
Chapter 01


Introduction to reinforced concrete
Reinforced concrete is a major building material in almost every country.

Reinforced concrete consists of concrete with steel reinforcement.

Concrete is strong in compression but weak in tension.  Thus, portions of a member which are determined by analysis to carry tension are provided with reinforcing steel embedded in the concrete.

To qualify as ‘reinforced concrete’ steel reinforcement must meet (code) rules relating to minimum and maximum steel quantities; rules for placement and anchorage; as well as rules relating to strength and serviceability.

In the United States the American Concrete Institute (ACI) provides these ‘rules’ through the building code requirements for structural concrete, ACI Standard 318.

Concrete sections not meeting the standard for reinforced concrete, even if some reinforcement is provided, do not qualify as ‘reinforced concrete.’
Reinforced concrete may be prestressed, posttensioned or cast-in-place.  Prestressed and posttensioned concrete will not be discussed in this course.

Cast-in-place concrete construction involves placing reinforcing steel into forms in the ‘unstressed’ condition and then filling the forms with fluid concrete.

The resulting structural formwork of columns, slabs, beams (and, if present, girders) typically results in one continuous, highly indeterminate structure.
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Examples of reinforced concrete structural elements
One example of an ‘ideal’ structural reinforced concrete element is the concentrically loaded column (shown to the right).

If the column in question is ‘short’ (L/h ≤ 12), buckling is not a major consideration and the column can be sized based on axial force considerations (concrete and steel strength).  This will be done as our first analysis/design example.

Very much more will be covered before we consider columns with axial load plus bending.  We will not consider actual design of ‘slender’ columns in this course.  However, most columns in typical buildings are ‘short’ if the building is braced laterally by other structural elements (i.e. shear walls).
Typical column sections have at least four longitudinal bars (at corners) tied to form a ‘cage’ with reinforcement (ties) at intervals along the length in the column.
[image: image22.wmf]f

A second example of an ‘ideal’ structural concrete element is the simple beam with rectangular cross-section and reinforced with steel on the tension side only.

Such a beam has maximum moment at center span (L = span) of  Mmax = wL2 / 8 and maximum shear at the support, Vmax = wL/2.

Tension reinforcement is required only for positive moment near the bottom of the section (at effective depth d).  Reinforcement may be required for shear near the ends of the beam (more later) and not shown in the figures.
Simple beams are rare except for spanning between masonry walls. For cast-in-place construction end supports are not pins, the consist of flexible members which provide moment support in addition to vertical support.
[image: image23.bmp]A third example of a reinforced concrete structural element is the floor or roof slab.

There are a wide variety of slab types available based on slab geometry and type of loading.

The simplest type of slab is the one–way slab.  If the slab spans twice the distance (or more) in the long direction when compared to the shorter direction, one-way action for bending is generally assumed and the slab is designed as a series of 1' wide beam sections.

A one–way slab has main reinforcement for flexure in the direction of the shorter span.  The slab also requires some minimum steel in the longer direction to control shrinkage and temperature cracking.

One–way slabs typically are supported by beams.  Beams may be supported by columns directly, or by girders.
In this course we will define girders as flexural members which carry beam reactions and span between columns. THE ACI CODE MAKES NO DISTINCTION BETWEEN BEAMS AND GIRDERS where the code says ‘beam’ this applies to our girders also.
Girders are designed in the same way as beams are designed except they typically carry a significant concentrated reaction where the beam frames into the girder.

Beams and girders are major flexural elements which do not carry significant axial (tension or compression) load.
[image: image24.bmp]In laterally braced reinforced concrete frames, the foundations support all the gravity loads (D and L and S) from every level and distribute these loads to the ground (rock, soil, etc.).  Typically, reinforced concrete footings are used with reinforcement in both directions.  Footings are sized with sufficient depth of concrete to avoid the need for shear reinforcement.


About ‘Plain’ vs. ‘Reinforced concrete’

In the design of ‘plain’ concrete sections, no resistance is attributed to any (nominal area) of steel which may be present.


· The concrete section thus must resist all the forces applied to every part of the member.

· Plain concrete pedestals with maximum unsupported height to width ratios not exceeding 3 and are allowed.

Pedestals look like short concrete columns and have loads applied at the top of the pedestal.

Plain concrete walls supported by soil, footings or other foundation elements are also allowed.  They are often designed empirically and limited to height equal to 24 times of wall width.  There are also limits on minimum thickness of these walls.

Plain concrete footings can be designed to support light loads.  These are generally subject to both shear and bending forces.  Minimum thickness of plain concrete footings is 8”.  Tension produced by flexure and shear effectively limits plain concrete footings to light loads.

Local codes typically require some reinforcement in plain concrete.  This generally, however, DOES NOT meet the requirements of minimum steel for reinforced concrete, (no strength increase for steel allowed).

Reinforced concrete is a different material than ‘plain’ concrete.ACI Chapter 22 has requirements for ‘plain’ concrete design. WE WILL NOT DISCUSS CHAPTER 22.

Reinforced concrete must meet minimum and maximum requirements for steel area, steel placement and spacing and development requirements.  Steel strength (fy) is used in design and as you will learn concrete in tension is assumed cracked.


Basic analysis and design principals for reinforced concrete sections

Despite the complexity of reinforced concrete sections due to their ‘composite’ nature concepts familiar to all structural engineers form the basis of most analysis and design procedures.

The fundamental assumptions are outlined below:

· All sections must be in equilibrium under the applied loads.  Thus, from ‘statics’ ∑F = 0 and ∑M = 0 at each section.

· At all locations the strain in the concrete and the strain in the steel are assumed to be compatible.  This basic assumption can be restated as: There is ‘no slip’ between the steel and concrete (Although cracking may develop in the concrete).

· Stress and strain conditions maybe complex within or ‘near’ joints (member intersections).  However, it is assumed that sections of columns, slabs, beams and girders away from the joints the classic assumption of mechanics of materials holds true: plain sections remain plain.

(Note: exceptions exist for ‘deep’ beams.)
· For steel the stress-strain relation is assumed to be elastic – perfectly plastic.

· For concrete (in strength analysis) the ‘actual’ (or an appropriate approximation) to the stress-strain curve is used.

Typical ‘models’ for the concrete stress-strain behavior depend on the uniaxial compressive strength (denoted as fc’, more detail on this later).

Basic discussion of analysis/design issues related to reinforced concrete structures

Statically determinate structures require only ‘statics’ for analysis.

In general, however, statically indeterminate structures such as cast-in-place concrete frames require determination of relative deflections (∆’s) in addition to statics for their analysis. Otherwise there are to few equations to solve for the member resultants (M, V..).
Deflection analysis typically involves the flexural stiffness of columns, slabs, beams and girders.  Flexural stiffness is related to the ‘EI’ value of the member cross–section.

Unfortunately, even for simple members cracking of concrete results in EI values which vary along the length of the member and depend on the extent of cracking at the section under consideration.  Thus the ‘actual’ behavior of the reinforced concrete structures is quite complex. Accurate deflection computations are difficult so approximate analysis may be ‘just as good’ as more complex methods, we will use the approximate methods!
Fortunately the ACI code allows several simplifications related to analysis and we will use these to the maximum extent possible.  In many cases we can avoid actual analysis of slabs and beams for critical moment and shear values.  In cases where actual analysis is required a conventional elastic analysis with ‘effective EI’ values is often be used.

To effectively use the steel in reinforced concrete we must allow the member to crack at critical sections.  Since the steel and concrete strains are compatible and concrete has very low tension strength (and tensile strain) if the concrete in tension does not crack the steel strain and stress will remain very low (a non–economic use of the reinforcement).

Construction of a continuous cast–in–place reinforced concrete frame

· The basic process described below is repeated for each floor level.  Read the sequence given by 1) to 10) from the bottom up.
· Steel is lapped or hooked as appropriate to assure frame continuity.

· All forms are reused as much as possible (very importance for overall economy).

· Roof framing is as similar to floor framing as practical.

10)
Pour 1st floor concrete into forms in one pour (provides one continuous floor).
  9)
Place all steel for beams, girders and slabs on bar supports.  Tie in all steel and stirrups (shear reinf. typically required at ends of beams and girders).

  8)
Install ‘side’ and ‘box’ forms on platform.  These define depth of 1st floor and locations of beams and girders.
  7)
Install platform for bottom of 1st floor.

  6)
Install column cage, column forms and pour column conc. to bottom of 1st story.

  5)
Pour footing concrete to top of footing form..

  4)
Tie in footing dowels (vertical reinf. between footing conc. and column.
  3)
Place footing steel each way.

  2)
Place footing form all around.

  1)
Excavate earth to bottom of footing.
Refer to the figure on the next page, hopefully basic process is clear.
Note: sequence of placing forms or reinforcement may be varied if convenient.  Form supports not illustrated.  All vertical steel is ‘lapped’ with steel below so all columns are ‘continuous’ with column below. Second story columns and second floor construction repeats basic procedure. Continue to roof level.


Design for overall economy of cast-in-place concrete frames

Overall cost is much affected by time of construction.  The building owner must support construction costs while building is constructed but receives return only when completed.

This discussion is limited to typical concrete buildings of ‘moderate’ size and height, approximately ≤ 15,000 ft of floor area (98% of buildings) and ≤ 3 floors above ground (88% of non–residential buildings).

Forming costs may equal or exceed both concrete and steel material costs, especially if forming is complex. Reduce formwork as much is possible!
Repeated use of forms from story-to-story is very important for overall economy.  Thus the following guidelines to be used unless building complexity demands otherwise:
Use standard sizes for all columns.  Use the same column size from top to bottom of structure at each location.

Use the same column size for all interior columns and the same column size for all external columns.  Vary reinforcement as necessary from level to level.

Use the same slab thickness for all bays. Vary reinforcement as required.
Use the same depth for all beams and girders to maintain same depth from level–to–level.  Vary reinforcement as required to account different design moments.
Vary the width of beams as little as practical.  Apply same idea to girders.  Generally Girders Lines will be wider that Beam lines. Interior Beams wider that Spandrel Beams. 
Beam and girders widths should equal or exceed column size for ease of forming.

Avoid steel interference during construction by considering how steel at joints and intersections ‘cross’ during design.
Maximize shear reinforcement spacing as much as practical but keep spacing changes as few as practical.  Typically, steel for shear reinforcement has the highest in-place cost of any steel in the building.

The General issue concept is very clear: Simplicity saves costs and design time.

Complexity leads to additional expense.

Usually far more will be saved by using a ‘simple’ repetive system for ‘similar’ elements than by using less steel in a ‘complex’ system which varies element sizes.

Floors typically make up 90% of the total structural cost of a building.  For the one-way slab/beam/girder system a ‘typical cost breakdown is: Formwork: 45-50%,Concrete: 25%, Reinforcement: 25-30%..
Major building codes related to this course

The major building codes related to this course are:

International Building Code
This is a model building code containing chapters on use and occupancy, building heights and allowed areas, types of construction, fire resistance and protection, means of egress and accessibility, energy efficiency interior environments and interior and exterior finishing, etc. The IBC code also has chapters on general structural design, soils and foundations, concrete, masonry, steel, wood and other structural materials.

Our main use of this code will be the equation for live load reduction and the general minimum requirements for dead, and live load.

The IBC 2003 code refers extensively to other recognized codes including the ASCE 7 and ACI 318 code (for concrete).

ASCE 7: Minimum design loads for buildings and other structures.

This code contains load combinations which are consistent with the combinations used in this course.  It is also the primary reference for wind loading and earthquake loads (not part of this course).

ACI 318: Building code requirement for structural concrete.

This code is the code for this course.  We will use it extensively.  A copy of some of the provisions of this code has been included in Appendix C.
The American Concrete Institute committee 318 is the code writing committee.
The code provides minimum requirements for design and construction of structural concrete elements for most structures.

It covers structural applications of concrete which are cast–in–place (non-prestressed), prestressed or posttensioned. Only cast-in-place nonprestressed concrete will be considering in this course.
The ACI 318-05 code does not generally govern design of concrete piles, piers nor cassions embedded in the ground nor soil supported slabs (slabs on grade) or structural concrete slabs cast on stay-in-place composite steel deck forms. 
Special requirements for regions of high seismic risk are not included in this course (Chapter 21).

Loads on building structures
The typical structure is designed to resist various types of loads.
Dead load (D or DL) is typically due to self weight and permanently attached materials.  This is one example of a gravity load.  These loads can be computed (more or less) exactly after the structure has been built and has been placed in ‘service’.  They are generally only estimating during the design of the building, often very conservatively (over estimated).

Snow loads (S or SL) on building roofs (typically) are based on local conditions or ‘snow load maps.’  Local codes may govern or snow loads on roofs may be ‘computed’ from ASCE 7 formulas related to ground snow load.  In this course we will use a uniform roof snow load of 30 psf. (local building code).

Minimum roof live loads (Lr) are generally specified by model building codes.  A typical value is 20 psf.  They are related to roof repair of replacement operations and do not apply during major snow storms.  Thus, because 30 psf > 20 psf they will not apply to any designs in this course.

Live loads (L or LL) are due to occupancy or use.  In buildings typical basic live loads are specified based on the space to be occupied.  For office areas a typical live load is 50 psf.  For corridors, stairways and lobbies a typical value is 80 psf above the first floor.  For areas of ‘assembly’ (meeting rooms etc.) live load is specified as 100 psf (or greater).
A typical floor level in a building has several uses.  If a ‘full bay’ (area between columns) is all ‘assembly’, 100 psf is appropriate.  If all a ‘full bay’ is offices, 50 psf is appropriate.
Other types of load exist.  Typically very important are the lateral loads on a building.

Wind load (W or WL) is produced by wind pressures on all building surfaces.  Our buildings are braced laterally and we will assume the lateral bracing (shear walls or cross braces) takes this loading.

Earthquake (E) is another important load.  This type of load is assumed not to control in our examples.

Notes on allowed live load reductions: R = L / L0
Virtually all model building codes allow the basic live load on a specific element to be reduced due to the improbability of all floor areas being at the maximum value at the same time.

Formulas for allowed live reduction vary be code and alternate formulas are even allowed within the same code.  The formula we will use is allowed by the IBC 2003 and ASCE 7 codes:
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L = reduced design live load (for elements with AI > 400 ft2)


L0 = basic live load



AI = influence floor area for member = KLL.ATRIBUTARY



KLL= 4 x tributary area for columns



KLL = 2 x tributary area for beam

Maximum reduction allowed: 
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 For members supporting more than one floors.
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 For one floor supported.

Note: No reduction is permitted for one-ways slabs (L=Lo, i.e. R=1.0).
Example: L0 = 80 psf, tributary area to beam (on one floor) = 300 ft2,

AI = 2(300) = 600 ft2
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Example: Column L0 = 80 psf, tributary area from 3 floors = 900 ft2,

AI = 4(900) = 3,600 ft2
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About basic design methods

The most commonly used design methods are the ‘allowable stress’ method (also called ‘working stress’ method) and the ‘strength’ method (also called ‘load and resistance factor’ method).
The ‘allowable stress’ method is very commonly used for wood although the strength method is also allowed.  Codes for both methods currently co-exist.

The ‘load and resistance factor’ method is commonly used for steel although the allowable stress method is also allowed.  Codes for both methods currently co-exist.

Several decades ago the ACI used ‘working stress’ design (exclusively).  Later working stress design was moved to the code appendix and the primary method in the body of the code was ‘strength’ design.  In the 2002 code this appendix was deleted.  The commentary of the ACI 318 still allows use of the 1999 code appendix, but the strength method is the currently the only common method of reinforced concrete design.
The masonry code includes both working stress and strength design as basically equal alternatives.

Basic ideas for both working stress (briefly) and strength design will be outlined next.  A basic understanding of both methods is useful.

Basic concepts of working stress design

Recall:  Working stress = Allowable stress (ASD)
1. Actual maximum service loads are estimated to the best extent possible.
2. These loads are combined as required and elastic analysis is used to compute stresses at all ‘critical sections’ (maximum axial forces, moments, shears, etc.) of the structure.  These loads are used to compute maximum stress values.

3. These maximum (actually expected) stresses from analysis are compared to, and must be less than, the specified allowable stresses.

The allowable (allowed) stresses are only a fraction of the stresses actually expected to produce material failure or ‘distress.’  For example, in old working stress design of concrete the steel stress ‘allowed’ was 50% of yield (fa = 0.5(fy')) and the ‘allowed’ concrete stress was 45% of fc' (0.45(fc') allowed). fc’= Specified compressive strength of concrete. VERY IMPORTANT, THUS MUCH TO SAY LATER. Also used extensively in strength design (SD).
The factor of safety for ASD was the difference between the allowed stresses and the stresses expected to cause some ‘failure’ condition!

Naturally, other non-strength issues (especially deflection) were also considered.

Drawbacks of the ASD approach included:

· Lack of ability to account for loads with very different variability (live loads, snow loads and wind loads are more variable than dead loads).

· Lack of any real knowledge of the actual factors of safety since before actual failure materials become non–linear and the actual factor of safety is not easily computed using ASD, especially in indeterminate structures.

Basic concepts of ‘strength’ design

Recall: strength design (SD) is also called load and resistance factor design by steel code.
1. Actual maximum service loads are estimated to the best extent possible (same as ASD).
2. These loads are ‘factored’ (increased) to values not actually expected to occur.

3. Factored load are combined as required and analysis is used to predict force resultants (Mu, Vu, Pu, etc.) at ‘critical’ sections.  u = ultimate value under factored loading, not actualy expected to occur!

Note: Load factors vary with type of load.  Larger factors are used for more variable loading types.

Example: For typical floor loading combinations


D = dead load (service)
L = live load (service)

U = 1.2D + 1.6L
where 1.2 and 1.6 are the load factors
4. The best estimate of the actual capacity of the member under the type of load resultant being considered is computed.  This is called the nominal capacity.

Examples: Mn = Bending capacity at ‘limit state’


Pn = Axial capacity at ‘limit state’


Vn = Shear capacity at ‘limit state’



Note: The notation n refers to a ‘nominal’ value
‘Limit states’ can be described briefly as the loading condition at which no more useful or predictable capacity can be assigned to the member.  The concept of ‘limit states’ with examples is more fully described later. NOTE FOR NOW HOWEVER THAT THE ‘LIMIT STATE’ CONCEPT IS VERY IMPORTANT.
5. The best estimate of the nominal capacity is based on average material strengths (fy for steel and fc' for concrete, etc.) and sizes shown on the drawings. Nominal capacity is also computed using our best available ‘model’ for the behavior under consideration (flexure, shear, axial load, etc.)

Materials may be under strength or undersized (below average) and all models are imperfect, but some models are more reliable than others.

Clearly, structural dimensions will be not exactly as drawn (section depth, steel placement, span length).

To account for these and other variability issues, a strength reduction factor, 
[image: image6.wmf]f

, is applied to the computed nominal capacity value.
6. Finally, the basic criteria for strength designs are specified as:
For flexure: 
[image: image7.wmf]f

Mn ≥ Mu
For shear: 
[image: image8.wmf]f

Vn ≥ Vu
For axial load: 
[image: image9.wmf]f

Pn ≥  Pu
Note that the basic factor of safety is provided by increasing the design loads by the load factor(s) and by reducing the actually expected strength by the strength production factor (
[image: image10.wmf]f

).

Most common load combinations for strength design of reinforced concrete


U = factored design load


D = dead load at service level


L = live load at service level



Note: L0 = basic floor load, L = L0(R), R = any allowed reduction

S = snow load
Typical load combinations for design:

U = 1.4D


(rarely controls in R.C. frames)

U = 1.2D + 1.6L

(typically controls slabs, beams, girders)


U = 1.2D + 1.6L + 0.5S
(typically controls for columns)


U = 1.2D + 1.0L + 1.6S
(will not control for or 3-story struct.)
Other load combinations involving wind (W), earthquake (E), roof live load (Lr) and even rain, flood, soil, etc. are not needed for our analysis. 

These same load combinations are now consistent for strength design in the IBC, ASCE 7 and ACI 318 codes.

Common ASD (service load) combinations per ASCE-7 are also listed below:
D+L (floors),   D+L (roofs),   D+3/4 L+3/4 S (columns).
Strength reduction factors per ACI 318-05 code

· These factors are to be used in strength design along with associated ACI 318-05 load factors.

· The lowest 
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 factor for all types of load resultants (moment, shear, compression, bearing, …) are for plain concrete.  For plain concrete, 
[image: image12.wmf]f

 = 0.55.
· All the other Φ values given below apply to reinforced concrete.  These values vary with type of load resultant.  The values associated with flexure plus compression also vary with tensile strain in the extreme tension steel (εt) nominal strength.  The figure to the right introduces this concept. for a pure flexural member loaded at nominal strength, Mn.

Summary of Φ factors for reinforced concrete

· Bearing on concrete: 
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 = 0.65

· Shear and torsion: 
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 = 0.75

· ‘Pure’ compression (columns with tied reinforcement): 
[image: image15.wmf]f

 = 0.65
· ‘Pure’ flexure without ‘excess’ reinforcement: 
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 = 0.90

· The values given above are generally valid but require further discussion because exceptions exist.  To understand the exceptions we need to discuss tension–controlled vs. compression controlled sections.
Since 2002 ACI codes have not actually referred to ‘pure’ compression and ‘pure’ flexural Φ factors.  They refer to tension-controlled sections and compression controlled sections in what is called the ‘unified approach.’
If at nominal strength the extreme steel tension strain (εt) is ≤ 0.002 the section is defined as compression controlled.  The code then specifies a 
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 value of 0.65.

Note that in a pure compression member (axially loaded column) the primary axial steel bars will be in compression, thus εt < 0.002.

If at nominal strength the extreme steel strain in tension (εt) is ≥ 0.005 the section is defined as tension controlled.  The code then specifies a 
[image: image18.wmf]f

 value of 0.90.

Economically designed pure flexural members (steel area limited to assure εt ≥ 0.005) allow a 
[image: image19.wmf]f

 value of 0.90.

When εt falls between 0.002 and 0.005 
[image: image20.wmf]f

 values linearly vary as shown in the figure to the right.  For ‘pure’ flexural members εt is required by code to be ≥ 0.004 at the flexural ‘limit state’.

General discussion of ‘limit states’

What is a ‘limit state’?  In the most general terms a strength limit state can be defined for a structure, member or cross-section as a condition at which some unusable, unsafe or unpredictable situation develops.

A limit-state may refer to serviceability (excessive deflection or cracking).

In this course we will address issues of serviceability indirectly by applying code provisions which limit deflections (typically span to depth ratio limits) and cracking (by size and spacing and ‘cover’ of reinforcement).

In contrast, we will address issues associated with strength ‘limit-states’ directly and in some depth in this course.

It is tempting to define strength limit states as states of ‘failure’ (partly true) or ‘collapse’ (not generally true).
Strength limit states as defined in the subsequent discussions are not in general states of ultimate ‘collapse.’  They do represent states at which uncontrolled and perhaps unpredictable structural conditions develop.

Illustration of same strength limit states

As a first example consider a non-slender column (a column in which buckling is not as issue).

If a non-slender column is loaded axially bending will not occur if the column is braced laterally.  Compressive stresses will develop in both the concrete and steel.

As axial load increases steel and concrete stresses and strains will increase.  It is generally assumed (based on testing of normal weight concrete) that at a compressive strain of 0.003 little or no stress increase will occur in the concrete.
For grade 60 steel reinforcement (fy = 60 ksi) εy = fy / Es = 60 / 29,000 ≈ 0.002.  Thus the steel has already yielded when the concrete strain reaches 0.003.
Thus the strength limit-state we define for an ideal rapidly loaded column is the state at which fs = fy and concrete strain is εc = εu = 0.003. I will call the axial load resisted at this ‘limit-state’ the THEROETICAL nominal axial capacity of the column ( PMAX, theory ).

The code applies some real world modifications to this theoretical value. For a slowly loaded column (typical ‘real’ column) it is assumed that at εu =0.003, fc = 0.85fc'.  The 0.85 factor accounts for slow loading rate and sustained loading effects. The code also applies a 0.80 factor to account for some nominal bending moment (more later).

As a second example of a ‘limit-state’ consider a section under ‘pure’ (no axial load) flexure (bending) with tension reinforcement provided below the neutral axis.

Pure flexural members resist bending after the concrete in tension (below the neutral axis) has cracked by the compression resultant in the concrete (C) and the tensile resultant in the steel (T).

For horizontal equilibrium T must equal C.  The resisting moment (Mr) is provided by the T = C ‘couple’ of forces.  Mr may be computed as Mr = T*Z or equally Mr = C*Z.

As the applied moment to be resisted is increased both the concrete and steel stresses and strains increase.  The strain distribution is assumed to correspond to the plain-section hypothesis (strain proportion to distance from the neutral-axis).

If the concrete at the extreme fiber in compression were to reach the limiting value of εc = εu = 0.003 before the steel yielded a ‘brittle failure’ could occur.  This represents an limit-state with little warning of possible collapse.  This limit-state for pure flexural members is not allowed by the ACI code.
In short, the ACI code requires limiting the quantity of steel in a flexural member such that the steel must yield well before the concrete at the extreme fiber reaches εc = εu = 0.003. 

Thus we define for ‘pure’ flexure the limit-state as that condition at which the steel is beyond yield (εs > εy and fs = fy) and the concrete at the extreme fiber in compression is at εc = εu 0.003.  The concrete below the neutral axis is ‘cracked’ and carries no tensile load.

A nominal moment resisting capacity can be computed for this limit-state and is denoted as Mn (n = nominal).  This computation is relatively simple and will be fully developed later.
Other limit-states can defined for combined axial load plus moment or for shear (Vn) or torsion (Tn), etc.  These states will not be discussed at this time.

Summary of the Strength Design Approach

It should be clear that we cannot design sections such that the limit-state is actually approached in practice. We need our design to include a appropriate factor of safety.
Thus, actually expected loads are increased the by load factors and actually expected strengths (nominal strengths) are decreased by strength reduction factors (
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 factors) when sections are sized using the strength design approach. Thus the general SD requirement  Ru ≤ ( Rn assures a factor of safety has been provided.
Limiting deflections of continuous concrete cast-in-place structures for serviceability.

Solid section slabs, beams, girders and columns are quite ‘stiff’ when cracking is limited.

Under the older working stress provisions concrete stresses were limited to approximately 0.45fc' and steel stresses to 0.50fy.  Concrete sections were typically larger in cross-section than sections designed by the current code.  In many cases deflection concerns were eliminated.

For strength designs sections may be smaller and serviceability (deflection limits and crack control) has become a issue separate from strength capacity.

Issues of deflection at service load (actually expected not factored loads) are complex.

For tension reinforcement to be effective the concrete in tension must crack else the tensile strains are so low that the reinforcement has little effect.

For flexural members in typical continuous frames cracking occurs at sections of maximum positive moment and maximum negative moment.

At points of inflection it should be clear that little flexural cracking typically occurs.  Cracking reduces flexural stiffness to a high degree.

Flexural stiffness (or lack of stiffness) effects flexural deflection.  Maximum deflection is typically near the member central line.

Thus deflection computations depend on amount of cracking and location of the cracks, prior history of loading, and the load currently under considerations.

Empirical equations allow estimating deflections in concrete flexural members.  In non–critical situations avoiding such computation is highly desirable.

Fortunately, the ACI code allows us to avoid complex deflection computations in many common situations.


ACI provisions which allow us to avoid detailed deflection calculations for members ‘not supporting partitions or other construction likely to be damaged by large deflections.’

These provisions apply to one-way flexural members (one–way slabs, beams and girders) in cast–in–place concrete.


Minimum thickness of slabs to avoid deflection computation.


h = slab thickness (see figure)

L = span, I use support centerline to centerline span here!

For slabs cast integrally with beams:

h1, min = L1 / 24       (   If I use same depth for all slabs then h1 controls


h2, min = L2 / 28

Minimum thickness of beams (and girders) to avoid deflection computations.


h = beam or girder depth


L = span (I use support centerline to centerline span)

h1, min = L1 / 18.5

h2, min = L2 / 21

If I use same depth for all beams and girders, then h1, min controls.

Practical Considerations
Round all computed values to practical dimensions. Generally round up slab thickness in ½” increments and beam thickness by 1”.
Note that choosing depths for deflection control does NOT insure adequate STRENGTH!
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More generally:


� EMBED Equation.3  ���Rn ≥ Ru


Ru = a load ‘resultant’
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