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Abstract

A study on the behavior of reinforced high-strength concrete corbels is carried out
using nonlinear finite element analysis and a simplified softened strut-and-tie model. In the
numerical analysis, eight-node isoparametric plane stress elements are employed to model the
concrete material. An elastic-strain hardening plasticity approach combined with cracking
damage is used in modeling the concrete behavior. The reinforcing bars are treated as
embedded elements and are considered as elastic-perfectly plastic material. In the analytical
method, the analysis is based on truss analogy following the provisions of Appendix A of the
ACI 318-05 Code. Strength predictions of both methods correlate well with the 34 test results
of corbels available from the literature. It was concluded that the adopted finite element
model is a powerful tool for the analysis of such disturbed region. Also the simple truss
model used proved to be a suitable design tool for these members. The finite element method
can be used in conjunction with the truss analogy for optimum design.

Keywords: corbels; deep beams; finite element; non-flexural members; plasticity; shear
strength; strut-and-tie models.
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Introduction

Corbels are brackets that project from the face of columns and are used extensively in
precast concrete construction to support primary beams and girders. Because of the
prevalence of precast concrete, the design of corbels has become increasingly important. The
term “corbel” is generally restricted to cantilevers having shear span-depth ratio less than
unity. Such a small ratio causes the strength of corbels to often be controlled by shear, which
is similar to deep beams.

Corbels are designed mainly to provide the vertical reaction V, at the end of a
supported beam, but unless special precautions are taken to avoid horizontal forces caused by
restrained shrinkage, creep (in the case of prestressed beams), or temperature change, they
must also resist a horizontal force H,. Steel bearing plates or angles are generally used on the
top surface of the corbels to provide a uniform contact surface and to distribute the reaction.
A corresponding steel bearing plate or angle is usually provided at the lower corner of the
supported member. Even with Teflon or elastomeric bearing pads, frictional forces will
develop due to volumetric change.

In tests, corbels display several modes of failure, the most common of which are
yielding of the tension reinforcement, crushing or splitting of the compression strut that
develops between the loading plate and the junction of the column and the sloping face of the
corbel, and localized bearing or shearing failure under the loading plate. Typically,
reinforcement for the corbel has consisted of primary tension steel, horizontal hoops, and
framing bars.

The researchers who conducted experimental studies using normal-strength concrete
[1-6] concluded that the shear strength is a function of: (1) Shear-span-to-depth ratio; (2)
reinforcement ratio; (3) concrete strength; and (4) the ratio of the horizontal to vertical
components of the applied loads. A minimum amount of horizontal stirrup reinforcement
must be provided to avoid diagonal tension failure. It was also reported that in most cases the
primary reinforcement steel yielded before failure. Based on these results, shear-span-to-depth
(a/d) and reinforcement ratios were chosen as the primary variables.

Increase in concrete strength can be expected to increase the shear strength of the
corbel. However, since high-strength concrete is typically more brittle than normal-strength
concrete, it should be ascertained that higher strength can be used without leading to
catastrophic brittle failure. Yielding of steel reinforcement prior to failure and extensive
cracking typically lead to ductile failure.

The researchers who conducted experimental studies using high-strength concrete [7-
10] concluded that the behavior of high-strength concrete corbels is similar to that of normal-
strength concrete corbels, and that the increase in concrete strength does not adversely affect
the ductility of the corbel provided that a nominal amount of stirrup reinforcement is used.

Research Significance

While a considerable amount of research has been performed on corbels in general,
little exists in conjunction with high-strength concrete. This paper presents numerical and
analytical investigations of the ultimate load capacity of corbels made of high-strength
concrete. Different parameters such as shear-span-to-depth ratio, primary reinforcement ratio,
secondary reinforcement ratio, and concrete compressive strength have been studied. The
study shows that the finite element method is a suitable tool for the analysis of high-strength
concrete corbels, and that the strut-and-tie model is a simple and effective design tool for such
disturbed member.
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Analysis Methods

1-Numerical Analysis

Nonlinear analysis is a very powerful tool that satisfies, at every load stage,
displacement compatibility and equilibrium. From the constitutive laws for concrete and steel,
the complete behavior of a structure can be predicted until collapse. However, such analysis
will generally require extensive use of computer procedures and enormous amount of data,
which in general, is not compatible with practicability and time demands. Nonlinear analysis
requires also the initial definition of geometry and reinforcement. Therefore it should be
regarded as an almost accurate tool to verify the safety of a structure for both service and
ultimate loads. A brief description of the nonlinear finite element model used in this study for
the analysis of corbels (disturbed region) made of high-strength concrete is presented here.

Model Description

Description of the highly complex behavior of concrete is a difficult task and to date
generally accepted constitutive equations do not exist. A variety of models have been
proposed to characterize the stress-strain relations and failure behavior of concrete material
under multi-axial stress states [11]. All these models have certain inherent advantages or
disadvantages, which depend to a large degree, on the particular application considered [12].
Details of the approach adopted here are given in Ref. [12] and only a brief summary is
provided here.

Experimental evidence indicates that the stress-strain relationship for concrete is
nonlinear even for low stress levels. The inelastic deformation may be separated into
recoverable and irrecoverable components. In the present model, elasticity theory is used for
the recoverable strain components and a strain-hardening plasticity approach is employed to
model the irrecoverable parts of the deformation.

Compressive Behavior of Concrete

Four conditions have to be established to be able to evaluate the nonlinear
compressive behavior of concrete, these are: the yield condition, the flow rule, the hardening
rule, and the crushing condition.

(a) The yield condition:

Under a triaxial stress state the yield criterion for concrete is generally assumed to be
dependent on the three stress invariants (11, J2, J3). A dependence of the yield function on the
mean normal stress invariant 1, and the shear stress invariant J, has proved to be adequate for
most practical applications [12]. The yield criterion adopted here is of such type [12], and can
be written as:

f(11,92)={B(3J2) + ali}*=0p  =remmmeemmmem e (1)

where o and  are two material parameters and oy is the equivalent effective stress. For plane
stress problems, I; and J, are given by [11]:

I1= oxt oy Jo= 1/3 {6+ 67y - Gyoy} + Ty

If Kupfer’s [13] results are employed (f,c = 1.16 f'c ), the material constants for plain concrete
are:  0=0.3550p; Pp=1355

This resulting yield criterion compared well with the experimental results of Kupfer et al. [13]
in biaxial stress space [12,14].
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This yield criterion can be used as the basis for an elastic-perfectly plastic model if o
is taken to be equal to the compressive strength, f 'c, obtained from uniaxial test. It is more
realistic to use a work-hardening model in which oy is a function of a hardening parameter. A
value of ¢ f’; defines a surface limiting the elastic behavior. A typical value of c is 0.30 [14].
When this surface is reached inelastic deformation begins and a hardening rule monitors the
expansion of the yield surface under further loading.

In the elastic range, the incremental stress-strain relationship of the material is given
by:

d{c} =[D] d{e} = = = e (2)
where d{c} and d{e} = stress and strain increment vectors, respectively; and [D°] = elastic
matrix of material constants. In the plastic range, the elastic component [D°] degrades with
increasing damage. During the occurrence of plastic flow, the total strain increments in the
material may be decomposed into elastic and plastic components, i.e.

dfe} = d{e} + d{&"} (3)
where d{c*} and d{e"} = vectors of the elastic- and plastic-strain increments, respectively.
The elastic component of the strain increment vector may be related to the total stress
increment using Egn. (2), whereas the plastic-strain increment vector is evaluated from the
stress increment through the use of a flow rule.

(b) The flow and hardening rule:
The yield function derivatives which define the flow vector {a} for a plane stress problem
can be evaluated as:

{a} ={6f/00y, Ofld0y, OflOTy)  ---mmmmmmmmmmmmmmmmmmmm e (4)
The complete elasto-plastic incremental stress-strain relation is given by the expression:
d{c} = [D*] d{e} (5)
with:
e T e
o) DMK OV ©)
(H+Ha} [D"Ka})

where [D*] is the elasto-plastic modulus matrix, H" is the hardening parameter, and [D] is
the elastic constitutive matrix which for plane stress problem can be written as [11]:
Qv O
[D‘*]=7(1 oy v1 0
V) (v 1-
0 g &Y
2
In the present work the relation between effective stress and effective plastic strain is
extrapolated from the uniaxial stress-strain relationship given by:
co=Eope-Ep 82/ (280) --------------------------------------------------- (8)
where oy is the effective stress, Ey is the initial Young’s modulus, € is the current total strain,
and g is the total strain at peak stress, f .. A complete presentation of the flow vector
parameters, hardening rule parameters, and the uniaxial stress-strain parameters can be found
in reference [12].

(c) The crushing condition:

The crushing type of failure is a strain-controlled phenomenon. Limiting strain
criterion being developed by simply converting the yield criterion described in terms of
stresses directly into strains. Thus:
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BB +al'y =gy meeememeemeeeeeeeeeeeeeeeeeeeee e (9)
where I'; and J'; are strain invariants [11], and &, is an ultimate total strain extrapolated from
uniaxial test results, taken in practical examples in the range of 0.003 - 0.0035 (taken as 0.003
in this study), the previous values of material parameters o and [ obtained from Kupfer’s
results can be adopted.

Cracked Concrete Behavior in Compression

Many experimental studies [15-17] provide strong evidence that the ability of
diagonally cracked concrete to resist compression decreases as the amount of tensile straining
increases. Various relationships for the compressive strength of diagonally cracked concrete
are suggested, but only three of these relationships which are suitable for numerical analysis
are presented here:

f ]
i- Vecchio and Collins [15] suggested: (f = £ <f' e 10
[15] sugg (fe) max 08+34c 72 ¢ (10)
ii- Belarbi and Hsu [16] suggested:  (f.) = 097, e (1)
' come J1+400¢,)
] 2/3
ii- Kaufmann and Marti [17] suggested: (f,) ., :L S R (12)

(0.4+30g,) = °

In the present study the above three relationships were tried and it was found that the
suggestion of Vecchio and Collins [15] (Egn. 10) which was based on the compression field
theory is the most reliable for the simulation of the true behavior of the structure.

Tensile Behavior of Concrete

A crack is assumed to form in a plane perpendicular to the direction of maximum
principal tensile stress, when the maximum principal tensile stress exceeds the tensile strength
of the concrete at any Gauss point. A maximum of two sets of fixed orthogonal cracks (fixed
crack model) are allowed to form at each sampling point. The smeared crack approach was
adopted for crack modeling.

When cracking occurs, the material is assumed to be in a state of uniaxial compression
parallel to the cracks. After cracking, a tension stiffening model [18] (Eqn.14) was applied in
the direction perpendicular to the crack and a reduced shear modulus is employed to simulate
the aggregate interlock. In this work an approach proposed initially by Al-Mahaidi [19] was
used for evaluating the cracked shear modulus of concrete. According to this approach the
shear modulus of cracked concrete G™ can be calculated as follows:

For concrete cracked in direction 1:

= 04G (13-3)
(81 l¢€)
For concrete cracked in direction 2:
G'= 046 (13-b)
(82 /)

where:

G = uncracked shear modulus,

G’ = cracked shear modulus,

€1 = tensile strain in direction 1,
¢, = tensile strain in direction 2, and
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€ = cracking strain of plain concrete. If the strain normal to the crack drops to a negative value
(compression case), i.e. the crack is closed, the uncracked shear modulus is again used in the
corresponding direction.

For plain concrete, the relationship between stress and strain after cracking was given
by [18]:

e A (R Il (o (14)
where:
f *. = the tensile strength of concrete, MPa, and equal to 0.3 (f '.)** [20] when the tensile
strength of concrete is not specified,
&t = the tensile strain at maximum tensile stress, mm/mm,
em = the maximum tensile strain, mm/mm,

em={3Gc/ (hf)}+& e (15)
G. = the fracture energy of plain concrete, N/m, and equal to aqf..>" [20],
aq = a factor reflecting the influence of maximum aggregate size, dmax:
ag = 6 for dmax=16 mm, 10 for dmax= 32 mm, (aq = 6 in this study), and

fou = concrete cube compressive strength, MPa.

Finite Element Formulation

Eight-node serendipity plane stress elements are used in this study. This isoparametric
element has been proved to simulate the structural behavior successfully and gives reasonable
results. Its formulation can be found elsewhere [21]. A 2x2 Gauss point integration rule
(reduced rule) was found to give more accurate results than the full (3x3) integration rule for
this type of structure. The smeared crack approach with two orthogonal cracks (fixed cracking
model) was used for crack representation.

The reinforcing bars are represented as embedded bars anywhere within the concrete
elements with elastic-perfectly plastic behavior. Perfect bond was assumed between the
reinforcement and the surrounding concrete. This type of representation allows the
reinforcement to be treated as an integral part of the basic element, and its stiffness
contribution can be evaluated by the principles of superposition. The computer program used
is that of reference [18] (where applied to fibrous concrete) with little modifications to
account for non-fibrous high-strength concrete.

For the purposes of brevity, a typical finite element mesh, loading, and support
conditions are shown for a half (due to symmetry) of corbel PF2 in Fig. 1. The modified
Newton-Raphson method with incremental-iterative procedure was used in the numerical
analysis. Table 1 and Fig. 2 give details of the test specimens.

Comparisons of the results (crack patterns, deflection, main steel strain, and ultimate
loads) obtained from the numerical analysis with those obtained from experiments for a
number of typical specimens are shown in Figs. (3-8). The figures show reasonable
agreements.

During the tests of some corbels (corbels: E1, E2, and E3), relatively thin plates (6
mm thick) were used at the supports. The results of the numerical analysis showed that more
reliable results can be obtained if the supports were simulated (the fact which was recognized
by other researchers [18,22]) by applying a portion of the load (in this study 0.11 of the
applied load) at the two corners of the bearing plates in the reverse direction. While the
simulation at the loading point was as shown in Fig. 1.
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The results of the analysis in terms of Viest / Vealculated @re shown in Table 2. It can be
seen that the adopted finite element model predicts the load capacity of the corbels very well,
and that this is a powerful technique for investigating such disturbed regions.
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2-Strut-and-Tie Model (Truss Analogy)

Strut-and-tie models are most appropriately used for the design of disturbed regions,
or D regions. These D regions are characterized by a complex flow of internal stresses and
include regions adjacent to discontinuities caused by abrupt changes of cross section or the
presence of concentrated loads or reactions (corbels, deep beams, dapped-end beams, and
anchorage zones at the end of prestressed beams). In the design of these disturbed regions, it
IS inappropriate to assume that plane sections remain plane or that the shear stress is uniform
over the depth of the member, therefore the standard design rules for flexure and shear do not
apply. The structural damage as reported by Reineck [23] and Fung and Ing [24], has shown
that it is unsatisfactory to rely on empirical approaches and rule of thumb for the design of
such important regions. It was found [25-31] that the use of reasonable strut-and-tie models is
suitable for the design of such regions. ACI 318-02 and later codes [32] permitted the use of
strut-and-tie models for the design of discontinuity regions.

In this study a simple strut-and-tie model was used for the prediction of the maximum
load capacity of high-strength reinforced concrete corbels. The plastic truss model, shown in
Fig. 9, consists of prismatic compression struts in uniaxial compression with a uniform
distribution of stress across the struts and a tension tie. The strut width ws is defined by the
geometry of the nodes [32] (see Fig. 9b):

Vn
c Width=b, a |
1 Wb—ﬂ
V V, T
) LA on
) ) PN
£ o5
-~ /
K = I 4
© —T—
G- 1 %
: b—ta 2
C2
T Tergion T LAL
®: Node J’—Wz—'t
Fig.(9a) Selected strut -and-tie Model Fig.(9b) Strut-and-tie geometry
and load for half of a corbel
Fig.(9)- Simulation of a corbel by a strut —and-tie model
Attop: Ws= W,Sino + w; c0s0  ---------- (16-a)
At bottom: wgp = W, Sind + wy cosd  ----(16-b)

Where:
Wy = width of the inclined strut at the top node, mm,
Wsp = width of the inclined strut at the bottom node, mm,
wp, =width of the bearing plate at the support, mm,
w; = width of the horizontal tie, mm,
w; = width of the vertical strut at the bottom node, mm,
w; = width of the horizontal strut at the bottom node, mm, and
0 = inclination of the inclined strut (Cs), degree.
This model is chosen due its simplicity. In this model, only two failure modes are
possible: failure by crushing of the concrete in the compression struts (usually the inclined
strut) and failure by yielding of the tension tie. Other types of failure such as bearing and
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anchorage failures can be avoided by good detailing. The allowable concrete compressive
stresses are those specified in the appendix A of the ACI 318-05 Code [32].

The analysis is simply started by assuming plasticity in the tension tie (i.e. the main
tensile reinforcement reaches its yield strength, fy), and accordingly the value of wi, ws, w,
and wy is determined. Two typical examples for the analysis of the failure load capacity of
high-strength concrete corbels are given in Appendix A of this paper.

The plastic truss model used does not consider the effect of the secondary
reinforcement (shear reinforcement) in increasing the capacity of the specimens, although a
more complex model could. The difficulty in adopting a more advanced model is in
guaranteeing that all the secondary reinforcement is at yield at failure. In the author’s opinion,
it is the role of the secondary reinforcement to guard against interface shear and diagonal
splitting failures and to improve the performance of the compression strut by reducing
transverse strains which may adversely affected the strut capacity as reported by Vecchio and
Collins [15]. On the other hand, when the secondary reinforcement reaches yielding, serious
cracks (deep extension of crack and large crack width) were formed which made the structural
member to be beyond its serviceability limits.

The results of the analysis, as shown in Table 2 and Fig. 10, showed that the strut-and-
tie model adopted here is an effective tool for design of high-strength concrete corbels with
the efficiency factors of the ACI 318-05 Code [32]. An additional advantage of using strut-
and-tie models is that sketching the flow of the forces within a member highlights the need for
careful details of the reinforcement in key regions.

The non-linear finite element analysis showed that the average tensile stress in the
main reinforcement of corbel PB2 (for example), fs, was less than the yield stress (f,=495
MPa). If this value of the steel stress (f;==195 MPa) is used in the truss model instead of fy, the
value of Viest / Veae. = 1.14, which is conservative when compared with 0.76 (based on fs=f,).
Therefore, the finite element method can be considered as a powerful tool for checking the
design of corbels, and in predicting the structural behavior of such members easily. Also
nonlinear finite element analysis can be used as a reliable alternative for the costly procedure
for the prediction of the structure behavior.

Parametric Study

An overview of the predicted results shows good agreement with those obtained from
experiments. This proves the reliability of both method for analysis and design. A study was
carried out into the influence of parameters variation. This study analyses the influence of: (1)
the shear-span-to-depth ratio (a/d), (2) the compressive strength of concrete (f 'c), and (3)
percentage of main steel (p).

In general, the results of the parametric study showed that the adopted finite element
model is not affected by the range of variables studied, while the truss model was less or not
conservative for high values of a/d and high content of main tensile steel especially in the
absence of shear reinforcement, see Figs. (11-13).
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Conclusions

Based on the available test results in the literature and their comparisons with the
numerical method (finite element) and analytical method (strut-and-tie model), the following
conclusions can be made:

1-The reinforced-concrete plasticity model combined with concrete cracking model, tension
stiffening, compression softening, and cracked concrete shear modulus proved to be a
suitable model when used in the finite element method for the analysis of high-strength
reinforced concrete corbels.

2-The parametric study showed that the finite element model used is equally applicable for
the range of the variables studied, i.e. the results are not affected whether the variables have
low or high values. Therefore, it can be concluded that the method is a powerful tool for the
analysis of such disturbed region, and to assure the safety requirements for dangerous
locations. The numerical analysis is also helpful in constructing reasonable strut-and-tie
models for these structures.

3-Strut-and-tie modeling provides the designer with a simple, yet powerful tool for the design
of nonflexural reinforced concrete members. The flow of forces in such members is
idealized as a truss consisting of concrete struts and steel reinforcement ties connected at
nodes.

4-The results indicated that the proposed simple truss model is effective and gives reasonable
predictions of the failure load capacity of high-strength reinforced concrete corbels.
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5-Unlike the finite element model adopted, the strut-and-tie model was affected by the values
of the variables. Also it was affected by absence or the presence of the web reinforcement.
Conservative results were obtained when the corbel specimen contains web reinforcement
and has low percentage of main reinforcement especially for low shear span-to-depth ratio.
In general, the results are more or less conservative when the corbel contains high
percentage of main steel and without shear reinforcement; such corbels fail before the main
steel reaches yielding. Therefore, a minimum amount of shear reinforcement, specified by
the codes of practice, should be provided when the design is performed by the truss analogy
(strut-and-tie model).

Table 1- Details and dimensions of test specimens

. . Main Secondary
, Dimensions, mm . -

Corb. fle reinforcement reinforcement
No. * Thick fy, ,
Ref.

No. 8

SC1-2 90.0 300 425 600 125 125 6® 20 430 Nil

SC1-3 90.0 300 425 600 125 125 612 430 1296 420

SC1-4 90.0 330 425 600 125 125 6@ 12 430 Nil

SC2-1 62.0 300 425 600 125 125 6® 20 430 1296 420

SC2-2 62.0 300 425 600 125 125 6 ® 20 430 Nil

SC2-3 62.0 300 425 600 125 125 612 430 1296 420

SC2-4 62.0 300 425 600 125 125 612 430 Nil
SD1 95.0 300 425 600 100 125 6® 20 430 1296 420
SD2 65.0 300 425 600 125 125 6P 20 430 1296 420
PA1 53.0 300 400 500 100 150 6 ® 20 450 Nil
PA2 53.0 300 400 500 100 150 6® 20 450 10 @10 360
PB1 105.0 300 400 500 100 150 6 ® 28 495 Nil
PB2 105.0 300 400 500 100 150 6P 28 495 10 @10 360
PC1 53.0 150 300 500 100 150 612 420 Nil
PC2 53.0 150 300 500 100 150 6@ 12 420 10 @10 360
PD2 71.0 200 300 500 100 150 3028 450 10 @10 360
PE1 71.0 450 550 450 100 150 3® 36 480 Nil
PE2 71.0 450 550 450 100 150 3®36 480 10 @10 360
PF1 105.0 150 300 500 100 150 612 420 Nil
PF2 105.0 150 300 500 100 150 6P 12 420 10 @10 360
PG1 45.0 300 450 500 100 150 6® 20 415 8P6 490
PG2 94.0 300 450 500 100 150 6 ® 20 415 8P 6 490
Ref.

No. 7
E1l 62.1 89 254 356 90 254 4P 16 420 40 10 420
E2 64.9 89 254 356 920 254 4916 420 4910 420

2025
E3 79.5 89 254 356 20 254 +1018 420 8® 10 420
F1 82.2 178 254 356 920 254 516 420 6® 10 420
F2 62.5 178 254 356 90 254 2® 30 420 8® 10 420
Ref.

No. 9
Cl 59.6 69 250 220 100 150 3012 419 Nil
C5 59.6 115 250 220 100 150 3912 419 Nil
C9 59.2 173 250 220 100 150 3012 419 Nil
C13 52.3 69 250 220 100 150 3012 419 4194 431
C17 52.3 115 250 220 100 150 3012 419 4P 4 431
Cc21 59.1 173 250 220 100 150 3012 419 4194 431
C25 60.5 69 250 220 100 150 3012 419 2038 289
C29 60.5 115 250 220 100 150 3012 419 2038 289
C33 59.1 173 250 220 100 150 3012 419 2038 289

(h-d)=100 mm for corbels of Ref. 8; =50 mm for corbels of Ref. 7; =40
mm for corbels of Ref. 9.
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Table 2- Comparison of Experimental and Analytical Results

Corbel a/d fle 100A Viest | Viest/ Veate.

No. MPa bd KN FEM Truss analogy
SC1-2 0.50 90.0 2.512 950.0 0.92 0.91
SC1-3 0.50 90.0 0.904 700.0 1.00 1.34
SCi1-4 0.50 90.0 0.904 470.0 0.98 0.98
SC2-1 0.50 62.0 2.512 980.0 1.11 1.19
SC2-2 0.50 62.0 2.512 700.0 0.84 0.86
SC2-3 0.50 62.0 0.904 580.0 0.95 1.16
SC2-4 0.50 62.0 0.904 490.0 0.89 0.98

SD1 0.50 95.0 2.512 1000.0 0.96 1.07

SD2 0.50 65.0 2.512 1000.0 1.05 1.18

PA1l 0.60 53.0 2.512 550.0 0.95 0.75

PA2 0.60 53.0 2.512 800.0 0.95 1.09

PB1 0.60 105.0 4.920 1180.0 1.08 0.78

PB2 0.60 105.0 4.920 1150.0 1.00 0.76

PC1 0.30 53.0 0.904 650.0 0.98 1.16

PD2 0.40 71.0 2.460 960.0 0.94 1.07

PE1 1.00 71.0 4.534 680.0 1.00 0.72

PE2 1.00 71.0 4.534 710.0 1.00 0.75

PF1 0.30 105.0 0.904 750.0 1.02 1.04

PF2 0.30 105.0 0.904 1050.0 1.00 1.35

PG1 0.60 45.0 2.512 674.0 1.00 1.04

PG2 0.60 94.0 2.512 1050.0 0.94 1.05

E1l 0.25 62.1 0.885 697.8 0.96 1.09

E2 0.25 64.9 0.885 785.1 1.00 1.22

E3 0.25 79.5 1.441 1057.7 0.95 1.05

F2 0.50 62.5 1.813 828.7 0.94 0.99

C1 0.31 59.6 1.145 403.9 1.11 1.13

C5 0.52 59.6 1.145 273.1 1.02 1.08

C9 0.78 59.2 1.145 196.0 0.95 1.09

C13 0.31 52.3 1.145 420.0 1.11 121

C17 0.52 52.3 1.145 286.4 0.98 1.16

C21 0.78 59.1 1.145 210.7 0.94 1.17

C25 0.31 60.5 1.145 490.1 1.17 1.36

C29 0.52 60.5 1.145 308.1 1.01 1.22

C33 0.78 59.1 1.145 218.0 0.94 1.22

Mean 0.99 1.065
Standard Deviation 0.066 0.170
Coefficient of Variation (C.0.V.) 6.7 16.0

*Aq represents the area of main tensile steel
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Appendix A

Corbel PG2 — Vertical Load:

f =94 MPa; a=300 mm; d=500 mm; a/d=0.6; wp,=100 mm; corbel thickness=150 mm;
As=6D20; f,=415 MPa; An=8d6; Vex=1050 kN.

Based on Fig.9: T:AS.fy:6(314)(415)x10‘3:781.86 kN; C;=0.85R, fe.wyt ;
C1=0.85(1.0)(94)(W1)(150)x10° = 11.985 w; kN. Note: B, = 1.0 for C-C-C node. YF«=0
—C1=T—->w;=65.2mm; T=0.85R, f'c.w;.t — w;=81.54 mm ; Note: B, = 0.80 for C-
C-T node.

C, = 0.85 By, f'c .2 .t =0.85(1.0)(94)(w2)(150)x107 = 11.985 w5 kN.

YM=0 at the upper node—Ci(d-wi/2)=Ca(a+w2/2)—w,=88.6 mm; 6=tan™{(d-
w1/2)/(a+w,/2)}=53.6 degree. At top: ws=L;, Sin6 + w; cosd = 100 sin53.6 + 81.54c0s53.6 =
128.9 mm — C3=0.85(0.80)(94)(128.9)(150)x10 = 1235.9 kN.

At bottom: wg, = W, sin@ + w; cos6 = 88.6 sin53.6 + 65.2 c0s53.6 = 110 mm —
Cap = 0.85(1.0)(94)(110)(150)x10 = 1318.4 kN > 1235.9 — C3 = 1235.9 kN.

At the top node: Y Fx =0 — Czc080 = T — C3 = 1317.6 KN > 1235.9 kN — C3=1235.9 kN.
At the top node: YFy = 0 — Cz sinf = V, — V, = 1235.9 sin53.6 = 994.8 kN;
Viest/Vcaie. =1050/994.8 = 1.05.

Corbel E1 - Vertical and Horizontal Loads:

f 'c=62.1 MPa; a=89 mm; d=356 mm; a/d=0.25; w,=90 mm; corbel thickness=254 mm,;
As=800 mm?; f,=420 MPa; An=4®10; Pies=711.6 kN.

Based on Fig.9: T:As.fy:800(420)x10'3:336 KN; C1=0.850,.fc.wy.t ;
C1=0.85(1.0)(62.1)(w1)(254)x10° =13.407 w; kN. Note: B,=1.0 for C-C-C node. YF~=0—
Co=Vi; C;=0.85R,. f 'wwa.t ; C,=0.85(1.0)(62.1)(W,)(254)x10° =13.407 wy; H,=0.2 V,
(specified in the test program); H,=2.681w, kN; >Fy=0— C; = T-H, — 13.407 w; = 336
- 2.681 wy ------- Q) ;
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At the top node: >YM=0—  Ci(d-wi/2)=Cy(a+twz/2) —  13.407w1(356-
W1/2)=13.407w2(89+w>/2) ---- (2); solving (1) & (2)— w;1=15.5 mm; w,=47.8 mm; 6=tan’
LL(d-w1/2)/(a+w/2)}=72 degree; C,=640.9 kN; C,=207.8 kN; H,=128.2 kN; w; =(T-Hy) /
(0.85 3. f'c .t) =19.4 mm.

At top: wg=90sin72+19.4c0s72=91.6 mm; at bottom: wg,=47.8sin72+15.5c0572=50.3 mm <
0.8(91.6) — Ws= Wg=50.3 mm — Csp = 0.85(1.0)(62.1)(50.3)(254)x10™ = 674.4 kN .

At the top node: > Fx =0 — Cszcos72 =T —-H, — C3 = 6725 kKN < 6744 kN — C3=6725
KN.

At the top node: >’ Fy = 0 — C3zsin72 = V, — V,, = 639.6 kN;

The test setup was designed to give H,=0.2V, by using an inclined plate at an angle of 11.3
deg. with the horizontal. Therefore: Vit = Prest €0511.3 = 711.6 c0s11.3 = 697.8 kN;
Viest!/ Vcale. = 697.8/639.6 = 1.009.
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