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This Technical Note explains the three primary methods for the safe design of column-supported concrete floors,
including those reinforced with post-tensioned tendons.
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7—TREATMENT OF TWISTING MOMENTS
7.1 Twisting Moment
7.2 Design for Twisting moment
7.2.1 Distribution of twisting moment in floor slabs

7.2.2 Design for twisting moment/torsion
8 — SUMMARY

1 - DESIGN OBJECTIVE
The primary design objective is to conclude with a floor that is (I) serviceable; and (ii) safe for the specified load.

The serviceability depends on the intended application. The list of its requirements is not universal. In the common case it
is broken down to primary and secondary groups.

The primary serviceability checks listed in the major building codes are limits on:

Deflection
Cracking
Fire protection

The adherence to the preceding requirements varies. For example, limits on deflection and cracking depend strictly on the
application. It is the consequence of deflection that governs its permissible value, as opposed to an absolute deflection to
span ratio. There is latitude in application of the building code recommended values.

Building codes recommend limits for the common residential and commercial structures.

The following can be viewed as secondary consideration for serviceability. Again, the importance of each depends on the
application

Economy
Maintenance
Vibration

Design for safety on the other hand is paramount. It applies to all cases. The design outcome should be strong enough to

sustain the load it is intended to carry.

2 - DESIGN FOR COLLAPSE PREVENTION

A safe design will not lead to collapse of the floor, when subjected to the load it is specified to carry. The
building codes require a minimum factor of safety for collapse. The factor of safety is generally expressed as a
“load factor.” Depending on the perceived reliability of the design load, the factor can be as high as 1.7. The design shall
withstand the “factored” load prior to collapse.

Before detailing the design options to prevent collapse, it is important to review the cause and manner of collapse of
concrete floors. This is explained next.
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2.1 Ductility and Collapse
Concrete floors do not collapse at initiation of cracking.

We compare the response of a slab to applied load for two starkly different materials to highlight the differentiating
response of concrete to increasing load.

Figure 2.1-1 is partial view of a plate on supports. We compare the response of the plate to applied load for two materials.
Once, if the plate is glass. Next, if it is reinforced concrete.

A — Glass plate

Glass cracks, when its extreme fiber stress reaches its rupture value. The tip of the supports at points A and B are the
locations of higher stress. Once the stress at either of these two “points™ reaches the strength value, crack initiates.
Initiation of cracking leads to higher concentrations at the tip of the crack. Cracks spread and lead to breakup of the glass
plate with no increase in load.

Initiation of cracking and collapse of the glass plate both occur essentially at the same load.

Deflection, distribution of stress, and extreme fiber stresses are governed by the elastic response of the glass to applied
load. The elastic response is generally determined using the theory of elastic plates [Timoshenko, 1959].

The transfer of the load on the glass plate to its supports is referred to as “Load path.” In this case the load path is
determined by the elastic response of the glass plate to the applied load, namely “theory of plates.”

It is concluded that:

I — For the given configuration, material properties and the applied load, there in only “one load path” to resist the load.
The load path is determined by the properties of the glass; its configuration; and the theory of plates.

ii — The initiation of cracking at a “point” is synonymous to collapse.
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(a) Plate on supports (b) FEM discretization for

stress analysis
FIGURE 2.1-1 Plan; partial view of plate under uniform load and the Finite

Element Method (FEM) mesh discretization used for its stress analysis (PTS217)
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B — Concrete slab
Consider the concrete balcony shown in Fig. 2.1.B-1. It has the same support configuration as the glass panel of Fig. 2.1-
1. Under uniform load, the slab will deflect following the plate theory in the same manner as the sheet of glass. It will

develop high tensile stresses at the same locations as the glass panel, namely the tips of the walls. The slab will crack at
these locations.

The cracking at the tips of the walls does not herald slab’s collapse — nor its lack of adequacy to satisfactorily carrying it
design load.

Cracking leads to the modification of the floor’s initial load path — based on elastic plate theory — to where there is
reinforcement and stiffness to resist the load.

With increase in load, the initial load path governed by the elastic theory of plates will be continuously
re-configured to meet the force demand. At each load increment, the slab draws upon reserve of strength not fully
mobilized. This continues, until the strength reserve is exhausted.

The continuous modification of load path, with increasing load is the characteristic of concrete slabs. It deviates from the

theory of elastic plates. It also deviates from the solution features applicable to the slab’s service condition — in particular
deflection and crack initiation.

Theory of elastic plates does not apply to the safety evaluation of reinforced concrete floors.
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(b) Span between walls (c) Cantilever over
AandB wall C

FIGURE 2.1.B-1 Plan; concrete slab with two options for
arrangement of reinforcement (PTS 569)

Two of the several options commonly used for reinforcing the balcony is shown in Fig. 2.1.B-1.

In one case, the resistance is envisaged by the designer to be provided by a “strip” spanning between the walls A and B.
Reinforcement is at the bottom.

In the second case, the designer has considered the slab to cantilever over wall C. The reinforcement is at the top.

The arrangement of reinforcement is widely different. Both options provide safe slabs. Neither follows elastic theory of
plates.
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In both options, the resistance is provided by reinforcement in “one direction” only. It is not necessary for a safe design in
all cases to provide primary reinforcement in both directions. The necessity of reinforcement in both directions depends
on the adequacy of the load path selected by the designer. It is not a design requirement.

It is noteworthy that in the early application of the finite element method to automated design of floor slabs, the practice
was to consider the elastic response of the floor slab to be its load path for the floor safety. The steps are explained next.

(D) the slab is provided with a bottom mesh reinforcement of known cross-sectional area per unit length.

(i1) The moment contour obtained from the FEM elastic solution is used to calculate the contour of required
reinforcement. This provides the intensity of the required reinforcement in each direction (Fig. 2.1.B-2)

(ii1)) The moment contour is matched against the designer-provided mesh. The shortfall of reinforcement is provided with
individual bars.
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(a) Reinforcement along x-x  (b) Reinforcement along y-y

FIGURE 2.1.B-2 Plan; Distribution contour of reinforcement along X-X
and Y-Y directions.
The distribution of reinforcement follows the elastic response of the slab to the
applied load.

The preceding is a valid design method, but not applicable to design of post-tensioned floor systems. As shown in Fig.
2.1.B-3, in practice, the reinforcement for the entire tributary of a column line and its tributary is positioned over a narrow

band along the line of columns. The reinforcement is not distributed throughout the floor, as required by the preceding
method — namely plate theory.

TN290 - 5



® . _ _
909 Prstructures Technical Notes ET e ET=—=
®

FIGURE 2.1.B-3 Post-tensioned floor slab ready to receive concrete.
The entire top bar and the reinforcement required for the tributary of the
column is positioned over a narrow band along the column limes.

3 —SINGLE LOAD PATH FOR SERVICEABILITY; MULTIPLE LOAD PATH FOR SAFETY

For serviceability requirements, such as deflection, or initiation of cracking, there is one-way floor slabs respond to
applied load — one load path. The path is dictated by the elastic plate theory.

For safety — prevention of collapse for specified load —generally, there can be multiple possible load paths. The selection
is the designer’s choice. The following explains the concept by way of an example.

3.1 Load Path
[lustrative Example for Load Path

Unlike the skeletal structures, such as floors constructed with steel girders and beams, where the selection of load path is
implicit in the articulated members of the floor, in the continuum of floor slabs the load path is not evident.

For floor slabs, the load path for the strength limit state is generally envisaged by the designer within the outline of a floor
slab’s continuum, and reinforced accordingly. Being a critical step in design of concrete floors, the following simple

example is used to crystallize several of the underlying concepts.

The following reviews the example of a propped cantilever, and highlights the following:

R/
0’0

For service condition (SLS), there is generally a SINGLE and unique load path. The load path is determined by the
pre-cracking “elastic” response of the structure to the applied load.

» For safety of the structure (ULS), there can be more than one load path.

The load path(s) for ULS are generally not the same as that for the SLS.

The load path for ULS is determined by the designer at design time, and reinforced accordingly.

e

X3

%

X3

S

Consider the propped cantilever beam shown in Fig. 3.1-1a. The cantilever has a uniform cross section; rests on roller
support at the propped end; and is fixed at the other end. It is subject to a single load P. We review the design of this
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cantilever, on the assumption that the effect of selfweight is negligible compared to the applied load P. This does not
change the process of design, nor the conclusions arrived at. Part (b) of the figure shows the free body diagram of the
cantilever.

The distribution of moment, based on linear elastic material properties, is shown in part (c) of the figure. The deflection of
the cantilever, as well as the distribution of stress in the member and the initiation of first crack are associated with this
bending moment. In service, the cracks if any are assumed not to be extensive. The elastic response of the structure under
the applied load is calculated using the gross cross-sectional dimensions of concrete and its material properties.

While it is recognized that the presence of reinforcement has an influence on the deflection and crack formation of the
member, due to its small impact in most cases, the presence of reinforcement is generally not accounted for in the SLS
design.

Deflection of a member and crack formation under service load are part of the serviceability check (SLS). There is only
one elastic solution for the applied load shown — hence one load path. The distribution of moment shown in part (c) of the
figure, defines the load path for SLS.

Let the reinforcement provided in this propped cantilever be two identical layers, one at the top and one at the bottom,
each extending over the entire length of the member. For a rectangular section, the provided reinforcement results in a
constant resistance capacity for both the positive and the negative moments over the entire length of the member.

Increase in the applied load P, beyond the elastic limit of the member, results at first in the post-elastic response of the
connection at the fixed support, where the demand moment is most. Upon further increase in load, the rise in the moment
demand will be shifted from the support to the rest of the beam, until the resistance of the section below the load P reaches
its limit. For the reinforcement distribution assumed, where the positive and negative moment capacities are equal, the
strength limit of the member will be reached for a distribution of moment given in part (d-ii) of the figure. The moments
shown in part (d-ii) are in static equilibrium with the applied load P. The distribution of moment reflects the load path at
ULS for the distribution of reinforcement assumed.

At ULS, the distribution of moment is based on the formation of adequate number of plastic hinges that lead to collapse of
the member. Observe that the distribution of moment at (ULS) is different from the elastic response in part (c) of the
figure. In other words, at ULS the load is carried by a different load path that is governed by the distribution of moment
and hinge formation shown in part (d). The observed load path is based on the resistance provided in the member—
namely the “assigned” distribution of reinforcement.

Alternatively, if the reinforcement provided is only at the bottom. The structure can still be safe, provided the bottom
reinforcement can resist the distribution of moment associated with a single hinge below the load,

In summary, for the propped cantilever, we conclude that there is a single load path for its in-service response, and several

load path options for its safety. Each load path at the ULS is function of the distribution, and amount of the provided
reinforcement.
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FIGURE 3.1 -1 Propped cantilever under a single load.
Elastic response and an alternative failure mode option based

Further, the premise for a valid load path at ULS is that (I) the distribution of forces, at ULS shall be in equilibrium with
the applied load, (ii) at each point along the assumed load path, the member shall be provided with resistance adequate to

meet the distribution of actions assigned to it on the load path; and finally (iii) the member shall have adequate ductility to
undergo post-elastic deformation and re-distribute the actions to the selected load path.

Figure 3.1-2 illustrates two other load path options for ULS of the same example. In both options, the distribution of

moment is in equilibrium with the applied load P. The objective of this second figure is to re-emphasize the multi load
path possibilities of design at ULS.
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Safe Design Alternatvies

FIGURE 3.1-2 Examples of load path options for safe design of
propped cantilever under a concentrated load

Part (a) of the figure is the re-statement of conditions for a safe design. In one option (part b), we designate a moment
capacity of 0.1PL at the support. From equilibrium of the system, the capacity assignment leads to the moment diagram
shown in part (b-ii). Reinforcing the structure according to this moment diagram, will lead to a safe design.

In the second alternative, assign a moment capacity of 0.2PL to the support. This assumption results in the moment
distribution shown in part (c-ii). When reinforced accordingly, the structure will be again safe.

It is reiterated that for the safety of the structure (ULS) there can be more than one load path. Each path follows the
designer assumption of capacity assignment (provision of reinforcement). The central point is that, at ULS the objective
is not to replicate the “elastic response” of the structure. Rather, the objective is to provide a safe load path that often will
be different from the elastic (initial) response of the structure.

The ability of a concrete section to undergo limited rotation past its elastic limit, while maintaining its elastic capacity is
measure of its ductility - an essential characteristic in floor system design.

Major building codes have provisions that guarantee the necessary ductility for member design.

Ductility of a concrete section is achieved by forcing failure to initiate by yielding of reinforcement, as opposed to
crushing of concrete. For sections in primarily bending, this is done by limiting the depth of the neutral axis, as illustrated
in Fig. 3.1-3. The ratio of ¢/d: is controlled to initiate the failure by yielding in tension reinforcement
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FIGURE 3.1-3 Limit on distribution of strain for
ductility.
Limit set on the maximum depth of compression zone
guarantees yield of steel prior to failure. (PTS191)

In summary,

o for safety design of concrete floors, generally there can be more than one load path.

The design engineer selects the load path at design time; determines the force demand along the path; and
reinforces the load path accordingly.

The load path selected by the designer does not generally follow the theory of plates — the elastic response of the

floor to the applied load. However, the elastic response can be used as a guide by the designer in selection of the
load path, and the determination of the demand forces along the selected path.

4 — COLLAPSE CONFIGURATION; ULS CONDITION

4.1 Design-Built Ductility

Concrete floors do not collapse at a point, where local stresses exceed the tensile capacity of concrete and cracking
initiates. Under increasing load, concrete slabs form hinge lines, where the slab reaches its moment capacity.

Once the moment capacity is reached, rotation about the hinge line can take place, without appreciable gain in capacity.
The moment rotation of a slab region about a hinge line in the general case is in the general form shown in Fig. 4.1
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FIGURE 4-1 Moment-rotation relationship of a reinforced
concrete section (PTS190)
For moments larger than the elastic limit of the section, rotation
takes place with little or no increase in resisting moment.

4.2 Collapse Mechanism

The load carrying capacity — collapse — is reached, when adequate number of hinges form and combine in a collapsible
configuration of a portion or all of the slab.

Figure 4.2-1 illustrates the collapse mechanism of single panel supported on a wall along one edge and a column at one of
the free corners.

The two hinge lines formed lead to the downward movement of the slab region A through its rotation about the two hinge
lines shown.
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FIGURE 4.2-1 Collapse mechanism of a single panel
supported at a free corner, and continued over a line support at
another edge (PTS205)

The rotation of part A about the two hinge lines leads to collapse of

the floor panel
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At collapse, the work done by the external load causing the collapse is resisted by the slab’s internal work of the
moments at hinge lines. The equivalency of the two governs the failure mode.

At collapse, the distribution of reinforcement across a hinge is not critical. It is the amount of reinforcement and
location with respect to the depth of the hinge section that determine its contribution, not the location along the

length of the hinge line.

Generally, there can be more than one collapse mechanism for a given floor system. The governing mechanism
for design is the one which takes place at the smallest of load leading to a collapse mechanism.

The arrangement of reinforcement; the geometry of the floor and its support; and the configuration of the
applied load determine the collapse mechanism.

5 - FLOOR SLAB MODELING FOR STRENGTH

5.1 Structural Modeling Options

There are different options for strength design of floor slabs. The common procedure is the strip method. Other
options, such as the strict application of plate theory and yield line procedure are also used. The focus of what

follows is the strip method. Other options are briefly addressed for completeness.

Consider the design of the single floor panel shown in Fig. 5-1. The panel is under a centrally applied
concentrated load.

FIGURE 5-1 Panel under concentrated load P at center

Three methods are reviewed. (Fig. 5.2) The methods are:
Elastic plate theory

Strip method
Yield line method

TN290 - 12
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(a) Elastic solution method; reinforcement (b) Yield line method; reinforcemen.t is pr.imarily
distributed throughout the slab based on the placed at bottom normal to the hinge lines
distribution of moments shown

(c) Design strip method: Design strip along the (d) Design §trip .method; Intersectin.g design .strips.
diagonal is selected as load path and reinforced Each strip is reinforced for the designer-assigned
to resist the entire force fraction of load to resist

FIGURE 5-2 Options for strength design of floor slabs

5.1.1 Elastic solution load path

Using the theory of plates, the distribution of moments throughout the panel is determined. At each point on the
panel, reinforcement is provided to resist the computed moment demand at that point. The distribution of
reinforcement follows strictly the solution of the panel based on the theory of elastic plates (Fig. 5-2a)

5.1.2 Strip method load path

In the strip method, slab bands within the body of the floor slab are envisaged as load path paths (strips) for

transfer of applied load to the supports. The forces generated along each of the assumed strips are determined
and provided with adequate reinforcement.

Figure 5.2c and 5.2d illustrate two applications of the strip method in its simple form.

5.1-3 Yield line method

TN290 - 13



& . —_
:.: PT-Structures Technical Notes SFEE = SEE= =
@

The slab cracks extensively along somewhat straight lines. Collapse occurs when adequate number of hinge
lines form and combine into a configuration that leads to large displacement of the slab under load. Figure 5.2¢
shows the formation of hinge lines for the panel under central load.

5.2 Failure Mechanism of Regular Column-Supported Floors
Figure 5-2.1 shows a regular column-supported floor slab. Increase in uniform load on the slab results in failure
options illustrated in Figs 5-2.2. This is on the premise that the column size and the support region are strong

enough to avoid punching shear failure, before floor collapse.

The failure occurs either along hinge lines in X or in Y-direction. At collapse, the floor folds down between the
support lines along hinge lines, one at the middle of each panel.

PTS363
slab
g
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O O (]
column —
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FIGURE 5.2-1 Uniform floor panel
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FIGURE 5.2-2 Failure modes of regular floor panel under uniform load.
Increase of load lead to formation of yield lines either along X- or Y-
direction leading to the collapse of the floor (PTS201)

The observation of the failure mode reinforces the strip method concept of design for column-supported floors.
Each design strip consists of a line of supports and its associated floor tributary

It is noteworthy that in this mode of failure, the resistance is provided primarily by the reinforcement that
crosses the hinge lines — namely the available reinforcement in one direction.

Figure 5.2-3a shows the crack formation on the reflected ceiling of a floor slab reinforced with unbonded post-
tensioning. The slab was loaded well beyond its design values. The overload led to formation of long cracks
along mid-distance between the line of supports. Single line of bottom crack at mid-span parallel to the line of
columns mark the formation of hinge lines incipient to slab failure. The observation confirms the collapse
mechanism described in the preceding.
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FIGURE 5.2-3 Reflected ceiling crack formation of over-loaded floor slabs incipient to failure
The reflected ceiling of an overloaded conventionally reinforced concrete in southern California in Fig. 5.2-3b.
In this case too, the formation of cracking at mid-distance between the line of supports confirms the strip-based

load path for column-supported floors.

The large number of short cracks in the case of conventionally reinforced floor, compared to the post-tensioned
alternative, reflect the presence of closely spaced nonprestressed reinforcement in the former.

In the case of slab reinforced with unbonded tendons, there are few nonprestressed bars. This leads to less, but
wider and longer cracks.

Detailed description for breakdown of a floor system into design strips is given in reference [ Aalami, 2014].
Ideally, the subdivision of slab into design strips will be made along the line of zero vertical shear.

Selection of line of zero vertical shear for tributaries of strip method of design is not always practical.
Generally, the floor is subject to more than one load condition. Each load case and load combination can lead to
a different line of zero shear. Consequently, in using a single subdivision of floor slab into design strips
involves an inherent approximation in the prediction of load distribution at ULS.

5.3 Design Idealization of Irregular Floors

Prediction of failure mechanism of an irregular floor slab is not always simple. Where feasible, the failure
mechanism it is a good guideline in the breakdown of a floor slab into design strips/regions.

At design time an idealization is made. Demand forces are calculated based on the designer-idealized floor
response to the applied load. Calculated forces for the idealized response are used to provide reinforcement.
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The following explains three schemes commonly in use, namely: strip method; elastic method, and yield line
method.

5.3.1 Strip method option
Figure 5.3.1-1 shows the view of an irregular slab supported on columns and walls.

Figure 5.3.1-2a shows the support lines drawn in up-down direction. The support lines extend over the column
and wall in one of the principal directions.

Part (b) of the figure identifies the tributary of one of the support lines. This tributary is marked by lines of
design sections. The design sections each extend to the entire width of the associated tributary.

The design proceeds to determine the force demand from the applied load on each of the design sections shown
in the figure.

Next, the design continues by (I) checking whether the consequence of the design section-identified forces —
such as resulting stresses — is acceptable. (ii) next the computed forces on the design section are used to
determine/verify the amount of reinforcement.

(a) View of column-supported irregular floor slab (b) Plan

FIGURE 5.3.1-1 Geometry of an irregular column-supported floor slab
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(a) Selection of support lines in up- (b) Identification of design sections for
down direction

the selected support line
FIGURE 5.3.1-2 Plan; irregular floor slab; selection of support lines in up-

down direction, and identification of the associated design strips

The selection of the support lines along the line of columns conforms with the construction practice of post-

tensioned floor system with unbonded tendons, where the tendons can be positioned along the non-aligned line
of columns (Fig. 5.3.1-3).
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FIGURE 5.3.2-3 Swerving of tendons along a non-straight
support line.
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5.3.2 Elastic solution option

In designs based on elastic solution (plate theory), at each location of the slab the reinforcement is determined
and placed at the same location.

The slab is subdivided into narrow strips in two orthogonal directions (Fig. 5.3.2-1). The width of each strip
typically does not exceed three times the slab thickness.

In each direction, each of the strips is designed for the force that is acting on it from the elastic solution. In this
method, the position of supports does not impact the subdivision of the floor into strips.

(a) Narrow strips in direction 1

(b) Narrow strips in direction 2

FIGURE 5.3.2-1 Breakdown of floor slab into narrow strips in two directions.
The strips generally do not exceed three times the slab thickness. The strips are orthogonal to one
another.

5.3-3 Yield line method of design

The most effective application of the yield line method is to determine the strength — load carrying capacity — of
a floor slab that is either designed, or provided with a known base reinforcement.

The analysis determines whether the existing reinforcement can sustain the specified load. Alternatively, what is
the load that the floor slab can support before it collapses.
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As an example, consider the floor slab shown in Figure 5.3-3.1. The general arrangement of the floor on wall

and column supports is shown in part (a) of the Figure. The rooms around the perimeter each have a sanitation
enclosure that is provided with a depression in the slab.

Part (b) of the figure shows the reinforcement layout from the Subs of the slab. The reinforcement consists of a

bottom mesh; top and bottom reinforcement over the wall supports; and top and bottom reinforcement across
the central region extending over the range shown by broken line.

(a) See-through view of the typical floor showing the wall supports

(b) Display of top and bottom reinforcement in the slab in
and the sanitary depressions in the rooms

addition to the bottom mesh over the entire slab. The two
broken lines along the central region identify the extent
of the top and bars over this region
FIGURE 5.3-3.1 View of floor slab; wall and column supports, and over view of the existing

reinforcement from design

Subsequent to construction, it was required to determine the load carrying capacity of the floor.

Several collapse mechanisms were envisaged. Some going across the floor slab; others along the perimeter; and
one with the focus on the central region of the slab (Fig. 5.3-3.2b).

The collapse mechanism envisaged for the central region resulted in the least load capacity. The floor slab was
rated for the value of the load obtained from this collapse configuration.
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(a) Closeup of reinforcement arrangement at bottom left corner of the
slab. Each bar needs to be accounted for at the location in the slab, its central region of the slab
depth and its length and orientation

FIGURE 5.3-3.2 Detailed displays of reinforcement at one corner of the slab and the
hinge lines that lead to collapse of the slab

6 - EXTRACTION OF DESIGN ACTIONS

Design values are the actions, such as moments and shears that are derived from the solution of the floor for the
purpose of configuring or verifying the floor’s in-service and safety requirements.

The selection of design values primarily depends on the criteria against which the selected value is checked.

Most designs are carried out in reference to a specific building code. Consequently, the values extracted from
the solution are often in reference to the selected code.

6.1 Strip Method Design Values

Major building codes [ACI 318; EC2] and design literature [TR43, 2005] specify the requirements in terms of
support lines and tributaries.

Force values for design are associated with the support line tributaries for code compliance and construction
detailing.

The design sections are typically normal to the support line and extend through the entire width of the design
strip. Each design section is designed independently.

Figure 6.1-1shows the designer-selected support lines in the up-down direction; design sections for one of the
support lines; and the selection of one of the design sections for extraction of design values.
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FIGURE 6.1-1 Plan of a floor system showing the support lines in the
up-down direction; design sections for the displayed support line; and
one of the design sections for extraction of design actions.

From the elastic solution, the resultant of all forces acting on the face of a design section combine to a single
force. The resultant includes moments, shears and axial force.

Figure 6.1-2 shows a design section on plan (part a) and the resultant of the actions on the design section — force
R (part b). Force R represents the entire forces that act on the design section.

The resultant force (R) acting on the design section is transferred to the centroid of the design section (O). At
the centroid, the force R is broken down to its six components, namely three moments and three forces.

The six components at the centroid include all the stresses and moments on the design section, such as inplane
shear, twisting moments and precompression from prestressing and other forces, if any.
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design
section

(b) Cross-sectional view of design section

FIGURE 6.1-2 Display of all forces that act on a design section (R)

The resultant force R can be represented by six actions (three forces and three
moments) at the centroid (O) of the design section. The resolved actions are

used to determine its building code compliance and the required reinforcement

In the general case, the design section may contain “base reinforcement,” such as mesh rebar, that is specified

by the designer. There can also be prestressing and nonprestressed reinforcement at the design from other
considerations, or again pre-defined by the designer (Fig. 6.1-3).

In the general case, the existing reinforcement, if any, can be at any location, and at any angle to the section.
The existing reinforcement may not necessarily be at the location defined by minimum cover

The geometry of the design section, along with its base reinforcement determine the outcome of its code
compliance and the shortfall of reinforcement, if any.

PTS407

design section width s

designated location for added rebar

base rebar

S /— base rebar

¢/

B I — — designated location for
— added rebar, if required

TN290 - 23



® . e
909 Prstructures Technical Notes ETe ET ==
®

FIGURE 6.1-3 Section: partial view of design section showing the
available reinforcement (base reinforcement) and the designated
location for added reinforcement to meet the serviceability and
safety requirements of design

Each action is applied to the entire cross-sectional geometry of the design strip.
For service conditions, such as crack control, a representative stress value is arrived at.

Depending on the design code or literature followed, the representative value is referred
to as “hypothetical”, “computed”, or “representative” stress. It is a fictious number that
represents the state of stress distribution over the cross-section. Its value is derived from
the geometry of the section and the resultant force R (Fig. 6.1-2)

The computation of the hypothetical stress that represents the entire design strip depends
on the code followed.

The validity of selecting a single representative stress for the condition of the entire
design section is based on distribution of stress across a design strip for common
column-supported floors of regular configurations.

6.2 Elastic Solution Option

The design based on elastic solution assumes the load path at ultimate limit state to be

the same as the elastic response of the slab. This method does not rely on the post-elastic
re-distribution of actions in the slab.

Figure 6.2-1 illustrates the treatment of a floor slab using the elastic solution. The slab is

subdivided into strips in two orthogonal direction. The strips are typically not wider that
three times the slab thickness.

TN290 - 24



@ . - - ——
909 Prstructures Technical Notes A Y-
®

4+
C
Y
€
.
Q@
<

23
a2
B
A

FIGURE 6.2-1 Intersection of narrow strips in orthogonal directions forms
the design element
The design elements are typically not larger than three times the slab thickness in

size. The reinforcement of each design element is based on the actions on the same
element

The code-compliance and reinforcement for each design element is evaluated independently. The
required reinforcement for each square is placed, within the same square.

In practice a base reinforcement, such as mesh is specified over the entire floor plan. The design
determines the addition to the base reinforcement, if any.

In this design option, the face of each design element is subject to bending and twisting moments; axial
force; inplane and normal shear. The design element is checked and reinforced to account for the listed
actions within the geometry bounds of the design element.

The twisting moment is one of the actions on the design element, for which the adequacy of the design
element is checked.

This design option does not take advantage of the possible availability of excess reinforcement at one
location to provide shortfall of resistance at another location.

7- TREATMENT OF TWISTING MOMENTS

When the design follows the strip method, the question of explicit recognition and allowance for twisting
moments in design does not arise. Twisting moments are implicit in the design routine. Twisting moments, if
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any, become part of the torsion of the design section. In the common case the contribution of twisting moment
to the torsion of a design section is not of design significance. This is explained in detail in what follows.

On the other hand, when elastic solution is used for ULS design, the reinforcement at each point on the slab
needs to cater for the force demand at that point. In this case twisting moments are part of the force demand.

Adequate resistance at each design element needs to be recognized.

The following explains.

7.1 Twisting Moment

Figure 7.1-1 shows the forces that in the general case act on a plate element.

The forces are grouped into those that result in change of shape of the element out of its plane — bending
(flexural), shown in part (a) of the figure. And, those that result in change of shape of the element within its own

plane, such as stretching or change of angle of the element in plan (membrane).

In floor slab design, in the absence of post-tensioning, the analysis and design are generally accounts for the
bending actions only. Membrane actions are not considered.

When post-tensioning is used, the force of post-tensioning, in part, acts in the plane of the slab. In this case both
the bending and membrane actions need be considered in analysis and design.

One of the bending actions on the element of plate is the twisting moment. The following reviews the impact of
the twisting moment and its consideration in design of floor slabs.

(a) Actions on an element of plate causing
deformation of the element out of its plane — bending
actions

(b) Actions on an element of plate causing its change of
shape within the plane of the element — membrane actions

FIGURE 7.1-1 Actions on an infinitesimal element of plate.
The actions are grouped into those that result in change of shape of the element out of its plane, such as
bending, and twisting — (bending actions), and those that result in stretching and change of geometry of
the element within its own plane — (membrane actions).
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(i) Stresses due to M, and M, (i) Stresses due to M,

FIGURE 7.1-2 Distribution of stress face of a plate element from

bending and twisting (torsion) moments.
Bending moment results in tension and compression stresses normal to the face of the
element. Twisting moment results in shear stresses in direction of the plane of the slab.

Depending on the method of design, twisting moments may, or may not need to be explicitly accounted for in
design.

(D) If the design is based on providing resistance at the point where demand is generated, as is the case for
design based on elastic solution (Fig. 6.2-1), twisting moments need to be accounted for at the location they

occur. In his case, the force demand obtained from the elastic solution is resisted at each design element by the
reinforcement provided in that element.

Depending on the conditions, twisting moments may, or may not impact the reinforcement in the design
element.

There are recommendations in the literature how to design for twisting moments, when design is based on plate
element (Fig. 6.2-1) [CSA, 2004].

Commercially available software provides the option at designer’s choice to include, or exclude the action from
the twisting moments in design [ADAPT Builder, 2018].

(i1) If the strip method of design is followed, where the actions on a design strip are represented at the centroid
of the design section, the twisting moment generally is no longer of design-significance. In the common case,
the integral value of the twisting moment is either zero, or not significant. The following sections explain.

7.2 Design for Twisting Moment
7.2.1  Distribution of twisting moments in floor slabs

Consider the typical floor slab on an orthogonal arrangement of supports shown in Fig. 7.2.1-1. The slab is
under uniform load.
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The distribution contour of the twisting moment throughout the slab is shown in Fig. 7.2.1-2. Note that the
distribution of the twisting moment (Mxy) in each floor panel breaks into four distinct quarter panel patterns.
Two quarter panels on the diagonal are positive and the other two negative.

The magnitude of the twisting moments along the line of columns is zero.

FIGURE 7.2.1-1 Plan of a regular floor slab under uniform load

Also, the magnitude of the twisting moments along the centerline of the slab panel (line between the columns)
is zero. These are the locations of maximum moment demand that generally govern the amount of
reinforcement in the slab.

The maximum value of the twisting moment is at the center of each quarter span — two positive and two
negative.

FIGURE 7.2.1-2 Distribution of twisting moment in the floor slab.
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Slab is supported on a regular arrangement of columns
The magnitude of the twisting moment along the line of columns is zero. Also, the
magnitude of the twisting moment along the centerline of the panel in each direction

1s zero.

Additional views of distribution of twisting moment for the regular arrangement of the slab are shown in Fig.
7.2.1-3.

VRN

-
)

e
Distribution of twisting moment

(a) The section at the quarter span shows positive and negative equal values of Mxy
distribution. The distribution along the column lines and the mid-panel lines is zero
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(b) Identification of a typical design strip and design section
at quarter span.
The positive and negative values of the twisting moment across the design section
cancel one another, leading to zero design value for the twisting moment of the design
section
FIGURE7.2.1-3 Distribution of twisting moments in column-supported floor slab

The preceding scenario illustrates that when the design is based on strip method, in which the integral of the
actions on the design strip are used to determine the required reinforcement, there is no contribution on the
demand side from twisting moments — if the general configuration of the slab and loads are regular.

The geometry and load on the floor slabs are not always regular. Steps, beams, openings and changes in slab
thickness result in non-rectangular design sections. The irregular support layout and load lead to the integral of
the twisting moment over a design section not necessarily to be zero.

The integral of the actions on the entire surface of the design strip are expressed in terms of three moments and
three forces at the centroid of the design section (Fig. ???). These actions are used for code-stipulated stress
check; crack control and determination of reinforcement across the design section.

Figure 7.2.1.4 shows two of the six actions, namely torsion Myy and Nz.

Myy includes the integral of the twisting moment over the entire design section, if any, along with the
eccentricity of shear (Nz; part b of the figure) normal to the plane of the slab.

Myy=Nze

The objective of expressing the integral of the twisting moment with the eccentricity of vertical shear is to

develop an appreciation of the importance, or lack thereof, of twisting moment with eccentricity of shear in
non-symmetrical arrangement of a slab.

In short, recognition and treatment of torsion (Myy) on the design section includes the consideration of twisting
moment on the (Mxy) design section.
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(a) Torsion/twistingg moment and vertical
shear

e
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(b) Shift of vertical shear to account
for twisting moment and torsion

FIGURE 7.2.1-4 View of a design section considering two of the six
design actions at the section’s centroid.

7.2.2 Design for twisting moment/torsion
Concrete sections have an inherent base resistance to torsion prior to cracking.

For slabs, reinforcement to resist torsion is required, once the magnitude of torsion exceeds the threshold that
initiates cracks in slab.

Cracks from torsion are diagonal to the design section — line of supports. Torsion cracks appear on top and

bottom surfaces of the slab. The cracks are shallow; generally, at approximately 45 degrees to the line of
columns.

It is noteworthy that with over 70 years of extensive experience on design and construction of post-tensioned
floors in USA, with thousands of buildings in service, torsion cracks do not appear to have been reported.

Performance observation of the existing floor systems leads to the conclusion that design of common residential
and commercial floors based on the outlined strip method do not lead to torsion cracks.

Recognizing the inherent property of slabs in resisting torsion, ACI 318 specifies a threshold capacity for
concrete sections without torsional reinforcement. Torsion reinforcement is required, if the magnitude of torsion
exceeds the threshold. In common building construction the magnitude of torsion on a design section is

typically below the threshold which would call for torsion reinforcement. This is explained in greater details in
the example of this section.
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The threshold specified in ACI-318 is one-quarter of the torsion that would initiate torsional cracks in the
member.

For prestressed sections, the threshold is:

, <¢0.0834 ( _ (Exp 7.2.2-1)
\/7 0. 33/1\/1T

Where,
Tu = threshold torsion for reinforcement design [kKNm];
¢ = strength reduction factor [0.85];
A = factor for concrete weight; for normal weight [1];
fc = 28-day characteristic compressive strength of concrete cylinder [MPa];
Acp = cross-sectional area of the member [mm?2];
Pep = perimeter of the member [mm]; and
fpc = precompression [MPa].

For common structures, when using strip method with tributaries extending to the entire bay, the value of
torsion on design strips is generally below the threshold that would trigger design for reinforcement. The
following example provides context for this provision.

EXAMPLE

Given

Floor slab on an array of orthogonally arranged columns with the following parameters;

Column spacing 9.144 m (30 ft)

Slab thickness 203 mm (8-in.)
Columns 406 mm (16-in.) square
Concrete 34.47 MPa (5000 psi); normal weight (A= 1)

Precompression (fc) 1.03 MPa (150 psi)

Required

2ACI 318-11; 11.5.1 (b)
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1 - What is the value of the threshold torsion that would require reinforcement in the slab.
2 — How does the torsion threshold compares with the slab’s bending moment at midspan

1 — Torsion threshold Ty
Substitution of the values given in the threshold torsion results the following threshold

Tu=96.65 kNm (69.83 k-ft)
2 — Comparison of torsion threshold Tu with the midspan moment of the panel
To provide perspective for the calculated threshold, its value is compared with the bending moment at midspan

of the panel from the selfweight of the slab on the same section

For an interior span, the moment due to selfweight at midspan of the panel is of the order of
Moment at mid-span is My =152.5 kNm (112.5 k-ft)

The ratio of torsion threshold to mid-span moment is:

T, /M, =96.65/152.5 = 63%

In conclusion, for the current example, the magnitude of torsion at midspan section of the slab should exceed
63% of the selfweight moment at the same location, before it becomes necessary to design for torsion.

For the common geometry and design strips selected, this is highly unlikely, knowing that the design torsion
due to twisting moment for the symmetrical case is essentially zero for symmetrical conditions.

8 —SUMMARY

There are multiple options for safe design concrete floors. Elastic theory, strip method, and yield line theory are
three of the major methods. Details of the design, a well as the outcome which is reflected in the amount and
arrangement of the reinforcement widely differ among the three methods.

For automated design, based on computer software, the elastic theory of plates is the simplest to implement. The
shortcoming of the elastic theory is most prominent in post-tensioned slabs. The common practice in the layout
of reinforcement and strict adherence with the requirements of building codes are the primary obstacle to the
straight application of elastic theory.
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Strip method has evolved through the years from the practice of consulting engineers. It conforms with the
methods of construction and the requirements of the code. The strip method relies on the engineering judgment
of the designer in breaking down the slab into strips that are affine to the floor’s collapse mechanism. The beak
down into strips is not always apparent. Commercial software attempts to simplify this.

The primary application of the yield line method is to evaluate the strength of slabs with existing or specified
reinforcement.
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