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Abstract

Unlike for concrete beams and plates, relative little amount of theory is present for concrete walls. In
combination with the underexposure of the reinforcement design of D-regions in the codes when concrete
walls are considered, engineering companies struggle to find a clear reinforcement design procedure which is
agreed upon by all relevant parties.

This report will therefore focus on the reinforcement design of D-regions around openings and overhangs for
concrete walls loaded by a high distributed load. For this purpose 27 reinforcement designs are given in
accordance with the Dutch Code NEN6720, using the Beam Method, and in accordance with the Eurocode EN
1992-1-1, using the Strut-and-Tie Method. The designs with the Dutch Code represent the way these cases are
designed in practice, while the designs with the Eurocode show how these cases will be designed in the future.
As a last step the designs are analyzed with ATENA using the Non-Linear Elastic Finite Element Method.

The goal of this report is to clarify whether both design methods are good methods for the reinforcement
design of concrete walls with an opening or an overhang with the specifications as described in chapter 2.
Furthermore the weaknesses of both methods are indicated and recommendations are given on how to
improve the designs.

Conclusions

Both the Beam Method (Dutch Code) and the Strut-and-Tie Method (Eurocode) are conservative methods for
the cases considered. This is caused by three phenomena:

1) Both methods do not take into account the contribution of the concrete tensile strength in the wall.

2) Both methods do not take into account that the reinforcement mesh will ensure a second load path

for the tensile stresses in the wall when the concrete is cracked.

3) a) Forthe opening cases both methods do not take into account the positive effect of the large
concrete mass which is present at both sides of the opening. This concrete mass will offer
resistance in the increase of the opening, such that the tension tie will not be stressed as
calculated by the codes. When less concrete mass is present at the sides of the opening, this
effect will be smaller so that the stress in the tie will increase.

b) For the overhang cases both methods do not take into account the positive effect of the concrete
mass which is present over a large height above the tie. Due to the presence of this concrete
mass, the tensile stresses in the concrete will be distributed over a large height so that the
stresses in the tie will be less than calculated by the codes. When less concrete is present above
the tie, this effect will be smaller so that the stress in the tie will increase.

In the cases considered the ULS condition is determined by crushing of the concrete at the corners of the
openings. Increasing the amount of reinforcement in the ties for the cases considered will therefore not
contribute to a higher load carrying capacity of the wall. In order to reduce the concentrated stress in these
opening, the sharp edges in the corners should be round off so that the stress is distributed more equally.
When a higher load carrying capacity of the wall is still desired, compression reinforcement can be added in
order to decrease the compression stresses in the concrete.

The traditional design steps that start by defining the concentrated reinforcement ties and end with defining
the minimum reinforcement mesh needed in the wall, might lead to a considerable amount of unnecessary
reinforcement. The reinforcement mesh, which is not incorporated in the calculations for determining the
reinforcement area needed in the ULS condition, will have a considerable contribution in transferring the forces
in the wall. A better order in the design of concrete walls is to first determine the minimum reinforcement
mesh needed in the wall. Then, if necessary, reinforcement can be added in order to meet the requirements in
the SLS and ULS condition.
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This research shows that different truss models, which lead to different reinforcements, will not result in a
considerable change in the reaction of the wall. The designer should not make an effort in enhancing a truss
model, which results in a complex system. It is better to choose a simple truss model that clarifies the force
flow throughout the truss, as long as the truss model follows the overall image drawn by the flow of forces in
the wall.

Detailing of the reinforcement is of big importance in order to transfer the loads trough the truss.

When a stress trajectory plot is used, the Eurocode calls upon the knowledge of the designer in order to
translate the stress trajectory plot into a truss model that represents the flow of forces.

The ultimate load on a wall, according to the calculations used in practice, is limited by the t,-check in such a
way, that it is only a function of the design concrete compressive strength, the thickness of the wall and the
angle of the shear reinforcement.

Recommendations

The designer should realize that the crack width calculations presented in the codes are based on a bar loaded
in tension. For walls these calculations do not provide solid ground for the determination of the crack widths.

In D-regions the maximum allowable stress in the struts is set to approx. 50% of the concrete design
compressive strength according to the Strut-and-Tie Method of the Eurocode. Outside the D-region the
maximum allowable stress is equal to the concrete design compressive strength. At the border of the D-region
this causes a compatibility problem. Efforts should be made in order to understand the consequence of these
compatibility problems.

In order to apply the Strut-and-Tie Method, it is important to have knowledge of the dimensions of the D-
region for which the Strut-and-Tie Method is applicable. Research should be performed in order to achieve
guidelines for the determination of this D-region in walls.

When high loading is applied, the struts in the Strut-and-Tie Method may become very large. In reality the
compression stresses may not be distributed over such a large width. This might lead to a distorted image of
the force flow through the D-region. Efforts should be made in order to determine the maximum width of the
compression struts.
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1. Introduction

Unlike for concrete beams and plates, in practice no clear design procedure is present for the reinforcement
design of D-regions in concrete walls. This is caused by the relative little amount of theory which is present for
concrete walls in combination with the underexposure of this subject in the codes.

This report therefore focuses on the reinforcement design in D-regions around openings and overhangs for
concrete walls loaded by a high distributed load. For this purpose the reinforcement design is performed
multiple times in accordance with the Dutch Code NEN6720 and the Eurocode EN 1992-1-1. The designs with
the Dutch Code using the Beam Method represent the way these cases are designed in practice. The designs
with the Eurocode using the Strut-and-Tie Method are given in order to show how these cases will be designed
in the future, as this code will be the European standard from March 2010. As a last step the designs will be
analyzed with ATENA using the Non-Linear Elastic Finite Element Method (FNL-FEM).

In the first part of this report the design methods will be discussed. The design steps of each code will be
presented after which comments on these design steps will be given. For the Eurocode an analytical
investigation is performed in order to examine how the various parameters of different truss models can be
optimized.

In the second part of this report a total of 27 designs will be given. 6 designs, representing 1 design per case,
are made with the Dutch Code. 21 designs, representing several designs per cases, are made using the
Eurocode.

In the last part of this report the designs are evaluated with ATENA. By means of ATENA it is investigated how
the different elements of the design influence the performance of the wall. Based on this investigation
conclusions are drawn.

The goal of this report is to clarify whether both design methods are good methods for the reinforcement
design of concrete walls with an opening or an overhang with the specifications as described in the next
chapter. Furthermore the weaknesses of both methods are indicated and recommendations are given on how
to improve the designs.
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2. Specifications

This report focuses on the evaluation of the reinforcement design methods. The starting points for this
research are summed below.

2.1 The Codes

Two codes are considered in this investigation. The first code considered is the Dutch Code NEN6720, which is
based on the Beam Theory. In practice engineering companies use this code for the design of concrete
structures. The second code considered is the Eurocode EN 1992-1-1, which will be the European standard for
concrete structures from March 2010. For the design of Discontinuity-regions, the Eurocode is based on the
Strut-and-Tie Method Theory.

2.2 The loads

The evaluation of the reinforcement design methods will be investigated under high vertical distributed load on
the wall equal to 1900 kN/m for the overhang cases and 2400 kN/m for the opening cases in the Ultimate Limit
State. These high loads incorporate the total dead load and live load on the wall. The proportion of the dead
load and live load is estimated to be 50%-50%. According to both NEN6720 and EN 1992-1-1, the safety factor
for dead load and live load is respectively 1.2 and 1.5. Assuming the proportions as described above, the overall
safety factor becomes: 1.2 - 0.5 + 1.5 0.5 = 1.35. In this research other loads, such as horizontal wind load, in
plane and perpendicular to the plane of the wall, are left out of consideration. Phenomena perpendicular to
the plane of the wall, such as the lateral instability of the wall, are also left out of consideration. Furthermore
the stiffness of the supports is assumed to be infinitely stiff.

2.3 The material and environment

The concrete used for this research is of class C35/45 and B45 for respectively the Eurocode and the Dutch
code. The reinforcement used is of type FeB500. Because the design is based on walls in the inner side of the
building, the environment class is chosen equal to XC1 and 1 for respectively the Eurocode and the Dutch code.
Time effects, such as shrinkage and creep, are left out of consideration in this research as they are among other
things influenced by the fabrication method.

2.4 The cases

In this research we focus on the reinforcement design in openings and overhangs in walls. In conferring with
the committee members it is decided to consider walls with heights (h) and widths (b) much bigger than the
dimensions of the opening or overhang (£). For both types of geometrical discontinuities multiple dimensions
are investigated equal to 1 m, 5 m and 10 m. The thickness of the wall is equal to 300 mm.

Figure 1: The cases considered

P o
— 61—}
? b £=1m5m,10 m

3
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3. The design methods
3.1  The Dutch code

In practice a lot of engineering companies think in terms of the Dutch code. In order to give an impression of
the calculations in practice, the calculations should be performed according to the Dutch code NEN6720 for
concrete structures.

In the following chapters the background of the Beam Method for deep beams will be given in a concise
manner. Then the design steps according to the Dutch code for concrete structures NEN6720 (Ref. 4) will be
given. Finally comments will be given on the calculation method.

3.1.1 Backgrounds of the Beam Method for deep beams

The Dutch Code NEN6720 calculates deep beams by using the bending theory for thin beams on which a
correction is applied due to the influence of the vertical shear stress. For determining this correction, which
leads to a reduction for the accountable shear force, theories are used in accordance with the methods applied
by Magnel, Paduart, Brendel, and others (Ref. 2). These theories are implemented in the GBV 1962, the VB
1974/1984 and NEN6720 (VBC 1990/1995).

3.1.2 Design steps

Step 1) Determining the material properties

Determining the material properties consist of the determination of the concrete properties according to art.
6.1 and the reinforcement properties according to art. 6.2 of the code.

The design concrete compressive strength is defined as:

ﬁ), = fbrep /)/m

With:
forep = 0.72 f with £, is the cubic compressive strength according to table 3 of the code.
Vin is the partial safety factor for concrete equal to 1.2 in the ULS and 1.0 in the SLS.

The design concrete tensile strength is defined as:

fb = fbrep /ym

With:
forep = 0.7 (1.05+0.05 £,.)
Vin is equal to 1.4 in the ULS and 1.0 in the SLS.

The average tensile strength of the concrete is defined as:
fbm =14 fbrep

The design average tensile strength of the concrete subjected to bending is defined as:
fbr = (16 - h) fbm +« fbm

With:

h is equal to the heightin m.

The design compressive strength of the reinforcement is equal to the design tensile strength of the
reinforcement. The tensile strength of the reinforcement is defined as:
fs = fsrep [V
With:
frep is the representative value of the tensile strength according to table 12 of the code.
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Yim is the partial safety factor for the reinforcement equal to 1.15 in the ULS and 1.0 in
the SLS.

Step 2) Specifications for the deep beam

Art. 8.1.4 states that a beam is considered to be a deep beam when it fulfills the requirement

loy/h <2.0
With:
L, equal to the distance between to field points where the moment is zero.
h equal to the height of the beam.

The internal lever arm for a simply supported deep beam is equal to:
z=0214+04h 061
The internal lever arm for a console is equal to:
z=0214+04h »08I1

With:

l is equal to the span for the simply supported beam; for the corbell = 2 a.

a is the distance between the resultant of the loading and the point L/4 * h/4 of the
inner side of the support.

L is the length of the corbel.

is the maximum height of the corbel.
For the cases described in chapter 2, the height of the wall h > [, such that for the internal lever arm
calculation it follows that z = 0.6 [ for the simply supported beam and z = 0.8 [ for the corbel, with [ defined

as described above.

Step 3) Determining the reinforcement to satisfy the bending moment condition

In art. 8.1.4. it is stated that the ultimate moment of the deep beam is calculated as:
M, =A,f, z

By the requirement that the design moment has to be smaller or equal to the ultimate moment, the
reinforcement can be determined. This reinforcement has to fulfill the minimum reinforcement requirement
needed to carry the load when the concrete cracks. From art. 9.9.2.1. the cracking moment is determined
according to:

M. =14f,, W
With:

W = % b h? is the sectional modulus.

Because the height of the wall h > [, in practice it is not expect that the total height of the wall will be
activated for to the cracking moment. As will be shown in step 4, art. 8.2 states that for the shear stress
calculation of the deep beam d = h. Because h > [, in practice it is not expected that the total height of the
wall will be activated due to the shear force at the discontinuity. Therefore the designer chooses to calculate d
by using the equation z = 0.8 d (which is common for ordinary beams). To calculate the cracking moment, the

height of the deep beam is determinedash=d + ¢ +% @y + Dg.. The concrete cover follows from art. 9.1 of

the code.

The anchorage length of the reinforcement is calculated according to art. 9.6.2. The basic anchorage length is
formulated as:

Lo = & Oy fi/ Ny
With:
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a;=04(1-01 wi) <« 0.24 for ribbed steel, with ¢ equal to the concrete cover.
k

Dy is the diameter of the reinforcement bar.

When the reinforcing bar has a diameter smaller or equal to 25 mm, the anchorage length [, is equal to the
basis anchorage length L,,, otherwise [, = 1.251,,.

In art. 9.6.2. it is stated that the anchorage length may be reduced when the stress in the reinforcement bar is
smaller than the representative tension strength of the bar. The reduced anchorage length is calculated

according to:
Osq

ly === 1,
fs

Step 4) Determining the shear reinforcement

The shear stress in the critical cross-section is calculated according to:

Va
Ty =—
‘" bd
Art. 8.2 states that for deep beams d = h. As already mentioned in step 3, in practice designers choose

1 L .
d= 75 % which is commonly the case for ordinary beams.

The ultimate shear stress of the concrete is calculated according to art. 8.2.3:
T = 04fb kh kA 3,[(1)0 < 04fb

With:
k, = ;—2 ’ /:—g <1 for corbels and beams where between the loading and the support
i
a compression diagonal can be formed. Otherwise k; = 1.
g, =1+2 fori, > 0.6
g, =25-31,«136 ford, < 0.6
— Mdmax
v d Vdmax
M gmax is the absolute maxim value of the moment.
Vimax is the absolute maxim value of the shear force.
A, is the smallest area where the loading has to go through.
k,=16—-h<+10 with h in meters.

w, =100 45 %20 and £0.7-0.5 A, is the present percentage of the reinforcement to carry the
bd

moment.

The shear stress that has to be carried by the shear reinforcement is calculated according to art. 8.2.1:

T=Tg— T

The amount of vertical shear reinforcement is then calculated according to art. 8.2.4:
4 t.bd
SV "z f.sina (cotf + cota)

With:

45% a # 90 is the angle between the shear reinforcement and the longitudinal axis of
the deep beam. In art. 8.2.4 it is stated that for deep beams a = 90°.

306 *# 60 is the angle between the compression diagonal and the axis of the deep

beam. For deep beams 6 is calculated according art. 8.1.4.

In art. 8.2.4 it is also stated that for deep beams horizontal shear reinforcement should be applied. If 1, = 0.4,
the amount of horizontal shear reinforcement should be equal to the vertical shear reinforcement. Otherwise
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the horizontal shear reinforcement should be twice the vertical shear reinforcement. This horizontal shear
reinforcement should be distributed over the height of the internal leverarm z.

In art. 8.2.1 it is stated that the shear stress may not exceed the t,-value. This 7,-value is formulated as:
T, = 02 f; k‘n kg

With:
k,=1 when no prestressing is applied.
ky=1 for @ = 90 or when no shear reinforcement is applied. Otherwise kj is a function of

angles 8 and a. However this not the case for deep beams as @ = 90.

Step 5) Determining the additional reinforcement requirements

If the concrete compressive stress is bigger than the design concrete compressive strength fb splitting
reinforcement should be applied according to art. 9.13.1.

According to art. 9.9.3.1, 20% of the reinforcement needed to satisfy the ultimate moment should be applied
as a minimum distributed horizontal reinforcement.

The reinforcement applied at the discontinuity must be able to carry the total shear force at the section
according to 9.11.7

Step 6) Crack width control

The crack width control is performed in accordance with art. 8.7. In the SLS the stress in the uncracked
concrete has to be determined. If the concrete stress is smaller than the average tensile stress of the concrete
fom, the check has to be performed according to art 8.7.3. which states that the concrete is in the crack
formation stage. Otherwise the check has to be performed according to art. 8.7.2 which states that the
concrete is in the crack stabilizing stage.

These checks are related to the diameter of the reinforcing bar @, and the center to center distance of the
bars. These are a function of the environment class and the stress in the reinforcing bars.

Step 7) Drawing the reinforcement

Before drawing the reinforcement the additional detailing requirements according to the code are first
determined.

According to art. 9.11.4 the center to center distance of the reinforcement, needed to carry the ultimate
moment, should not be bigger than 150 mm in the critical cross-section. In the other cross-sections the center
to center distance may not be smaller than 50 mm and bigger than 250 mm according to art. 9.11.2. According
to art. 9.11.3 the reinforcement may be distributed over an height equal to 0.2 [ # 0.2 h, with [ being the span
and h the height of the wall. When the reinforcement is bend, the radius may not be smaller than two and a
half times the diameter of the bar according to art. 9.6.3. The diameter of the bar itself must fulfill the
minimum requirements according to art. 9.9.1.

The center to center distance of the stirrups may not be bigger than 300 mm according to art. 9.11.4.4. The
same condition holds for the minimum distributed horizontal reinforcement according to art. 9.9.3.1.

The concrete cover should fulfill the requirements according to table 44 of art 9.2. In addition to table 44 it is
stated that the concrete cover must be bigger than one and a half times the diameter of the bar, when this
diameter is bigger than 25 mm.
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3.1.3 Comments on the design steps

A part of the shear force calculation in NEN6720, is the t,-check according to art. 8.2.1. This check consists of
the verification 7, < T,, with T, being the shear stress due to the loadingand 7, = 0.2 f; k,, kq.

The 7, expression gives the maximum allowable shear stress based on the maximum allowable stress in the
compression strut (App. 1). The 7, expression includes the reduction of the compressive strength of the strut
due to the transverse tensile stresses caused by the reinforcement and the fact that the shear reinforcement
gives rise to local stress concentrations. The maximum allowable stress for the compression strut is for this
purpose determined by experiments. The following imperative relation was found for the compression strut
(Ref. 1):
. ) o _ fr -
o, =U*f, with: v = 0.7 —2¢t > 0.5
When the stress in the compression strut is equal to the maximum allowable stress according to the imperative
relation, it can be shown that the shear stress in that cross-section is equal to the 7,-value (App. 1).

When a wall, with an opening or an overhang, has to be checked according the shear stress calculations of
NENG6720, the 7,-check has to be satisfied. In order to use the 7,-check, in practice the designers schematize
the wall as a deep beam according to art. 8.1.4. However the deep beam schematization according to art. 8.1.4
was originally not meant for these types of problems. As a consequence it turns out that due to the
schematization according to art. 8.1.4, the ultimate load defined by the 7,-check is not influenced by the
dimensions of the opening or overhang (App. 2). The ultimate load is than only influenced by the thickness of
the wall, the concrete compressive strength and the angle of the shear reinforcement according to the
equation:

— g cot a
B = 06+"——— forthe overhang

1:(8)

~+cot a
B =0.75x—— forthe opening

1+()

In practice the shear reinforcement in a wall will be placed vertically, such that a« = 90°. The ultimate load will
therefore be g = 0.27 * b * fb' andq =0.37* b * fb' for resp. the overhang and the opening.

Que = B*b*f, with:

The reason that the ultimate load is not influenced by the dimensions of the opening or overhang, is because
the angle of the compression diagonal in art. 8.1.4 is fixed. This means that the factor k, is fixed, such that the
value of 7, is only influenced by the concrete compressive strength.

Another point that catches the eye in the design steps presented, is that the shear reinforcement is not a
function of the span due to the schematization of the wall according to art. 8.1.4. Art. 8.2 states that the shear
reinforcement is expressed by:

Tsbd

A, = with:  t,=1;—7
sv z fs sin a (cot 8 +cot a) S d 1

7, is the ultimate shear stress of the concrete according to art. 8.2.2 and is not a function of the span. Art. 8.2

states that 7, = :—‘2 and d is chosen equal to 1/0.8 - z according to the calculations in practice. Because the

angle @ is fixed according to art. 8.1.4, the relation between the internal leverarm z and the span L is fixed.
Therefore the value of d will increase exactly the same amount as the value of V,, such that the value of 7,
stays unchanged. The shear stress that has to be transferred by the shear reinforcement 7, is not a function of
the span, because both 7; and 7; are not a function of the span. In the expression of the shear reinforcement
Ag,, the values of t,, b, f;, a and 0 are fixed as well as the relation of d/zis fixed. Therefore it can be
concluded that due the schematization of the wall according to art. 8.1.4 the shear reinforcement A, [mm?/m)]
is not a function of the span.
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3.2  The Eurocode
3.2.1 Backgrounds of the Strut-and-Tie Method

According to art. 5.6.4 of the Eurocode (Ref. 7) the design of discontinuity regions should be performed
according to the Strut-and-Tie method. The predecessor of this method is the truss method developed by Ritter
in 1899 for the design of reinforced concrete beams loaded by shear. In 1920 Morsch extended this truss
method for beams loaded by torsion. The method idealizes cracked reinforced concrete beams by representing
the main reinforcing steel as the tension chord, the stirrups as the vertical tension web members, and the
concrete between the inclined cracks as the compressive diagonals inclined at an angle of 45° with respect to
the longitudinal axis of the beam (Ref. 9, 10).

In the last century the truss method is improved by refining and expanding the truss analogy by Kupfer in 1964
and Leonhardt in 1965. It was observed that the angle of the concrete compression struts is generally not 45
degrees, but ranges between 25 and 65 degrees depending on the reinforcement arrangement. In 1971 and
1983 Lampert and Thirlimann introduced the truss method with compressive diagonals inclined at a variable
angle. The truss method is subsequently expanded by considering deformations for the design of concrete
beams in shear by Collins and Mitchell in 1980. However the design according to this method could only be
used in the regions where the Bernoulli hypothesis is valid, which states that plane cross-sections remain
planar after deformation. These regions are called the B-regions.

Due to discontinuities (caused by e.g. point loads or abrupt changes in the geometry) the stress distribution will
be non-linear such that the Bernoulli hypothesis will not be valid. In order to design these regions, which are
called the D-regions, the Strut-and-Tie method is developed by Marti in 1985. This Strut-and-Tie method is a
generalization of the truss method and can be applied for the designs of D-regions. The determination of the
ultimate strength by the Strut-and-Tie method is based on the lower bound plastic theory (Ref. 9).

In 1987 Schlaich introduced the concept that a structure can be subdivided into B- and D-regions. The B-regions
can be designed by traditional sectional methods or by using the truss method, whereas for the design of the
D-regions the Strut-and-Tie method should be used. The advantage of this subdivision is that the designer can
focus on the D-regions, which are the potential weak spots, in order to ensure sufficient strength performance.
In figure 9 a beam is shown which is subdivided into B- and D-regions.
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Figure 2: Subdivision of a beam into B- and D-regions
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3.2.2 Design steps

Step 1) Determining the material properties

The first step is to determine the material properties of the structure. The material properties of the concrete
can be determined according to art. 3.1, which are based on the characteristic cylinder strength (f)
determined at 28 days.

The mean compressive strength of the concrete at an age of 28 days is defined as:
fcm = fck + 8 MPa

The mean tensile strength of the concrete at an age of 28 days is defined as:
2

fim =030 £3 for f, <50MPa

form =212 1n<1 +§—’8) for f., > 50 MPa

The 5% fractile of the tensile strength of the concrete is defined as:
fetie0.05 = 0.7 form

The design tensile strength and the design compressive strength of the concrete is resp. defined as:

feta = et fctk,0.0S/yc
fcd = Qg fcm /yc

With:

a.. =10 taking into account the long term effects on the compression strength.
a, =10 taking into account the long term effects on the tensile strength.

Y. is the partial safety factor for the concrete (ULS = 1.5 and SLS = 1.0).

The modulus of elasticity of the concrete is defined as:

fc_m)o.a

Ecm=22(10

The material properties of the reinforcing steel can be determined according to art. 3.2, which are based on the
yield strength (£, ). The design tensile strength of the reinforcing steel is defined as:
fyd = fyk /Vs
With:
Vs is the partial safety factor for the reinforcing steel (ULS = 1.15 and SLS = 1.0).

The modulus of elasticity for the reinforcing steel (E;) is equal to 210000 MPa.

According to art. 6.5.2 the design strength for a concrete strut in a region with transverse compression stress or
no transverse stress may be calculated according to ozy uax = feq- The design strength of concrete struts with
transverse tension is reduced to:

O-Rd,max =06v fcd

According to art. 6.5.4 the design concrete compressive stress in the nodes is limited according to the loading
on the nodes. A distinguishing is made between nodes loaded only by compression (C-C-C), nodes loaded in
tension in one direction (C-C-T) and nodes loaded in tension in two or more directions (C-T-T). The maximum
compressive strength of the nodes is calculated according to:

ORd max .cCC = v fod for nodes loaded by C-C-C

Ord max ccr = 0,85 v'f.; for nodes loaded by C-C-T

Ord max crr = 0,75 v'f.; for nodes loaded by C-T-T

11
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Figure 3: Nodes in Strut and Tie model

Step 2) Determining the minimum and maximum face reinforcement

According to art. 9.1 the minimum reinforcement is necessary in order to prevent brittle failure, wide cracks
and to resist forces arising from restrained actions. According to art 9.7, deep beams should be provided with
an orthogonal reinforcement mesh near each face in each orthogonal direction with a minimum equal to
Ay abmin -

Ag gpmin = 0.0014, « 150 mm?/m

In addition to this, the centre to centre distance of the bars in the mesh should not exceed the minimum of two
times the thickness of the wall and a distance of 300 mm.

According to art. 9.6 the maximum reinforcement mesh near each face in each orthogonal direction is equal to:
As,dbmax =0.02 Ac

Step 3) Selecting a truss model

In this step an appropriate truss model must be chosen. In order to use this truss model for verification in the
SLS, art. 5.6.4 states that compatibility of the Strut-and-Tie model must be ensured. In particular the position
and direction of important struts should be oriented according to the linear elastic theory. After choosing a
Strut-and-Tie model the space needed in the struts and ties due to the loading must be checked. Then the
forces in the struts and ties is used in order to determine the reinforcement bars needed and to check the
bearing capacity of the struts.

Due to curved trajectories in the struts, transverse tension stresses in the struts will occur. According to art.
6.5.3 the value of the tension force depends on the shape of the stress trajectories and the width of the
member, or the available space around the struts. According to art. 6.5.3 the reinforcement required to resist
the forces at the concentrated nodes may be smeared over a certain length. When the reinforcement in the
node area extends over a considerable length of an element, the reinforcement should be distributed over the
length where the compression trajectories are curved. The tensile force T may be obtained by:

T =

NN

bb;a F forb < g (partial discontinuity regions)

T=1 (1 - 0.7HL/2) F forb> 2 (full discontinuity regions)

12
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a) Partial discontinuity regions b) Full discontinuity regions

Figure 4: Parameters for determining the transverse tensile force

With this tension force T, one can calculate the reinforcement needed in the direction orthogonal to the strut
direction. This reinforcement can be translated to a reinforcement mesh by using the strut angle 8 such that it
can be concluded whether the minimum reinforcement mesh calculated in designing step 2 is sufficient to
carry this tension force T.

Asp
Asap = 2 (sind + cos 0) * A dbmin
With:
A dbmin minimum face reinforcement calculated in designing step 2.
Agg reinforcement needed in the direction orthogonal to the strut direction in order to
carry the tension force T.
6 the angle of the compression strut.

After calculating the reinforcement mesh needed for the struts, one has to calculate the reinforcement needed
for the ties. The basic anchorage length needed for this reinforcement can be calculated according to art. 8.4.3.

lb rqd = 90‘5_‘1
' 4 fra
With:
[0) is the diameter of the bar.
Ogd is the design stress in the bar.
fra = 2,250 13 fora is the design value of the ultimate bond stress.
M coefficient related to the bond condition (1.0 is for good bond condition).
M, coefficient related to the bar diameter (1.0 for ¢ < 32 mm and 1311? for
¢ > 32 mm).
According to art. 8.4.4 the design anchorage length is calculated according to:
la =ay ay az ay as by ,qq
With:
o) coefficient related to the form of the bars.
a, coefficient related to the concrete minimum cover.
as coefficient related to the confinement by transverse reinforcement.
ay coefficient related to influence of welded transverse bars.
as coefficient related to the pressure transverse to the plane of splitting.

13
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Step 4) Calculating the crack width

The crack width is calculated in the SLS according to art. 7.3.4.

With:

fct,eff = fctm

Wy = Sr,max (Ssm - ‘Scm)

¢
sr,max = k3 c+ kl k2 k4
Pp.eff
k fct,eff 1

% T (1+ e Py ) o

(gsm - gcm) = - ES > 06E_s
P2
is the bar diameter. If a mixture of bar diameters is used ¢ = %

is the cover to the longitudinal reinforcement.
coefficient taking into account the bond properties.
coefficient taking into account the distribution of strain.
coefficient equal to 3.40 for the Netherlands.
coefficient equal to 0.425 for the Netherlands.

the effective height of the ties h,¢, in order to calculate A, ., is according to art.

7.3.2 related to the concrete cover on the reinforcement by h,;; = 2.5 (h — d). This
expression for h,¢s can only be used when the tie lies along the edge of the member.
If the tie lies inside the deep beam, an assumption is made for the effective height. If
one layer of reinforcement is used h,¢sr = 5 ¢, otherwise h.rr = 2.5 * centre to
centre distance of the reinforcing bars.

is the stress in the tie reinforcement.

is a factor related to the duration of the load (0.6 for short term loading and 0.4 for
long term loading).

is the ratio E, /E,,, .

when cracks are expected after 28 days (the concrete is fully hardened).

Step 5) Drawing the reinforcement

Before drawing the reinforcement, the additional detailing requirements according to the code are first

determined. This includes the minimum centre to centre distance of the bars according to art. 8.2 and 9.7.

According to art. 8.3 the minimum mandrel diameter is determined such to avoid bending cracks in the bar and

failure of the concrete inside the bend of the bar. If reinforcement bars are chosen with a diameter bigger than

32 mm, the additional requirements according to art. 8.8 need to be satisfied.

14
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3.2.3 Analytical investigation on optimizing different truss models

It is observed that the Eurocode gives more freedom to the designer in comparison with the Dutch code, but at
the same time requires from the designer to have detailed knowledge of the force flow within the system. This
is especially the case when the designer has to choose an appropriate truss model for the Strut-and-Tie
method. The code recommends choosing the angle of the compression diagonals in accordance with the stress
trajectories of the linear elastic theory, when this model is used for calculations in the Serviceability Limit State.
The code does not give more guidelines in this respect.

When the designer is confronted with this step,
he has to make a decision on the amount of
struts and ties that is to be used, where to place
the connections between the struts and ties, and
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. L L I L O O T T T O t i [ 1 (N L] i ¥ ¥
and the width of the struts and nodes. In most R B R S '
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a stress trajectory plot, as can be seen in the MMM A R R SR R E RS A R LR L S
. . . . R e R R L e L e m . = -
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. . . . IEEE RN A E R N N ."I:].':.-".-" P
diagonals when more diagonals are applied in [rovvvninaaavivenniavibedbibdfpiidise--------
. R L S N "‘1':’.1
the truss model. Because the loading on the ;”:;::::?;::1;”113111” i ”“’I:f'.,
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truss results from a distributed load, these ..ff.’;t,.ﬁ{f_{gg““;i! T
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decisions influence the loading on the individual e il 11 ’if;i_;
component of the truss which themselves  [iii}tt!!:t ‘H”";r]i ARARARERE
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influence the values of the thickness of the EERERRRIRRRR IasRanannRsIanastsntly

struts, the height of the struts, the thickness of
the nodes, the amount of reinforcement needed
in the ties, etc. This is a vicious circle which is
solved by an iteration process. The iteration process can be described as following: first the designer chooses a
truss model by determining the central axis of the components and the length of each component. Then the
loading on the truss is calculated. After that, according to the maximum stresses in the struts, ties and nodes,
the minimum dimensions of the struts and nodes are determined as well as the amount of reinforcement
needed in the ties. If this does not fit in the geometry of the region, the positions of the struts, ties and nodes
need to be changed. As a consequence, the loading on the truss will change. The dimensions of the individual
elements are again calculated and related to the geometry of the region. This is repeated until the truss

Figure 5: Plot of the stress trajectories for an overhang loaded by a
distributed load

dimensions fit in the geometry. The designer can choose to stop and use this truss model, or continue in order
to find dimensions of the truss that are more efficient in terms of the amount of reinforcement that is needed.

The main goal of this part of the investigation is to reduce the iterative procedure described above. This is done
by considering different truss models for different cases. Guidelines are given in order to find the parameters of
the truss models considered, which lead to an efficient design according to the Eurocode calculations.

For the overhang three truss models are considered, while for the opening four truss models are observed. For
these truss models the iteration process as described above, will be reduced by expressing the parameters of
the truss as a function of two variables which are determined in advance. Then with the help of the calculations
in the Eurocode, the values of these variables are determined such that an efficient design is obtained. For one
truss model these variables are determined using a stress trajectory plot of a linear elastic finite element
program.
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The overhang, truss model 1
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a) Location truss model in the wall. b)  Parameters of the truss model

Figure 6: Truss model 1 for the overhang

The first truss model considered is shown in the figure above. It consists of one tie, two diagonal struts with
both width b; and two vertical struts with widths b, and b;. The variables of this truss model are the angle of
the compression diagonals 8 and the height of the compression diagonals h;. The parameters of the truss and
the forces on the truss can be expressed as a function of those two variables, the value of the distributed load
and the dimensions of the overhang. This is done by considering the geometry requirements and the strength
requirements of the individual elements, according to the Eurocode, as will be shown below.

It should be noted that the expressions derived in the next part relate the dimensions of the truss to the
variables such that the stress in the struts is equal to the maximum allowable stress. This is a first step in order
to achieve parameters for an efficient design. In order to achieve a lower stress in the struts, the widths of the
struts have to be increased. When the width b; of the compression diagonals is increased, the amount of the
distributed load that will go through the diagonals will increase, so that the force in the tie will increase. The
amount of reinforcement needed will therefore also increase. The stress in the diagonal itself will decrease as
qa < dyau Ord max - This condition must hold according to the Eurocode, otherwise the thickness of the wall is
not sufficient. When the width b, of the vertical strut is increased, the amount of reinforcement needed will
not increase. However the length of the reinforcement will increase as the distance between the compression
diagonals will increase.

First the minimum and maximum value of h; as a function of 8 have to be observed. The minimum value of h;
for a certain value of 0, is that value where the total load goes through the compression diagonals. The force
on the compression diagonal results from a distributed load with a length of (0,5 b; + L) (see figure 14).
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Figure 7: The minimum height of the compression
diagonal

The maximum value of h; for a certain value of 8, is that value where the total load on the diagonal results
from a distributed load with a length equal to the length of the overhang (see figure 15a). A bigger height of
the compression diagonal is not possible, because the length of the distributed load belonging to the force on
the diagonal will be smaller than the length of the overhang. The remaining part of the distributed load that is
above the overhang will require a second tie in order to transfer this load to the middle strut. However in this
truss model only one tie is available. In figure 15b the part that requires a second tie is cross-hatched.
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Figure 8: The maximum height of the compression diagonal

Now for the situation where h; is equal to the minimum value as a function of 8, the maximum width of the
compression diagonal and the maximum value of the force acting on the diagonal can derived by setting up the
following equations:

Rl,max =4qq (L + bl,max Sil’lg) €q. (1)
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Nimax = Rimax /sin6 eq. (2)
Oy max = 0,6V frg eq. (3)
Gacor = 0,85V fq eq. (4)
Gracoc = V fea eq. (5)
D max = dwlazz . (min (U_rd,maxN;l;::CCCC;Urd ccT )) eq- (6)

Combining eq. (1) till eq. (6) gives:

R = 24t eq. (7

Lmax 1=q4/@wall *Ord max ) q ( )
R

bl,max = e eq. (8)

dywall “Ord max *Sin €

Now the situation where h; is between the two limit values will be considered. The following equation for the
compression diagonal can now be derived:

. h
R, =2qq @ blsm9+L—ﬁ) eq. (9)
N, = R,/sinb eq. (10)
b, = ! M eq. (11)

dwa  min (974 max i9d CCCird CCT )

Combining eq. (9) till eq. (11) gives:

b, = 244 (L S ) eq. (12)

sin 0 (dwall *Ord max —4d) tan 6

For the vertical strut above the node the following equations can be derived:
by =2 (bymax - Sin6 — by - sinh) eq. (13)
R, =Ny =2(qy* (bypmax -sin@+L)—Ry) eq. (14)

Combining eq. (8), (9), (12), (13) and (14) gives:

b, = dwall 'j:id,r:ax —qq . (L~2ta}:119 B 1) eq. (15)
Ry =2 (i (3b5+ L) = R,) eq. (16)

For the vertical strut below the node, the following equations are valid:
b; = b, + 2 b;sinb eq. (17)
Combining eq. (12), (15) and (17) gives:

by =— 2%t eq. (18)

dwall *Ord max —qd

The range of h; can now be determined according to the following equations:
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1 1 . hq 1 . hq
Eb3_Eblslne+m25blsln0+l’_tan6 eg. (19)
1 1 . hy 1 1
5b3—5b151n9+mS5b3 +oL eq. (20)
Combining eq. (12) and (18) till (20) gives:
Ltanf < h, <-Ltan® (1+q—d) eq. (21)
2 wall *Ord max

In theory the expressions above should be valid for widths of the wall bigger than the length of the distributed
load that is transferred by the truss. Using the geometrical conditions this can be expressed as:

byay min =b; +2b;sinf +2 L eq. (22)

Combining eq. (12), (15) and (22) gives:

byait min =2 L (q—d + 1) eq. (23)
dwall 9rd max ~9d
The relation between the angle and the height of the compression diagonals on the required reinforcement in
the tie is investigated using the calculations provided by the Eurocode. It should be noted that the crack width
calculations provided by the Eurocode concern cracks at the location of the tie, because the tie should be
placed on those locations where cracks are expected. However in the case of the overhang, we cannot specify
beforehand the exact location where cracks will develop. It is therefore not unthinkable that in the case of the
overhang the dominant cracks might be located at a certain distance from the tie. However the Eurocode does
not provide expressions in order to determine and control these cracks.

It turns out that the graph relating the variables of the truss model to the needed reinforcement in the ULS is
qualitatively the same for the different dimensions of the overhang. The same holds true for the graph relating
the variables of the truss model to the cracks at the location of the tie. From these graphs it can be concluded
that as the angle 6 increases, the reinforcement in the tie reduces and the crack width increases. Furthermore
it seems that increasing the angle 6 bigger than 60° will barely decrease the amount of reinforcement needed,
while the crack width increases significantly. Choosing 6 bigger than 60° is therefore not sufficient. The
minimum reinforcement needed for a specific value of 8, is obtained when the height of the compression
diagonal is chosen equal to the maximum height as a function of the angle (see the range of h; above).

Crack width

Reinforcement Area

30" _-

Height compression diagonal Height compression diagonal

Figure 9: Graphs relating the angle and height of the compression diagonal to the reinforcement area and the crack width
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The overhang, truss model 2
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Figure 10: Truss model 2 for the overhang

The second truss model considered is shown in the figure above. It consists of two ties, four diagonal struts
with widths b; and three vertical struts with width b,, b; and b,. The variables of this truss model are the
angle of the compression diagonals 8 and the height of the compression diagonals h;. In the same manner as
done before, the dimensions of the parameters of this truss model can be expressed as a function of those two
variables, the value of the distributed load and the dimensions of the overhang.

First the minimum and maximum values if h; as a function of 8 have to be determined. The minimum value of
h, for a certain value of 8 occurs when the total load goes through the compression diagonals. The force on the
compression diagonals results from a distributed load with a length of (0,5 b, + L) (see figure 19).
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Figure 11: The minimum height of the compression diagonals
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The maximum value of h; for a certain value of 8, is that value where the total load on the diagonals results

from a distributed load with a length equal to the overhang (see figure 20a). A bigger height of the compression

diagonals is not possible for this truss model, as the length of the distributed load belonging to the force on the

diagonal will be smaller than the overhang. The remaining part of the distributed load that is above the

overhang will require a third tie in order to transfer this load to the middle strut. However in this truss model

only two ties are available. In figure 20b the part that requires a third tie is cross-hatched.
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Figure 12: The maximum height of the compression diagonal

Now for the situation where h; is equal to the minimum value as a function of 8, the maximum width of the

compression diagonal and the maximum value of the force acting on the diagonal can be derived by setting up

the following equations:

Rl,max =4qq (L +2 bl,max Sil’lg)

Nl,max = 1/2 : Rl,max/Sine

er,max = 0'6 v fcd

Org,ccr = 0,85V fiy

Ordccc = V fed

1
b = .
1,max d

wall

Combining eq. (25) till eq. (30) gives:

Rl,max =4dqq - (L +

94-L

94-L

dwall *Ord max —9d

N1 max )
min (074 max i%d CCC3%rd CCT )

bl,max -

2-sin 6 (dyall “Ord max —4d)
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Now the situation will be considered where h, is between the two limit values. The following equations for the
compression diagonal can be derived:

R, =2qy (b1 sin6 +L_t;:1_19) eq. (33)
N, =1/2 -R,/sin® eq. (34)
b, =— Ny eq. (35)

dyay min (er ,max 9rd ,CCC%rd ,CCT )

Combining eq. (33) till eq. (35) gives:

b, = 9a (L I ) eq. (36)

sin 0 (dyai *Ord max —4d) tan 6

For the vertical strut above the lowest node, the following equations can be derived:
b, =2 (2 by max +SIN6 — by - sin 6) eq. (37)
R, =Ny =2(qq (2bymax -Sin@+L)— N, -sin@) eq. (38)
Combining eq. (32), (36) and (38) gives:

bZ —_  2qa M eq. (39)

Awall “Ord max —q94 tan 6

For the vertical strut above the highest middle node, the following equations can be derived:
by =2 (2 bymayx -SINO—2 by -sind) eq. (40)
R; =N; =2 (qd . (2 by max - Sin @ + L) - Rl) eq. (41)

Combining eq. (32), (33), (36), (40) and (41) gives:

by = dwall 'jrljid,nfax “4a (thai;le - 1) eq. (42)
Ry =2 (qq (5b4+ L) —R,) eq. (43)

For the vertical strut below the lowest node, the following equations can be derived:

by = b, +2 b;sinb eq. (44)
Combining eq. (36), (39) and (44) gives:

2qql
by =——+— eq. (45
4 Awall “Ord max —9d q ( )

The range of h; is now determined according to the following equations:

1 ) h 1.1

Eb3+b1$11’19+$25(5b4 +L) eq.(46)

1 . h 1 1

by +bysind + ——<-b, +-L eq. (47)

Combining eq. (36), (42) and (45) till (47) gives:

%LtanQShl S%Ltan@ (1+dq—d) eq. (48)

wall ‘Ord max
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In theory the expressions above should be valid for widths of the wall bigger than the length of the distributed
load that is transferred by the truss. Using the geometrical conditions this can be expressed as:

byai min = bz +4 by sinf +21L eq. (49)

Combining eq. (36), (42) and (49) gives:

bwall min. — 2L (q—d + 1) €q. (50)
dwall Ord max —9d
As for truss model 1, the calculations provided in the Eurocode are used in order to determine the optimum
values for the variables of the truss model. Again it is denoted that the calculations in the Eurocode concerning
the crack width control do not take into account the cracks elsewhere than the position of the tie. As for truss
model 1, 8 equal to 60° and h; equal to the maximum value as a function of 8 gives an efficient design
according to the calculations of the Eurocode.

23




Concrete walls, The evaluation of the reinforcement design methods in D-regions around openings and overhangs May 10, 2009

The overhang, truss model 3

a2 al
T L T T T T T T T LT
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/ wa. mln \
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VAN
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L
<>
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- - b)  Parameters of the truss model
a) Location truss model in the wall.

Figure 13: Truss model 3 for the overhang

The third truss model is a fan model. It consists of three ties, six diagonal struts with widths b;, b, and b; and
seven vertical struts with widths by, bs, b and b;. The parameters of this truss model will be achieved by using
a stress trajectory plot and relating the parameters to the

variables which are determined beforehand. The stress

H
—
—

trajectory plot is obtained by using SCIA Engineer, a linear

elastic finite element program. From the stress trajectory
plot the angle of the compression diagonals 6; and the

relation between the width of the compression diagonals f3;

-
T

+

¥

will be obtained. These relations are coupled to the stress in

the direction observed.

Next the width of the strut b, is determined, so that the
stress in this strut is equal to the maximum allowable stress
according to the Code. This is a first step in order to achieve

Y R

an efficient design, as explained in truss model 1. Figure 14: Stress trajectory plot with SCIA Engineer

The expression of b, can be determined as follows:

1 2qq4L
by dwait Ordmax =2 4a (L +3 b4) - b, = #(W eq. (52)

The width of each strut can now be determined by using the relation between the width of the diagonals (3;),

obtained from the stress trajectory plot, and the geometrical relations between the struts.

2 (by sin@; + by sin B, + bz sin@3) = b, .
4

?)23 z[[z ll)all - by = % sin 0, +8; sin 6,+B3 sin 63 eq. (53)
b, =B b eq. (54)
b3 = B3 b eq. (55)
bs = by sin 6, eq. (56)
bg = b, sin 6, eq. (57)
b; = b3 sin 63 eq. (58)
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The height of the individual diagonal is geometrically determined by considering the available space of the

distributed load that form the resultant force on the diagonals.
1 1 .
hl = tan91 (L - Eal +E bl sm@l)
1 . 1 .
hz = tan92 (L - —Eaz + bl Sln91 +E bz Slnaz)

h3 = tan 63 Ga3 _% b3 Sil’l93)

With:
a; = sin 61 dyan Ord max bl
qd
sin 92 dwall Ord max
Ay =———————— bz

qa
1
a3=5b4 +L—a1—a2

The value of the resultant force acting on the individual diagonal is calculated according to:

Ri=qq a1
Ry =qq a
R3 =qq a3

The minimum width of the wall for which these expressions are applicable can be expressed as:
1d + 1)

wall Ord max —4d

bwall min = 2L (d

eq

eq

€q

€q

eq

eq

€q

€q

eq

.(59)

. (60)

.(61)

.(62)

.(63)

. (64)

. (65)
. (66)

.(67)

eq. (68)

Now the stress trajectory plot can be used in order to determine the angle of the individual compression

diagonal and the relation between the widths of the compression diagonals. In figure 25 the trajectories that

correspond with the diagonals are hatched for the dimensions of the overhang of 1m, 5m and 10m.

/by =078

8, =457 B =h )

8, =597 By = by/b, = 0,70 8, =39°  f, =by/b, = 0,72

8, =632 8, =53 [y =by/b, = 0,64 C
g, =577

1 m overhang b) 5 moverhang c)

Figure 15: Stress trajectory plot for the upper left corner of the overhang

8, =38 By =byfb, =071
8, = 50 Bz =byfb, =057
6y = 55°

10 m overhang

Now the stresses in the truss elements can be calculated. If nowhere the maximum stress is exceeded, the

estimation of the ratio between the widths of the diagonals was correct. The iteration process is finished after

one iteration step. If the stresses are exceeded somewhere in the truss, the correct relation between the width

of the diagonals should be determined by using the forces in these diagonals. After checking the stresses in the
struts, the reinforcement needed in the tie will be computed. Based on the crack width condition in the SLS the
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diameter of the bars and the centre to centre distance of the bars are determined. If necessary the
reinforcement area is increased.

The properties of the truss model that fulfill all the requirements are given in a table below for the overhang of
1m, 5m and 10m. It should be noted that the Strut-and-Tie method as presented in the Eurocode takes for the
struts only unreinforced concrete into account. The maximum stress in these struts is set to approximately 50%
of the design compressive stress of the concrete. However when high loading is applied, the width of the struts
will become very large. For this model this is the case for strut nr. 4, which has a width of approximately two
times the dimensions of the overhang (see table). In reality the stresses will not distribute over such a large
width. As a consequence, the concrete might locally fail in compression. However the Strut-and-Tie method
does not indicate this. In a later part of this report, it will be shown whether in this case the concrete fails in
compression by using a nonlinear elastic finite element program.

L [m] 1 5 10
Agie1 [mm’] 10 25 52 925 112 @25
Asgiez [mm'] 8 020 30 025 48 025
Agies [mm’] 2 025 24 925 45 ¢25
6, ] 45 39 38
6, ] 59 53 50
63 ] 63 57 55
Bz -] 0,78 0,72 0,71
B3 -] 0,70 0,64 0,57
by [mm] 555 3186 6807
b, [mm] 434 2288 4837
by [mm] 389 2049 3911
by [mm] 2220 11099 22197
bs [mm] 392 2005 4191
bg [mm] 372 1827 3705
b, [mm] 347 1719 3204
hy [mm] 823 3318 6338
h, [mm] 798 3146 5429
h3 [mm] 306 1192 2061
R, [kN] 1416 7240 15135
R, [kN] 1343 6598 13382
R3 [kN] 1250 6206 11569

Table 1: Properties of the truss model for the overhang of 1m, 5m and 10m
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The opening, truss model 1
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a) Location truss model in the wall. b)  Parameters of the truss model

Figure 16: Truss model 1 for the opening

The truss model considered is shown in the figure above. The variable of this truss model is the angle of the
compression diagonals 8. De dimensions of the parameters of the truss and the force on the truss can be
expressed as a function of this variable, the value of the distributed load and the dimensions of the overhang.

The following equations for the compression diagonal can be derived:

Ri =q4 (L+2b;sin0) eq. (69)
Ny =1/2 -Ry/sin6 eq. (70)
Trdmax = 0,6V fea eq. (71)
Ora,cer = 0,85V fu eq. (72)
Ord,cecc = V fu eq. (73)
by = d;zz ‘ (min (0rd max iZid,CCCier,CCT )) ea. (74)

Combining eq. (79) till eq. (74) gives:

Rm e (1) s
1 Qd dwal[ ‘Ord max —qd + eq ( )
_ qq L

by = 2 sin 0 (dwau “Ord max —4d) eq. (76)
For the vertical strut above the highest node the following equations can be derived:

b, =2 b; -sinf eq. (77)
Combining eq. (76) and (77) gives:

hy=— %t eq. (78

2 Awall “Ord max —9d q ( )

For the vertical struts below the lowest node, the following equation can be derived:

b3 = by - sin6 eq. (79)
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Combining eq. (76) and (79) gives:

by = 9q L eq. (80
3 2 (dwall *Ord max _Qd) 9 ( )

In theory the expressions above should be valid for widths of the wall bigger than the length of the distributed
load that is transferred by the truss. Using the geometrical conditions we can express this as:

byau min = L (d i + 1) eq. (81)

wall 9rd max —9d

The relation between the angle of the compression diagonal and the required reinforcement in the tie is
investigated for the different dimensions of the overhang. It turns out that when 8 increases the needed
reinforcement in the ULS decreases, while the crack width at the location of the tie barely changes. This can be
explained by the following; the crack width calculation is based on the concrete bar loaded in tension. The
height of the bar is determined as a function of the concrete cover on the central axis of the reinforcement.
This central axis is determined by the angle 8 following from the geometry of the truss model (the central axis
is located at {0.5 b, cos 8} from the edge). As 6 increases the height of the bar in the calculation of the crack
width will decrease. However the reinforcement needed in the ULS will also decrease. The decreasing height of
the bar and the decreasing reinforcement area counteract each other in the calculation of the crack width,
resulting in a constant crack width at the location of the tie. However it is not expected that this will be truly
the case, because it would mean that the crack width at the location of the tie is not influenced by the
reinforcement area in the tie.

By considering that an opening equals two overhangs connected to each other, we could assume that the best
angle found in the overhang should be the same as for the opening. Therefore, for 8 60° degrees is chosen.
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The opening, truss model 2

In the previous paragraph the parameters of truss model 1 have been
determined. It can be argued that truss model 1 is not efficient, as it ~ jrrrrsieeeay
leads to very conservative solutions. This can be explained in the

following manner. In truss model 1 the distributed load with a length "

of (L + 2 b3) is schematized as a point load in the middle of the —
opening (see. Fig. 31). When we consider a simply supported beam L A
loaded by a distributed load, the maximum moment in the beam will s o)
be equal to %-q - I2. However a simply supported beam loaded by a L ﬂ" A .
point load in the middle equal to q - [, will have a maximum moment L

equal to i q I2. In order to obtain the same moment of %- q - 12, the &b'—’

1
oint load should be equal to =- g - . When we translate this to the
P q 2 q Figure 18: truss model 1 for the opening

truss model for the opening, we obtain the truss model shown in figure
32. The expressions for this truss model are derived below.

I L L L L L DL L L L L S DL S LI L P P PP L RIS LLT [ A A A
_ bwall,min ~ Lecs L Ll
o = + e I O ¥ SN
- - } Rei %Fh %’Rs }
| b bs |
| |
‘ V= | hy
| L - |
p | nl
4
<> | |
a)  Location truss model in the wall b)  Parameters of the truss model

Figure 17: Truss model 2 for the opening

The following equations for the compression diagonal are derived:

R =qq %(L + by) eq. (82)
Ny =% *R{/sin@ eq. (83)
Ordmax = 0,6V fuq eq. (84)
Oracer = 0,85V fiq eq. (85)
Oraccc = V fu eq. (86)
by = ‘1:7 ' (min (07d max iIZid,ECCFer,L‘CT )) eq. (87)

The vertical struts above the lowest nodes at the edge and the loading on these struts can be expressed as:

Rs = qq (§L+§b1sine+§b3) eq. (88)
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N3 = R; eq. (89)
Ordmax = 0,6V frq eq. (90)
Oracor = 0,85V fuy eq. (91)
Ord,ccc = V fu eq. (92)
bs = 171:7 ' (min (07d max ;Izjd €CCi0rd ,ccr)) eq. (93)

The vertical struts below the lowest nodes at the edge can be expressed as:
b, = b; sin@ + bs eq. (94)

Combining eq. (82) till eq. (94) gives:

2
Rl =2 qa L (dwall ‘D—rd,max) eq. (95)

(dwatt *Ord max =qa) (4 dwalt *Ord max +da)

dwall “Ord max
by =q4 L " eq. (96
1 qd sin 6 (dwal[ ‘Ord,max _Qd) (4' dwall ‘Ord,max +Qd) q ( )

dwal[ ‘Ord max (2 dwull ‘Ord max +qd)
Ry =gq4 L eq. (97)
(dwatt *0rd max —4a) (4 dwatt *Ora max +4a)

(2 dyyai *Orq ,max +q4)

b = o L G =00 (8 et 0ra s ¥20) eq- (98)

= 0 e ) i) ea.(99
The vertical strut above the highest node in the middle can be expressed as:

b, =2 b;sinf eq. (100)
Combining eq. (96) and (100) gives:

b, =2q,L wall Trdmax eq. (101)

(dwall'ard,max_qd) (4' dwall 'Urd,max+qd)

In theory the expressions above should be valid for widths of the wall bigger than the length of the distributed
load that is transferred by the truss. Using the geometrical conditions this is expressed as:

2L dwal['ard,max 3 dwall'ard,max+qd) eq‘ (102)
(dwull’grd,mux_qd) (4' dwall'o—rd,max"'qd)

b

wall ,min —
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The opening, truss model 3
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Figure 19: Truss model 3 for the opening

The truss model considered is shown in the figure above. The variable of this truss model is the angle of the
compression diagonals 8. The dimensions of other parameters of the truss and the resultant of the load on the
truss can be expressed as a function of this variable, the value of the distributed load and the dimensions of
the overhang.

The following equation for the compression diagonal can be derived:

Ry = % qq (L + bs) eq. (103)
Ny =1/4 -Ry/sin6 eq. (104)
Ord max = 0,6V feq eq. (105)
Ora,cer = 0,85V fuq eq. (106)
Ora,cecc = V fu eq. (107)
b = d:j ‘ (min (0rd max iZid,ccciard,CCT )) eq. (108)

For the vertical struts below the lowest nodes at the edge, the following equation can be derived:
by = 2 by -sin@ + bs eq. (109)

For the vertical struts above the highest nodes at the edge of the truss, the following equations can be derived:

Rs=2qq (%L+b4—%b5—%§—:) eq. (110)
Ns = Rs eq. (111)
Ordmax = 0,6V frq eq. (112)
Ora,cer = 0,85V [ eq. (113)
Oracoc = V fea eq. (114)

e = L ( Ns )
5 =7 -
dyall min (Urd ,max :9rd ,CCC:0rd ,CCT)

eq. (115)
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Combining eq. (103) and (115) gives:
R, =2 q L (dwall ‘Ord ,max )2 eq (116)
1 L CT max —0d) (4 dwatl “Ord max +d4) '
1 dwall “Ord max
b == L - . (117
1 2 4a sin 6 (dwall *Ord ,max _Qd) (4 dyau ‘Ord max +Qd) €q ( )
(3 dyai*Ordmaxtdy)
b,=gq,L - 4 eq. (118
4 qd (dwall‘o'rd,max_qd) (4 dwall'o'rd,max"'qd) q ( )
Aywall *Ord max (2 Awall *Ord max +qd)
Rs = L - - eq. (119
5 a (dwall *Ord max _Qd) (4 dyall *Ord max +Qd) 9 ( )
(2 dwall *Ord max +44)
bs =q4 L - . (120
5 qd (dwall ‘Ord,max _Qd) (4 dwall *Ord,max +qd) eq ( )
For the vertical strut above the lowest middle node, the following equation can be derived:
b, =2 by -sinf eq. (121)
Combining eq. (117) and (121) gives:
b — q L dwall'ard,max eq (122)
2 7 (dyanOrdmar—1q) (4 dwatrOramax+y) )
For the vertical strut above the highest middle node, the following equation can be derived:
b3 = b, +2b; -sinf eq. (123)
Combining eq. (117), (122) and (123) gives:
dyall *Ord max
by =2q,L - eq. (124)

(dwa[l ‘Ord max _Qd) (4 dywall *Ora ,max +qd)

In theory the expressions above should be valid for widths of the wall bigger than the length of the distributed

load that is transferred by the truss. Using the geometrical conditions this can be expressed as:

21 dyall*Ordmax 3 dwall'”rd,max+qd)

b =
wall ;min (dwall'ard,max_qd) (4‘ dwall'”rd,max+qd)

eq. (125)

In the same way as for truss model 1, the best value of 8 cannot be based on the crack width calculation.

Therefore the same procedure as truss model 1 is followed and 8 is chosen equal to 60°.
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The opening, truss model 4
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Figure 20: Truss model 4 for the opening

The truss model considered is a fan model. The parameters of
this truss model will be achieved by using a stress trajectory plot
and relating the parameters to the variables which are
determined beforehand. The stress trajectory plot is obtained by
using SCIA Engineer, a linear elastic finite element program.
From the stress trajectory plot the angle of the compression
diagonals 6; and the relation between the widths of the
compression diagonals f5; will be obtained. These relations are
coupled to the stress in the direction observed.

Next the width of the strut b, is determined such that the stress
in this strut is equal to the maximum allowable stress according
to the Code. This is a first step in order to achieve an efficient
design, as explained before.

Figure 21: Stress trajectory plot with SCIA ESA Engineer

The following expressions for the determination of the parameters can be derived:

1
Ry =3qa (L+by)

1 1 1R
RB = qu (EL+b4 _EbS —Ei)
b4, _bg = bl Sin91 +b2 Sin92 +b3 sin93
b, = B2 by

bs = B3 by

1
b, = 1 Rg+3R1
4 = ’ :
dwail min (Urd ,max 9rd ,CCC:%rd ,CCT )

1 Rg
by = (=
dwai  \min (0rq max i9d ,cCC3%d ,CCT )
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Combining eq. (126) till (132) gives:
(dwall ‘Ord,max )2
Ri=2q,L - eq. (133
1 d (dwatt Ord max =q4) (4 dwatt “Ord max +44) a-( )
dyall *Ord max (2 dwall *Ord max +qa)
Rg = L - - eq. (134
8 Qd (dwal[ *Ord max _qd) (4 dwall *Ord max +Qd) q ( )
(2 dyalt *Ord max +q4)
bg =qq L - eq. (135
8 qd (dwall *Ord max _qd) (4 dwall ‘Ord max +qd) q ( )
(3 dwall'”rd maxtq )
by, =q,L e eq. (136
4 qd (dwall‘o'rd,max_qd) (4 dwall'”rd,max+qd) q ( )
_ by—bg
bl ~ sin 61+p; sin 6,43 sin 63 €a- (137)
The other parameters of the truss can be expressed as:
b, =B, by eq. (138)
b3 = B3 b eq. (139)
bs = 2 by sin 6; eq. (140)
bg = bs + 2 b, sin 9, eq. (141)
b7 = b6 +2 b3 sin 93 eq. (142)
The minimum width of the wall for which these expressions are applicable can be expressed as:
dwa "Ord,max 3dwa *Ordmaxt
bwall min. — 2L s — ) eq. (144)

(dwall 'Urd,max_qd) (4 dwull'ord,max+qd)

Now the only unknowns in the expression above are the angle of each compression diagonal (6;) and the ratio
between the width of the compression diagonals (f5;). We can use the stress trajectory plot in order to
determine the angle of the individual compression diagonal and estimate the relation between the widths of
the compression diagonals. In the figures 38 the trajectories that correspond with the diagonals are hatched for

the dimensions of the opening of 1m, 5m and 10m.

8, =50° B =b
[ 8, =450 By =byfby=0,78 6;=62° B /by =076 8, = 45°
| =55 s =bafb = 0,67 6; = 65° P g see
8 = || By =g
1 m opening b) 5 m opening c) 10 m opening

Figure 22: Stress trajectory plot for the upper left corner of the overhang

B = bafb, = 0,79
B =ba/by =072

Now the stresses in the truss elements can be calculated. If nowhere the maximum stress is exceeded, the
estimation of the relation between the widths of the compression diagonals was correct. The iteration process
is finished after one iteration step. If the stresses are exceeded somewhere in the truss, the correct relation
between the width of the diagonals should be determined by using the forces in these diagonals. Now the
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correct widths of the truss elements can be computed and the reinforcement needed in the ULS condition can
be determined. Based on the crack width condition in the SLS, the diameter of the bars is determined. If
necessary the reinforcement area can be increased. The centre to centre distance of the bars is determined
such that the lowest layer of bars is located as near to the edge of the opening as possible, taking into account
the concrete cover.

The properties of the truss model that fulfill all the requirements are given in a table below for the opening of
1m, 5m and 10m. As for truss model 3 of the overhang, the width of strut nr. 4 will become very large (see
table below). As explained earlier, this is caused by the max. allowable compressive stress in the struts in
combination with the high loading applied. In reality the stresses will not distribute over such a large width. As
a consequence, the concrete might locally fail in compression. However the Strut-and-Tie method does not
indicate this. In a later part of this report, it will be shown whether in this case the concrete fails in compression
by using a nonlinear elastic finite element program.

L [m] 1 5 10
Agrie [mm’] 4025 16 25 38 925
6: [ 45 50 45
6, [ 59 62 59
0; [ 63 65 63
B [ 1,02 1,22 1,07
Bz [ 0,59 0,87 0,63
b, [mm] 117 467 1124
b, [mm] 119 568 1203
b;  [mm] 69 406 704
by [mm] 865 4324 8647
bs  [mm] 165 715 1590
be  [mm] 368 1718 3651
b; [mm] 491 2453 4905
bg [mm] 620 3097 6194
Ry [kN] 1771 8857 17714
Ry  [kN] 2237 11186 22373

Table 2: Properties of the truss model for the opening of 1m, 5m and 10m
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3.2.4 Summary

The equations derived in the previous chapter can be translated in a number of steps in order to achieve an
efficient design with these truss models. It must be noted that for this investigation the crack width calculations
provided by the Eurocode have been used. However these crack width calculations only consider the cracks at
the locations of the tie. Cracks elsewhere are not considered with this calculation, although those cracks might
become dominant. In a later part of this report a nonlinear elastic finite element program will be used in order
to verify whether the designs made with these equations indeed lead to satisfying results.

The overhang, truss model 1

In order to achieve an efficient design with this truss model, 8 is chosen equal to 60°. The other parameters of
the truss are determined using eq. (145) till (148). The loading on the truss is calculated using eq. (149) and
(150). The minimum width of the wall for which these expressions are applicable, is calculated with eq. (151).

h, = %L tan 6 (1 + W) eq. (145)
b =57 dwa; Z‘; — (L —~ t;;l 9) eq. (146)
b, = doall -jr‘:i,:x 4 (L-Zta}:B N 1) eq. (147)
b, = # eq. (148)
R, =2gqy ( b, sin@ +L—m) eq. (149)
RZ—Z( (b3+L) R) eq. (150)
byai min =2 L (m + 1) eq. (151)

After determining the parameters of the truss and the loading on the truss, the minimum reinforcement
needed in the tie for the ULS conditions can be calculated. Based on the crack width condition at the locations
of the tie in the SLS the diameter of the bars and the centre to centre distance of the bars can be determined. If
necessary the reinforcement area can be increased.

LI L L L L L I L T PP LI L S LS P L LI L LI ITILLIL]
LI L LSS LL L L LTI EL L] bwall min %‘R‘ %; % |

+ < >

o )
J I %*m*cos(qﬂ)
L P Sm(t’_¢ 1ot sine) + L- 01/ tans)
h1 -’tan(ﬂ}|
103 L
a) Location truss model in the wall. b)  Parameters of the truss model

Figure 23: Truss model 1 for the overhang

36




Concrete walls, The evaluation of the reinforcement design methods in D-regions around openings and overhangs May 10, 2009

The overhang, truss model 2

In order to achieve an efficient design with this truss model, 8 is chosen equal to 60°. The other parameters of
the truss are determined using eq. (152) till (155). The loading on the truss is calculated using eq. (156) and
(157). The minimum width of the wall for which these expressions are applicable, is calculated with eq. (158).

b =35 (dwal,?ird,m —a0) (L B t;:,lg) eq. (152)
b, = m : ta:—lg eq. (153)
bs = dwall 'jrljid,nfax —44 . (th;;lg B 1) eq. (154)
b, = % eq. (155)
Ry =2qy (bl sin@ + L — tz::x_le) eq. (156)
Ry =2 (qa (3bs+ L) —R,) eq. (157)
byai min =2 L (W + 1) eq. (158)

After determining the parameters of the truss and the loading on the truss, the minimum reinforcement
needed in the tie for the ULS conditions is determined. Based on the crack width condition at the location of
the ties in the SLS the diameter of the bars and the centre to centre distance of the bars are determined. If
necessary the reinforcement area can be increased.
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T < >
[ LI L LI LI LTI L]

'l
INEZI

|
<> } )
‘ ba ) b sinl) +L-ho/ten(9)
R
b) Location truss model in the wall. b)  Parameters of the truss model

Figure 24: Truss model 2 for the overhang
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The overhang, truss model 3

In order to achieve an efficient design with this truss model, a stress trajectory plot is obtained from a Linear
Elastic Finite Element program. From the stress trajectory plot the angle of each compression diagonal (6; till
65) is determined and the ratio between the width of the compression diagonals (5; and f3,) is estimated. B;
are obtained by observing the stresses in the direction of each compression diagonal. The other parameters of
the truss can be determined using eq. (159) till (171). The loading on the truss is calculated with eq. (172) till
(174). The minimum width of the wall for which these expressions are applicable, is calculated with eq. (175).

1 bs

bl =E sin 81+p, sin 6,+f3 sin O3 €a- (159)
b, = B2 by eq. (160)
b3 = B3 b eq. (161)
2qqlL
by = ——1d = . (162
4 dwall Ord,max —qd eq ( )
bs = by sin 6; eq. (163)
bg = b, sin 6, eq. (164)
b; = b3 sin 63 eq. (165)
in 6, d
ay = 200 duat Irdmax W;Z Trdmax p eq. (166)
in 6, d
a, = 2002 dwatl Irdmax . Irimax eq. (167)
asz =%b4 +L—-0a —qa, eq. (168)
h; = tan 6, (L - 1al +l by sin 91) eq. (169)
2 2
1 . 1 .
h, =tan 0, (L —4—jat by sin 6 +3 b, sin 92) eq. (170)
1 1 .
h3 = tan 05 (E as—; b3 sin 93) eq. (171)
Ri=qqa eq. (172)
Ry =qq @ eq. (173)
R3 =qq a3 eq. (174)
bwall min — 2L ( 4 + 1) eq. (175)
! dywall Ord max —9d

Now the stresses in the truss elements can be calculated. If nowhere the maximum stress is exceeded, the
estimation of the ratio between the width of the compression diagonals (f; and f3,) is correct. The iteration
process is than finished after one iteration step.

If the stresses are exceeded somewhere in the truss, the correct relation between the width of the diagonals
have to be determined by using the forces in these diagonals. Now the new width of the truss elements can be
computed and the reinforcement needed in the tie can be calculated. Based on the crack width condition at
the location of the ties in the SLS, the diameter of the bars and the centre to centre distance of the bars are
determined. If necessary the reinforcement area can be increased.

38




Concrete walls, The evaluation of the reinforcement design methods in D-regions around openings and overhangs May 10, 2009

LILLILL LI SL I LI SIS C L FRIL L IIL L ST LTSI LISLL LT

RLlILlILLIILlFLFLIJLILLLULLL JLIL] b
< wall min

\

TOILAL

b) Location truss model in the wall.

al a2 a3 a3 a2 al
(L AT ‘ A NMMMMNMMNM\

B4

f\

by

b)  Parameters of the truss model

Figure 25: Truss model 3 for the overhang
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The opening, truss model 1

In order to achieve an efficient design with this truss model, 8 is chosen equal to 60°. The other parameters of
the truss are determined using eq. (178) till (180). The loading on the truss is calculated using eq. (181). The
minimum width of the wall for which these expressions are applicable, is calculated with eq. (182).

by da L eq. (178)

2 sin 6 (dwal[ ‘Ord max _qd)

b, = __qq¢l eq. (179)

dwall ‘Ord max —4d

by = 9q L eq. (180
3 7 2 (dwan *Ord max —1d) a. (180)

Ry =qq (dL + L) eq. (181)

wall *Ord,max —9d

bwall min. — L (dq—d + 1) eq. (182)

wall %rd max —9d

After determining the parameters of the truss and the loading on the truss, the minimum reinforcement
needed in the tie for the ULS condition is determined. Based on the crack width condition at the location of the
tie in the SLS, the diameter of the bars is determined. If necessary the reinforcement area is increased. The
centre to centre distance of the bars is determined such that the lowest layer of bars is located as near to the
edge of the opening as possible, taking into account the concrete cover.

It should be noted that this truss model might lead to very conservative solutions. In truss model 1 the
distributed load with a length of (L + 2 b3) is schematized as a point load in the middle of the opening (see.
Fig. 35). When we consider a simply supported beam loaded by a distributed load, the maximum moment in

the beam will be equal to %-q - 2. However a simply supported beam loaded by a point load in the middle
equal to q - I, will have a maximum moment equal to % q I2. In order to obtain the same moment of% -q-l?

the point load should be equal to % q - L. When this is translated to the truss model for the opening, the truss

model shown in the next paragraph is obtained.
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a)  Location truss model in the wall. b)  Parameters of the truss model

Figure 26: Truss model 1 for the opening
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The opening, truss model 2

In order to achieve an efficient design with this truss model, 8 is chosen equal to 60°. The other parameters of
the truss are determined using eq. (183) till (186). The loading on the truss is calculated with eq. (187) and
(188). The minimum width of the wall for which these expressions are applicable, is calculated with eq. (189).

dywall “Ord max
b = L — wa ; eq. (183
1 a sin 6 (dwal[ ‘Ord,max _qd) (4 dyan ‘Ord,max +Qd) q ( )
dwal’ Ordmax
b, =2¢q,L = eq. (184)
2 d (dwall’a'rd,max_qd) (4 dwall'”rd,max+qd)
b — q L (2 dwal[ ‘Ord max +qd) eq (185)
3 d (dwall ‘Ord max _Qd) (4 dywall *Ord max +qd) ’
b — q L (3 dwall‘”rd,max"'qd) eq (186)
4 d (dwall’”rd,max_qd) (4 dwall'grd,max+qd)
2
(dwatt *vd max )
Ri=2q4L - o eq. (187
! 4d (dwall ‘Ord,max _qd) (4 dyan Ora ,max +qd) q ( )
dwail *rd max (2 dwall *Trd max +94)
R3=gqy4 L = - : eq. (188
3 a (dwal[ *Ord max _Qd) (4 dywall *Ord max +Qd) q ( )
dwatlOrdmax (3 dwall'Ordmaxtdy)
bwa” min =21 wall"Ord,max wall'Trd,maxT4qy eq. (189)

(dwall ’grd,mux_qd) (4' dwall 'G—rd,max"'qd)

After determining the parameters of the truss and the loading on the truss, the minimum reinforcement
needed in the tie for the ULS condition is calculated. Based on the crack width condition in the SLS the
diameter of the bars is determined. If necessary the reinforcement area is increased. The centre to centre
distance of the bars of is determined such that the lowest layer of bars is located as near to the edge of the
opening as possible, taking into account the concrete cover.
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a)  Location truss model in the wall b)  Parameters of the truss model

Figure 27: Truss model 2 for the opening
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The opening, truss model 3

In order to achieve an efficient design with this truss model, 6 is chosen equal to 60°. The other parameters of
the truss are determined using eq. (190) till (193). The loading on the truss is calculated will eq. (194) and (195).
The minimum width of the wall for which these expressions are applicable, is calculated with eq. (196).

dywall “Ord max
by =% qa L wall Trd, eq. (190)

sin 6 (dwul[ ‘Ord,max _qd) (4 dyan ‘Ord max +Qd)

bz — qd L dwul['ard,max eq‘ (191)

(dwall 'Urd,max_qd) (4 dwall'”rd,max+qd)

wall “Ord max
b =2 L wa : eq. (192
3 4d (dwall ‘Ord,max _qd) (4 dyan Ora ,max +qd) 4 ( )

(3 dwal*Ordmaxtdy)
by =q,L wall Trdmatdg eq. (193)
(dwall’”rd,max_qd) (4 dwall'”rd,max+qd)

2
(d wall ‘Ord max )

Ri=2¢q4L eq. (194
! da (dwatt “0rd max ~4a) (4 dwatt “Ord max +da) a. (194)
Awall *Ord max (2 Awall “Ord max +494)
Rs = L - - - eq. (195
5= 44 (dwatt “Ora max —4a) (4 dyait *Ord max +4a) a- (195)
dwall ‘Ordmax (3 dwall 'er,max+qd)
bwall min — 2L eq. (196)

(dwall 'er,max_qd) (4 dwall 'G—rd,max"'qd)

After determining the parameters of the truss and the loading on the truss, the minimum reinforcement
needed in the tie for the ULS condition is calculated. Based on the crack width condition in the SLS the
diameter of the bars is determined. If necessary the reinforcement area can be increased. The centre to centre
distance of the bars of the lowest tie is determined such that the lowest layer of bars is located as near to the
edge of the opening as possible, taking into account the concrete cover.
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a) Location truss model in wall b)  Parameters of the truss model

Figure 28: Truss model 3 for the opening
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The opening, truss model 4

In order to achieve an efficient design with this truss model, a stress trajectory plot is used from a Linear Elastic
Finite Element program. From the stress trajectory plot the angle of each compression diagonal (6; till ;) is
determined and the ratio between the width of the compression diagonals (3; and f3,) is estimated. The value
for B; are obtained by observing the stresses in the direction of each compression diagonal. The other
parameters of the truss can be determined using eq. (197) till (204). The loading on the truss is calculated with
eg. (205) and (206). The minimum width of the wall for which these expressions are applicable, is calculated
with eq. (207).

by—bg

b =4 0.+, sin 6,+83 sin 65 eq. (197)
b, = B> b eq. (198)
b3 = B3 b eq. (199)
(3 dyaurdmaxtd,)
b, =q,L T eq. (200
4 qd (dwall'ard,max_qd) (4 dwull'o'rd,max+qd) a ( )
bs = 2 by sin 6; eq. (201)
bg = bs + 2 b, sin 9, eq. (202)
b7 = b6 +2 b3 sin 93 eq. (203)
(2 dwalt *Ord max +44)
bg = L - eq. (204
8 = A (dwatt “0ra max —4a) (4 dwau *Trd max +da) a. (204)
(dwall ‘Ord,max )2
Ri=2¢q4L - eq. (205
! Qa (dwall *Ord max _qd) (4 dyan Ora ,max +qd) 4 ( )
Awall *Ord max (2 Awall “Ord,max +494)
Rg = L - - eq. (206
8 4d (dwall *Ord max _Qd) (4 dyall *Ord max +Qd) q ( )
a0 rdmax 3 dwal*Ordmax+
bwall min. — 2L o Prdmas § — %) eq. (207)

(dwall 'Urd,max_qd) (4 dwall'”rd,max+qd)

Now the stresses in the truss elements can be calculated. If nowhere the maximum stress is exceeded, the
estimation of the ratio between the width of the compression diagonals (8; and () is correct. The iteration
process is than finished after one iteration step.

If the stresses are exceeded somewhere in the truss, the correct relation between the width of the diagonals
have to be determined by using the forces in these diagonals. Now the correct ratio between the widths of the
diagonals can be computed. The minimum reinforcement needed is calculated from the ULS condition. Based
on the crack width condition in the SLS, the diameter of the bars is determined. If necessary the reinforcement
area is increased. The centre to centre distance of the bars is determined such that the lowest layer of bars is
located as near to the edge of the opening as possible, taking into account the concrete cover.
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Figure 29: Truss model 4 for the opening
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4 The Designs

In this chapter the detail drawing of the reinforcement for the
discontinuity region is given, which is obtained by following the
design steps of the codes and the results of the investigation on
optimizing the different truss models.

4.1  Theoverhangof 1 m
4.1.1 The Dutch Code

The moment reinforcement consists of 6 @25 subdivided into 2 bars
per layer which are connected by hairpins near the edge of the wall.
In accordance with art. 9.11.3 these 3 layers can be distributed over
an height of 0.2 = 200 mm. The centre to centre distance of the
layers becomes 100 mm. The concrete is in the stabilized cracking
stage (f,m, < M/W). The steel stress is equal to 311 N/mm?. According
to art. 8.7.2 the centre to centre distance of the bars for
environments class 1 with a steel stress of 311 N/mmz, should be
smaller than 190 mm in order to fulfill the crack width requirements.
This is satisfied. The orthogonal reinforcement mesh near each face in
each direction is equal to @10 — 150. Outside this region a minimum
orthogonal reinforcement mesh is applied equal to @6 — 100 near
each face in each direction.

o
o
-
'
©

¢ 10 - 150

@10 - 150

P4: +13600

hp g10 - 150

45

|
. '~ -

|

|

. 4 prd
Figure 30: The dotted circle indicates the
location for which the detail drawing is given.

Figure 31: Reinforcement drawing for the design
with the Dutch Code, overhangis 1 m
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4.1.2 The Eurocode, truss model 1

The moment reinforcement consists of 8 @25 subdivided into 2 bars per layer which are connected by hairpins
near the edge of the wall. The centre to centre distance of the layers is equal to 60 mm, such that the total
height of the layers combined is 180 mm. The orthogonal reinforcement mesh near each face in each direction
is equal to @8 — 100. Outside this region a minimum orthogonal reinforcement mesh is applied equal to
@6 — 100 near each face in each direction. According to the crack width calculation, the crack width will be
equal to 0,32 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 32: Reinforcement drawing for the
design with the Eurocode with
truss model 1, overhangis 1 m

4.1.3 The Eurocode, truss model 2

The moment reinforcement consists of two reinforcement ties positioned at a height of 1400 mm and 2750
mm from the overhang level. Each tie consists of 6 @20, subdivided into 2 bars per layer which are connected
by hairpins near the edge of the wall. The centre to centre distance of the layers is equal to 60 mm, such that
the total height of the layers combined is 120 mm. The orthogonal reinforcement mesh near each face in each
direction is equal to @8 — 125. Outside this region a minimum orthogonal reinforcement mesh is applied equal
to @6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack
width will be equal to 0,35 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 33: Reinforcement drawing for the
design with the Eurocode with
truss model 2, overhang is 1 m

4.1.4 The Eurocode, truss model 3

The moment reinforcement consists of three reinforcement ties of which two partially overlap. The ties are
positioned at a height of 1020 mm and 1310 mm from the overhang level. The first tie consist of 10 @25, the
second of 8 @20 and the third of 2 @25. The third tie is located at the same height as the first tie, such that the
total amount of reinforcement at the position of the third tie is equal to 12 @25. In each tie the bars are
subdivided into 2 bars per layer. The centre to centre distance of the layers is equal to 50 mm, such that the
total height of the layers combined of tie 1, 2 and 3 are resp. 200 mm, 150 mm and 250 mm. The orthogonal
reinforcement mesh near each face in each direction is equal to @12 — 100. Outside this region a minimum
orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction. According to the
crack width calculation, the maximum crack width will be equal to 0,39 mm, which fulfills the requirements of
the maximum allowable crack width.
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Figure 34: Reinforcement drawing for the
design with the Eurocode with
truss model 3, overhangis1 m
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4.2  The overhang of 5 m
4.2.1 The Dutch Code

The moment reinforcement consists of 30 @25 subdivided into 2 bars per layer connected by hairpins. The
centre to centre distance of the bars equals 1000/14 = 70 mm. The concrete is in the stabilized cracking stage.
The steel stress equals 310 N/mm?. For the crack width requirements, the centre to centre distance of the bars
should be smaller than 190 mm. This is fulfilled. The orthogonal reinforcement mesh near each face in each
direction is equal to @10 — 150. Outside this region a minimum orthogonal reinforcement mesh is applied
equal to @6 — 100 near each face in each direction.
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Figure 35: Reinforcement drawing for the design
with the Dutch Code, overhangis 5 m

4.2.2 The Eurocode, truss model 1

The moment reinforcement consists of 32 @25 subdivided into 2 bars per layer which are connected by
hairpins near the edge of the wall. The centre to centre distance of the layers is equal to 50 mm, such that the
total height of the layers combined is 750 mm. The orthogonal reinforcement mesh near each face in each
direction is equal to @8 — 100. Outside this region a minimum orthogonal reinforcement mesh is applied equal
to @6 — 100 near each face in each direction. According to the crack width calculation, the crack width will be
equal to 0,39 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 36: Reinforcement drawing for the
design with the Eurocode with
truss model 1, overhang is 5 m

4.2.3 The Eurocode, truss model 2

The moment reinforcement consists of two reinforcement ties positioned at a height of 7000 mm and 13600
mm from the overhang level. Each tie consists of 18 @20, subdivided into 2 bars per layer which are connected
by hairpins near the edge of the wall. The centre to centre distance of the layers is equal to 60 mm, such that
the total height of the layers combined is 480 mm. The orthogonal reinforcement mesh near each face in each
direction is equal to @8 — 125. Outside this region a minimum orthogonal reinforcement mesh is applied equal
to @6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack
width will be equal to 0,37 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 37: Reinforcement drawing for the
design with the Eurocode with
truss model 2, overhang is 5 m
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4.2.4 The Eurocode, truss model 3

The moment reinforcement consists of three reinforcement ties positioned at a height of 4560 mm, 5610 mm
and 6320 mm from the overhang level. The first tie consist of 52 @25, the second of 30 @20 and the third of
24 @25. In the first tie the bars are subdivided into 2 bars per layer, with a centre to centre distance of the
layers equal to 50 mm, such that the total height of the layers of tie 1 combined is equal to 1250 mm. In the
second and third tie the bars are subdivided into 3 bars per layer, with a centre to centre distance of the layers
equal to 50 mm. The reason that in the second and third tie 3 bars per layer are possible, is because these bars
are anchored by their anchorage length such that the minimum mandrel diameter of the hairpin is not a
requirement for the centre to centre distance of the bars in their layer. The total height of the layers of tie 2
and 3 are resp. 450 mm and 350 mm. The orthogonal reinforcement mesh near each face in each direction is
equal to @12 — 90. Outside this region a minimum orthogonal reinforcement mesh is applied equal to
@6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack width
will be equal to 0,40 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 38: Reinforcement drawing for the
design with the Eurocode with
truss model 3, overhangis 5 m
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4.3  The overhangof 10 m
4.3.1 The Dutch Code

The moment reinforcement consists of 60 @25 subdivided into 2 bars per layer connected by hairpins. The
centre to centre distance of the bars equals 2000/29 = 70 mm. The concrete is in the stabilized cracking stage.
The steel stress equals 310 N/mmz. For the crack with requirements, the centre to centre distance of the bars
should be smaller than 190 mm. This is fulfilled. The orthogonal reinforcement mesh near each face in each
direction is equal to #10 — 150. Outside this region a minimum orthogonal reinforcement mesh is applied
equal to @6 — 100 near each face in each direction.
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Figure 39: Reinforcement drawing for the design
with the Dutch Code, overhang is 10 m

4.3.2 The Eurocode, truss model 1

The moment reinforcement consists of 64 @25 subdivided into 2 bars per layer which are connected by
hairpins near the edge of the wall. The centre to centre distance of the layers is equal to 50 mm, such that the
total height of the layers combined is 1550 mm. The orthogonal reinforcement mesh near each face in each
direction is equal to @8 — 100. Outside this region a minimum orthogonal reinforcement mesh is applied equal
to @6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack
width will be equal to 0,39 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 40: Reinforcement drawing for the
design with the Eurocode with
truss model 1, overhang is 10 m

4.3.3 The Eurocode, truss model 2

The moment reinforcement consists of two reinforcement ties positioned at a height of 14000 mm and 27200
mm from the overhang level. Each tie consists of 34 @20, subdivided into 2 bars per layer which are connected
by hairpins near the edge of the wall. The centre to centre distance of the layers is equal to 60 mm, such that
the total height of the layers combined is 960 mm. The orthogonal reinforcement mesh near each face in each
direction is equal to @8 — 125. Outside this region a minimum orthogonal reinforcement mesh is applied equal
to @6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack
width will be equal to 0,40 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 41: Reinforcement drawing for the

design with the Eurocode with
truss model 2, overhang is 10 m
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4.3.4 The Eurocode, truss model 3

The moment reinforcement consists of three reinforcement ties positioned at a height of 9020 mm, 11620 mm
and 12360 mm from the overhang level. The first tie consist of 112 @25, the second of 48 @25 and the third of
45 @25. In the first tie the bars are subdivided into 2 bars per layer, with a centre to centre distance of the
layers equal to 50 mm, such that the total height of the layers combined of tie 1 is equal to 2750 mm. In the
second and third tie the bars are subdivided into 3 bars per layer, with a centre to centre distance of the layers
equal to 50 mm. The reason that in the second and third tie 3 bars per layer are possible, is because these bars
are anchored by their anchorage length such that the minimum mandrel diameter of the hairpin is not a
requirement for the distance of the bars in their layer. The total height of the layers of tie 2 and 3 are resp. 750
mm and 700 mm. The orthogonal reinforcement mesh near each face in each direction is equal to @12 — 80.
Outside this region a minimum orthogonal reinforcement mesh is applied equal to 6 — 100 near each face in
each direction. According to the crack width calculation, the maximum crack width will be equal to 0,40 mm,
which fulfills the requirements of the maximurrémllowable crack width.
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Figure 42: Reinforcement drawing for the
design with the Eurocode with
truss model 3, overhang is 10 m
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44  The opening of 1 m
441 The Dutch Code

The moment reinforcement consists of 4 320 + 2 @12. The 2 @12 are chosen to be the primary reinforcement
in the floor. The 4 $20 are subdivided into two layers with a centre to centre distance per layer equal to 150
mm. The concrete is in the stabilized cracking stage (f,m, < M/W). The steel stress is equal to 312 N/mm?.
According to art. 8.7.2 the centre to centre distance of the bars for environments class 1 with a steel stress of
312 N/mmZ, should be smaller than 190 mm in order to fulfill the crack width requirements. This is satisfied.
The horizontal shear reinforcement near each face is equal to @16 — 140. The vertical shear reinforcement
near each face is equal to @10 — 100. Outside this region a minimum orthogonal reinforcement mesh is
applied equal to @6 — 100 near each face in each direction.
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4.4.2 The Eurocode, truss model 1

The moment reinforcement consists of 8 @25 subdivided into 2 bars per layer. The centre to centre distance of
the layers is equal to 70 mm, such that the total height of the layers combined is equal to 220 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to 8 — 90. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,31 mm, which fulfills the
requirements of the maximum allowable crack width.
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Figure 44: Reinforcement drawing for the
design with the Eurocode with
truss model 1, opening is1 m

4.4.3 The Eurocode, truss model 2

The moment reinforcement consists of 2 325 and 2 @20, both subdivided into 2 bars per layer. The centre to
centre distance of the layers is equal to 50 mm. The orthogonal reinforcement mesh near each face in each
direction is equal to @8 — 140. Outside this region a minimum orthogonal reinforcement mesh is ap plied equal
to @6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack
width will be equal to 0,30 mm, which fulfills the requirements of the maximum allowable crack width.
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4,44 The Eurocode, truss model 3

The moment reinforcement consists of two reinforcement ties positioned at a height of 50 mm and 910 mm
from the opening level. Each tie consists of 2 @25, placed in one layer. The orthogonal reinforcement mesh
near each face in each direction is equal to @8 — 140. Outside this region a minimum orthogonal
reinforcement mesh is applied equal to ®6 — 100 near each face in each direction. According to the crack
width calculation, the maximum crack width will be equal to 0,27 mm, which fulfills the requirements of the
maximum allowable crack width.
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4,45 The Eurocode, truss model 4

The moment reinforcement consists of 4 @25 subdivided into 2 bars per layer. The centre to centre distance of
the layers is equal to 74 mm. The orthogonal reinforcement mesh near each face in each direction is equal to
@8 — 140. Outside this region a minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near
each face in each direction. According to the crack width calculation, the maximum crack width will be equal to
0,35 mm, which fulfills the requirements of the maximum allowable crack width.
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45  The opening of 5 m

4.5.1 The Dutch Code

The moment reinforcement consists of 16 @25. The 16 @25 are subdivided into eight layers with a centre to
centre distance per layer equal to 140 mm. The concrete is in the stabilized cracking stage. The steel stress is
equal to 295 N/mm?. According to art. 8.7.2 the centre to centre distance of the bars for environments class 1
with a steel stress of 295 N/mmz, should be smaller than 200 mm in order to fulfill the crack width
requirements. This is satisfied. The horizontal shear reinforcement near each face is equal to @16 — 140. The
vertical shear reinforcement near each face is equal to @10 — 100. Outside this region a minimum orthogonal
reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
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4.5.2 The Eurocode, truss model 1

The moment reinforcement consists of 34 @25 subdivided into 2 bars per layer. The centre to centre distance
of the layers is equal to 95 mm, such that the total height of the layers combined is equal to 1500 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to #8 — 90. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,39 mm, which fulfills the
requirements of the maximum allowable crack width.
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4.5.3 The Eurocode, truss model 2

The moment reinforcement consists of 16 @25 subdivided into 2 bars per layer. The centre to centre distance
of the layers is equal to 85 mm, such that the total height of the layers combined is equal to 600 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to »8 — 140. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,36 mm, which fulfills the
requirements of the maximum allowable crack width.
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4.5.4 The Eurocode, truss model 3

The moment reinforcement consists of two reinforcement ties positioned at a height of 180 mm and 4500 mm
from the opening level. Each tie consists of 8 @25, subdivided into 2 bars per layer. The centre to centre
distance of the layers of the lowest tie is equal to 85 mm, such that the total height of the layers combined is
250 mm. The centre to centre distance of the layers of the upper tie is equal to 60 mm, such that the total
height of the layers is equal to 180 mm. The orthogonal reinforcement mesh near each face in each direction is
equal to @8 — 140. Outside this region a minimum orthogonal reinforcement mesh is applied equal to
@6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack width
will be equal to 0,39 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 51: Reinforcement drawing for the
design with the Eurocode with
truss model 3, opening is5 m

4.5.5 The Eurocode, truss model 4

The moment reinforcement consists of 16 @25 subdivided into 2 bars per layer. The centre to centre distance
of the layers is equal to 90 mm, such that the total height of the layers combined is equal to 640 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to @8 — 140. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,38 mm, which fulfills the
requirements of the maximum allowable crack width.
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4.6  Theopeningof 10 m

4.6.1 The Dutch Code

The moment reinforcement consists of 30 @25. The 30 @25 are subdivided into fifteen layers with a centre to
centre distance per layer equal to 2000/14 = 140 mm. The concrete is in the stabilized cracking stage. The steel
stress is equal to 314 N/mm’. According to art. 8.7.2 the centre to centre distance of the bars for environments
class 1 with a steel stress of 314 N/mmz, should be smaller than 187 mm in order to fulfill the crack width
requirements. This is satisfied. The horizontal shear reinforcement near each face is equal to @16 — 140. The
vertical shear reinforcement near each face is equal to @10 — 100. Outside this region a minimum orthogonal
reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
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4.6.2 The Eurocode, truss model 1

The moment reinforcement consists of 68 @25 subdivided into 2 bars per layer. The centre to centre distance
of the layers is equal to 95 mm, such that the total height of the layers combined is equal to 3100 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to »8 — 90. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,39 mm, which fulfills the
requirements of the maximum allowable crack width.
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4.6.3 The Eurocode, truss model 2

The moment reinforcement consists of 30 @25 subdivided into 2 bars per layer. The centre to centre distance
of the layers is equal to 95 mm, such that the total height of the layers combined is equal to 1320 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to @8 — 140. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,39 mm, which fulfills the
requirements of the maximum allowable crack width.
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4.6.4 The Eurocode, truss model 3

The moment reinforcement consists of two reinforcement ties positioned at a height of 350 mm and 9020 mm
from the opening level. Each tie consists of 16 @25, subdivided into 2 bars per layer. The centre to centre
distance of the layers of the lowest tie is equal to 85 mm, such that the total height of the layers combined is
600 mm. The centre to centre distance of the layers of the upper tie is equal to 60 mm, such that the total
height of the layers is equal to 420 mm. The orthogonal reinforcement mesh near each face in each direction is
equal to @8 — 140. Outside this region a minimum orthogonal reinforcement mesh is applied equal to
@6 — 100 near each face in each direction. According to the crack width calculation, the maximum crack width
will be equal to 0,39 mm, which fulfills the requirements of the maximum allowable crack width.
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Figure 56: Reinforcement drawing for the

design with the Eurocode with
truss model 3, opening is 10 m

4.6.5 The Eurocode, truss model 4

The moment reinforcement consists of 38 @25 subdivided into 2 bars per layer. The centre to centre distance
of the layers is equal to 90 mm, such that the total height of the layers combined is equal to 1635 mm. The
orthogonal reinforcement mesh near each face in each direction is equal to @8 — 140. Outside this region a
minimum orthogonal reinforcement mesh is applied equal to @6 — 100 near each face in each direction.
According to the crack width calculation, the maximum crack width will be equal to 0,38 mm, which fulfills the
requirements of the maximum allowable crack width.
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4.7

In the previous paragraphs the detailing of the reinforcement is given for the different dimensions of the
opening and the overhang. According to the calculations of the Dutch Code and the Eurocode all designs
presented in the previous chapter fulfill the requirements in the ULS and the SLS. In the tables below we
compare the amount of reinforcement needed per design taking into account the reinforcement in the ties and

Comparing the different designs

mesh.

For the overhang it is observed that the designs made with the Dutch Code (DC) require the least amount of
reinforcement. For the designs made with the Eurocode (EC) we observe that truss model 1 and 2 need a
comparable amount of reinforcement, while the amount of reinforcement needed for truss model 3 is
significantly more.

For the designs of the opening we observe that the reinforcement needed for the DC is the most. This is among
other things caused by the large amount of reinforcement mesh needed above the opening and the
compression reinforcement at the side of the opening. Furthermore it is observed that truss model 2, 3 and 4
of the EC need a comparable amount of reinforcement, while the reinforcement needed for truss model 1 is
significantly more. This was expected as denoted in the chapter Analytical optimization of the different truss

models.
Mass
[Tons]
Overhang Opening
DC 0.237 0.337
| ECTrussmodell | 0375 [ 0276
L=1m EC, Truss model 2 0.360 0.175
| EC,Trussmodel3 | 084 | 0183 |
| EC,Trussmodel4 | - | 0187 |
DC 4,950 3.764
| EC,Trussmodell | 6480 | 3.487
L=sm [ ECTrussmodel2 | 589 | 243%
| EGTrussmodel3 | . 13.087 2544
EC, Truss model 4 - 2.546
DC 19.860 12.634
| EC,Trussmodell | 25809 | 13472
L=10m | EC Trussmodel2 | 24289 | 9020 |
| EC,Trussmodel3 | s4704 | 9915 |
| EC,Trussmodel4 | - | 10351 |
Table 3: Reinforcement mass needed for the different designs
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5.  Evaluation of the designs with ATENA

In this chapter a nonlinear elastic finite element program is used in order to simulate and compare the
behavior of the designed cases in reality. In consultation with the committee members, ATENA is chosen for
this purpose.

ATENA is a Nonlinear Finite Element program written by Cervenka Consulting group in order to analyze
(un)reinforced and /or prestressed concrete structures. With this program it is possible to simulate the real
behavior of concrete structures including concrete cracking, concrete crushing and reinforcement yielding.
Several investigations show that analyses performed with ATENA give comparable results to the one found by
real experiments, such as Leonhardt’s shear beam test, prestressed concrete beam test, shear wall with an
opening, bond failure test and more (Ref. 12). For the cases investigated in this report, ATENA 2D version 4.1.1
has been used.

5.1  Pre-processing

5.1.1 Material properties

In this research ATENA is used in order to simulate the designed cases in reality. In order to do so, the average
values for the properties of the concrete should be incorporated in ATENA without the addition of any
(material) safety factors. However, in order to obtain results which are verged to the safe side, the (5%)
characteristic values are chosen for properties involving the strength conditions. The same holds for the
reinforcement properties, which are modeled using a bilinear stress-strain diagram. The reinforcement bond,
taking into account the transfer of forces between the concrete and the reinforcement, is generated using
confined concrete, ribbed reinforcement and good bond quality.

The different parameters for the concrete, reinforcement and reinforcement bond are generated using settings
in ATENA based on CEB-FIB Model Code 1990. The most important variables are listed below.

ATENA concrete properties
ot cure [MPa] 45 ATENA reinforcement bond properties
f. [MPa] 38.25
f [MPa] 3.036 BO?&S;GSS [iiirz]
M 02 5.5000 0.00
E (MPa] 32570 7.2215 0.25
G Wvml 7>91 10.423 0.50
ATENA reinforcement properties 13.750 1.00
Stress-strain law Bilinear 13.750 3.00
o, [MPa] 500 5.5000 15.00
E [MPa] 210000 5.5000 1000.00

Table 4: Material properties in ATENA
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5.1.2 Mesh generation

The finite element mesh is generated using eight noded quadratic elements. Mesh refinement is applied on
locations where big stress gradients are observed in order to obtain accurate results. It should be noted that
the crack width obtained in the post-processing part is related to the element size of the mesh. In ATENA the
crack width in each element is based on the strain in the element. A small element size of the mesh will lead to
many small cracks. However in reality these small cracks will be represented by one or more big cracks. In order
to obtain a better estimation of the real crack width, all cracks over a distance equal to the maximum crack
spacing s, mq, should be summed up. The expression for s, ., can be found in both the Eurocode as the
Dutch code. For the expression of s, .., you are referred to the design steps of the eurocode given in a
previous chapter.

Figure 60: Mesh refinement on locations where big stress Figure 61: The picture indicates how the cracks can be summed
gradients are observed for the overhang of 10 m. The colorsin the  up over a distance equal to the maximum crack spacing.
picture indicate the principle stress in the concrete. High

compression stresses are indicated with in red.

5.1.3 The Loading

In ATENA the load is build up by load steps each with

a magnitude of one tenth of the load in the SLS, in Load step Load coefficient Total load on the wall
order to obtain accurate results. At the end of the 1 0.10

tenth step, the total load on the wall is equal to the : :

load in the SLS. From load step eleven till seventeen :

the load will be increased with a factor of one  |------ 1(1) ------------------- gcl)g ---------------------------- Tep oo
twentieth. At the end of the seventeenth step, the .

total load on the wall is equal to the load in the ULS, : .

as the safety factor is equal to 1.35. After the | 7 005 | qa =135%q,.,
seventeenth step the load is increased with a factor of 18 0.10

one tenth until the SLS and the ULS condition is :

normative. The SLS condition is defined to be : :

normative when the max. allowable cracks width, n 0.10 {01-(n=7) +0.35} * Grep

defined by the codes, is exceeded. The ULS condition Table 5: Load steps in ATENA
is defined to be normative when the stiffness of the

structure as a hole tends to zero in the load-

displacement graph.
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Figure 62: Load-displacement graph for the definition of the load step at which the ULS condition is normative. On

the y-axis of this graph the load does not represent the total load on the wall, but the load on the element

considered.

Figure 63: Loads and supports in ATENA for the overhang. The purple lines indicate the distributed load per floor on

the wall. The blue lines indicate the supports.
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5.2  Post-processing

After obtaining the results for the different designs it turned out that all designs satisfy the SLS and ULS
criterion. It is even observed that the very first crack initiates at a load bigger than the load accounted for in the
designs. From these results two conclusions could be made, videlicet:

- The design methods of the Dutch code and the Eurocode are conservative methods for the
reinforcement design of the observed cases;

- The cases considered will fulfill the SLS and ULS conditions with unreinforced concrete, as the first
cracks initiates at a load bigger than the one accounted for in the designs (SLS and ULS).

The second conclusion is very surprising. In order to verify this in ATENA, it is decided to simulate the cases
considered with unreinforced concrete.

5.2.1 Simulation of the cases with unreinforced concrete

The results obtained with this simulation are represented in tables, like the one on this page. In these tables
the crack width is given for the SLS condition of the designs (load step 10), the max. compressive and tensile
stress in the concrete for the ULS condition of the design (load step 17), the factor between the loading in
ATENA and g,,, of the designs for which the SLS condition is normative and finally the factor between the
loading in ATENA and q, of the designs for which the ULS condition is normative.

For the overhang it turns out that the crack width requirements in the SLS condition (load step 10) are met as
well as the strength requirements in the ULS condition (load step 17). Furthermore the SLS and ULS condition
will be satisfied up to a load equal to 2 times the load which is present in the designs, see table below.

Overhang 1m 5m 10 m

SLS condition design (load step 10)
Crack width [mm] - - -

ULS condition design (load step 17)

max. compressive stress in concrete [MPa] 19 22 23

max. tensile stress in concrete [MPa] 0.83 0.87 1.23

SLS condition normative
Gloading ATENA /qrep 3.0 2.6 2.0

ULS condition normative

Qloading arena / 4d 2.2 2.0 2.0
Table 6: Results of the unreinforced concrete wall with an overhang of 1 m,5 m and 10 m.

For the opening it can also be verified that the crack width requirements in the SLS condition (load step 10) are
met as well as the strength requirements in the ULS condition (load step 17). However we see a clear division
in the results obtained for the opening of 1 m and the opening of 5 m and 10 m. For the opening of 1 m we see
that the highest load at which all the requirements are satisfied, is equal to 2.7 times the load which is present
in the designs. For the dimensions of 5 m and 10 m we see that the highest load at which all the requirements
are satisfied, is equal to 1.1 times the load which is present in the designs. The reason for this division is the
initiation of the first crack, which in the case of the opening of 5 m and 10 m occurs at al load equal to 1.1 times
the load which is present in the design. It is observed that for these dimensions the first crack has a
considerable width in the order of 0.5 mm.
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Opening 1m 5m 10m

SLS condition design (load step 10)
Crack width [mm] - - R

ULS condition design (load step 17)

max. compressive stress in concrete [MPa] 16 18 15

max. tensile stress in concrete [MPa] 0.98 0.77 0.80

SLS condition normative
Qloading ATENA /qrep 3.7 11 1.1

ULS condition hormative

Qloading ATENA / 94 2.7 2.4 2.7
Table 7: Results of the unreinforced concrete wall with an opening of 1 m, 5 m and 10 m.

It is verified that the cases considered with unreinforced concrete will fulfill the requirements of the SLS and
ULS conditions of the designs. Because the concrete is not cracked in the SLS and ULS stage of the designs*, we
cannot compare the different reinforcement designs made in the previous chapters, as they would give the
same results. In order to compare these different designs it is decided to reduce the tensile strength of the
concrete up to 10 % of it’s initial value. In order to avoid having a viscous material, the fracture energy is also
reduced with the same ratio. It should be noted that the results obtained in this manner should only be used in
order to compare the different reinforcement designs. The values obtained for the crack widths should not be
read as the real occurring crack widths.

5.2.2  Simulation of the designs with a concrete tensile strength approaching zero

On the next two pages the tables are shown which give the results obtained with ATENA for the different
designs. These tables show that for all the designs in the ULS condition (load step 17) the stress in the
reinforcement tie is very low in contrast to the stress in the reinforcement mesh. This might suggest that less
reinforcement in the tie would be sufficient or; the reinforcement tie is of less importance in transferring the
stresses in contrast to the reinforcement mesh or; the location of the reinforcement tie is such that is it not
stressed efficiently. In the next paragraph the importance of the reinforcement tie in the ULS condition will also
be determined.

" For the opening of 5 m and 10 m the concrete is cracked in the ULS stage of the design.
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Overhang 1 m DC EC

Truss 1 Truss 2 Truss 3

SLS condition design (load step 10) | |
Crack width [mm] {034 | 031 0.26 0.07

ULS condition design (load step 17)

max. compressive stress in concrete [MPa] 23 26 25 27
max. tensile stress in reinforcement tie [MPa] 67 51 46 30
max. tensile stress in reinforcement mesh [MPa] 155 99 119 49

SLS condition normative
Gloading ATENA /qrep 11 13 13 1.7

ULS condition normative

Qioading ATENA / Qd 3 1.7 3 2.1 2.1 2.1
Overhang5m DC EC
! Truss 1 Truss 2 Truss 3

SLS condition design (load step 10) | |
Crack width [mm] {058 | 052 0.54 0.31

ULS condition design (load step 17)

max. compressive stress in concrete [MPa] 21 25 35 31
max. tensile stress in reinforcement tie [MPa] 46 43 66 37
max. tensile stress in reinforcement mesh [MPa] | 104 | 111 178 51

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

SLS condition normative
Qloading ATENA /qrep 0.7 0.7 0.6 1.2

ULS condition normative

Qioading ATENA / Qd ! 1.5 : 1.7 1.5 1.7
Overhang 10 m DC EC
‘ Truss 1 Truss 2 Truss 3

SLS condition design (load step 10) ‘ ‘
Crack width [mm] {084 | 1.08 1.19 0.44

ULS condition design (load step 17)

max. compressive stress in concrete [MPa] 34 34 34 34
max. tensile stress in reinforcement tie [MPa] 81 68 82 49
max. tensile stress in reinforcement mesh [MPa] 197 203 248 83

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

SLS condition normative
Qloading ATENA /qrep 0.5 0.5 0.5 0.9

ULS condition normative : :
Qioading aTENA / 44 3 1.3 3 1.3 1.3 1.4

Table 8: Comparing the results for the designs of the overhang of 1 m, 5 m and 10 m.
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Opening1m DC EC

Truss 1 Truss 2 Truss 3 Truss 4
SLS condition design (load step 10)
Crack width [mm] 0.12 0.09 0.11 0.13 0.11
ULS condition design (load step 17)
max. compressive stress in concrete [MPa] 17 18 17 17 17
max. tensile stress in reinforcement tie [MPa] 22 24 23 25 23
max. tensile stress in reinforcement mesh [MPa] 35 93 61 65 63
SLS condition normative
Qloading ATENA /QTep 24 24 23 2.3 2.3
ULS condition normative
Qioading ATENA / qd 3.1 2.8 2.9 2.9 3.0
Opening5m DC EC

Truss 1 Truss 2 Truss 3 Truss 4
SLS condition design (load step 10)
Crack width [mm] 0.23 0.24 0.32 0.25 0.24
ULS condition design (load step 17)
max. compressive stress in concrete [MPa] 19 25 18 18 18
manx. tensile stress in reinforcement tie [MPa] 25 30 23 22 27
max. tensile stress in reinforcement mesh [MPa] 59 99 103 97 97
SLS condition normative
Qioading ATENA / Qrep 16 15 1.2 1.3 1.4
ULS condition normative
Qioading aTENA / 9d 2.9 2.4 2.8 2.9 2.8
Opening 10 m DC EC

Truss 1 Truss 2 Truss 3 Truss 4
SLS condition design (load step 10)
Crack width [mm] 0.32 0.30 0.32 0.34 0.33
ULS condition design (load step 17)
max. compressive stress in concrete [MPa] 22 18 18 18 18
max. tensile stress in reinforcement tie [MPa] 27 25 24 22 24
max. tensile stress in reinforcement mesh [MPa] 57 45 62 66 59
SLS condition normative
Qioading ATENA / Qrep 0.9 1.2 1.2 1.1 1.1
ULS condition normative
Qioading aTENA / 9d 2.9 2.8 2.7 2.7 2.6

Table 9: Comparing the results for the designs of the opening of 1 m, 5 m and 10 m.
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5.2.3 Investigating the importance of the reinforcement tie

In order to investigate the importance of the reinforcement tie, an overhang and an opening of 10 m both will
be analyzed with and without a reinforcement tie. The reinforcement mesh and the concrete properties are
unchanged in comparison to the previous simulations.

The tables show that the simulations of the designs with and without the reinforcement tie give similar results
in ATENA. It is observed that the reinforcement tie does not contribute to a higher ultimate load, nor does it
substantially contribute to the crack width reduction.

Overhang 10 m truss 1 3
| With | Without
reinforcement reinforcement
' tie tie
SLS condition design (load step 10) |
Crack width [mm] 1.08 1.10
ULS condition design (load step 17)
max. compressive stress in concrete [MPa] 34 36
max. tensile stress in reinforcement tie [MPa] 81 -
max. tensile stress in reinforcement mesh [MPa] 197 188
SLS condition normative
Qioading ATENA / Qrep 0.5 0.5
ULS condition normative
Qloading ATENA / Qd 1.3 1.3

Table 10: Results of the concrete wall with an overhang of 1 m with and without a reinforcement tie.

Opening 10 m truss 1 3
| With Without
reinforcement reinforcement
tie | tie
SLS condition design (load step 10) ‘
Crack width [mm] 030 | 028
ULS condition design (load step 17)
max. compressive stress in concrete [MPa] 22 18
max. tensile stress in reinforcement tie [MPa] 27 -
max. tensile stress in reinforcement mesh [MPa] 57 94
SLS condition normative
Qioading ATENA / Qrep 1.2 1.2
ULS condition normative | ‘
Qloading ATENA / Qd 2.8 2.8

Table 11: Results of the concrete wall with an opening of 1 m with and without a reinforcement tie.

In order to explain why the reinforcement tie does not contribute to a higher ULS level, the concrete stresses
are observed in ATENA at different stages.
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For the overhang the first stage concerns the moment when the first crack starts to develop in the wall due to
high compression stresses in the concrete. When the loading is increased, the crack width increases until the
concrete in the corner fails under compression. At this instant the maximum compressive stress in the concrete
displaces further into the wall while more cracks start to develop rapidly until the ULS condition is normative,
see figures below. In the calculations with the codes it was assumed that the tensile stresses in the concrete
would be exceeded which would determine the ULS condition. However ATENA shows that the compression
stress in the concrete determine the ULS condition, because in the specifications (chapter 2) a wall is
considered which has a large mass of concrete distributed over a large height above the overhang level.
Therefore ATENA indicates that the tensile stress in the concrete will be distributed over this large height so
that the tensile stress will remain very small. It should be noted that when a lower height is considered above
the overhang level such that the ULS condition will be determined by exceeding the tensile stresses in the
concrete, it is expected that the reinforcement tie will have a big contribution for the ULS level. The last
mentioned case is however not considered as it is outside the borders of this report as laid down in the
specifications (chapter 2).

Analysis step 18 Analysis step 27 Analysis step 30
First crack appears in the direction of Max. stress is equal to the concrete ULS condition is normative
the schematized compression diagonal compressive strength

Figure 64: Unreinforced concrete wall with an overhang of 10 m. The red areas show the location where high compressive
stresses are found in the concrete. The lines indicate the distribution of the compressive stress over the width
of the wall.

For the opening it is observed that the first crack starts at the location where the tension tie is schematized in
the designs. When the loading is increased, cracks start to develop at the locations where the compression
diagonals were schematized, until the concrete in the corner fails in compression. At this instant the maximum
compressive stress in the concrete displaces further into the wall while more cracks start to develop rapidly
until the ultimate load is reached, see figures below. In the calculations with the codes it was assumed that the
tensile stresses in the concrete would be exceeded which would determine the ULS condition. However ATENA
shows that also for the opening the compression stresses in the concrete determine the ULS condition, because
in the specifications (chapter 2) a wall is considered which has a large concrete mass at both sides of the
opening. This concrete mass will offer resistance in the increase of the opening, until the concrete starts to fail
in compression. It should be noted that when the width of the wall near the opening becomes smaller, the ULS
condition may be determined by exceeding the tensile strength of the concrete above the opening. When this
is the case, the reinforcement tie is expected to have a big contribution in the ULS level. The last mentioned
case is however not considered as it is outside the borders of this report as laid down in the specifications
(chapter 2).
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[y | e Eeeeea
Analysis step 12 Analysis step 31 Analysis step 40
First crack appears on the location where Cracks appear in the direction of the ULS condition is normative
the tie was schematized in the designs schematized compression diagonal

Figure 65: Unreinforced concrete wall with an opening of 10 m. The red areas show the location where high compressive stresses
are found in the concrete. The lines indicate the distribution of the compressive stress over the width of the wall.
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5.2.4  Stressdistribution

In the calculations of the Beam Method and the Strut-and-Tie Method, the load is assumed to go vertically
through the wall until it reaches the reinforcement tie, which transfers the load over the D-region. However it
is not unthinkable that the concrete which is placed above the tie will perform preliminary work, such that the
stress in the D-region will decrease. In order to confirm this, the stress distribution along the height of the wall
should be analyzed. It is also of importance to analyze how this stress distribution changes when cracks
propagate through the wall.

Unlike plates, walls transfer stresses mainly by shear action. In order to understand how the load is transferred
through the wall, it is necessary to observe the shear stress distribution along the height of the wall.

For the unreinforced overhang of 10 m the shear stress distribution is given for several stages. For this purpose
the real properties of the materials are simulated in ATENA.

In figure 66 the shear stress distribution is shown along the height of the wall in the elastic stage when the
concrete is still uncracked. In figure 67 the shear stress distribution is given when the concrete compressive
stress is equal to the concrete compressive strength. In spite of the cracks that are present above the
overhang, it is observed that the shear stress distribution is unchanged. Figure 68 shows the shear stress
distribution just before the ultimate load is reached. At the corner of the overhang the concrete is failed in
compression, so that at this point less shear stress is transferred. This difference is however negligible small
when the overall shear stress distribution of the wall is observed.

Figure 66: Shear stress distribution along the height of the wall when the concrete is uncracked.
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Figure 67: Shear stress distribution for the cracked concrete when the concrete compressive stress
is equal to the concrete compressive strength.

Figure 68: Shear stress distribution just before the ultimate load is reached.

The figures above show that, a certain amount of load is transferred by shear above the location where the
reinforcement tie is placed in the designs. Because of this, the load which has to be transferred by the tie will
be less, such that the stress in the tie will be less than accounted for in the calculations of the codes. It is
interesting to determine the percentage of the load which is transferred by shear above the tie, because in this
way the total load on the wall could be reduced with this percentage for the determination of the
reinforcement area in the tie.

In the table on the next page, the percentage of the load is indicated which is transferred by shear above the
reinforcement tie. Based on this percentage the relative stress in the reinforcement tie is given, which indicates
the stress in the reinforcement tie according to the codes when the load on the tie is reduced with the above
mentioned percentage. The stress in the tie according to ATENA is also presented in the table. This is done in
order to compare this stress to the relative stress described above.
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Overhang 10 m ! ! |

. % load Osrep O tierel as,tie*

 transferred by | Calculations | = i ATENA

i shearabove | DC/EC | 100-% _ !

: tie | ' 100 STep

[MPa] [MPa] [MPa]

Design DC b 53y 311 i 146 § 81
Design EC, Truss Model 1 53 % 243 114 68
Design EC, Truss Model 2 27% 243 177 82
Design EC, Truss Model 3 73% 261 70 49

* Stress in the tie according to ATENA when the concrete tensile strength is reduces to 10%.

Table 12: Effect of shear stress distribution on the stress in the tie.

From the table it is observed that the relative stress in the tie according to the codes, is still more than the
stress in the tie according to ATENA. This is caused by the fact that the codes do not incorporate the
contribution of the reinforcement mesh in the reduction of the stress in the tie. However the reinforcement
mesh will ensure that the tensile stresses are transferred although the concrete tensile strength is reduces to
10%. However the codes assume that these tensile stresses will only be transferred by the ties.

For the opening of 10 m the same procedure is followed as described above for the overhang. Below, the stress
distribution is given for the unreinforced case in several stages. In figure 69 the shear stress distribution is
shown along the height of the wall in the elastic stage when the concrete is still uncracked. In figure 70 the
shear stress distribution is given when big cracks have developed in the concrete. In spite of the cracks, it is
observed that the shear stress distribution is unchanged. Figure 71 shows the shear stress distribution just
before the ultimate load is reached. At the corners of the opening the concrete is failed in compression, so that
at this point less shear stress is transferred. As in the case of the overhang, this difference is negligible small
when the overall shear stress distribution of the wall is observed

Figure 69: Shear stress distribution along the height of the wall when the concrete is uncracked.
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Figure 70: Shear stress distribution for the cracked concrete when the concrete compressive stress
is equal to the concrete compressive strength.

Figure 71: Shear stress distribution just before the ultimate load is reached.

As for the overhang, the table on the next page indicates the percentage of the load which is transferred by
shear above the location where the reinforcement tie in the designs is present. Based on this percentage the

relative stress in the reinforcement tie according to the codes is calculated. The stress in the tie according to
ATENA is also presented in the table.
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Opening 10 m : : :

' % load Os,rep Ostierel Ostie*

 transferred by | Calculations = ATENA

i shearabove | DC/EC | 100-%

: tie | L 100 ste

[MPa] [MPa] [MPa]

Design DC 88% 314 38 27
Design EC, Truss Model 1 80 % 257 51 25
Design EC, Truss Model 2 89 % 257 28 24
Design EC, Truss Model 3 90 % 241 24 22
Design EC, Truss Model 4 87 % 251 33 24

* Stress in the tie according to ATENA when the concrete tensile strength is reduces to 10%.
Table 13: Effect of shear stress distribution on the stress in the tie.

As for the overhang, the relative stress in the tie according to the codes is still more than the stress in the tie
according to ATENA. As already mentioned, the reinforcement mesh will ensure that the tensile stresses are
transferred although the concrete tensile strength is reduces to 10%. However the codes assume that these
tensile stresses will only be transferred by the ties.

As the table indicates, the difference between the relative stress and the stress indicated by ATENA is for the
opening much smaller than in the case of the overhang. This can be explained by observing the horizontal
tensile stress distribution over the height of the unreinforced wall.

As can be seen in the figures below, for the case of the overhang the tensile stresses in the concrete are very
low as they are distributed over a very large height. In the schematization of the codes, the tensile stresses are
assumed to be transferred by a concentrated reinforcement tie. However, because the horizontal stress is
distributed over such a large height, the tie will not be stressed efficiently.

For the case of the opening the horizontal stress in the concrete is relatively big, because this horizontal stress
is distributed over a much smaller height. For this case the schematization of the codes that the horizontal
stress is transferred by a horizontal reinforcement tie is therefore much better. That is why the relative stresses
indicated in the tables are for the case of the opening much closer to the values obtained by the codes.

Low tensile

stress
Compression

stress

Compression

stress
High tensile
stress

Figure 72: Horizontal stress distribution over the height of the wall. Left this is indicated for the
overhang, while right this is done for the opening.
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6. Conclusions and recommendations

Throughout the investigation several conclusions and recommendations were drawn. The most important ones
are listed below.

6.1 Conclusions

Both the Beam Method (Dutch Code) and the Strut-and-Tie Method (Eurocode) are conservative methods for
the cases considered. This is caused by three phenomena:

1) Both methods do not take into account the contribution of the concrete tensile strength in the wall.

2) Both methods do not take into account that the reinforcement mesh will ensure a second load path

for the tensile stresses in the wall when the concrete is cracked.

3) a) Forthe opening cases both methods do not take into account the positive effect of the large
concrete mass which is present at both sides of the opening. This concrete mass will offer
resistance in the increase of the opening, such that the tension tie will not be stressed as
calculated by the codes. When less concrete mass is present at the sides of the opening, this
effect will be smaller so that the stress in the tie will increase.

b) For the overhang cases both methods do not take into account the positive effect of the concrete
mass which is present over a large height above the tie. Due to the presence of this concrete
mass, the tensile stresses in the concrete will be distributed over a large height so that the
stresses in the tie will be less than calculated by the codes. When less concrete is present above
the tie, this effect will be smaller so that the stress in the tie will increase.

In the cases considered the ULS condition is determined by crushing of the concrete at the corners of the
openings. Increasing the amount of reinforcement in the ties for the cases considered will therefore not
contribute to a higher load carrying capacity of the wall. In order to reduce the concentrated stress in these
opening, the sharp edges in the corners should be round off so that the stress is distributed more equally.
When a higher load carrying capacity of the wall is still desired, compression reinforcement can be added in
order to decrease the compression stresses in the concrete.

The traditional design steps that start by defining the concentrated reinforcement ties and end with defining
the minimum reinforcement mesh needed in the wall, might lead to a considerable amount of unnecessary
reinforcement. The reinforcement mesh, which is not incorporated in the calculations for determining the
reinforcement area needed in the ULS condition, will have a considerable contribution in transferring the forces
in the wall. A better order in the design of concrete walls is to first determine the minimum reinforcement
mesh needed in the wall. Then, if necessary, reinforcement can be added in order to meet the requirements in
the SLS and ULS condition.

This research shows that different truss models, which lead to different reinforcements, will not result in a
considerable change in the reaction of the wall. The designer should not make an effort in enhancing a truss
model, which results in a complex system. It is better to choose a simple truss model that clarifies the force
flow throughout the truss, as long as the truss model follows the overall image drawn by the flow of forces in
the wall.

Detailing of the reinforcement is of big importance in order to transfer the loads trough the truss.

When a stress trajectory plot is used, the Eurocode calls upon the knowledge of the designer in order to
translate the stress trajectory plot into a truss model that represents the flow of forces.
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The ultimate load on a wall, according to the calculations used in practice, is limited by the t,-check in such a
way, that it is only a function of the design concrete compressive strength, the thickness of the wall and the
angle of the shear reinforcement.

6.2 Recommendations

The designer should realize that the crack width calculations presented in the codes are based on a bar loaded
in tension. For walls these calculations do not provide solid ground for the determination of the crack widths.

In D-regions the maximum allowable stress in the struts is set to approx. 50% of the concrete design
compressive strength according to the Strut-and-Tie Method of the Eurocode. Outside the D-region the
maximum allowable stress is equal to the concrete design compressive strength. At the border of the D-region
this causes a compatibility problem. Efforts should be made in order to understand the consequence of these
compatibility problems.

In order to apply the Strut-and-Tie Method, it is important to have knowledge of the dimensions of the D-
region for which the Strut-and-Tie Method is applicable. Research should be performed in order to achieve
guidelines for the determination of this D-region in walls.

When high loading is applied, the struts in the Strut-and-Tie Method may become very large. In reality the
compression stresses may not be distributed over such a large width. This might lead to a distorted image of
the force flow through the D-region. Efforts should be made in order to determine the maximum width of the
compression struts.
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Appendix

App. 1 and App. 2 are added to this report in the following pages. Due to the size of App. 3, App. 4 and App. 5 it
is chosen to exclude those in a different set of papers.

Appendix included in this report:

App.1 The t,-expression
App. 2 Ultimate load according to the 7,-expression

Appendix excluded from this report:

App. 3: Calculations Dutch Code NEN6720

App. 3.1: The overhang of 1 m
App. 3.2: The overhang of 5m
App. 3.3: The overhang of 10 m
App. 3.4: The opening of 1 m
App. 3.5: The opening of 5 m
App. 3.6: The opening of 10 m

App. 4: Calculations Eurocode EN1992-1-1

App. 4.1: The overhang of 1 m, truss model 1
App. 4.2: The overhang of 1 m, truss model 2
App. 4.3: The overhang of 1 m, truss model 3
App. 4.4: The overhang of 5 m, truss model 1
App. 4.5: The overhang of 5 m, truss model 2
App. 4.6: The overhang of 5 m, truss model 3
App. 4.7: The overhang of 10 m, truss model 1
App. 4.8: The overhang of 10 m, truss model 2
App. 4.9: The overhang of 10 m, truss model 3
App. 4.10: The opening of 1 m, truss model 1
App. 4.11: The opening of 1 m, truss model 2
App. 4.12: The opening of 1 m, truss model 3
App. 4.13: The opening of 1 m, truss model 4
App. 4.14: The opening of 5 m, truss model 1
App. 4.15: The opening of 5 m, truss model 2
App. 4.16: The opening of 5 m, truss model 3
App. 4.17: The opening of 5 m, truss model 4
App. 4.18: The opening of 10 m, truss model 1
App. 4.19: The opening of 10 m, truss model 2
App. 4.20: The opening of 10 m, truss model 3
App. 4.21: The opening of 10 m, truss model 4

App. 5: Calculations ATENA (FNL-FEM)

App. 5.1: Simulation of the cases with unreinforced concrete
App.5.1.1: The overhang of 1 m

App. 5.1.2: The overhang of 5m

App.5.1.3: The overhang of 10 m

App. 5.1.4: The opening of 1 m

App.5.1.5: The opening of 5 m

App. 5.1.6: The opening of 10 m
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App. 5.2 Simulation of the design with a concrete tensile strength approaching zero
App.5.2.1: The overhang of 1 m, Dutch Code

App. 5.2.2: The overhang of 1 m, Truss model 1 Eurocode

App.5.2.3: The overhang of 1 m, Truss model 2 Eurocode

App. 5.2.4: The overhang of 1 m, Truss model 3 Eurocode

App.5.2.5: The overhang of 5 m, Dutch Code

App. 5.2.6: The overhang of 5 m, Truss model 1 Eurocode

App.5.2.7: The overhang of 5 m, Truss model 2 Eurocode

App.5.2.8: The overhang of 5 m, Truss model 3 Eurocode

App.5.2.9: The overhang of 10 m, Dutch Code

App. 5.2.10: The overhang of 10 m, Truss model 1 Eurocode
App.5.2.11: The overhang of 10 m, Truss model 2 Eurocode
App. 5.2.12: The overhang of 10 m, Truss model 3 Eurocode
App. 5.2.13: The opening of 1 m, Dutch Code

App. 5.2.14: The opening of 1 m, Truss model 1 Eurocode
App. 5.2.15: The opening of 1 m, Truss model 2 Eurocode
App. 5.2.16: The opening of 1 m, Truss model 3 Eurocode
App. 5.2.17: The opening of 1 m, Truss model 4 Eurocode
App. 5.2.18: The opening of 5 m, Dutch Code

App. 5.2.19: The opening of 5 m, Truss model 1 Eurocode
App. 5.2.20: The opening of 5 m, Truss model 2 Eurocode
App. 5.2.21: The opening of 5 m, Truss model 3 Eurocode
App. 5.2.22: The opening of 5 m, Truss model 4 Eurocode
App. 5.2.23: The opening of 10 m, Dutch Code

App. 5.2.24: The opening of 10 m, Truss model 1 Eurocode

App. 5.2.25: The opening of 10 m, Truss model 2 Eurocode

App. 5.2.26: The opening of 10 m, Truss model 3 Eurocode

App. 5.2.27: The opening of 10 m, Truss model 4 Eurocode

App. 5.3: Investigating the importance of the reinforcement tie

App.5.3.1: The overhang of 10 m, Design truss model 1 with Reinforcement tie, Eurocode
App.5.3.2: The overhang of 10 m, Design truss model 1 without Reinforcement tie, Eurocode
App.5.3.3: The opening of 10 m, Design truss model 1 with Reinforcement tie, Eurocode
App. 5.3.4: The opening of 10 m, Design truss model 1 without Reinforcement tie, Eurocode
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App.1: The 7,-expression

The t,-norm is a part of the check to shear force failure. In this part a verification of the 7,-norm will be given,
in order to understand this check.

When shear force in the structure is present, according to art. 8.2 of NEN6720 one has to satisfy the condition:

. Va
< .
T STy with: Ta =557

T, =T +TT, =1,

T4 represents the shear stress due to the shear force V;, 7; represents the allowable shear stress when no
shear reinforcement is applied, T, represents the shear stress carried by the shear reinforcement and 7,
represents the maximum stress in the compression strut.

When we analyze the formula above, it can be concluded that the following condition must hold:

T4< T, with: 7, =02f, k, kg
k,, is a factor taking prestressing into account
kg is a factor as a function of the angle

In order to explain the expression for t,, we have to analyze
the stresses in the structure. Due to a discontinuity in the
structure distortion of the stress path will occur. In figure
App. 56 this discontinuity is caused by the support. Due to

this discontinuity a compression strut will develop. This PP
compression strut has a width in the plane of the drawing W
equal to: 5 VL

b, =z * (cotf + cota) * sinf

On basis of equilibrium it is found that N, * sin@ = V,, such

that for the concrete stress in the compression diagonal is Z$ a;
found:

o, = Yq
b ™ pugesin? 6 x(cot 6+cot a)

(eq.1)

<>

It might be expected that the maximum stress in the z (cotf + cota)

compression strut is equal to the uniaxial strength of the
concrete. However the shear reinforcement, loaded in Figure App. 73: Geometry of the compression strut
tension, introduces by bond transverse tensile stresses. This

causes a reduction of the strength as can be seen from the ®

@ tension
Al

. . . . f
failure envelope for concrete loaded in two directions. See \ ‘/—%ﬁ
compression

tension

fe \Oc

figure App. 73. Due to the occurrence of compressive stress
in the direction of the diagonal and tensile stresses in the

transverse direction, a reduction of the ultimate compressive o ~ o
stress occurs. Furthermore the shear reinforcement can give / <>
e
o

rise to local stress concentrations. From experiments it was ; o

compression

shown that the following relation exists between the
maximum stress and the concrete strength (Ref. 1):

(eq. 2) Figure App. 74: Reduction of the concrete compressive strength due

op =V .
. to transverse tension
With:
_ fo
v=07—-=<>0.5
200
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Substituting eq. 1 and eq. 2 and assuming v = 0.5 will result in:

Vd <05%f (eq.3)

b*z*sin? 6x(cot §+cot a) —

For ordinary beams it can be assumed that z = 0.8 * d such that d = 1.25 * z. Substituting this into eq. 3 and

knowing that t; = ;—dd will result in:

Ty < 0.4 % f, * sin? @ * (cotf + cot ) (eq. 4)

Eq. 4 agrees with the requirement formulated in art. 8.2.1 of NEN6720, when the wall is not prestressed in
both directions:

cot 6+cot a

< ith: = 0.2 % ’* *
Ty < T, with T, =0.2%f, 2 TreoZo

(eq.5)

Choosing vertical stirrups as shear reinforcement we get &« = 90° and choosing the angle of the compression
diagonal equal to 6 = 45° we get:

For eq. 4: T, <020 f,
For eq. 5: T, <020 f,

It can be seen that this gives exactly the same answer.
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App. 2: Ultimate load according to the 7,-expression

In practice it is claimed that, according to NEN6720, the dimensions of the opening doesn’t influence the
ultimate load according to the T,-norm. In this part it will be shown that the internal lever arm z, according to
NEN6720, is a function of the dimensions of the openings in such a way, that the angle of the compression
diagonal @ is constant. When the wall is not prestressed in both directions and because the angle 8 is a
constant, the value 7, can only be increased by increasing the concrete class of the stability wall, as will be
shown.

The ultimate load g, according to only the 7,-norm, will be derived for three different systems. First this load is
determined for the cantilever system (fig. App. 74a). Then the ultimate load is determined for a system with an
opening in the middle of the wall. This is schematized as a simply supported deep beam, as often done in
practice (fig. App. 74b). The third system is equal to the second system with the difference that the wall is
schematized as a deep beam that is fully clinched (fig. App. 74c).

q 5 4 5 4
T T T T LT ] O L N T T
h>» L
H—i 4 + +
2L
O SN A
4 4 P 4
a) Cantilever system b)  Simply supported system c) clinched system

Figure App 75: Schematization of the system
Cantilever system
According to article 8.1.4 of NEN6720 the internal lever arm is equal to:

z=04%xa+04+xh<16*a (eq. 1)

With:
e hisequalto the height above the opening as given in figure App. 3
e aisequalto the distance from the clinch till the resultant of the distributed load g above the
opening

With the definition of a given above it becomes:
L L
a=s+,=7L (eq. 2)
Because h > L, the internal lever arm z is equal to:
z=16*xa=12x*L (eq. 3)

The determined shear force, at the end of the opening, is equal to V; = q * L. The shear stress according to art.
8.2.2 becomes:
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—Va _ gL

T4 =54 T bea (eq. 4)
In art. 8.2.2 it is mentioned that for deep beams d = h. Because in this case h is considered infinite compared
to the dimension of the opening L, according to practice this statement cannot be true as it will lead to an
infinite small shear stress. Because of this it is assumed that z = 0.8 * d, wich holds true for an ordinary beam.
Substituting this and eq. 3 into eq. 4 we get:

__4a
td = s (eq.5)

According to article 8.2.1 t, is equal to:
T, =02xf, xk, *ky (eq.6)

With:
. kn=*1—%%)s1
o ky=1fora=90°

cot 6 +cot a

o ky=2x——-— for45°< a <90°
1+cot“ @

Because no prestressing is applied (o,;md = 0), k,, becomes equal to 1. The angle 6 can be calculated according

toart. 8.1.4 with 8 = arctani = 132% = 58°. Substituting this into k, we get:

4

5
cot 6+cot a gtceot a
ko = 2% —— =2+0— (eq.7)
cot“ 6 S
1+(5)

Substituting eq. 7 into eq. 6, while knowing k,, = 1 we get:

§+cota ’
T2=O.4*—52-*fb (eq. 8)

1+(3)

The t,-norm according art. 8.2.1 is equal to 7; < 7,. Substituting eq. 5 and eq. 8 into the 7,-norm gives:

E+c0'cot '

qSO.6*8—(S)T*b*fb (eq.9)

1 =
8

As can be seen from eq. 9 the distributed load q is according to NEN6720 dependent of the angle of the
stirrups a, the width of the wall b and the concrete compressive strength fb'. It can therefore be concluded that
the dimensions of the opening doesn’t influence the ultimate load. This means that if one has an opening of for
example 10 m in a wall, this will lead to exactly the same ultimate load as an opening of 10 cm in the same wall.
It is furthermore stated that the highest distributed load, according to eq. 9, is obtained when a = 45°. The
ultimate load becomes ¢ = 0.70 * b * ﬁ. The lowest load is obtained when a = 90° and is equal to g = 0.27 *

bxf,.

Simply supported system

The same calculation can be done for the simply supports system. Therefore the calculation will be done in a
concise manner.

1
ligger =2L+2%7L =251

Art. 8.1.4: z=0.6*lgger =1.5%L
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14 q*L
Art. 8.2.2: T =Lt="F =
d bxd b*%*L
z
Art. 8.2.1: 6 = arctant—— = 50°
E*lligger
k, = cot f+cot a __
6 1+cot2 @
k, =1

5
—tcot a

‘L'2=O.2*fb'*kn*k9=0.4*61+—57*fl;

T4 < T, gives than:

6

E+c0toc '
1 =

+s

For a = 45° we get the highest ultimate load equal to:

q<081lxbxf,

For @ = 90° we get the lowest ultimate load equal to:

q<037xbxf,

Clinched system

The concise calculation for the clinched system is as follows:

ligger =2L+2%7L=25L

1 2 1 2
g*q*lov _Z*q*lligger

l,, =144 1L

1
2

L,y = 053,

Figure App. 76: Moment distribution

The determining section due to the shear force is at a distance %from the clinch. Because this section is within

1 .
3 l,s, the internal lever arm z becomes:

q

1.05+cot a

Art. 8.1.4 z=0.75%15*1,, =1.19L
. _ Vg _ g+l _
Art.8.2.2: T =5 T beiaorl | 149
Art. 8.2.1: § = arctan——— = 44°
2*tligger
_ cot f+cot @ __
kg - 14cot?

14(1.05)2
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k, =1

, 1.05+cot a
T, =02 f wky x kg = 04 x T+

T, < T, gives than:

1.05+cot a

q S0.60*m*b*fb'
For a = 45° we get the highest ultimate load equal to:
q <059xbx fb’
For @ = 90° we get the lowest ultimate load equal to:

q<030%bxf,

fy




