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Abstract

The behavior of slurry-infiltrated fiber concrete (SIFCON) Vierendeel trusses under the
applied load by employing numerical analyses for the studied trusses is the aim of this paper.
The nonlinear behavior of such trusses have been investigated using the finite element
software ABAQUS. A finite element model of three dimensions has been used. The structural
behaviour is presented in terms of ultimate load, crack pattern and deflection. The numerical
results show that the simulated numerical behavior has a good agreement with the
experimental results of the pervious tested specimens and the failure mode similar to that
recorded in the experimental test. It was found that when the openings are present, the usual
flow of stresses is disrupted or interrupted, which causes stress concentration and early
cracking in the area of the opening.

Keywords: SIFCON, ABAQUS, Vierendeel Truss, ultimate load, crack pattern.
Introduction

A number of rectangular or trapezoidal panels missing the diagonal elements making up a
Vierendeel (girder) truss. Instead of the typical triangular voids used in pin joints, these
trusses use rectangular openings with rigid connections between the parts.

Vierendeel truss is easier to shape and place, has simple details due to the small number of
members at a joint, and can be pre-cast or cast in place. It also has aesthetic qualities. The
various types of Vierendeel trusses used in practice are displayed in Figure 1 [1].
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Figure 1: Types of Vierendeel trusses
Pararmasiveam(1980)[2], studied the analysis of Vierendeel frames under anti symmetrical
loading by reducing them to that of open frames. The slope-shear equation concept was
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presented. This concept resulting in a simpler solution, because the shear force in the chord
parts is statically determinant, which is an important property. Since the sum of external loads
above a column’s section determines its shear at any given point. In this situation, it is more
practical to formulate slope-shear equations, which express the member's end moment in
terms of the member's end slope and shear. Since the deflection is not known these
approaches are preferred to the slope deflection equation.
Alwash (1995)[3], proposed a general nonlinear stiffness method for the analysis of
reinforced concrete frames. Then, this manner was utilized for the analysis of reinforced
concrete Vierendeel trusses, where different parameters were included. These parameters
combined the effects of geometric nonlinearity, shear, material nonlinearity moment-axial
force interaction, unloading and element end rigidity. Experimentally, three models of
reinforced concrete Vierendeel trusses of different shapes and dimensions were casted and
tested up to failure. The results were compared with those obtained theoretically by the
proposed method. It was found that the proposed methods were efficient for modeling such
structures.
Shuber (1996) [4], proposed a method for analysis of parallel chords Vierendeel trusses with
rigid ended vertical members. This method included derivation of three general equations
representing the relation between the redundant unknown (moment, shear and axial forces) at
the center of the panel. The solution of the derived equations was accomplished by using
successive approximations (Gauss Sedil). Several Vierendeel trusses were analyzed with
varying number of panels, load case and member dimensions to show the accuracy of the
proposed method.
Geometry of specimens
The properties of the numerical simulated models are based on the previously tested
specimens [5]. The dimensions of all models have 1350 , 250 for length width, respectively.
Table 1: Properties of the Specimens

‘| Group | Specimen | Void Void ratio | Thickness Schematic diagram
No. designation | shape V.voids
V.total mm
Control | VS0.4T60 | Square 0.4 60 oM En
|:| D |:’ |:| 160}nn1250mm
I VVC0.4T60 | Circle 0.4 60 “%’emmmm
VT0.4T60 | Triangle |0.4 60 =
¥
130‘11“20
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Finite element

It is advised that concrete be represented with an eight-nodded linear 3D brick solid element
with reduced integration (C3D8R) in order to simulate the actual behavior of specimens [6]
as shown in Figure 2. For a wide range of applications, this element type offers reliable
solutions. Eight nodes with three degrees of freedom are present in each 3D solid element. It
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is applicable to both linear and complex non-linear analyses including contact, plasticity, and
big deformations. Similar to Vierendeel truss, The steel plates were modeled using the three-
dimensional solid element (C3D8R) in both the loading and supporting positions.
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Figure 2: C3D8R element used in in ABAQUS[7].

Concrete Damaged Plasticity in ABAQUS

All structural kinds of reinforced or unreinforced concrete as well as other quasi-brittle
materials subjected to monotonic, cyclic, or dynamic loads can be modeled using concrete
damaged plasticity. This model is based on a linked damage plasticity theory, and Lubliner et
al.'s proposed vyield surface drives the multi-axial behavior of concrete in the damaged
plasticity model [8]. In this concept, the two basic failure mechanisms for concrete are tensile
cracking and compressive crushing. Additionally, this model takes into account material
degradation for both tension and compression behavior. By defining the tensile damage
parameter (dt) and compressive damage parameter (dc), two scalar parameters for concrete
degradation under cyclic and dynamic loadings are taken into consideration.

Uniaxial Behavior of Concrete

Stress Strain Curve of SIFCON in Compression
The following model developed by ( Homrich and Naaman) [9]was successfully used in
obtaining the behavior of SIFCON in direct uniaxial compression.

621 828 103.5 124

STRESS (MPa)

SIFCON Hooked Fibers
Compression Test

20.7 414

0.0 2.0 4.0 6.0 8.0 10.0

STRAIN (%)

Figure 3: Stress Strain Curve for Compression[9]
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¢ Ascending Branch

An equation of the following form was used to simulate the ascending branch of SIFCON's

stress-strain compression curve:
f=F .

Where:
f - compressive stress (MPa)
fo - maximum compressive stress(MPa)
€ - strain
& - strain at maximum stress
A=FE¢&/fe
E, the initial tangent modulus, is calculable using the law of mixture:
E = ylvafibers o (1 0 Vf)Eslurry
Where:
V; - fiber's volume fraction
y1- factor often taken to be 1 for compressive loading
Efibers' 206842 MPa
Egturry- 6894 MPa
the strain at peak stress, &.,can be determined:
& = Emitiat T K1Vrl/® 4)
Where:
Emitial - 0.005
K;- 0.00138
[ - fiber length (mm)
@ - fiber diameter (mm)
e Descending Branch

(2)

©)

An equation of the following form was used to simulate the descending branch of SIFCON's

stress-strain compression curve:

f= (f — f,))Exp[—b(e — &)™] + (5)
m=[1+ 1n[2:—‘1}’i]-1 (6)
b=[==](s — &)™ @)

foi - post peak plateau stress (MPa)
fo - peak stress (MPa)
fi - stress at post peak inflection point (MPa)
& - strain at peak stress
&; - strain at post peak inflection point
b, m - controlling parameters to be determined
for = Vel/O(K3q + K32\/ﬁ) (8)
Ks1 - 1.38 MPa for hooked fibers
K32 - 0.055 MPa for all types of fiber
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Stress-Displacement Curve of SIFCON in Tension

0]
N
TN
2 8
(72}
g 2
5 L |
SIFCON
o Tension Test
o
1 | | ‘
00 0025 0.05 0.075 0.1 0.125
DISPLACEMENT (mm)
Figure 4: Stress Displacement Curve for Tension [9]
f= for[Exp(=b(8)™) — c(8)] (9)
1 m
c=2Exp|-b(3) | (10)
m-—1
b= i

m = (12)

i

Where:

f - tensile stress (MPa)

for- maximum tensile stress= f,/3 (MPa)
fit - tensile stress at inflection point = 0.6f-,(MPa)

&- tensile crack displacement (mm)

8- crack displacement at inflection point =0.01Vy [? /@ (mm)

Concrete Damaged Plasticity Parameters in Triaxial Loading State

A collection of five parameters is needed to fully characterize the plastic behavior of concrete
when using the equation for triaxial stress as input to the finite element program ABAQUS;
P, Dilation angle: the failure surface's inclination to the hydrostatic axis as measured in the
meridian plane. Physically, the dilation angle is understood as the internal friction angle of
the concrete. Its maximum value is equal to 56.3°, while its minimum value is quite near to
0°[10]. By putting geometry through many tries in an effort to achieve suitable failure that is
consistent with the recorded experimental failure mechanism, the value of dilation angle was
taken as (40°) for all specimens.

€ . The plastic potential eccentricity, which is a small positive number, expresses the rate
that the plastic potential hyperbola approaches its asymptote. the ratio of Tensile strength to
compressive strength can be used to calculate it. It is recommended to assume € = 0.1 in the
CDP model [10].

FbO/fcO: is the ratio of the initial uniaxial and equiaxial compressive yield stresses [10]. In
ABAQUS, the default value is 1.16.
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K: is, for any specified value of the pressure invariant at initial yield, the ratio of the second
stress invariant in the tensile meridian to the compressive meridian. It is (0.5< Kc<l)and is
used to describe the multi-axial behavior of concrete.[10]. In ABAQUS, the default value is
(0.667).

u: is the parameter for viscosity. The ABAQUS/Explicit analysis is unaffected, although it
does help an ABAQUS/Standard analysis converge. According to (Malm)[11] u=10-7 is
advised because the characteristic time increment should be small.

Steel Plate Model Properties

The equation below, with solid elements for all models, was used to represent the steel plates
using an isotropic linear elastic material. The loading and supporting plate material is chosen
with the premise that big deformations or stress singularities in the plates won't cause
problems

fs=Eses (MPa), es<¢ (13)

Model Geometry and Boundary Conditions

To provide a precise approximation of the general behavior and failure mode for SIFCON
Vierendeel specimens, 3D simulations were carried out. By considering symmetry of the
specimens, only one quarter of the specimens were used for the simulations. Figure 5
provides a 3D view of the FE model's geometry that was created for the control truss. The
truss's X-axis runs parallel to its longitudinal axis, and its cross section is represented in the
Y-Z plane.

Y
z.l‘x

Figure 5: 3D view of the Vierendeel truss F.E. model

The "mechanical fraction" option is used for connecting steel plates to the specimen in both
the loading and supporting positions, with a frictional coefficient of 0.3[12].

The specimen is only simply supported, thus it features a hinge in one of its ends that restricts
translations in the x- and y-directions. Additionally, simple support restraint translation in the
y-directions is imposed at the other end. On a line drawn across the center of the steel plates,
the real constraints are inserted along the specimen's width.

Two symmetry planes are taken into consideration because commercial FE software can be
highly time-intensive. The first one is placed in the center of the specimen along its width. An
X-axis constraint is taken into consideration for this symmetry plane. In addition, a second
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plane is taken into account along the length, and in this plane, the translation along the z-axis
IS restricted.

Figure 6 gives details regarding the typical boundary conditions of the specimens used for the

simulations.

Displacement load

Y-Z symmetry plane

Ux=URy=URz=0

Y
ZJ
x

Roller support

Uy=0

Y-X symmetry plane

Uz=URx=URy=0

Figure 6: Typical applied load and boundary conditions of modeled trusses

The small size element increases the accuracy of the results of the finite element, therefore,
the mesh size was taken 5mm, which give a reasonable result at the accepted time of analysis.

Figure 7: Typical mesh applied for the specimens
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Results and Discussion

For all tested specimens, the finite element analysis results produced by the ABAQUS
program have been compared with the pervious results of the experimental [5].

Table 3: Experimental and Numerical Results for all specimens

Max.
Ultimate load (KN) Pu)Num ~Pu)EXP Ay)Num —Au)EXp
. Pu)EXP Deflection(mm) Aw)Exp
Specimens
% %
pu)EXP pu)Num Au)EXP Au)Num
VS0.4T60 38 38 0 6.74 6.82 1.2
VC0.4T60 42 41 -2 5.57 4.4 -21
VTO0.4T60 34 36 5.88 4.51 == -21.9
VS0.6T60 15 15 0 10.82 7.81 -27.8
VS0.2T60 53 54 1.89 4.65 3.57 -23.2
VSO0T60 95 101 6.32 5.57 6.4 14.9
VS0.4T40 20 22 10 6.62 6.81 2.8
VS0.4T80 49 52 6.12 7.93 7.15 -9.8
Average +3.5% -10.6%

Load - Deflection Response

The relationship between load and deflection represents the behavior of the investigated
members along the period of the loading history. The FEM's prediction of the load-mid span
deflection was in good agreement with the experimental data. But compared to the similar
responses from the experiments, it showed stiffer responses. There may be a variety of causes
for greater stiffness in FEM. In the case of the experiments, the primary cause is the
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development of microcracks gained on by dry shrinkage, the handling of concrete,
environmental factors, and so on. Such micro cracks are not simulated by FEM[13].

VS0.4T60 VC0.4T60
45 45
40 40 N P
35 = . — X \
30 / 30 / / \
Z 25 / / FRE / / \
=) / / —Exp. E 0 // // —FExp
E 15 / / —EA 15 / / —FEA
/4 .
¥/, 77
’ . . . 1 4 ’ 0 1 2 3 4 5 6 7 8
; Deflection(mm) Deflection(mm)
V10.4T60 VS0.6T60
a0 18
35 — 16
~ N\ 14 Pl e
“zs / / \ \ =12 // // \-‘.,
£ /7 ~ g 7 7
320 — R —Exp
8 / / 8 / /
15 . .
10 / / ——FEA . ]/ FEA
VAV /4
' 1 2 3 4 5 6 7 i 0 2 4 6 8 0 12 14 16
Deflection{mm) Deflectionmm])
VS50.2T60 VS0T60
60 120
TN
50 100 —
) / / b \ 80 /’—\
¢ / ¢ i
e 3 | .
I} e E —F R
20 // —FEA w0 // —FEA
10 20
0 0
1 2 3 4 5 5 7 0 1 2 3 4 5 6 7 8
Deflection{mm) Deflection{mm)
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Figure 8: Experimental and numerical load-mid span deflection curves for specimens
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Figure 9: Profile of deflected shape from ABAQUS program for specimens (VS0.4T60,
VCO0.4T60, VT0.4T60, VS0.6T60, VS0.2T60, VSOT6E0, VS0.4T40, VS0.4T80)

Stress Behavior at Ultimate Load

respectively.

Figure 10 shows the stress (6 max principal) distribution at ultimate load for the specimens.
As shown in Figure, a portion from the compression area was cut off by the presence of the
openings and leading to stresses concentrated at its sides. This is the main reason for the

reduction in the ultimate load compared with the solid specimen.
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Figure 10: Stresses (6 max principal) distribution of FEM at ultimate load for
specimens (VS0.4T60, VC0.4T60, VT0.4T60, VS0.6T60, VS0.2T60, VSOT60, VS0.4T40,

VS0.4T80) respectively.

Crack Pattern and Modes of Failure

Crack patterns in concrete at failure stages of the tested specimens which obtained by
ABAQUS can show in Figure 11 to Figure 18. By comparing between them, can noticed
acceptable match between experimental and theoretical results.
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Figure 11: Cracking patterns of FEM versus experimental study for VS0.4T60
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Figure 12: Cracking patterns of FEM versus experimental study for VC0.4T60
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Figure 13: Cracking patterns of FEM versus experimental study for VT0.4T60
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Figure 14: Cracking patterns of FEM versus experimental study for VS0.6T60
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Figure 15: Cracking patterns of FEM versus experimental study for VS0.2T60

DAMAGET

(Avg: 75%)

+2.558e-01
+2.345e-01
+2.131e-01
+1.918e-01
+1.705e-01
+— +1.492e-01
+— +1.279e-01
+1.066e-01
+8.526e-02
+6.394e-02
+4.263e-02
+2.131e-02
+0.000e+00

Figure 16:Cracking patterns of FEM versus experimental study for VSOT60
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Figure 17:Cracking patterns of FEM versus experimental study for VS0.4T40
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Figure 18:Cracking patterns of FEM versus experimental study for VS0.4T80

Conclusions

In this study, numerical analysis for number of Vierendeel specimens was performed and
verified with those specimens of experimental tests, which were conducted in a previous
study. The analysis results result in the following conclusion to be made:

e The CDP model-based 3D finite element analysis by ABAQUS package is valid for the
analysis of SIFCON Vierendeel trusses. The general response of load deflection curves, The
FEM predictions for the tested specimens' ultimate load and mid-span deflection were in
good agreement with the results of the experiments. The average difference in results was
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about 3.5% increase in ultimate loads and a 10.6% decrease in the maximum deflection at

ultimate loads. \on

e The crack-propagation patterns confirmed by FEM matched those observed in the o

experimental investigation rather closely. On the other hand, the specimens failed with a =

failure mode similar to that recorded in the experimental test. ‘3

¢ When the openings are present, the usual flow of stresses is disrupted or interrupted, which z

causes stress concentration and early cracking in the area of the opening. 4]
e Increasing openings size increased rate of decrease in the ultimate load.
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