
7. BENT ELEMENTS

WIKIPEDIA CAMBRIDGE DICTIONARY BBC DICTIONARY OXFORD DICTIONARY

Joist
SE

grinda

Horizontal supporting
members that run from wall
to wall, wall  to beam, or
beam to beam to support a
ceiling, roof or floor

A long thick piece of wood,
steel or concrete which is
used in a buildings to
support a floor or ceiling

Long , thick piece of  wood,
metal or concrete that is
used in buildings or other
structures, especially to
support a floor or ceiling

A length of timber or steel
supporting part of the
structure of a building,
typically arranged in parallel
series to support a floor or
ceiling

BENT ELEMENTBENT ELEMENT
• LINEAR: JOIST / BEAM / GIRDER (US)
• SLAB
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Horizontal supporting
members that run from wall
to wall, wall  to beam, or
beam to beam to support a
ceiling, roof or floor

A long thick piece of wood,
steel or concrete which is
used in a buildings to
support a floor or ceiling

Long , thick piece of  wood,
metal or concrete that is
used in buildings or other
structures, especially to
support a floor or ceiling

A length of timber or steel
supporting part of the
structure of a building,
typically arranged in parallel
series to support a floor or
ceiling

Beam
SE

grinda

Structural element that is
capable of withstanding load
primarily by resisting
bending

A long thick piece of wood,
metal or concrete, especially
used to support weight in a
building  or other structure

Long thick bar of wood,
metal or concrete, especially
one which is used to support
the roof of a building

Long, sturdy piece of
squared timber or metal
used to support the roof or
floor of a building

Girder
ME
rigla

The main horizontal support
of a structure which
supports smaller beams

A long thick piece of steel or
concrete, etc. which support
a  roof, floor, bridges or
other large structure

Long thick piece of steel or
iron that is used in the
frameworks of building and
bridges

Large iron or steel beam or
compound structure used
for building bridges and the
framework of large buildings

SE - secondary element
ME - main element



7. BENT ELEMENTS

BEAM
; usual

STATIC ANALISYS  MEd, NEd, VEd
MEd & NEd  BENDING WITH AXIAL FORCE
SR EN 1998 & P100: NEd 0,1Acfcd  axial force may be neglected

SLAB

h3 10...8h 
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BEAM
; usual

STATIC ANALISYS  MEd, NEd, VEd
MEd & NEd  BENDING WITH AXIAL FORCE
SR EN 1998 & P100: NEd 0,1Acfcd  axial force may be neglected

SLAB
slabmin h5



7. BENT ELEMENTS

7.1. SIMPLE REINFORCED RECTANGULAR SECTION

7.2. DOUBLE REINFORCED RECTANGULAR SECTION

7.3. SIMPLE REINFORCED FLANGED SECTION

7.4. DOUBLE REINFORCED FLANGED SECTION
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7.4. DOUBLE REINFORCED FLANGED SECTION



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

7.1.1. SECTION ANALISYS
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- stress block -

d – useful depth
z – internal lever arm



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

F = 0

EQUILIBRIUM CONDITIONS WILL BE ACHIVED
BY THE EQULISATION  OF THE ACTION EFFECTS
WITH THE RESISTING INTERNAL FORCES
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F = 0

M = 0

Bending moment can be related to any axis
as for instance to the As axis or to the Fc axis



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

F = 0F = 0

ydscd fAbxf8,0 

with 



cd

yd

cd

yds

f

f
25,1

f

f

bd

A
25,1  with - reinforcement ratiobdAs
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cd

yd

cd

yds

f

f
25,1

f

f

bd

A
25,1  with - reinforcement ratiobdAs

cd

yd

f

f
 - mechanical ratio of reinforcement

 25,1   8,0

  relative value of neutral axis depth



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

M = 0M = 0 related to the As axis

with  x =d

with                                   ;    but using 
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M = 0M = 0 related to the As axis

with  x =d

with                                   ;    but using  25,1   5,01

(*)



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

M = 0M = 0 related to the Ac axis

with

already knowing
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M = 0M = 0 related to the Ac axis

with

already knowing

 = 1 – 0,5  relative value of the lever arm

 25,1



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

In conclusion, one of the following relationships may
be used  for resisting bending  moment calculation

cd
2

Rd fdbM 
dfAM ydsRd 

9

WAYS TO INCREASE RESISTING BENDING MOMENT

h h 2h 100%  same as d  110%

p 1% 2% 100%

fyd PC52 PC60 45%

fcd 20 MPa 40 MPa 100%

b b 2b 100%

110%

(60…80%)

37%

6%

6%



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

ALL PREVIOUS COEFFICIENTS ARE RELATED BETWEEN
THEM BY , fcd & fyd

TWO TYPES OF TABLES MAY BE USED FOR CALCULATIONS:

Table: any type of steel & concrete with fck  50 MPa

Table: steel PC52, PC60, S400, S500 & concrete with fck  50 MPa
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ALL PREVIOUS COEFFICIENTS ARE RELATED BETWEEN
THEM BY , fcd & fyd

TWO TYPES OF TABLES MAY BE USED FOR CALCULATIONS:

Table: any type of steel & concrete with fck  50 MPa
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7.1. SIMPLE REINFORCED RECTANGULAR SECTION

Table
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7.1. SIMPLE REINFORCED RECTANGULAR SECTION

Tablea Tableb
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7.1. SIMPLE REINFORCED RECTANGULAR SECTION

Tablec Tabled
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7.1. SIMPLE REINFORCED RECTANGULAR SECTION

REINFORCEMENT YIELDING  BEFORE CONCRETE CRUSHING

7.1.2. FAILURE CONDITION

  lim

 chp.6: slide 17
14syd

lim
lim Ef10005,3

5,3

d

x






7.1. SIMPLE REINFORCED RECTANGULAR SECTION

 = lim   = 0,8 (1-0,4)

 lim = 0,8 lim(1-0,4 lim)
cd

2
Rd fdbM 

cd
2

limmax,Rd fdbM 

Maximum Bearing Capacity Corresponds  to the Balance Situation

The Corresponding Tension Area

Starting formula:
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The Corresponding Tension Area

yd

Rd
s zf

M
A   = lim  z = d - 0,4x = (1 – 0,4)d

zlim = (1-0,4lim)d = limd

ydlim

max,Rd
max,s df

M
A




Starting formula:

Whatever is As > As,max:
- no yielding of the steel
- bearing capacity remains the same MRd,max



7.1.3. CROSS SECTION DESIGN

7.1. SIMPLE REINFORCED RECTANGULAR SECTION

DESIGN PURPOSE:
• set the dimensions b and h of the concrete cross section
• calculate the reinforcement, according to the distribution of
bending moments
• detailing of the element
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DESIGN PURPOSE:
• set the dimensions b and h of the concrete cross section
• calculate the reinforcement, according to the distribution of
bending moments
• detailing of the element

STEP 1: CROSS SECTION DIMENSIONS
- by estimation based on robustness
- by calculation according to the bending moment

STEP 2: REQUIRED REINFORCEMENT



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

CROSS SECTION DIMENSION BASED ON ROBUSTNESS (STIFFNESS)

17



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

CALCULATION OF THE DIMENSIONS ACCORDING TO BENDING MOMENT

there is chosen:
b - low influence on section resistance
p - it is a link between three unknowns (b, h, As)

usual values: 0,25 … 0,60% for slabs
0,80 … 1,30% for beams

useful depth

d = drqd + ds  rounded according to slide 17
to check ratio h/b  slide 17
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there is chosen:
b - low influence on section resistance
p - it is a link between three unknowns (b, h, As)

usual values: 0,25 … 0,60% for slabs
0,80 … 1,30% for beams

useful depth

d = drqd + ds  rounded according to slide 17
to check ratio h/b  slide 17

cd

yd

f

f

100

p


cd

Ed
rqd bf

M
d




  5,01

table



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

CALCULATION OF THE REINFORCEMENT AREA

d = h – ds

p = 100As/bd

cd
2
Ed

fdb

M
  211

table

19

d = h – ds

p = 100As/bd

cd
s

yd

f
A bd

f
 

NOTE:
1. Using table the check   lim is implied
2. To check p  pmin from slide 24

table



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

7.1.4. CROSS SECTION CHECK

MRd calculation by equilibrium conditions

d
bf8,0

fA
x lim

cd

yds 
NO
- too much reinforcement
- crushing of concrete without

yielding of reinforcement

MRd = MRd,max (slide 15)
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d
bf8,0

fA
x lim

cd

yds 
NO
- too much reinforcement
- crushing of concrete without

yielding of reinforcement

MRd = 0,8bxfcd(d – 0,4x)
MRd = Asfyd(d – 0,4x)

YES

MRd = MRd,max (slide 15)



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

MRd calculation by using table

d = h – ds
 = As/bd

cd

yd

f

f
   5,01
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cd

yd

f

f
   5,01

table

  lim
NO
- too much reinforcement
- crushing of concrete without

yielding of reinforcement

MRd = bd2fcd

MRd = MRd,max (slide 15)
YES



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

Checking the bearing capacity

MEd MRd OK!YES

Cross section is too weak
NO

22

What to do ? Double reinforcing

CHANGE h, As or the steel
(see slide 9)



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

7.1.5. PROVISIONS FOR REINFORCEMENT AREA
Maximum reinforcement percentage corresponds to

balance situation
 = lim 

cd

yd

f

f
25,1 

yd

cd

f

f
8,0 

yd

cd
limmax f

f
8,0 

yd

cd

f

f
8,0 

Starting formula:
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pmax values
- in table
- EC2: 4%

yd

cd
limmax f

f
8,0 

yd

cd
limmaxmax f

f
80100p yd

cd

f

f
8,0 

Whatever is p > pmax:
- no yielding of the steel
- bearing capacity remains the same MRd,max



7.1. SIMPLE REINFORCED RECTANGULAR SECTION

Minimum reinforcement percentage is obtained
equalizing MRd with Mcr

Mcr

24

fctm

Mcr = f(fctm)
MRd = f(As) MRd = f(p)

MRd = Mcr  pmin

EC2:



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

COMPRESSION REINFORCEMENT LEADS TO:
• INCREASING OF BEARING CAPACITY
• DECREASING OF COMPRESSED CONCRETE
• INCREASING OF SECTION ROTATION, RESULTING A HIGHER DUCTILITY
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DOUBLE REINFORCEMENT IS USED IN THE FOLLOWING SITUATIONS:
• SIMPLE REINFORCED SECTION IS TO WEAK & NOTHING CAN BE CHANGED
• THERE ARE ALTERNATING  BENDING MOMENTS
• SOMEHOW THERE IS REINFORCEMENT IN COMPRESSED AREA
• IN ANTISEISMIC STRUCTURE EVEN THOUGH NO ALTERNATING  BENDING MOMENTS

sr – simple reinforced
dr – double reinforced



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

7.2.1. SECTION ANALISYS
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Fs1 = As1fyd
Fs2 = As2s2 !
Fc = 0,4bxfcd

z = d – 0,4x
zs = d – ds2



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

  lim

TENSION REINFORCEMENT YIELDING  BEFORE
CONCRETE CRUSHING

STRESS IN  COMPRESSION REINFORCEMENT
There is yielding of compression reinforcement if s2  yd

yd
s2

cu2s x

dx



 2s

ydcu

cu dx





xy
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yd
s2

cu2s x

dx



 2s

ydcu

cu dx





xy

Steel PC52 PC60 S400 S500

xy 1,69d2 1,91d2 1,98d2 2,64d2

STAS 10107/0-97 2,0d2

x  xy s2 = fyd

x < xy s2 < fyd
•no yielding of compression reinforcement
•procedure in the chapter 6.4 (slide 12) applies
•simplified approach: Fc is acting at the level of Fs2



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

F = 0F = 0

Let’s assume s2 = fyd

28



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

M = 0M = 0 related to the As1 axis

29

MEd =                Ma +               Mb
As1 =                Asa +               Asb
As1 =                Asa +               As2



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

Let’s assume s2 = fyd

30

Ma Mb

M
increasing of the bearing

capacity due to
compression reinforcement



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

CASE
CONSEQUENCE OF WEAK RECTANGULAR
SIMPLE REINFORCED SECTION

CASE
THERE IS REINFORCEMENT IN THE
COMPRESSION ZONE

7.2.2. CROSS SECTION DESIGN
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CASE
CONSEQUENCE OF WEAK RECTANGULAR
SIMPLE REINFORCED SECTION

CASE
THERE IS REINFORCEMENT IN THE
COMPRESSION ZONE



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

CASE - WEAK RECTANGULAR SIMPLE REINFORCED SECTION

• d = h – ds1

•  section does not resist to MEd

• simple reinforced cross section can withstand bending moment Mlim = limbd2fcd
• M = MEd - Mlim
• compression bars As2 are required to increase resisting bending moment

•

• for equilibrium of internal forces a corresponding amount of steel must be
added to the tension reinforcement Aslim (provided for Mlim)

• As1 = Aslim + As2

• ; zlim = (1 – 0,4lim)d

NOTE:  = lim & x = xlim > xy  both reinforcements yield

lim
cd

2
Ed μ
fdb

M
μ 
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• d = h – ds1

•  section does not resist to MEd

• simple reinforced cross section can withstand bending moment Mlim = limbd2fcd
• M = MEd - Mlim
• compression bars As2 are required to increase resisting bending moment

•

• for equilibrium of internal forces a corresponding amount of steel must be
added to the tension reinforcement Aslim (provided for Mlim)

• As1 = Aslim + As2

• ; zlim = (1 – 0,4lim)d

NOTE:  = lim & x = xlim > xy  both reinforcements yield

 2syd
2s ddf

M
A






   
















2slim

lim

ydyd2sydlim

lim
1s dd

M

z

M

f

1

fdd

M

fz

M
A



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

CASE - THERE IS REINFORCEMENT IN THE COMPRESSION ZONE

• d = h – ds1

•

• a)   lim is the same like   lim As1 yields
• from table  ; 
• if x = d  xy  As2 yields;

• if x = d < xy  As2 does not yield
simplified approach: Fc is located at the level of As2

M = 0M = 0 related to the As2 axis:

• b) if  < 0  As2 is too strong (similar to x < xy); previous relation applies
• c) if  > lim As2 is too is weak; calculation according to CASE is required
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• d = h – ds1

•

• a)   lim is the same like   lim As1 yields
• from table  ; 
• if x = d  xy  As2 yields;

• if x = d < xy  As2 does not yield
simplified approach: Fc is located at the level of As2

M = 0M = 0 related to the As2 axis:

• b) if  < 0  As2 is too strong (similar to x < xy); previous relation applies
• c) if  > lim As2 is too is weak; calculation according to CASE is required

2s
yd

cd
2ssa1s A

f
f

bdAAA 



7.2. DOUBLE REINFORCED RECTANGULAR SECTION

7.2.3. CROSS SECTION CHECK

•

• if xy  x  xlim   = x/d  table :

• if x < xy  As2 does not yield simplified approach:

• if x > xlim  As1 is too strong:

• MEd MRd ?

d
bf8,0

f)AA(
x lim

cd

yd2s1s 


•

• if xy  x  xlim   = x/d  table :

• if x < xy  As2 does not yield simplified approach:

• if x > xlim  As1 is too strong:

• MEd MRd ?

d
bf8,0

f)AA(
x lim

cd

yd2s1s 



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7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.1. EFFECTIVE WIDTH OF FLANGES

THE DIFFERENCE IN THE RIGIDITIES OF THE WEB AND FLANGES LEADS
TO NONUNIFORM DITRIBUTION OF COMPRESSIVE STRESSES

35



7.3. SIMPLE REINFORCED FLANGED SECTION

beff = beff1 + bw + beff2  b
beff1 = 0,2b1 + 0,1 0
beff2 = 0,2b2 + 0,1 0
beff1  b1
beff2  b2




36



7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.2. EXTENSION OF THE BLOCK STRESS

F = 0F = 0

M = 0M = 0  related to the Asf axis

yd

cd
feffsf f

fhbA 

 fcdfefff 0,5hdfhbM 
37



7.3. SIMPLE REINFORCED FLANGED SECTION

Design Check

MEd ≤ Mf As ≤ Af
Block stress in the flange

0,8x ≤ hf

MEd > Mf As > Af
Block stress in the web

0,8x > hf

38

MEd > Mf As > Af
Block stress in the web

0,8x > hf



7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.3. CROSS SECTION WITH BLOCK STRESS IN THE FLANGE

• concrete below the neutral axis is cracked
• real shape does not matter
• calculation rectangular section b & h

39



Ma

7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.4. CROSS SECTION WITH BLOCK STRESS IN THE WEB

For section b:
Fsb = Fcb
Fsb = Asbfyd
Fcb = (b –bw)hffcd

 
yd

cd
fwsb f

f
hbbA   

yd

cd
fwsb f

f
hbbA 

40



7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.4. CROSS SECTION WITH BLOCK STRESS IN THE WEB

F = 0F = 0

 
cdw

cdfwyds

fb8,0

fhbbfA
x


 







 
 f

w

w

cdw

yds h
b

bb

fb

fA
25,1x








 
 f

w

w

cdw

yds h
db

bb

dfb

fA
25,1

41



7.3. SIMPLE REINFORCED FLANGED SECTION

M = 0M = 0  related to the As axis

Ma

 Ed ca cb fM F z F d 0,5h  

Resisting bending moment

    cdffwcd
2

wEd fh5,0dhbbfdbM 

    cdffwcd
2

wRd fh5,0dhbbfdbM 
42



7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.4.1. CROSS SECTION DESIGN

 
yd

cd
fwsb f

f
hbbA   

yd

cd
fwsb f

f
hbbA 

    cdffwb fh5,0dhbbM 

bEda MMM 

cd
2

w

Ed

fdb

M


 table  

yd

cd
wsa f

f
dbA 

 
yd

cd
fw

yd

cd
ws f

f
hbb

f

f
dbA 

NOTE: if  > lim double reinforcing is required
43



7.3. SIMPLE REINFORCED FLANGED SECTION

7.3.4.2. CROSS SECTION CHECK

 
yd

cd
fwsb f

f
hbbA 

 fydsbb h5,0dfAM   fydsbb h5,0dfAM 

sbssa AAA 

cd

yd

w

sa

f

f

db

A
 table   cd

2
wa fdbM 

 fydsbcd
2

wRd h5,0dfAfdbM 

MEd MRd ?

NOTE: if  > lim  Ma = Mlim 44



7.4. DOUBLE REINFORCED FLANGED SECTION

2s
yd

cd
fsf A

f

f
bhA 

Formulas from slide 37 are completed with
contribution of compression reinforcement As2

7.4.1. EXTENSION OF THE BLOCK STRESS

2s
yd

cd
fsf A

f

f
bhA 

   22sfcdff ddAh5,0dfbhM 
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7.4.2. CROSS SECTION WITH BLOCK STRESS IN THE WEB

7.4. DOUBLE REINFORCED FLANGED SECTION
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• concrete below the neutral axis is cracked
• real shape does not matter
• calculation  rectangular section b & h



7.4.3. CROSS SECTION WITH BLOCK STRESS IN THE WEB

7.4. DOUBLE REINFORCED FLANGED SECTION
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COMBINATION OF THE PROCEDURES OF CHAPTERS 7.2 AND 7.3


