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TECHNICAL NOTE / NOTE TECHNIQUE

Deflection calculation and control for reinforced
concrete flexural members

W. Zhou and T. Kokai

Abstract: A methodology was proposed to calculate the incremental deflection of reinforced concrete flexural members
for the purpose of protecting nonstructural elements. The methodology is based on the long-term deflection calculation
equation provided in the current Canadian standard, CSA A23.3-04, and takes into account realistic load application se-
quence during construction. Based on the proposed methodology, simple equations for calculating the incremental deflec-
tions were derived. The use of the proposed equations is demonstrated through a realistic design example. Implications of
construction load and camber for deflection calculation and control are also discussed.

Key words: reinforced concrete, long-term deflection, incremental deflection, nonstructural element, construction load,

camber.

Résumé : Une méthode est proposée afin de calculer la flexion incrémentielle d’éléments en flexion en béton armé dans
le but de protéger les éléments non structuraux. La méthode est basée sur 1’équation de calcul de la flexion a long terme
fournie dans le Code canadien de calcul des ouvrages en béton CSA A23.3-04 et tient compte d’une séquence réaliste
d’application de charge durant la construction. Des équations simples de calcul des flexions incrémentielles sont dérivées
de cette méthodologie proposée. L’utilisation des équations proposées est démontrée dans un exemple de calcul réaliste.
Les implications de la charge durant la construction et de la cambrure sur le calcul et le controle de la flexion sont égale-

ment abordées.

Mots-clés :
tion, cambrure.

[Traduit par la Rédaction]

Introduction

In practice, deflection limits rather than strength require-
ments often govern the minimum sizes of reinforced con-
crete (RC) flexural members, such as beams and slabs. The
main objective of deflection calculation and control is to en-
sure that deformations of structural members do not damage
the nonstructural elements being supported and are accept-
able to human perception. Deflection calculations are also
used to specify camber, which is commonly used in building
constructions to control the visual appearance of floor sys-
tems.

Because of concrete creep and shrinkage, the long-term
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deflection of a reinforced concrete member due to a sus-
tained load is significantly larger than the corresponding im-
mediate deflection (MacGregor and Bartlett 2000).
According to the Canadian standard Design of concrete
structures, CSA A23.3-04 (CSA 2004), the total deflection
of an RC member subjected to a sustained load with a dura-
tion ¢ is calculated using the following equation:

Sy
1 A= (1+—L—)A
[1] ! (+1—|—50p’)1

where A, is the total deflection at the end of the duration of
the load; A; is the immediate deflection; o’ is the compres-
sion reinforcement ratio; S, is the creep deflection factor,
and the subscript t is used to emphasize that the value of S,
(and hence A;) depends on the duration of the sustained
load. The right-hand side of eq. [1] consists of two compo-
nents: the immediate deflection, A;, and the long-term de-
flection, 50 —=&—Aj. The values of §, corresponding to
different duratlons of the load are given in Table 1 (CSA
2004), which shows that S, increases with the duration of
the load and reaches its maximum value of 2 for # > 5 years.

To protect nonstructural elements from being damaged by
excessive deformation, the deflection that takes place after
the installation of nonstructural elements should be limited.
Such a deflection is referred to as the incremental deflection
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Table 1. Values of the creep deflection
factor S;.

Duration of a sustained load M

3 months 1.0
6 months 1.2
12 months 1.4
5 years or more 2.0

(CAC 2006). An incremental deflection calculation formula
(referred to as the CAC formula) that takes into account the
long-term load effects is suggested in the Concrete design
handbook (CAC 2006) (see Section N9.8.2.5 of the “Ex-
planatory notes on CSA A23.3-04”). However, the rationale
for this formula is not given in the Concrete design hand-
book. Furthermore, the formula does not take into account
the time of installation of nonstructural elements or the ap-
plication sequence of the dead and live loads. Although it is
suggested in the Concrete design handbook that different
formulas be used to calculate the incremental deflection if
the dead and live loads are applied at different times, no
guidance is provided to the practitioners to derive the corre-
sponding formulas.

The examples for deflection calculation are provided in
the Concrete design handbook (Chapter 6 of CAC 2006).
The approach used to calculate the incremental deflections
in these examples is somewhat different from the CAC for-
mula in that the installation time of nonstructural elements is
taken into account. An implicit assumption in this approach
is that the dead load and live load are applied simultane-
ously to the structure prior to the installation of nonstruc-
tural elements. However, this assumption is flawed because
the self-weight of nonstructural elements is typically consid-
ered a dead load in the design, which implies that part of the
dead load is applied at the time when nonstructural elements
are installed. Furthermore, the live load is usually applied
after the installation of nonstructural elements. It can then
be inferred that this approach will underestimate the incre-
mental deflection and lead to inadequate protection of non-
structural elements.

The objective of the study described in this technical note
was to develop a methodology to calculate the incremental
deflection of RC flexural members by taking account of
realistic load application sequence during construction, and
to provide a rational yet easy-to-use tool for design engi-
neers to perform deflection calculations and checks.

Load categories
The following load categories were adopted:

(1) Self-weight of the structural members. The self-weight of
the structural members is part of the total dead load and
is a sustained load.

(2) Superimposed dead load is the self-weight of nonstruc-
tural elements, which may include mechanical and elec-
trical services, ceiling, floor finish, partitions, and
cladding. The superimposed dead load is also a sustained
load and typically applied to the structure sometime after
the application of the self-weight. The time interval be-
tween applications of the self-weight and the superim-
posed dead load depends to a large extent on the
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construction schedule. For typical office and residential
buildings in Ontario, for example, cladding is installed
about 7-8 weeks after the concrete floor is cast.

(3) Only the occupancy live load is considered in this study.
For simplicity, the occupancy live load will be referred
to as the live load throughout the paper. The live load is
divided into the transient live load and sustained live
load. The former is the “instantaneous” portion of the
live load, and therefore has no long-term effects. The lat-
ter is the “permanent” part of the live load, and there-
fore will cause long-term deflection. Proportions of the
sustained and transient live loads depend on the type
and function of the structure and are also likely to vary
with time. The sustained live load is often assumed to be
between 20%—-25% of the total live load for residential
and office buildings in Canada.

Formulation

Let Aisw, Aisp, and Aj; denote immediate deflections of
an RC member due to the self-weight, the superimposed
dead load, and the live load, respectively. The deflections,
Aisw, Aisp, and Ay, can be calculated by using elastic de-
flection calculation methods and taking into account the im-
pact of concrete cracking on member stiffness. Detailed
calculation procedures can be found in many references
(MacGregor and Bartlett 2000; CAC 2006) and are beyond
the scope of this study. To calculate the incremental deflec-
tion, the following assumptions were adopted:

(1) Self-weight is applied to the structural member first,
which is defined as the origin of the time for the long-
term deflection calculation (i.e., 7 = 0).

(2) The superimposed dead load is applied at time T = ¢,
t; > 0, after removal of the construction supporting as-
sembly (i.e., shores and (or) re-shores). In other words,
nonstructural elements are installed at time #;, when the
structural member is not subjected to the construction
load, defined as the sum of all temporary loads (e.g.,
self-weights of formwork, fresh concrete and hardened
concrete, and construction live load) applied during the
construction.

(3) The live load is applied lastly at time T'=1,, 0 < #; < £,.

(4) The values of #; and #, are small compared with the
time required (i.e., 5 years or more) for §; to reach its
maximum value.

Based on eq. [1] as well as assumptions (1) and (2), the
total deflection just before the application of the superim-
posed dead load, A, can be calculated as follows:

[2] AVEES (] + Sy

TS0,0’) Aisw + Ac

where A, is the permanent deflection due to the construction
load. It is assumed that the structural member does not reach
its ultimate strength under the construction load. Note that
the calculation of A, is involved as it requires consideration
of the construction practice (e.g., a shored system versus a
shore—reshore method), loading age of concrete, extent of
concrete cracking at various construction stages, and mem-
ber stiffness under repeated loading (Sbarounis 1984; Gard-
ner 1990). However, A. does not affect the incremental
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deflection because of assumption (2), and therefore does not
need to be calculated.

Consider the total deflection at the time when the long-
term deflections due to sustained loads have reached their
maximum values. Let oo and A, denote such a point in
time and the corresponding total deflection, respectively.
Note that oo in reality represents a reasonably long time,
i.e., more than 5 years, after the application of the self-
weight. Based on the aforementioned assumptions, A can
be evaluated as follows:

Soo Soo—t
3] Aw= (14— A | 420 A
3] ( +l+50p’> lsw+< +1+50p’> SD

+ <1 +1S£.;5_g'd)0[AiLL + (I —a)AiL + Ac
where o is the percentage of the sustained live load in the
total live load, and So_;, and S._,, are the creep deflection
factors for the superimposed dead load (with a duration of
oo — t;) and live load (with a duration of co — 1,), respec-
tively.

Given assumption (4), that is, c0 >> f; and o0 >> 1,
Soo—ty = Soo—1, = Sx. Equation [3] can be simplified as fol-
lows:

S

4 A= [14+—2 (A, A A
[4] 0o (+1+50p/>( sw + Aisp + aAjrL)

+ (1 — )AL + Ac

The incremental deflection, 8A(z;), is then evaluated ac-
cording to its definition:

5] 8A (1) = Ax — A,
S =S, Sxo
= (2220 ) A 14— A,
(1 + 50,0’) sw b ( 1T 50,0/) Sp

(12 4,
1+50)0/ iLL

The notation 8A(#)) is used to emphasize that the incre-
mental deflection is a function of 7, i.e., the time when the
superimposed dead load is applied. Note that the incremen-
tal deflection is independent of #, as a result of assumptions
(3) and (4). Note also that the incremental deflection is inde-
pendent of A, as a result of assumption (2).

In some cases, it is reasonable to assume that nonstruc-
tural elements are not likely to be affected by the immediate
deflection due to the superimposed dead load. A typical ex-
ample is masonry wall partition. Since it takes a certain
amount of time for the mortar in a masonry wall to harden,
the immediate deflection due to the superimposed dead load
can be “absorbed” by the masonry wall, and therefore con-
sidered not detrimental to the partition. Given this, the incre-
mental deflection is calculated as follows:

(6] SA () = A — Ay — Aisp

Se =S, S
= (P20 A + (o2 )
(1 n 50,0’> sw (1 n sop'> D

aSs
1 +——F— | A;
-l—( +1+50p’) LL
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Design example

The incremental deflection of a RC flat slab needs to be
limited to protect the cladding supported by the slab. As-
sume that the superimposed dead load (including the clad-
ding load) is applied 1.5 months after the formwork is
removed, i.e., t; = 1.5 months, and that 25% of the live
load is the sustained live load, i.e., o = 0.25. Further assume
that the cladding is susceptible to the immediate deflection
due to the superimposed dead load. For simplicity, ignore
compression reinforcement (p’ = 0). From Table 1, the value
of §;, is found to be 0.5 using interpolation; S., equals 2.0.
The incremental deflection, 8A(#; = 1.5), is obtained by sub-
stituting S, S, and « into eq. [5]:

[7] 8A(I1 = 15) = (2 — 05)A1$W + 3Aisp
+ (1 +0.25 x 2)AiLL
= 1.5Asw + 3Aisp + 1.5A1L

It is of interest to compare the incremental deflection cal-
culated in eq. [7] with those calculated using the CAC for-
mula and the approach illustrated in Chapter 6 of the
Concrete design handbook (CAC 2006). Based on the CAC
formula, the incremental deflection is calculated as follows:

Seo
[8] SA (tl = 15) = (m> (AiSW + AiSD + aAiLL)

=+ (1 — O{)AiLL
= 2Aisw + 2Aisp + 1.25A51 L
Based on the approach in Chapter 6 of the Concrete de-

sign handbook (CAC 2006), the incremental deflection is
calculated as follows:

S0 — S
9 SA(H =1.5) = —— (4 A A
1 (1 ) (1 +50p’)( sw - Aisp + @AiLL)
+ (1 — Ot)AiLL

= 1.5Asw + 1.5A;sp + 1.13A;1L

Note that the incremental deflection given in eq. [8] is in-
dependent of 7;. A comparison between eq. [7] and eq. [8]
indicates that the CAC formula can be either conservative
or nonconservative for this example, depending on the rela-
tive magnitudes of Ajsw, Ajsp, and A; ;. However, a com-
parison between eq. [7] and eq. [9] indicates that the
approach illustrated in Chapter 6 of the Concrete design
handbook (CAC 2006) underestimates the incremental de-
flection, as a direct result of the implicit assumption in the
approach as pointed out in the Introduction.

Discussions

Camber of structural members

The purpose of upward cambering of structural members
is to reduce the perceptible deflection (i.e., to mask the de-
flection) by changing the datum from which the deflection
starts. It is important to note that camber does not reduce
the total or incremental deflection of a structural member
but only changes the appearance of the member. Therefore,
camber cannot mitigate or reduce the deflection of a struc-
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tural member. Given this, the authors disagree with the
fourth note under Table 9.3 of CSA A23.3-04 (CSA 2004),
which suggests that camber can be used to reduce the total
(or incremental) deflection for the purpose of meeting the
specified deflection limit.

Application sequence of the superimposed dead load

The incremental deflection calculation equations (i.e., egs.
[5] and [6]) are derived based on the assumption that the
superimposed dead load is applied simultaneously. In prac-
tice, different components of the superimposed dead load
are likely to be applied at different times. For example, the
cladding system is usually installed first, followed by the in-
stallation of mechanical and electrical services and then the
attachment of partitions and floor finishes. In this case, the
incremental deflection equation for protecting the cladding
will be different from that for protecting the partition. The
derivation of these equations should account for the applica-
tion sequence of the superimposed dead load, and can be
easily carried out by design engineers using the methodol-
ogy described in this note.

Effects of loading age

Implicit in eq. [2] is that the long-term deflection factor,
S, is independent of the age of concrete at the time of load
application (i.e., the loading age). For example, an RC mem-
ber subject to a sustained load applied at the concrete age of
28 d will have the same A, as that of the same member
subject to the same sustained load applied at the concrete
age of 90 d. However, it has been widely recognized that
RC members loaded at older ages have significantly less
creep deflections than those of same members loaded at
younger ages (ACI Committee 209 1992). A loading age
factor was proposed by ACI Committee 209 to take into ac-
count this beneficial effect. The proposed loading age factor
decreases with the increase of the loading age and is less
than or equal to 1.0. The loading age factor is then applied
to the creep coefficient (under the “standard” condition),
which is similar to S,. However, this methodology is not rec-
ommended in CSA A23.3-04 (CSA 2004); therefore, the
loading age effect is ignored in the formulation.

Immediate deflection calculation

The immediate deflections due to the self-weight, super-
imposed dead load, and live load should be calculated by
taking into account the extent of concrete cracking that is
commensurate with the corresponding load level. For exam-
ple, the deflection due to the superimposed dead load should
be calculated as the total deflection due to the combined
self-weight and superimposed dead load minus the deflec-
tion due to the self-weight only. Furthermore, the impact of
construction load should be considered. Previous research
results (Sbarounis 1984; Liu and Chen 1987) have indicated
that the maximum load on flat slabs in multistory RC build-
ings during construction may exceed twice the slab self-
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weight. In this case, the extent of concrete cracking caused
by construction load has a significant impact on immediate
deflections. Interested readers are referred to the examples
provided in Chapter 6 of the Concrete design handbook
(CAC 20006) for detailed procedures to calculate immediate
deflections.

Conclusions

This technical note presents a methodology to calculate
the incremental deflection, i.e., the deflection that takes
place after the installation of nonstructural elements, for RC
flexural members. Based on the long-term deflection calcu-
lation equation given in CSA A23.3-04 (CSA 2004), this
methodology differentiates different load categories, such as
the self-weight, superimposed dead load, and live load, and
also takes into account the impact of load application se-
quence on the incremental deflection. The methodology pro-
vides design engineers with a rational and easy-to-use tool
to perform deflection checks to protect nonstructural ele-
ments and can be easily adapted to deal with various scenar-
ios in terms of load application sequence. A design example
is provided to illustrate the use of this methodology. The im-
pact of construction load on the incremental and immediate
deflections is discussed in the note. It is also pointed out
that camber can only mask the deflection but cannot reduce
the total or incremental deflection.
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