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Abstract: 4 finite element analysis is presented to simulate the behavior of push-
off specimens under direct shear. The model incorporates the materzal parameters
for reinforcement and the concrete matrix reinforced with carbon fibers. The
experimental results available in the literature were used to validate the numerical
results. Design equations according to the shear-friction concept reported by the
ACI code were revised for sand-lightweight carbon fiber concrete. A more rational
design equation was proposed for this type of concrete. 2
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Introduction: ,

Shear failures in reinforced concrete members have an abrupt nature and due to
the difficulty in formulating reliable mechanical analyses of shear behavior, research
efforts concentrated on predicting the collapse load, usually on an empirical basis.
Applications exist where direct shear transfer failures rather that diagonal tension
failures are appropriate to consider as in case of an existing or a potential crack, an
interface between concretes cast at different times, an interface between concrete and
a dissimilar material and connections in precast constructions. The shear-friction
concept provides a convenient tool for direct shear design. The approach is to assume
that a crack has formed at an expected location. As slip begins to occur along the
crack, the roughness of the crack surface forces the opposing faces of the crack to
separate. This separation is resisted by the reinforcement across the crack. At ultimate,
the separation is sufficient to stress the reinforcement to yield and thus, a clamping
force Arfyis generated across the crack. The shearing force is thus resisted by friction
along the crack faces, aggregate interlock, and possibly dowel action [1].
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The amount of load transferred by dowel action was found to depend' on the
amount and distribution of reinforcement and the relative movement of the crack
surfaces [2]. On the other hand, the load percentage transferred by friction and
aggregate interlock depends on crack width, bond effectiveness, and reinforcement
anchorage [3,4,5].

Carbon fiber reinforced concrete is a structural materials that is gaining an
importance due to the decrease in carbon fiber cost and the increasing demand of
superior structural and functional properties. Research conducted so far with large
steel fibers (20 to 60 mm in length and about 0.3 to 1.0 mm in diameter) indicated that
while toughness improvements were significant, tensile strength of the composite was
not greatly different from that of the host matrix [11]. Tensile failure is caused by the
progressive extension of distributed micro-cracks that eventually coalesce into macro-
cracks. Large steel fibers are too far apart to arrest or modify these micro-cracks. For
an improvement in the tensile strength, extremely fine fibers (<25um) are needed.
Carbon fibers, satisfying this requirement, also offer many advantages over other fiber
types (steel, polypropylene, glass, etc.) such as finishability, thermal resistance,
weatherability, no rust stain problems, the possibility of accelerated curing at elevated
temperatures without degrading the fibers [12] and long-term chemical stability in
aggressive environments.

This research aims to investigate the possibility of simulating the behavior of
push-off specimens cast with Carbon Fiber Reinforced Concrete (CFRC) by Finite
element modeling to predict ultimate shear transfer capacity as well as the failure
mechanism. For this purpose important parameters related to the generation of the FE
mesh should be considered. For instant, the ultimate load computation is influenced by
the type of the element, while computation of failure mechanisms in softening materials
is affected by both the type of the element and how the elements are arranged to form
the FE mesh. Also, finite elements tend to diffuse sharp gradients and discontinuities
such as shear bands over elements. Sometimes, the result makes it difficult to identify
the failure mechanism and gives a less. fragile load-displacement response with an
ultimate load that can be higher than the real, which means that the prediction gives
over-conservative results. The results of the analytical experiments by Pastro et al. [6]
indicated the convenience of using a mesh of simple triangles aligned following the
direction of the shear band and having a width small enough to provide adequate
resolution of the band. These important guidelines considering the element type, size,
and alignment were successfully adopted in the current research.
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Theoretical basis of shear-friction design ,

The shear-friction concept assumes that a shear ¢réck can be formed in an
unfavorable location despite the relatively high strength of concrete in direct shear and
that reinforcement must be provided across the crack to resist relative displacement.
The shear-friction design method according to the ACI building code [7] assumes that
all the shear resistance is due to friction between the crack faces. When the
reinforcement is normal to the shear plane, The nominal shear strength V, is given by

Vo=phu (1)
but not greater than 0.2 7. nor 5.6 MPa. Appropriate values for the coefficient of friction
u are used, depending on the nature of the interface, so that the estimated strength will
be in good agreement with test results. For normal weight concrete, the coefficient of
friction takes a value of 1.4 for monolithically cast concrete. This value is reduced by a
factor of 0.85 for sand-lightweight concrete. The above equation results in a
conservative prediction of the shear-transfer strength. Based on test results, Mattock
[8,9] showed that when the reinforcement is normal to the shear plane, the shear
strength could be better expressed as

Vo= 0.8pf, +K )
the second term K represents the influence of the dowel action and aggregate interiock
and takes values of 2.8 and 1.75 MPa for normal and sand-lightweight concrete,
respectively. The shear strength should not be more than 0.3 f;, for normal strength
concrete and not more than 0.2 f; nor 7.0 MPa for sand-lightweight concrete.
Specifying an upper limit on the shear-transfer strength effectively limits the amount of
maximum reinforcement.

Shear transfer capacity of normal weight concrete was found to be consistently
higher than that of lightweight concrete for the same amount of reinforcement and
approximately the same compressive strength. Tﬁis was attributed to the observation
| that bond strength between the mortar and aggrégate paﬁicles is usually greater than
the tensile strength of the aggregate particles [10]. Therefore, the cracks propagate

through the aggregate particles instead of around them resulting in more relative
movement about the interface and smaller shear transfer capacity.

Research Significance:

As the ACI building code does not address the shear properties of CFRC and
design equations are needed to predict the shear transfer capacity of this type of
concrete, a comprehensive analysis is needed because of the complicated nature of
shear failures. A finite element analysis is presented in this research to investigate the
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behavior of RC push-off specimens. The argument that the influence of different CF
contents on the shear behavior can be simulated by applying the mechanical properties
of the corresponding concrete mixes was examined. Three mechanical properties, the
cylinder compressive strength, splitting tensile strength, and modulus of elasticity were
applied attempting to introduce the influence of CF content on the shear behavior. The
mechanical properties and test results reported in a recent research [13] for sand-
lightweight CFRC specimens were used to verify the capability of the proposed
analysis to predict the shear behavior in terms of ultimate loads, displacements, and

failure mechanisms.

Concrete and reinforcing steel material models:

The SBETA constitutive model [14,15] was applied to simulate the behavior of
concrete. The model is rather simple to use as only the cube compressive strength is
needed to define the material parameters. Automatic generation of the values of these
parameters is done according to the formulas provided by the CEB-FIP Model Code 90
[16] and other research sources [15]. However, typical values for the cylinder
compressive strength f7, splitting tensile strength £, and modulus of elasticity £ were
explicitly defined. The adopted values of these parameters for ordinary concrete and
CFRC mixes are given in Table (1).

Table (1): Mechanical properties for cylinder samples
with different carbon fiber contents (MPa)

CF.,% e fet i
0.00 47.0 3,37 29073
0.50 35.1 3.30 221 53
1.00 22.8 297 179 07
1.25 13.3 2.04 131 32

The main features of the concrete material model included a non-linear behavior
in compression with hardening and softening. Softening in compression is modeled by
linearly descending branch based on dissipated energy. Modeling of concrete fracture
in tension is based on the non-linear fracture mechanics. A fictitious crack model based
on fracture energy and a crack opening low is used in combination with the crack band
concept for convenient modeling of crack propagation in concrete. The shape of the
crack-opening law and fracture energy are both defined as material properties. The
use of fictitious tension plane model according to the crack band theory and an
analogous one for modeling compression failure provide a convenient formulation to
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eliminate the two deficiencies due to element size and element orientation effects.
Cracked or crushed concrete is treated as an orthotropic material. The smeared crack
model in which several parallel fissures are assumed to be evenly distributed
throughout the material volume is adopted in the current analysis, by introducing
orthotropy in the material constitutive model. Along with this model, the fixed crack
approach [14] is adopted assuming that the crack direction is given by the principle
stress direction at the moment of crack initiation. During higher loading levels this.
direction is fixed and represents the material axis of orthotropy. Other features of the
concrete material model included the use of reduction factors for the cpmpressive;
strength and shear stiffness upon cracking. More details about the concrete material.
model can be found in [15].

The steel reinforcement was modeled as an elastic perfectly-plastic material and
the reinforcing bars were modeled by truss elements as discrete bars with a uniaxial
stress state. The concrete material model allowed for a rational simulation of the
tension stiffening effect that refers to the contribution of cracked concrete to the tensile
stiffness of reinforcing bars by proper modeling of discrete reinforcement and cracking
in the surrounding concrete. An accurate analysis is thus possible by avoiding the
overestimation of this effect associated with the traditional entry of an explicit tension
stiffening factor in material models.
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Fig. (1): Push-off RC specimen
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Finite element modeling:

The FE model simulated the specimens tested by El-Mokadem ['1'3]. The
specimens were of the push-off type as shown in Fig. (1) with dimensions of
127x305x559 mm with two gaps to create the shear plane. When loaded as indicated,
direct shear was produced on the shear plane (127x254 mm). The reinforcement
crossing the shear plane was in the form of closed stirrups made of #3 bars (area =
70.88 mm? and f, = 442 MPa) and thus, the reinforcement ratios for one, two, and three
stirrups were 0.44, 0.88, and 1.32 percent of the shear plane area, respectively. The
two cantilevers were reinforced with #5 bars with an L shape to insure integrity of the
specimen to resist flexural failure in the cantilevers.

(A) (B)

Fig. (2): (A) 2D area represeriting the test specimen, (B) FE mesh, and (C)
reiﬁforcep!ent layout.

For the FE analysis, a Mo—dimené;‘onal plane stress idealization of the problem
was considered. A fine uniform mesh wi'fh an element size of 25 mm was prescribed
throughout the concrete specimen represented by a closed area. A simple 3-noded
isoparametric triangular element integrated by Gauss integration at one point was used
for meshing this area. The test set-up, was simulated by applying the load through a
rigid steel plate (50x100x305 mm) rebresented by an elastic isotropic material and
meshed using 4-noded quadrilateral elements. The generated mesh is shown in Fig.
(2.b). After the mesh was generated, the reinforcement bars were described and
superposed over it. The discrete bars are then meshed by locating the intersections
with the elements of the concrete body. This flexible representation allows for a free
layout of the reinforcement independent of the underlying mesh. Vertical and horizontal
displacements were restricted at the base of the specimen, while the load was applied
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by prescﬁbing vertical displacement at the middle point on top of the loading plate.
Thus, the applied load would always be vertical while the top face of the test specimen
rotated freely. To determine the maximum load-carrying capacity of the modeled
specimens the FE solution should be capable of tracing the structural response in the
post-peak regime. The Newton-Raphson solution method is sufficient for this purpose
as displacement control is used for loading. To speed up convergence of the solution,
the full Newton-Raphson method in which the tangent stiffness is updated in each
iteration was adopted. The advanced line search technique was also used to
automatically adjust the speed of the analysis according to the non-linearity of the

response.

Analysis and discussions:

The experimental results summarized in Table (1) shows a continuous reduction
in the compressive strength as the CF content increased. This reduction was due to an
increase in the w/c ratio to maintain a specified degree of workability. However, the
tensile strength considerably increased, as a percentage of the corresponding
compressive strength, as the CF content increased. The shear behavior of 12 push-off
specimens was analyzed. The analytical results were obtained for specimens with 1, 2
and three stirrups crossing the shear plane and CF contents of 0.0, 0.5, 1.0 and 1.25
percent of the total volume of the mix.

The analytical values for ultimate shear transfer strength, V), are shown in Table
(2) along with the corresponding experimental values [13]. The ultimate shear strength
is computed as a nominal stress by dividing the maximum shear load over the shear
plane area. It can be seen that the shear capacity increased with the increase of the
shear reinforcement ratio and decreased as the CF content increased as a result of the
significant decrease in concrete compressive strength.

Slip and separation were experimentally measured [13] by monitoring the relative
displacements at two points located at the middle of the specimen height and each 25
mm apart from the shear plane. The analytical values of slip and separation at peak
loads along with the corresponding experimental values are given in Tables (3). The
analytical values were averaged with an accuracy of 0.05 mm providing a reasonable
estimate of both slip and separation. For a given FC content, slip and separation at
peak load increased with the increase in the shear reinforcement crossing the shear
plane. As the load increased, the reinforcement stretched allowing the formation of
more cracks before the peak load is reached. For the same reinforcement ratio, the
value of slip and separation at the peak load increased with the increase of CF content.
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The presence of CF provided a similar behavior as shear reinforcement by-bridging
over the cracks, allowing the shear load to distribute over a larger area of concrete and
incfeésing aggregate interlock capacity. The value of separation was higher than the
associated slip in all specimens.

Table (2): Average maximum shear resisted by push-off specimens (MPa)

Reinforcement Ratio (p), %

CF.,%
0.44 0.88 1.32
0.00 9.34 (10.67) 10.18 (10.96) 10.94 (11.17)
0.50 8.16 (7.51) 8.74 (9.83) 9.38 (9.97)
1.00 6.87 (5.13) 6.91 (6.60) 7.44 (6.25)
‘ 1.25 471 (3.62) 4.87 (5.16)

5.7(6.11)

() Experimental results [13]

Table (3): slip & separation at maximum load (rhm)

Reinforcement Ratio (p), %

CF.,%
0.44 0.88 1.32

0.00 (slip) 0.05 (0.058) 0.15 (0.132) 0.15 (0.140)
(separation)  0.20 (0.193) 0.20 (0.218) 0.30 (0.254)
0.50 0.25 (0.287) 0.30 (0.292) 0.30 (0.300)
0.40 (0.353) 0.40 (0.386) 0.40 (0.427)

1.00 0.30:(0.333) 0.40 (0.368) 0.40 (0.396)
0.40 (0.376) 0.50 (0.445) 0.50 (0.488)

123 0.40 (0.384) 0.45 (0.400) 0.50 (0.414)
0.40 (0.389) 0.45 (0.422) 0.55 (0.498)

(" ) Experimental results [13]

The generai behavior of the 12 specimens was similar in that no significant slip or
separation occurred until the formétion of tension cracks in the shear plane region.
Crackmg loads correspondlng to a cracking width of 0.05 mm, were in the range 60 to
70 percent of the correspondlng ultimate loads. The mltlal cracks were inclined at 10 to
25° to the shear plane. As the Ioad increased, more cracks developed and the
inclination angle increased from 25 to 45° as the load approached peak load as can be
séen iHFig‘ (3). Generally, the number of cracks at peak load increased as the
number of stlrrups crossing the shear plane increased. Also, more cracks developed at
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peak loads as the CF content increased, while the cracking width was found to
decrease as the CF content increased. Fig. (3) also demonstrates the distribution of

tensile stresses in the reinforcement at three stages, before cracking, at cracking and
at peak load for a specimen with one stirrup crossing the shear plane. The distribution
clearly demonstrates the tension stiffening effect. When a crack opens to such an
extent that concrete has no stiffness, the reinforcement takes up the tension previously
carried by concrete which causes a localized increase in the tensile stress at the crack
[ location.

Table (4): Maximum tensile stress in the reinforcement / yield load

Reinforcement ratio (p)

CF.,%
0.44 0.88 1.32
0.00 U/1.00/L* 0.73/M/0.80 0.50/0.70/0.53
0.50 -~ U/1.00/L 0.65/M/0.72 0.46/0.63/0.50
1.00 U/1.00/L 0.57/M/0.64 0.39/0.53/0.46
1.25 U/087/L 0.52/M/0.49 0.31/0.38 /0.30‘ J

* U: Upper rebar M: Middle rebar L: Lower rebar

0.35f,

Fig. (3): Cracking pattern at different loading stages

Table (4) shows the numerical values for the maximum tensile stress developed
in the reinforcement across the shear plane as a fraction of the yield stress. It can be
noticed that the stress developed in the shear reinforcement was quite below the yield
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point in nine specimens. The stress level decreased with the increase in the
reinforcement ratio and reduction in the compressive strength as the CF content
increased. Moreover, the more consistent numerical results in Table (2) shows only a
marginal increase in the shear strength capacity as the reinforcement ratiq increased,
obviously due to low tensile stress levels in the shear reinforcement. This argument
shows that the statement that the separation at the ultimate load is sufficient to stress
the reinforcement to yield was not always satisfied within the scope of the available
results. Numerical experiments were conducted to examine the satisfaction of this
requirement applying Equation (2). Adopting an upper limit of 5.6 MPa (800 Psi) for the
shear strength, Equation (2) yielded reinforcement ratios higher than required. The
numerical results showed that the yield criterion is met for sand-lightweight CFRC by
modifying Equation (2) to
Vo=1.1pf, +2.8 3)

but not greater than 0.2 f, nor 5.6 MPa. The increase in the coefficient of friction (0.8
increased to 1.1) and the parameter K (1.75 increased to 2.8) is rational due to the
action of carbon fibers leading to an improved shear behavior. Fig. (4) is a plot of
Equations (1, 2 and 3) versus the discrete numerical and experimental result showing
the adequacy of the proposed equation. It 'worth noting that the proposed formula
should also be valid for CFRC mixes of higher compressive strength achieved by
keeping w/c ratios fixed and using water reducers to improve the workability due to the
expected increase in the tensile stress level.

(f%z= 3000 Psi)
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Fig.(4): Shear-friction design equations
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Conclusions:

This paper presents a FE analysis for predicting the direct shear transfer
capacity provided by sand-lightweight CFRC. The analytical results were verified by
experimental results provided by push-off specimens. The analytical model predicted
the direct shear behavior of these specimens quite well in terms of ultimate capacity,
displacements and failure mechanism. It was verified that the influence of different CF
contents on the direct shear behavior can be simulated by applying the mechanical
properties of the corresponding concrete mix in terms of the cylinder compressive
strength, splitting tensile strength, and modulus of elasticity. The analysis shows that a
reasonably fine uniform mesh of simple 3-noded isoparametric triangular elements was
convenient for adequate results. A conservative yet more rational design equation is
proposed under the general requirements of the ACI code to compute the nominal
shear-friction strength for sand-lightweight CFRC.
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Notation and symbols

A:. = area of concrete section resisting shear transfer, mm?

Ar = area of shear friction reinforcement, mm?

f. = specified compressive strength of concrete, MPa b
f, = specified yield stress of reinforcement, MPa

P, = ultimate shear load, N

Vs =nominal shear strength, MPa

P = reinforcement ratio, A/ A.

y7i

= coefficient of friction
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