Types of loads

Bending on the column (F2)
Compression on the column (F1)

Prestress in anchor rods

Calculation time
Figure 5. Time loading procedure in the numerical model

3.6. Analytical Calculation Method of Moment Resistance and Initial Stiffness

The analytical calculation of the initial stiffness and column base resistance was performed in accordance with the
component method proposed by Eurocode 3 (EC3) (EN-1993-1-8) [5]. Once the formations of each component were
determined, they were associated in series or in parallel in order to obtain the overall behavior of the column base
connection (flexural strength and bending stiffness). The initial stiffness S;in and the moment resistance M;jrq can be
determined under equilibrium conditions, and expressed as follows:

E.z? 1
() T
M
_ . Ff_Rd.z . fFC‘Rd.z
Mj a = min ( g0 Iy )
¢ e 2

here F is the steel elastic modulus, O is the stiffness ratio, ax is a quantity that depends on the type of loading, and finally
ke and k. -are stiffness factors that can be found in Tables 6.11 and 6.12 of EN 1993-1-8 [5].

Furthermore, F¢rdis the tensile strength of the T-stub in tension and Fcrad is the compressive strength of the T-stub in
compression, Z is the sum of Z; and Z., and e is the eccentricity of the applied load, as shown in Figure 6.
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Figure 6. Mechanical model of column bases according to Eurocode 3 [5]

3.7. Numerical Analysis Results

Figure 7-a, shows a comparison between the experimental, numerical and analytical moment-rotation curves of
Eurocode 3 (EC3). It is easy to notice that the initial stiffness, according to EC3, is higher by about 12% than that of the
numerical model, and by 25% than that obtained from the experimental test. The findings show that the initial stiffness
of the numerical curve is between the analytical curve proposed by EC3 and the experimental curve. However, in the
plastic part, the numerical curve is close to the experimental curve; a difference of 1.5% is then observed by comparison
with the value found experimentally.

Figure 7-b presents the following parameters: the initial stiffness Sj,ini represented by the initial slope of the elastic
part of the moment-rotation law. The elastic moment Me which represents the limit of the elastic part of the curve, the
ultimate moment Mu which corresponds to the maximum load that the connection can reach, the plastic moment Mp
corresponding to the resistant moment Mj,Rd resulting from the analytical calculation of EC3 and which is obtained
from the intersection between the elastic slope (initial stiffness) and the slope representing the plastic phase. The
parameters characterizing the moment-rotation curve of the resulting joint obtained numerically and from the
experimental tests [9] are shown in Table 2.
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Figure 7. Validation of the model and characteristics of curve M-¢

Table 2. Comparison of EC3, experimental and numerical results

. Numerical . Numerical
Numerical EC3 T EC3 Experimental E—xperimen tal
Initial stiffness S;;n (kN.m/mrad) 8.8 10 -12% 7.5 +17%
Moment Mp or Mj,Rd (kN.m) 55 51 +7% 54.2 +1.5%

Based on the results presented in Figure 7-a and Table 2, it can be seen that there is correlation between the numerical,
analytical and experimental results in the elastic and plastic phases. Other differences found in the comparison may be
due to a number of factors, such as pre-stressing of rods, contact and friction between the elements and initial
imperfections. Overall, it can be said that the proposed finite element model gives an accurate representation of the
behaviour of joints under bending moment and compressive load.

4. Mechanical Behavior of the Column Base Plate

The FEM model was adopted to conduct a detailed analysis of the specimen previously described in Figure 4 in order
to better understand the behaviour of each component of the column base connection in the elastic domain and the plastic
domain, until reaching a damage mechanism. The elements considered in this study are the base plate (elasto-plastic
deformation, failure modes, prying effect, stress distribution and effect of thickness) and the anchor rods (internal forces,

internal stresses and local time).
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4.1. Deformation of the Base Plate

The finite element deformation model is presented for the point of maximum loading that corresponds to Mu; this
maximum loading caused the deformation of the base plate and anchoring rod, along with a yielding of this rod (Figure
8-a). The point of maximum displacement Uz of the order of 25 mm is located at the base of the column. Moreover, the
base plate deformation generated the plastic deformation of the taut rod R1that is subjected to a local bending moment
and also to the tensile force. In addition, the flexibility of the plate that is in contact with concrete greatly contributes to
stiffness and resistance and helps to increase the intensity of the applied compressive force [33]. As for Figure 8-b, it
shows the deformation of the base plate in the plane of the column web for the different loading phases (Me, Mp, and
Mu).
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(b) Length of base plate mm

Figure 8. Model deformation and von Mises stress distribution

4.2. Failure Modes of the Base Plate

Considering the previously described base plate, and using the Eurocode 3 [5] analytical formulation to determine
its failure mechanism, it becomes possible to deduce the set of possible failure modes as follows:

__ (Bn—2ew)*(Mp} 1,Rrd)

Mode 1: Firra = G —eweminy 363 kN 5
2M,) o pg t1 EFLRA
— __plaRd & LRE
Mode 2: F27Ra = o = 315 kN N
Mode 3: Farra = 2 Fera =452 kN (5)

It can therefore be said that failure mode 2 (formation of a partial mechanism that is accompanied by failure of the
rods under tension thus preventing the development of the full yielding mechanism) is critical, which gives the tensile
design strength Frra = 315.2 kN on the tension side of the column base connection. On the other hand, using the finite
element model, the tensile force of the T-section obtained numerically for the last loading step, gives Fy, numerical = Fp,-
Fi. = 331kN, where Fy, is the axial force in the rod and Fy, is the lever effort in the tension zone. These two quantities are
determined numerically. It should be noted that the failure mode obtained numerically corresponds to mode 2 (partial
mechanism) of the analytical calculation according to EC3. This is confirmed in Figure 9 with shows the yielding of the
base plate in bending as well as the yielding of the anchor rod. It can therefore be concluded that the numerical failure
mode is similar to that of EC3.
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Figure 9. Numerical representation of the failure mode with von Mises stress distribution

Figure 10 displays the moment-rotation law that describes the behavior of the column base plate connection as well

as the evolution of the failure modes. Points pl, p2, p3 and p4 represent the various unfolding phases of the failure
modes in the column base connection. These findings were then compared with the experimental and analytical (EC3)
ones. From the numerical point of view, point pl represents the beginning yielding of the base plate at the connection
with the column in the tension zone. Point p2 represents the beginning of yielding of the rod in the tension zone. Point
p3 corresponds to the significant anchor rod yielding in the tension zone of the connection, and finally point p4 represents
the plastic mechanism of the base plate at the connection with the column in the tension zone.
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Figure 10. Comparison of numerical, experimental and EC3 moment-rotation curves

4.3. Prying Action Effect

In this part, the pressure distribution at the contact of the base plate with concrete due to the prying force in the
column base connection is analyzed. It should be noted that the pressure due to the prying forces develops in the tension
zone between the pre-tensioned anchor rods to the end of the base plate. In the compression zone, the center of

compression is at the column flange, as shown in Figure 11.

Compression zone

Tension zone

Prying Forces

Compression
Forces

[ No Contact
[ Skiding
In Contact

Figure 11. Contact pressures of the base plate with concrete (view on the lower fiber)

If prying is present in a column base, it gives either failure mode 1 or failure mode 2 (Eurocode 3). One should note
that failure mode 2 is associated with increased tensile forces in the anchor rods due to deformation of the base plate in
bending, which causes separation with concrete, except at the edges of the plate where the prying effect appears. This
effect causes an increase in the tensile force of the same value in each anchor rod. It should be emphasized that when
the plate deformations are significant, there may be some significant bending of the anchor rods.
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As the studied connection has prestressed rods, the initial value of the prying force Fzt and compression forces Fzc
is equal to the initial prestressing forces multiplied by the total number of anchor rods (Figure12-a). The presence of the
prying force in the tension zone has been observed since the start of loading. Its value decreases as the load increases
because the bending deformation of the base plate becomes greater (separation between the plate and the concrete in the
contact zone). However, in the compressed zone, the prying force Fzc increases because the plate remains in contact
with concrete throughout the entire loading process. The prying effect, which is due to the existing prestressing, begins
at the axes of the anchor rods and then starts moving to the outer edge of the base plate in the tension zone PLzt, as
shown in Figure 12-b. However, in the compressed zone, the position of PLzc evolves near the axis of the rod, which is
different from that of Eurocode 3 (EC3) [5] which locates it on the axis of the compressed flange of the column.

700
. 600
é 500
3
S 400 Fzc
20 Fzt
=
£ 300
=
200
100
0
0 25 50 75 100
Moment (KN m)
(a) Variation of the prying effort versus the applied moment
200
150 —PLZC
100,;_._._._._._._. PLZT
r-=-=-===rr==°==\==°=-° extT
T 50
g extC
g 0 - = ft
=t 0 25 50 75
2 .50 - -k
A e e - - bt
-100
- ¢ @ s @ s @ s @ s e s e - + bc
-150 J—
-200
Moment (kN m)
(b) Variation of the prying position versus the applied moment
Figure 12. Prying effect in the column base plate connection Note that:
. Fzc is the prying effort in the compressed zone 0 extC stands for the end of the plate in the compressed zone
. Fzt is the prying effort in the tension zone O fi is the position of the column flange in the tension zone
. Plzc is the prying position in the compressed zone 0O fc is the position of the column flange in the compressed zone

O Plzt is the prying position in the tension zone 0O bt is the position of the anchor rods in the tension zone O extT represents the end
of the plate in the tension zone 0 bc is the position of the anchor rods in the compressed zone.

Figure 13, depicts the evolution of the plate-concrete contact surface according to the different loading steps. It is
noted that, before the horizontal loading is applied, the plate is subjected to the column compression only. Next, the
prestressing of the anchor rods generates some localized pressures around the holes of the base plate. During the
evolution of the horizontal loading, and hence of the bending moment on the connection, the base plate deformation
develops by zones until it reaches plastic deformations, which generates a concentration of pressures on the column
flange (compressed zone) and on the base plate edges (prying effects on the tensile part).
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It is important to understand the behavior of the anchor rod in the tensile zone. Figure 14 shows the evolution of the
forces present in the strained rod, on the one hand, and those in the compressed rod, on the other, as a function of the
moment applied to the column base plate. In addition, the force in the rods starts with a value of about 160 kN which
corresponds to the prestressing applied in the rods. Note also that for the two rods, the variation of the force is not noticed
until a certain level of loading is reached. Beyond that force, the strained rod (Fzt) shows a variation in the continuous
force that is quasi-proportional to the applied moment, but with a rather exponential trend, up to the value of 201kN.
This would cause the force to decrease as a result of rod deformation in the tensile zone. However, for the rod located in
the compressed zone (Fzc), the force starts with the prestressing value. Then, a weak unloading of the rod takes place as
a result of the bending deformation of the base plate. Note that Ft is the ultimate force in the anchor rod; Ft=0,9.fub.A.
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Figure 14.Evolution of the axial force in the rod as a function of the moment applied
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The idea developed in this study consists in analyzing the stress distribution in the axial direction of the rod (Z axis),
by choosing two observation sections, to determine the effect of the cutting section close to the head and far from the
column head, and also to see if the same stress status is found for a section close to the head and for a section far from
the head (Figures 15 and 16). It was found that, for the section close to the head, the stresses due to the elastic (Me),
plastic (Mp) and ultimate (Mu) moments of the connection are not distributed in a homogeneous way, which confirms
the presence of a local bending moment in the rod, in addition to tension. This moment therefore favors the failure of
the anchor rod. It is useful to remember that the EC3 does not take into account the local moment in the rod.

Cross-section
near the head

close to the head

(a) Position of the cross-section

stresses in the rod with deformation

(b) Distribution of von Mises

XF
*¥Fr =194.077
*ZF =12.201
Z-BUFFER
51.2786

- E3

o
- 176.005
- 217.58
259.155
e
] 758.059
799.634
900

800 ¢ Spr

- 700 —8— Me
& 600

= —— Mp
> 500

z 400 —¥— Mu

£ 300 -- 1
» 200

100 == fu
0

-10 -5 0 5 10
Diameter anchor rod mm

(¢) Distribution of normal stresses in the section close to the head

Figure 15. Distribution of stresses in the rod (cross-section close to the head)
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(b) Stress distribution in the observed cross-section

Figure 16. Distribution of stresses in the rod (cross-section far away from the head)

Figure 16 shows the stress distribution in a cross-section far away from the rod head (nut in our case). It can be seen
that the tensile stresses show uniform distribution on the cross-section.

Note that:

* Me: represents the stresses due to the elastic moment

* Mp: represents the stresses due to the plastic moment
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* Mu: represents the stresses due to the ultimate moment
* Spr: represents the stresses due to the prestress in the rod

4.6. Bending Moment of the Anchor Rod without Prestressing

The same specimen was studied using similar anchor rods without prestressing (M20 grade 8.8). The effect of the
moment on the anchor rod and the internal stress distribution were analysed.

It is worth emphasizing that the influence of the moment on the tension rod is quite significant (Figure 17 and Table
3). For the specimen analyzed, the stresses due to the bending moment and normal force represent respectively 2/3 and
1/3 of the total axial stress Szz. Remember that Eurocode 3 only takes into account the normal force and neglects the
presence of bending on the anchor rod. Moreover, the yielding or failure of the rod can be caused by the presence of a
large local moment.

1000

750 = = e e e o amem =

—

- e e e e - - - -

Z
£ 500 — E
2 250 N ! X
wn + e
g 0 —*—Mp
g -250
k= ——— Mu
@ -500
750 ==k Cross-section
- = -fu to observe
-1000 stresscs
-10 -5 0 5 10 -

Diameter of anchor rod mm

Figure 17. Stress distribution the rod in the tensile zone

Table 3. Axial stress with values due to normal force and bending moment

Stresses in extreme fibers Stress Sy (MPa) Stress Sy (MPa)
Stress Stop (MPa) Stress Spoi (MPa)
+239.5 -81.3 (StopTSbott)/2 =79.1  (Stop-Svort)/2 = 160.4

4.7. Behaviour of Anchor Rods

Figure 18 shows the elongation of the stretched rod in the vertical direction (Z), with the three parts of the anchor
rod, namely tp: part in the plate, anch: anchored, part, and full = tp+anch. This figure indicates that the force in the rod
is greater than the prestress force; it can reach the value of 200kN, which makes it possible to have a maximum elongation
of Smm over the entire length of the rod. It should also be noted that the internal force decreases at the end of the course
due to the yielding of the rod, and in this case the elongation increases and can reach the value of 9mm. The deflection
at the deformed plate is quite large; it is almost equal to the elongation at the rod anchor.
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Figure 18. Force-displacement curve of the anchor rod
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5. Study of the Effect of Stiffening on the Behaviour of the Column Base Plate

It has been shown that the base plate is the main component influencing the stiffness and strength of the column base
connection. For this, it was deemed interesting to study the eventuality of reinforcing this plate with stiffeners welded
to the base plate and column.

It is worth recalling that, the purpose of this study is to investigate the effect of the stiffeners on the mechanical
behavior of the column base connection. Thus, the influence of the stiffener height and its shape on the connection and
on the prying effect is analysed.

The basic geometric characteristics of the connection are not changed. A bending moment and a compressive force
of 34kN were applied to investigate the behavior of the stiffeners in the column base. In this case a 15mm S235 grade
base plate and M20 8.8 grade rods, with a triangular stiffener of 8mm thickness, 90mm width and 100mm height, were

used.
5.1. Effect of Stiffener Position on Connection Behaviour
Figure 19 shows the studied specimens of column bases, with different positions of stiffeners (SR: without stiffener,

R-TC: with two stiffeners, R-C: stiffener in the compressed zone, and R-T: stiffener in the tensile zone).

M M M\ M\

F—F F—F F+—F F—

SR (without stiffeners)  R-TC (with two stiffeners) R-C (Stiffener in compressed zone) R-T (Stiffener in tension zone)

Figure 19. Positions of column base plate stiffeners

Figure 20 presents the moment-rotation curves of the stiffened and unstiffened connections with different stiffener
arrangements. The results obtained show that the specimens with stiffeners exhibit higher values of initial stiffness and
bending resistance. It is also noticed that the specimen with stiffener in the tension zone plays a fundamental role in the
resistance of the connection. Besides, the stiffener in the compressed zone gives resistance lower than the previous one
but higher than the specimen without stiffeners. As expected, the connection with stiffeners on both sides of the column
is the most efficient and most resistant.
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Figure 20. Effect of stiffener arrangement on the moment-rotation behavior

Table 4 presents the results of the effect of the stiffeners on the column base connection considering the initial
stiffness and plastic moment. The compared values use the unstiffened connection (SR) as reference. It can be observed
that the specimen (R-TC) performs best in terms of initial stiffness (+43%) and bending resistance (+32%). In addition,
the model with stiffener in the tension zone (R-T) is relatively more efficient than that in the compressed zone (R-C).
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Table 4. Effect of stiffener on initial stiffness and plastic moment
Specimen Plastic moment M, KN.m Difference/SR %  Initial stiffness S;;,; kKN.m/mrad  Difference/SR %
SR (without stiffeners) 28 - 4.70 -
R-TC (with two stiffeners) 37 +32 6.72 +43
R-C (stiffener in compressed zone) 31 +10.71 5.62 +19.58
R-T (stiffener in tension zone) 34 +21.43 5.77 +22.77

5.2. Effect of Stiffener Position on Prying Action

Prying plays a fundamental role in the strength of the column base plate connection. It depends on several parameters.
The influence of the stiffener position on the prying effect is analyzed considering 4 types of stiffening (SR, R-TC, R-
C, R-T). Figures 21 and 22 illustrate the results obtained for the prying force in the tensile and compressed zones and its
position. It can be observed that the prying force in the unstiffened specimen (SR) is the greatest due to the deformation
of the unstiffened plate deformation. It is followed by the RC specimen (stiffener in compressed zone), the R-T (stiffener
in the tensile zone) and the R-TC specimen (stiffeners in tensile and compressed zones). Thus, the specimen R-TC is the
most effective in terms of reducing the prying force (Figure 21).
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Figure 21. Comparison of prying forces for different types of stiffening
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Figure 22. Comparison of prying position and compression center for different types of stiffening

Figure 23 shows the stress distribution in the base plate. With the presence of stiffener, this distribution changes
depending on whether it is in the tensile or the compressed zone. Thus, the stiffener in the tensile zone considerably
decreases the prying force (Figure 21). However, the stiffener in the compressed zone has no effect on the prying force
in the tensile zone. Furthermore, the presence of the stiffener changes the position of the center of compression in the
compressed zone (Figure 22). Thus, the center of compression gets closer to the rod for specimens R-TC (with stiffeners
in tensile and compressed zones) and R-C (with stiffener in compressed zone).On the other hand, for the specimens SR
(without stiffeners) and R-T (stiffener in tensile zone), the center of compression is close to the column flange. The
results obtained show that the stiffener reduces the prying force in the tensile zone and also changes the position of the
compression center, which provides quite high values of initial stiffness and bending resistance of the connection.

Distribution of compressive stresses without stiffeners in the compressed zone

Distribution of prying Distribution of prying
stresses without stiffeners Distribution of compressive stresses with stiffeners — stresses with stiffener in
in the tension zone in the compression zone the tension zone

Figure 23. Distribution of prying stresses in the tension zone, and compressive stresses in the compression zone, for different
types of stiffening

5.3. Effect of Stiffener Position on Forces in Anchor Rods

Figure 24 shows the forces in the anchor rods in tension zone of the connection. The stiffener plays an important role
in the resistance of the anchor rods, as clearly shown in Figure 20. It should be noted that the specimen R-TC (stiffeners
in the compression and tension zones) gives the highest values of stiffness and bending strength. Also, the rod in the
tension zone is less stressed than in the case without stiffeners (SR). This shows that the stiffener plays a significant role
in reducing the internal forces in the anchor rod (Figure 24).
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Figure 24. Comparison of the tensile forces in the anchor rods in tension zone for different types of stiffening (Ft: ultimate
tensile force in the anchor rod)

5.4. Effect of Stiffener Height on the Moment-Rotation Curves

The stiffener height plays a very essential role in the column base connection; it indeed allows minimizing the stress
concentration on the column [34]. Afterwards, a triangular stiffener of width Is, height hs, and thickness ts is studied
while taking into account the geometric and material characteristics of the column base that has previously been defined
(S235), with the plate thickness = 15 mm, M20 grade rod without prestressing. Then, a bending moment and a
compression axial force equal to 34kN are applied. The stiffener height hs were varied in order to analyze its influence
on the behaviour of the connection (Figure 25). The deformation of the column base connection for different stiffener
height values is shown in Figure 26.
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hs200 Figure 25. Stiffener geometry

Figure 26.
Deformation of the
base connection for

different values of
height

column

stiffener

Table 5 shows the
specimens

(unstiffened and with two stiffeners) where the stiffeners heights hs were varied, while keeping constant the other
geometric parameters.

studied

Table 5. Stiffener specimens

Specimen ts(mm) hs(mm) Is(mm) Base plate thickness (mm) Rod diameter (mm)
hs50 8 50 100 15 M20
hs100 8 100 100 15 M20
hs150 8 150 100 15 M20
hs200 8 200 100 15 M20
Without stiffener - - - 15 M20

Figure 27 displays the moment-rotation curve of the specimens with different stiffeners heights. By increasing the
stiffener height, it can be observed the increase of the initial stiffness and bending resistance of the column base
connection. It is also noticed that the curves do not stop with the same moment. This is due to the appearance of a plastic
hinge (plasticisation of the base plate) in the connection.
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Figure 27. Moment-rotation curve for specimens with different heights of stiffeners

Table 6 summarizes the results of the initial stiffness and plastic moment for the specimen with different heights of
stiffeners. The hs200 specimen shows a significant increase in the initial stiffness (+64%) compared to that of the
specimen without stiffener; it also exhibits an increase in the plastic moment (+47%). These results confirm the fact that
the stiffener height has a significant impact on the initial stiffness and bending resistance. Obviously, the greater the

stiffener height, the smaller its plastic deformation, which allows the stiffener to modify the failure modes in the column
base plate.
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Table 6. Effect of stiffener height (hs) on initial stiffness and plastic moment

. ts hs Is Initial stiffness S;ni Difference/WS Plastic moment M, Difference/WS

Specimen (mm) (mm) (mm) (kN.m/mrad) % (kN.m) %
Without - - - 4.70 - 27.59 -
stiffener

hs50 8 50 90 5.98 +27 33.10 +19

hs100 8 100 90 6.99 +49 36.97 +25

hs150 8 150 90 7.35 +57 39.37 +43

hs200 8 200 90 7.71 +64 40.58 +47

5.5. Effect of Stiffener Height on Prying Action

Figures 28 and 29 present the results related to the prying force and its position in the tension zone and compression
zone of the column base connection considering different heights of stiffeners. Figure 28 shows the prying force in the
tension zone for the specimens with different heights of stiffeners. It can be easily seen that as the height of the stiffener
increases, the prying force in the connection decreases. Figure 29 shows the comparison of the prying position and the
compression center for different specimens (hs50, hs100, hs150, hs200, SR).
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Figure 28. Comparison of prying force for, different stiffeners heights
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Figure 29. Comparison of prying position and center of compression for different stiffeners heights
It is also noted that the position of the center of compression changes as the height of the stiffener increases, while
the prying position moves towards the end of the baseplate. Therefore, it may be stated that the stiffener height plays a
very important role in the connection. Indeed, it is observed that when the position of the center of compression changes,

the prying force in the column base plate connection decreases.
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5.6. Effect of Stiffener Shape on the Moment-Rotation Curves

Two shapes of stiffeners, rectangular and triangular, with different heights were considered. Table 7 shows the results
of the maximum von Mises stresses for these two types of stiffeners.

Table 7. Effect of stiffener shape on its maximum von Mises stresses

Shape of stiffener b (mm)  h (mm) t(mm) maf 3::1p;/:issseesdsilt'iefsfse IEl‘\E’lI.Pa) max vzfln;’i:::sti:tf:gesr(MPa)

Rectangular 90 50 8 349 311
90 100 8 293 243
h 90 150 8 298 238
lZ] 90 200 8 300 234

<> "t

b
Triangular

90 50 8 306 298
h 90 100 8 262 257
s M 90 150 8 272 240
ﬁ ' 90 200 8 281 262

Figure 30 shows the variation of the maximum von Mises stress as a function of the height of the compressed stiffener.
The curve obtained shows that the concentration of the maximum von Mises stresses is higher in the rectangular stiffener.
In addition, the maximum von Mises stress is greater for a small height (h = 50 mm), whether for the triangular or
rectangular stiffener.
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Figure 30. Maximum von Mises stress in the compressed stiffener
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Figure 31. Maximum von Mises stress in the tensile stiffener

Figures 32 to 35 show the variation of the von Mises stresses in the rectangular and triangular stiffeners with similar
dimensions (8 x 90 x 100) mm, in the tension and compressed zones. The stresses in the upper triangular part of the
rectangular stiffener are very low. However, the stresses are almost uniform for the triangular stiffener. This allows
saying that the upper triangular part of the rectangular stiffener is not efficient and can be removed to save material.
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Figure 32. Von Mises stress in the triangular stiffener in tension zone (dimensions: 8 x 90 x 100 mm)
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Figure 33. Von Mises stress in the rectangular stiffener in tension zone (dimensions: 8 x 90 x 100 mm)
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Figure 34. Von Mises stress in the triangular stiffener in compressed zone (dimensions: 8 x 90 x 100 mm)
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Figure 35. Von Mises stress in the rectangular stiffener in compressed zone (dimensions: 8 x 90 x 100 mm)
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6. Conclusions

This research work aimed primarily to analyze the behaviour of a column base connection subjected to a compressive
force and a bending moment. For this, a 3D numerical model was developed under the ANSY'S code while considering
the material nonlinearity, possible instability, and contact effect.

The results of the finite element model have been validated by the existing experimental results and compared with
the analytical calculations given by the EC3 formulations considering the moment-rotation curves and the failure modes.
The proposed numerical model can be considered accurate and can provide satisfactory results for the analysis of the
behaviour of connections provided with stiffeners. The finite element model takes into account the different geometries
and material non-linearities. Moreover, it allows representing the elasto-plastic behaviour and the instabilities of the
connections, by applying a bending moment and a compressive force. The prestressing force in the anchor rods and the
contact effect between the different elements are also taken into consideration.

The numerical modelling results, which have been validated against the experimental and compared with the
analytical results given by the EC3, show that the proposed model can provide a lot of information about stresses and
displacements of the anchor rods, the prestressing effect, and prying forces, which are usually difficult to obtain through
experimental measurement.

Moreover, it was shown that the effect of each component of the connection on the stiffness and resistance of the
column base depends on the combination of the applied loads (N, M). It was also observed that the anchor rods are
stressed not only by normal tensile forces, as usually considered in design, but also by a local bending moment. This
moment needs to be taken into consideration in the anchor rod resistance because the local moment strongly anticipates
the anchor rod failure. Further, the prestressing in the anchor rods has a significant role on the initial stiffness of the
column base connection.

Stiffeners have a very important impact on the stiffness and bending resistance of the column base connections. A
parametric study revealed that increasing the height of the stiffeners increases the stiffness and bending resistance. In
addition, it was shown that the stiffeners change the position of the compression center and reduce the prying force in
the column base connection, contributing thus to improve its mechanical parameters. In addition, it was also found that
the triangular stiffener is more efficient and more economical than the rectangular one. Consequently, the findings allow

us to conclude that the stiffeners improve the overall performance of the column bases in stiffness and strength. 7.
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