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Reinforced Concrete I. / Beton Armat I.

Reinforcement anchorage in concrete

The concrete does not withstand tension, therefore associated with steel

reinforcements. After concrete cracking, reinforcement is overtake tensile stresses

of the elements.

 Must be ensure cooperation between concrete and reinforcement, i.e. 

reinforcement slipping in conrete, by a suitable anchorage.
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Reinforced Concrete I. / Beton Armat I.

Reinforcement anchorage in concrete is achieved trough:

- Bond

- Hooks or Heads of the bars

- Special anchorage
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Reinforced Concrete I. / Beton Armat I.

Concrete and reinforcement works together due to bond.

Bond  defined by the bond strength, fb

 is produced by
a) adhesion between concrete and steel 
b) friction between reinforcement & concrete
c) clenching of concrete between bar ribs
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Reinforced Concrete I. / Beton Armat I.

Concrete and reinforcement works together due to bond.

Bond  defined by the bond strength, fb

 is produced by
a) adhesion between concrete and steel ≈10%
b) friction between reinforcement & concrete
c) clenching of concrete between bar ribs

The cube can not be 
moved because it is stuck 

on the metal plate
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Reinforced Concrete I. / Beton Armat I.

Concrete and reinforcement works together due to bond.

Bond  defined by the bond strength, fb

 is produced by
a) adhesion between concrete and steel ≈10%
b) friction between reinforcement & concrete 20%
c) clenching of concrete between bar ribs

- fresh concrete is shrinking
- radial compression is produced
- moving bar entail friction



Faculty of Civil Engineering                   .Dr.ing. Nagy-György T.   8

Reinforced Concrete I. / Beton Armat I.

Concrete and reinforcement works together due to bond.

Bond  defined by the bond strength, fb

 is produced by
a) adhesion between concrete and steel ≈10%
b) friction between reinforcement & concrete 20%
c) clenching of concrete between bar ribs 70%

potential shear surface 

- concrete must be sheared on a cylindrical 
surface to pull-out the bar.
- will be difficult to produce concrete shear

Reinforcing bars are: 
- plain: OB37 (RO)
- ribbed: PC52 (RO), S500 (EU)

easy to pull-out the bar
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Reinforced Concrete I. / Beton Armat I.

Bond model for a reinforcement with periodic profile  

 

b) concrete splitting 

Internal 

cracks 

a) internal cracking of conrete  

Friction force 

Radial compression 

on reinforcement 

Force applied by the rib to concrete  

Principal unit tensile stress (σ1) 

directions (rings) 

(dislocation of a relative 
large amount of concrete)

1 = fct

c) rib detail

position 
before slipping

crack
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Reinforced Concrete I. / Beton Armat I.

Bond stress is obtained by pull-out test

Failure mode  Pulling out of the bar (plane bar)
 Cracking of concrete (ribbed bar)

σ1   fct

 
 displacement measurements 

lb 

trajectories of 
principal stresses 

experimental model 
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 fb 
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Reinforced Concrete I. / Beton Armat I.

Bond stress is obtained by pull-out test

Bond failure
 bar sliding for plain bars
 concrete cracking, even splitting in 2 or 3 pieces for ribbed

bar

b

b

P
f

l
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

 
 displacement measurements 

lb 

trajectories of 
principal stresses 

experimental model 

 

 

P P 

 fb 
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Reinforced Concrete I. / Beton Armat I.

Bond stress is obtained by pull-out test

Bond failure
 bar sliding for plain bars
 concrete cracking, even splitting in 2 or 3 pieces for ribbed

bar

b
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Reinforced Concrete I. / Beton Armat I.

Unit bond stress distribution in transversal and longitudinal
directions

 

P 

lb 

fb max 
fb med 

Real distribution 
Rectangular 

variation law 
triangular variation law 

As 

(influence zone)

𝑓𝑏 𝑚𝑒𝑑 =
𝑃

𝜋 ∙ 𝜙 ∙ 𝑙𝑏
 

1. It is advisable to avoid overlapping of influence zones
2. Usually, the overlapping of influence zones can not be avoided

local
deformation 
of concrete

action range  r = (10…15)
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Reinforced Concrete I. / Beton Armat I.

Unit bond stress distribution in a beam, near a crack

crack
As reinforcement

crack width, w
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Reinforced Concrete I. / Beton Armat I.

N NN = Nc + Ns

Concrete c = Ec ∙ c c = 0
c = Nc / Ac

s = N / As

s = Ns / As

Reinforcement s = Es ∙ s

fb medfb med

lb lb

Bond

Perfect bond
 = c = s

Behavior of reinforcement embedded in concrete for centric tension
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Reinforced Concrete I. / Beton Armat I.

Behavior of reinforcement embedded in concrete for centric tension

N NN = Nc + Ns

Concrete c = Ec ∙ c
c = 0

c = Nc / Ac

s = N / As

s = Ns / As

Reinforcement s = Es ∙ s

fb medfb med

lb lb

Bond

 = c = s  = c = s

lb lb
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Reinforced Concrete I. / Beton Armat I.

Necessary anchorage length lb  ensure stress transmission from 
reinforcement to concrete through bond on this length 
Rational failure condition: bond failure to be produce simultaneously 
with reinforcement yielding (sd = fyd)

𝑁𝑐 = 𝑁𝑠

𝜋 ∙ 𝜙 ∙ 𝑙𝑏 ∙ 𝑓𝑏𝑚𝑒𝑑 =
𝜋∙𝜙2

4
𝑓𝑦  𝑙𝑏 =

𝜙∙𝑓𝑦

4∙𝑓𝑏𝑚𝑒𝑑

In conformity to EC2:

𝑙𝑏,𝑟𝑞𝑑 =
𝜙∙𝜎𝑠𝑑

4∙𝑓𝑏𝑑
where 𝑙𝑏𝑑 = 𝛼1𝛼2𝛼3𝛼4𝛼5𝑙𝑏,𝑟𝑞𝑑 ≥ 𝑙𝑏,𝑚𝑖𝑛

At the limit: 𝑙𝑏,𝑟𝑞𝑑 =
𝜙∙𝑓𝑦𝑑

4∙𝑓𝑏𝑑
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Reinforced Concrete I. / Beton Armat I.

𝑙𝑏𝑑 = 𝛼1𝛼2𝛼3𝛼4𝛼5𝑙𝑏,𝑟𝑞𝑑 ≥ 𝑙𝑏,𝑚𝑖𝑛
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Reinforced Concrete I. / Beton Armat I.

1 - form of the bars assuming adequate cover

2 - concrete minimum cover

3 - confinement by transverse reinforcement

4 - influence of one or more welded transverse bars (t > 0,6) 
along the design anchorage length 

5 - effect of the pressure transverse to the plane of splitting along 
the design anchorage length

2 3 5  0,7 

𝑙𝑏𝑑 = 𝛼1𝛼2𝛼3𝛼4𝛼5𝑙𝑏,𝑟𝑞𝑑 ≥ 𝑙𝑏,𝑚𝑖𝑛
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Reinforced Concrete I. / Beton Armat I.

Anchorage of links and shear reinforcement

Effects of non-welded reinforcements

hook bend Welded transverse 

reinforcement
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Reinforced Concrete I. / Beton Armat I.

Simplification:

𝒍𝒃𝒅 = 𝜶𝟏𝒍𝒃,𝒓𝒒𝒅 - for shapes shown in Figure 8.1b to 8.1d
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Reinforced Concrete I. / Beton Armat I.

Simplification:

𝒍𝒃𝒅 = 𝜶𝟏𝒍𝒃,𝒓𝒒𝒅 - for shapes shown in Figure 8.1b to 8.1d



Faculty of Civil Engineering                   .Dr.ing. Nagy-György T.   23

Reinforced Concrete I. / Beton Armat I.

 design value of the ultimate bond stress

where:
η1 - is a coefficient related to the quality of the bond condition and the position of the 

bar during concreting
= 1.0  when ‘good’ conditions are obtained
= 0.7  for all other cases

η2 - is related to the bar diameter
= 1.0 pt φ ≤ 32 mm
= (132-φ)/100 pt φ > 32 mm

fctd – design tensile strength of concrete

𝑓𝑏𝑑 = 2.25 ∙ 𝜂1 ∙ 𝜂2 ∙ 𝑓𝑐𝑡𝑑  

𝑙𝑏 ,𝑟𝑞𝑑 =
𝜙 ∙ 𝑓𝑦𝑑

4 ∙ 𝑓𝑏𝑑
 

𝑙𝑏𝑑 = 𝛼1𝛼2𝛼3𝛼4𝛼5𝑙𝑏,𝑟𝑞𝑑 ≥ 𝑙𝑏 ,𝑚𝑖𝑛  
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Reinforced Concrete I. / Beton Armat I.

 design value of the ultimate bond stress

Bond conditions:

𝑓𝑏𝑑 = 2.25 ∙ 𝜂1 ∙ 𝜂2 ∙ 𝑓𝑐𝑡𝑑  
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Reinforced Concrete I. / Beton Armat I.

Longitudinal reinforcement bars can be anchored to through the following forms:

1. Strait ends

2. Bent ends
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Reinforced Concrete I. / Beton Armat I.

Longitudinal reinforcement bars can be anchored to through the following forms:

3. Welded transverse bar

4. Special-end anchorage (headed reinforcement) 
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Reinforced Concrete I. / Beton Armat I.

4. Special-end anchorage (headed reinforcement) 
- Transfer through concentrated stresses eliminates the need of anchorage length,
without using bond
- The total length of the bar can be used
- Reducing agglomeration of reinforcements element size reduction
- Stiff anchorage at shear reinforcement reduce shear strains, thus reducing shear
crack width

Position of the active sectionStress distribution

first active section
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Reinforced Concrete I. / Beton Armat I.

4. Special-end anchorage (headed reinforcement) 



- Easy and fast to install
- No hooks of bends
- Costs ???
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Reinforced Concrete I. / Beton Armat I.

4. Special-end anchorage (headed reinforcement) 

Console Stâlpi Pile caps

(hrc.com)

Cantilever Column 
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Reinforced Concrete I. / Beton Armat I.

Bond strength depends on:

Concrete quality C ↗  fb ↗

- Cement dosage Cem ↗  fb ↗

- Water – cement ratio W/Cem ↗  fb ↘

- Compaction Compaction ↗  fb ↗

- Position of the reinforcement during the casting

for horizontal bars  fb ↘ (air voids)
for vertical bars  fb ↗

- Shape of the reinforcement cross-section

fb ↗ - peeks in stress distribution
- weak compaction of concrete
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Reinforced Concrete I. / Beton Armat I.

Bond strength depends on:

- Diameter of the bars ɸ ↗  fb ↘
Ex:
116 = 4?
fb,16 = ? MPa
fb, ? = ? MPa

- Concrete cover C. cover ↘  fb ↘

 

 

16              20         26 

4,5 

2,8 
1,8 

ø (mm) 

f b med (N/mm
2
) 

radial compression 
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Reinforced Concrete I. / Beton Armat I.

Bond strength depends on:

< 2r> 2r

1

fb1 > fb2 

2

more 
stresses

 f b med (N/mm
2
) 

0   30  60         150            400 
lb (mm) 

6 

4 

2 

- Bar spacing sl ↗  fb ↗

- Embedment length lb ↗  fb med ↘

 

 

P 

lb 

As 

 

 

P 

lb 

As 

for the same P: diagram will be elongated therefore fb med
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Reinforced Concrete I. / Beton Armat I.

Bond strength depends on:

- Transversal reinforcement prevents (transversal) deformation
 fb ↗

σ1 Welded 
wire

Spiral 
reinforcement

1 2 fb1 < fb2 
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Reinforced Concrete I. / Beton Armat I.

Why bars should be anchored ?

CORRECT DETAILING

De-bonding & failure by bond
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Reinforced Concrete I. / Beton Armat I.

Summary:

Anchorage of the bars must be realized to ensure:
- good transfer of reinforcement tensile force to concrete

- avoid  longitudinal cracks and concrete splitting. 

For this reason the following requirements will be fulfilled:
• the minimum spacing of the bars

•anchorage of the bars

•disposing transversal bars (welded or non-welded), if necessary

•the sufficient concrete cover 
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Reinforced Concrete I. / Beton Armat I.

BAR LAPS

> 12,0 m

 > 14 mm  maximum length =12,0 m

LAPING

LAPPING OF BARS

Forces are transmitted from one bar to another by:
- lapping of bars provided with or without bends or hooks;
- welding;
- mechanical devices.

Connection between bars should normally be staggered and not located in areas 
of high moments/forces (e.g. supports, plastic hinges)
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Reinforced Concrete I. / Beton Armat I.

LAPPING OF BARS

THE FLOW OF FORCE:
reinforcement – bond – concrete – bond – reinforcement

Consequence of this flow is the tensile force in concrete

Transverse reinforcement is required




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Reinforced Concrete I. / Beton Armat I.

Arrangement of lapped bars

 design lap length

α6

All bars in compression and secondary (distribution) reinforcement
may be lapped in one section.

𝑙0 =∝1∙∝2∙∝3∙∝5∙∝6∙ 𝑙𝑏 ,𝑟𝑞𝑑 ≥ 𝑙0,𝑚𝑖𝑛  
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Reinforced Concrete I. / Beton Armat I.

Arrangement of lapped bars

Clear distance between lapped bars

a ≤ min (50 mm; 4)

a

l0 + a

a > min (50 mm; 4) 

otherwise l0 should be increased by a



Faculty of Civil Engineering                   .Dr.ing. Nagy-György T.   40

Reinforced Concrete I. / Beton Armat I.

Arrangement of lapped bars

Longitudinal distance between two adjacent laps

Clear distance between adjacent bars in case of adjacent laps

Lap 1

Lap 2
Adjacent bars
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Reinforced Concrete I. / Beton Armat I.

Transverse reinforcement in the lap zone

is required in the lap zone to resist transverse tension forces

 + 1 transversal bar

Σ𝐴𝑠𝑡 ≥ 1.0𝐴𝑠 
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Reinforced Concrete I. / Beton Armat I.

Laps for welded mesh fabrics made of ribbed wires reinforcement
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Reinforced Concrete I. / Beton Armat I.

Welding

welding by overlapping

splice piece

welding with angle profile

Welding details will be specified in the design project, together with specific conditions, as 
well as the permissible deviations.
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Reinforced Concrete I. / Beton Armat I.

Mechanical couplers

Foundations 

Standard and position couplers
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Reinforced Concrete I. / Beton Armat I.

Mechanical couplers
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Reinforced Concrete I. / Beton Armat I.

Mechanical couplers
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Reinforced Concrete I. / Beton Armat I.

Mechanical couplers
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Reinforced Concrete I. / Beton Armat I.

Mechanical couplers

halfen.com
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Reinforced Concrete I. / Beton Armat I.

Mechanical couplers
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Reinforced Concrete I. / Beton Armat I.

The behaviour of RC elements depends on the value of internal forces
induced by loads.

In time, intensity of internal forces increasing, that leads to changes in 
stress distributions. 
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Reinforced Concrete I. / Beton Armat I.

Concrete and steel has different characteristics, emphasized by the
σ – ε diagrams.

σc

fc

0.4fcm

α

tan α = 
Ecm

εc εcu

εctu

fct
where
fc – compressive strength of concrete
fct – tensile strength of concrete
εcu – ultimate compressive strain of concrete
εctu – ultimate tensile strain of concrete
Ecm – secant modulus of elasticity

where 
fy – yielding limit
ft – tensile strength of steel
εsu – ultimate tensile strain 
εsy – strain at yielding
Es – Young’s modulus of steel

σs

ft

fy

εsy εsu εs

Es

An
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Reinforced Concrete I. / Beton Armat I.

During the life of the element there are the following stages:
I. Elastic
II. Elasto-plasic (service)
III. Plastic stage (failure)

To discuss these stages  consider a simply supported beam

P = 0  failure

M

V

PURE 
BENDING
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Reinforced Concrete I. / Beton Armat I.

STAGE I.

- Low value of loads
- Concrete is uncracked entire cross section is active
- Bending stiffness is maximum (EI)
- Mainly elastic behavior

Limit of Stage I.  ct = ctu  ct = fct

- plastic deformations are produced in the tensioned concrete 
at the limit of the stage

- at the limit of the stage, for a very small increasing of loads, 
tensioned concrete will crack;  Mcr = cracking bending moment.
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Reinforced Concrete I. / Beton Armat I.

STAGE I.
 Design in stage I is generally used for hydro-technical structures.
Design in stage I is not economical because the stress in reinforcement is very small 
 Reinforcement is not used to at its capacity.

≈ 0.1…0.15‰

𝜎𝑠 = 𝜀𝑠 ∙ 𝐸𝑠 ≈ 𝜀𝑡𝑢 ∙ 𝐸𝑠 =
0.10…0.15

1000
∙ 210000 = 21…30𝑁 𝑚𝑚2 ≪ 𝑓𝑦 = 210…500 𝑁 𝑚𝑚2   

h

h
/2

h
/2

b

d

ds

As

εc<<εcu σc<<fc

εct<εctu σct<fct

εs<<εy σs<<fy

M

neutral
axis

median
axis
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Reinforced Concrete I. / Beton Armat I.

STAGE I.

h

h
/2

h
/2

b

d

ds

As

εc<<εcu σc<<fc

εct<εctu σct<fct

εs<<εy σs<<fy

M

neutral
axis

median
axis
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Reinforced Concrete I. / Beton Armat I.

STAGE I.

h

h
/2

h
/2

b

d

ds

As

εc<<εcu σc<<fc

εct<εctu σct<fct

εc<<εcu σc<<fc

εs<<εy σs<<fy

M
Mcr

εs<<εy
σs<<fy

a. n.

Cracking of concrete
Limit of Stage I.

εct=εctu σct=fct

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠

neutral
axis

median
axis
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Reinforced Concrete I. / Beton Armat I.

STAGE I.

h

h
/2

h
/2

b

d

ds

As

εc<<εcu σc<<fc

εct<εctu σct<fct

εc<<εcu σc<<fc

εs<<εy σs<<fy

M
Mcr

εs<<εy
σs<<fy

a. n.

εct=εctu σct=fct

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠

Cracking of concrete
Limit of Stage I.

neutral
axis

median
axis
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Reinforced Concrete I. / Beton Armat I.

STAGE II. – service stage

- under service loads, tension zone of the element is cracked

- concrete in tension is neglected

- active section consists of compressed concrete and tension reinforcement

- bending stiffness (EI) of the section decreases as a result of cracking

- generally, elastic behaviour, characterized by:

- in compressed concrete: c  0,5 fc

- in tensioned reinforcement: s  0,7...0.8 fy

cracked zone (non-activ)

non-cracked zone 
(activ)

tension zone

compressed zone
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STAGE II. – service stage

 Is the basis of design for SLS and fatigue

h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu fct

σs<fy

MEqp n. a.

εs<εy

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐 𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘
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STAGE II. – service stage

 Is the basis of design for SLS and fatigue

h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu fct

σs<fy

ME

εs<εy

n. a.

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐 𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘
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h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu fct

εs<εy σs<fy

ME
n. a.

could be 
neglected

STAGE II. – service stage

 Is the basis of design for SLS and fatigue

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐 𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘



Faculty of Civil Engineering                   .Dr.ing. Nagy-György T.   63

Reinforced Concrete I. / Beton Armat I.

STAGE III. – Failure stage

- Increasing of loads leads to further increase of strains and stresses
- Reinforcement starts to yield in case of usual reinforcement percentages (p =
0,3…2,5%)

- Under constant loads there is a progressive rotation of the section induced by
reinforcement yielding. This situation is defined as plastic hinge involving the
curved diagram in compressed concrete  corresponding the bending moment
Mp = Asfyz  0,9Asfyd (p = plastic)

- stiffness decreasing, deformations increasing, neutral axis rising toward the
maximum pointMinimum bending stiffness & very high deflection

- further increasing of loads leads finally to crushing of compressed concrete 
corresponding to MR (failure or resisting moment).

- the failure is ductile, because of the large deformations before the collapse.
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STAGE III. – Failure stage

h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu

εs=εy
fy

Mp

Reinforcement yielding

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠
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STAGE III. – Failure stage

h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu

εs=εy
fy

Mp

Reinforcement yielding

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘
𝜀𝑠

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠
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STAGE III. – Failure stage

h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu

fct

εs=εy
fy

Mp

a. n.

εcu fc

MR

fy
εy<εs< εu

Reinforcement yielding Concrete crushing

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠
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STAGE III. – Failure stage

h

h
/2

h
/2

b

d

ds

As

εc<εcu σc<fc

εctu

fct

εs=εy
fy

Mp

a. n.

εcu fc

MR

fy
εy<εs< εu

Reinforcement yielding Concrete crushing

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠

𝜀𝑐3 = 1.75‰ 𝜀𝑐3 = 3.5‰

𝜀𝑐𝑡

𝜀𝑐

𝜎𝑐

𝜀𝑢𝑘

𝑓𝑐𝑘 𝑓𝑦𝑘

𝜎𝑠
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Limit of stage I.

STAGE I. STAGE II. STAGE III.

Cracking Service Steel yielding Concrete crushing

a)
- entire section is active
- elastic deformations
- n.a. is under the element axis
- element stiffness is maximum 
- instable stage
b)
- plasticization of tensioned 
concrete
- Mcr – cracking moment

- reducing the stiffness 
- active zones: compressed
concrete and tensioned rebar
- n.a. rising above the element axis

𝜎𝑐 ≅ 0.5𝑓𝑐  

𝜎𝑠 ≅ (0.7 ÷ 0.8)𝑓𝑦  

a)
- increasing of deformations
- yielding of reinforcement
- plastic deformation of concrete
- forming of plastic hinges
- Mp ≈ 0.9Asfyd
b)
- n.a. in the maximum position
- stiffness of the section is
minimum
- very large deformations
- failure by crushing of
compressed concrete
- ductile behaviour

εc<<εcu σc<<fc

εs

εct<εctu σct<fct

σs<<fy

εc<<εcu σc<<fc

εct=εctu σct=fct

σs<<fy

M Mcr

εc<εcu σc<fc

εctu

εs<εy

Mp

σs=fy

εc<εcu σc<fc

εctu

εs=εy

εctu

εy<εs< εu

εc=εcu σc=fc

σs=fy

MR

σs<fyεs<<εy

ME
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fct 

St. I st. I limit 
St. II St. III 

fy 

ARCH (compressed concrete) 

Uncracked tensioned concrete TIE (reinforcement) 

Cracked 

tensioned 

concrete 

fc 

fs  fy 

- Along the element could be find all the working stages.
- The element works as a concrete arch with a steel tie

remember ?!
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FINAL REMARKS

- Failure of RC elements having usual reinforcement percentage between
0.4 ÷ 2.0 (2.5)% begins with yielding of reinforcement and finishing by
crushing of compressed concrete.

- Elements with great value of reinforcement percentage = over-reinforced
concrete  no more yielding of reinforcement, failure is produced by
crushing of compressed concrete
Is not advisable to use such case:

- reinforcement is not yield  not economical
- failure is a brittle-one

- Element with low reinforcement percentage = under-reinforced concrete
 failure is produced by tensile failure of reinforcement, without crushing
of compressed concrete used in massive constructions.

ρ% = As /Ac x 100  reinforcement percentage
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FINAL REMARKS

STATICALLY  DETERMINATED  STRUCTURES

Plastic hinge shows immediate failure

Plastic hinge:
- structure still stands 
- reduction of the static indeterminacy
- redistribution of efforts to other areas
- ensure dissipation of the seismic energy

BASIC PRINCIPLE OF SEISMIC DESIGN

STATICALLY INDETERMINATE STRUCTURES
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4.1 REINFORCEMENT ANCHORAGE

4.2 WORKING STAGES OF RC ELEMENTS

4.3 DURABILITY OF RC
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Definition
A durable structure shall meet the requirements of serviceability, strength and
stability throughout its design working life, without significant loss of utility or
excessive unforeseen maintenance.

Corrosion: carbonation or chlorides
Freeze-Thaw 
Alkali-silica reactions

Factors affecting structures 
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Reinforcement corrosion – initiated by chlorides
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In time →

Ca(OH)2 +  CO2  CaCO3 + H2O
concrete environment it is not alkaline  no further protection

pH 13-14 reduced to pH 7-8

CO2  nothing happens!
H2O  nothing happens!

But CO2 + H2O  H2CO3 (carbonic acid )

After depassivation H2CO3 attack reinforcement  corrosion (rust)

Reinforcement corrosion – initiated by carbonation
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Ca(OH)2  rebars are protected

Attack of CO2

Carbonated layer

After a long 
period

Carbonated layer

Attack of CO2 OR H2O 
NO PROBLEM!

Attack of CO2 + H2O  CORROSION (RUST)

RUST  longitudinal cracks

Reinforcement corrosion – initiated by carbonation
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Reinforcement corrosion – initiated by carbonation
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Freeze-Thaw attack
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Reinforcement corrosion - superposed effects
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Construction design lifetime (for guidance)

Category 
Construction design 

lifetime (in years)
Type of construction
(Examples)

5 =100
Important constructions, 
monumental buildings

4 50 – 100
Structures for buildings and current 
constructions

3 15 – 30 
Structures for farm buildings or 
similar

2 10 – 25
Construction parts which could be 
replaced

1 10 Temporary structures
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Durability of concrete depends on:
- Exposure conditions: atmosphere, soil, seawater, salt, mechanical abrasion,
storage or contact with chemicals exposure class X

- Cement type in some cases may require special cements resistant to chemicals

- Concrete quality  chosen usually from strength condition, but may be required 
superior classes in certain environmental conditions (density & strength)

- Thickness of concrete cover  is calculated according to the exposure class, to
protect the reinforcement from penetration of aggressive substances, but also in
case of fire

- Crack width  if is not exceed the permissible openings (generally 0.3 mm), are
generally not dangerous

If the factors are favorable, concrete durability could be very high.
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0  no risk of corrosion or attack

C  Carbonation = corrosion induced by 
Carbonation

D Deicing salt  = corrosion induced by 
chlorides 

S  Seawater = corrosion induced by chlorides

FFrost = Freeze/thaw attack

A Agressive environmet = chemical attack 

+ MMechanical abrasion
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Reinforcement corrosion - superposed effects

Normal 
environment

Marin 
environment
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Reinforcement corrosion - superposed effects
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Strategies considered for increasing sustainability:

A. Avoidance of degradation reactions - is obtained by:
 "environmental change" application of membrane elements, protective films,
etc .;
 chose of non-reactive materials: stainless steel, coated reinforcement, non-
reactive aggregates, sulfates resistant cements ;
 reactions inhibition by cathodic protection, use of air entraining admixtures to
to increase freeze-thaw resistance.

B. The selection of the optimum materials and compositions, suitable to resist to the
expected degradation reactions

 suitable concrete composition;

 concrete cover thickness related to the environmental conditions;

 applying appropriate technologies for compacting concrete;

 increase the cross section of the elements resulted from the calculation, if is
necessary
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Concrete cover

is the distance between the surface of the reinforcement closest to
the nearest concrete surface (including links and stirrups and surface
reinforcement where relevant) and the nearest concrete surface.

The concrete cover ensures:
- Force transfer by bond from reinforcement to concrete
- Protection of steel rebars against corrosion (durability)
- An adequate fire resistance (not treated here)

The nominal cover shall be specified on the drawings !!! :
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𝑐𝑛𝑜𝑚 = 𝑐𝑚𝑖𝑛 + Δ𝑐𝑑𝑒𝑣

execution

project

Δcdev = 5 mm for cast-in-place slab (N. Annex)
= 10 mm for the rest of the element (A.N.)
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𝑐𝑛𝑜𝑚 = 𝑐𝑚𝑖𝑛 + Δ𝑐𝑑𝑒𝑣

𝑑𝑠

𝑑ℎ
long

etr

Cnom,long

ds
Cnom,etr
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Minimum concrete cover

𝑐𝑚𝑖𝑛 = 𝑚𝑎𝑥 {𝑐𝑚𝑖𝑛 ,𝑏 ; 𝑐𝑚𝑖𝑛 ,𝑑𝑢𝑟 + 𝛥𝑐𝑑𝑢𝑟 ,𝛾 − 𝛥𝑐𝑑𝑢𝑟 ,𝑠𝑡 − 𝛥𝑐𝑑𝑢𝑟 ,𝑎𝑑𝑑 ;  10 𝑚𝑚}  

𝑐𝑚𝑖𝑛 = 𝑚𝑎𝑥 {𝑐𝑚𝑖𝑛 ,𝑏 ; 𝑐𝑚𝑖𝑛 ,𝑑𝑢𝑟 ;  10 𝑚𝑚}  

bond durability

-cmin,b - minimum cover due to bond requirement
-cmin,dur - minimum cover due to environmental conditions (N. Annex)
-Δcdur,γ - additive safety element (generally =0) (N. Annex)
-Δcdur,st - reduction of minimum cover for use of stainless steel (N. Annex)
-Δcdur,add - reduction of minimum cover for use of additional protection (N. Annex)
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Minimum concrete cover

𝑐𝑚𝑖𝑛 = 𝑚𝑎𝑥 {𝑐𝑚𝑖𝑛 ,𝑏 ; 𝑐𝑚𝑖𝑛 ,𝑑𝑢𝑟 ;  10 𝑚𝑚}  

bond durability

cmin,b ≥ φ

cmin,dur = function of structural class (recommended S4 for a
design working life of 50 years) and exposure class
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Recommended structural classification
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