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ABSTRACT 

The primary objective of this study is an investigation of the 

concrete slab cracking in composite floor systems. The types and 

causes of these cracks are discussed in detail. 

The investigation has been based on an evaluation of the avail

able literature on the cracking behavior of regular reinforced concrete 

members, where the amount of steel (reinforcing steel ratio) is small. 

In addition, the available test data and other information on composite 

beams are examined. It is shown that the long term effects of shrink

age and creep are particularly important to consider in the evaluation 

of composite floor systems. 

A method is proposed for calculating the crack width in com

posite beams, considering the long term effects. 

Finally, the effects of cracking on the degree of interaction 

between the steel beam and the concrete slab, and of local buckling 

near the internal supports are shown to be important aspects of the 

behavior that should be investigated in the future. 
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CHAPTER 1 

INTRODUCTION 

Composite construction has become one of the most frequently 

used forms of structural systems for buildings, particularly due to 

the inherent economy of the joint action of the steel and the concrete. 

For floor systems, this is now common practice where advantage is 

taken of making the slab and the steel beams act together through the 

shear connection that is provided. 

The part of the slab which works compositely with the steel 

beam, and is assumed to be stressed uniformly in compression is the 

effective width of the composite member. This can be determined by 

several methods, and the AISC specification - 1.11.1 [1] gives the 

rules that are used for composite construction in the United States. 

Fig. (1.1) shows a composite floor system with a solid slab. 

Another type of composite floor system that is used a great deal 

utilizes a formed steel deck in addition to the slab. This was devel

oped over the past number of years to a point where the cold formed 

metal deck and the slab were treated and designed as a unit. 

The shape and the exact configuration of the steel deck depends 

on the various manufacturers, but deck widths extend to 30 inches, and 

the depths generally vary from 1.5 to 3.0 inches. Sheet steel thick

nesses also vary although the decks that are used in composite floor 

systems normally have thicknesses between 0.036 and 0.048 inches. 

1 



Interior girder 
with slab extending 
on both sides 

Exterior girder \NHth slab 
extending only on one side 

L ' beam span 

Figure (1.1) Typical composite floor system with a solid slab. 
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Figs. (1.2) through (1.5) show typical examples of various deck 

configurations [2], Fig. (1.6) shows a slab and deck that interact 

with the steel beam to create T-beam action. The deck ribs may be 

oriented perpendicular or parallel to the steel beam, as shown in 

Fig. (1.7a and b), respectively. 

A majority of the studies on composite behavior and strength 

of beams has given data on ultimate strength characteristics [3, A, 5, 

6, 7, 8]. This has, in part, been due to the fact that it is difficult 

to provide accurate analyses of members where dissimilar materials are 

joined by mechanical means. On the other hand, little work has dealt 

with the short- and long-term behavior of the composite members as 

regards the continuing efficiency of the combined action. In other 

words, little is known about the serviceability aspects of composite 

beams and the studies that have been conducted primarily have examined 

actual case studies of buildings that developed some form of problems 

[9, 10]. 

The work of Montgomery, Kulak and Schwartsburg [10] gives a 

detailed survey and evaluation of what occurred in a 3-story building 

in Alberta, Canada. Following the completion of the construction, and 

over the next several months, severe concrete slab cracking took place. 

For example, the crack widths over the supporting girders were between 

0.08 and 0.12 inches and in some location up to 0.2 inches wide after 

approximately 6 months. The wider crack occurred in the concrete slab 

above the centerline of the steel section and ran parallel to the 

longitudinal axis of the beam. A perpendicular crack was also observed. 



Figure (1.2) Steel deck with ribs 1.5-inch deep and thirty-inch 
coverage. 

Figure (1.3) Blended, cellular and noncellular, steel deck with ribs 
1.5-inch deep. 



Figure (1.4) Steel deck with ribs 2.0-inch deep and twenty-four 
inch coverage. 

Figure (1.5) Cellular-steel deck with ribs 2.0-inch deep and 
twenty-four inch coverage. 



Figure (1.6) Slab and deck interact with the steel beam to create 
T-beam action. 

\ 
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Figure (1.7) Shows in (a) the deck ribs are perpendicular to the 
steel beam, but in (b) the deck ribs are parallel to 
the steel beam. 
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The authors observed that the beams and the girders in each bay had 

been designed to act as a simply supported member, pinpointing a 

potential source of the problems. 

The AISC and other design specifications give rules to design 

composite beams for strength only, and give little or no indications 

of any needs for serviceability checks. In view of the types of 

problems that can be encountered with typical buildings, it is felt 

that attention to the service condition may be as important as the 

design for strength. It is the intent of this study to examine the 

factors that influence the appearance of slab cracking in composite 

floor systems, and to develop recommendations for some design criteria 

that will improve their short- and long-term performance. 



CHAPTER 2 

FORMS OF CRACKING IN COMPOSITE FLOOR SYSTEMS 

In general, cracking in concrete may occur as a result of the 

following actions to which concrete can be subjected: 

(1) Volumetric change due to (a) shrinkage; (b) creep under sus

tained load; (c) thermal stresses; and (d) chemical incompati

bility of the concrete components. 

(2) Direct stress due to (a) applied loads or reactions; (b) fa

tigue load; (c) long-term deflection; or (d) environmental 

effects including differential movements in the structure. 

(3) Flexural stress. 

In this study, the cracks which will be considered are those 

that are caused by bending action. Fig. (2.1) shows a plan of a com

posite floor system where the cracks that may appear have been shown 

schematically. 

Most of the cracks are caused by a negative movement in the 

slab, beams or the girders. The cracks will be classified according 

to their location in the slab. 

There are four basic types of cracks that may appear in a com

posite floor system: 

1. Cracks of type (1) are caused by the negative moment due to 

the actual continuity of the one-way slab over the beams. These cracks 

9 
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^ 24' 32' — 24' 

Girder IV 
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crack (1) 
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Girder IV 
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Figure (2.1) Plan of a composite floor system showing the 
types of cracking. 
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will be located above the steel beams running parallel to the longi

tudinal axis of the beam and may spread up to a distance of b^/5 from 

the centerline of the beam. In case of negative moment reinforcing 

steel is used in the slab the depth of these cracks will not go 

through the total depth of the slab. 

Design for such cracks has been studied by several researchers 

[11,12,13]. A summary of these results will be presented in the fol

lowing chapter. It should be noted that if formed steel deck is used 

with an unshored slab, the negative moment will be due to the live 

load only. Therefore, the crack widths will be much smaller than 

those that appear in a solid slab in which cracks may appear right 

after the shores have been removed. 

2. Cracks of type (2) are caused by the negative moment in the 

beams which are connected to the main girder. These cracks are per

pendicular to the longitudinal axis of the beams and parallel to the 

longitudinal axis of the girder. The width and the distribution of 

these cracks will be influenced very much by the degree of composite 

action, and by the amount of longitudinal reinforcement in the com

posite beams. 

If composite action is not considered, a few and very wide 

cracks may appear near the centerline of the girder. The widest parts 

of the cracks will be at the intersection of beams and the girders. 

These cracks will extend through the slab to the top surface of the 

girder and generally have an unacceptably large width. For a designer, 

the important questions may be whether these cracks will reduce the 
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degree of interaction between the girder and the slab, and to what ex

tent, if any, the cracks will affect the strength of the girder. 

Actually, these questions have to be addressed for all of the forms of 

cracks. 

If composite action is considered, the crack widths and their 

distribution will depend on the amount of longitudinal reinforcing 

steel in the slab. Garcia and Daniels [l4] tested two simply-supported 

composite beams for static negative bending. One of the beams had 

0.61% longitudinal slab reinforcement, and the other 1.02%. They con

cluded that the beam with the higher percentage of longitudinal rein

forcement exhibited better structural behavior. In particular, the 

beam with the higher reinforcement percentage, 1.02%, had higher moment 

capacity and the cracks were finer and more uniformly distributed. 

Cracks of type (2) (see Fig. (2.1)) may extend as far as 1/5 

or Jl/4 to each side of the center line of the girder, where i is the 

span of the beams which are connected to the girder. The influence of 

the type of connection between the steel members will be discussed in 

the description of type (3) cracks. 

3. Cracks of type (3) are caused by the negative bending moments 

in the main girder. These cracks are transverse to the centerline of 

the girder. The area of the slab which may exhibit these cracks have 

a x<d.dth of b , the effective width of slab, and extends to L/4 or L/5 
e 

on each side of the centerline of the column to which the girder is 

attached. L is the span of the girder for this case. 
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The type (3) cracks exhibit a number of similarities with those 

of type (2). They are affected by the composite action and the amount 

of steel in the negative moment area, and by the type of connection be

tween the steel members. The results of Van Dalen and Godoy [is], 

representing three groups of composite cantilever beams each group were 

connected to a vertical column stub, as shown in Fig. (2.2). The same 

sizes of steel beam and column stub was used in the three groups, but 

flexible connections were used between the steel elements for the first 

group, rigid connections for the second group, and semirigid connec

tions for the third. 

Van Dalen and Godoy carried out analyses on the basis of (1) 

ignoring the composite action and (2) taking it into account. Different 

longitudinal reinforcement percentages, p, were utilized, using p=0%, p =  

0.46% and p = 0.8 for the three groups except p = 0.46% for the one 

with rigid connection. A total of 8 tests thus were made. The results 

of the tests are shown in Table 1, and Figs. (2.2) and (2.3) illustrate 

the reinforcement details and the types of connections. 

The authors found that the ultimate moment capacity of the 

connection, with composite action included ranged from 1.5 to 6 

times that of the same connection where composite action was not con

sidered. The simple flexible connection produced the greatest increase 

in moment capacity, as given in Table 1. 

In addition, for each of the test specimens with a connection 

that was made composite by the continuation of the slab reinforcement, 

the moment capacity was equal to or larger than the ultimate capacity 
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of the composite girder. This is indicated in Table 1. The results 

therefore indicate that utilizing longitudinal reinforcement percentage 

p = 0.46 in the negative moment region of a composite connection will 

be adequate to develop the moment capacity of the beam no matter what 

type of connection will be used. This is in terms of strength. 

In terms of cracking and end rotation, it was found that the 

first cracks became visible on the top surface of the slab, in most 

cases close to the centerline, for a moment of about 16% of the maxi

mum test value. At a moment of 20% of the maximum, cracks were running 

from the tips of flanges of the column stub to the edge of the slab. 

These cracks were approximately straight, and perpendicular to the 

axis of the beams. With increasing load, new cracks appeared, while 

those which had already formed penetrated more deeply into the slab, 

some of them extending to the bottom fiber. 

In general, two basic cracking patterns were observed, depend

ing on the p-value. The smaller reinforcement area, p = 0.46%, gave a 

crack pattern that was characterized by a few number of cracks whose 

widths increased markedly with increasing load. This cracking pattern 

is shown in Fig. (2.4). 

The cracking pattern that was observed for p = 0.8% is shown 

in Fig. (2.5). In this case, the individual crack widths did not in

crease significantly with load increases. However, many more cracks 

developed, and were more uniformly distributed throughout these slabs. 

The flexible connections rotated more than the other types. 

Figs. (2.6), (2.7) and (2.8) show the moment-rotation curves for the 
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X 

Figure (2.4) Cracking of top face of slab-specimen CBS, p = O.A6% 
[IS]. 

Figure (2.5) Cracking of top face of slab-specimen CBS, p = 0.80% 
[IS]. 
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Figure (2.6) Moment-rotation curves of specimens with flexible con 
nections (SBl, CBl, CB2) [15]. 
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Figure (2.7) Moment-rotation curves of specimens with rigid connec 
tions (SB2, CB3) [15]. 
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three types of connections. It is readily understood that the larger 

rotation of the flexible connections may generate a large deflection 

and a wider cracking pattern than the other types. A flexible con

nection may therefore be suitable for composite framing where ductility 

is required, provided the amount of cracking is controlled by the rein

forcement ratio. 

It is concluded that considering the composite action in the 

negative moment region will improve the strength and the serviceability 

of the structure. This is especially important for shored beams where 

the negative moment in the slab will be higher than for an unshored 

beam. 

4. Cracks of type (4) are caused by the horizontal shear flow in 

the slab. They will appear close to the columns, generally following 

a 45° direction relative to the longitudinal axis of the beams. These 

cracks may be controlled by increasing the slab thickness or by using 

special reinforcement for shear near the columns. 

Summarizing, it has been found that most of the cracks on the 

top surface of a composite floor system are caused by a negative mo

ment. A measure of crack control therefore can be achieved by using a 

higher negative reinforcement ratio for the slab. This also will im

prove the overall serviceability of the structure. 



CHAPTER 3 

CONTROL OF CRACKING IN REINFORCED CONCRETE MEMBERS 
DUE TO BENDING AND TENSION 

3.1 Introduction 

High strength steel and concrete are now commonly used in con

struction. As a result, concrete cracking becomes an important deflec

tion control criterion. 

Plain concrete is weak in tension and strong in compression. 

Therefore, reinforcement has been an essential element in reinforced 

concrete structural systems to carry the tensile stress in members. 

Due to the bonding stress between the reinforcement and the surround

ing concrete, flexural microcracking can begin at low stress levels. 

The magnitude of this stress can be as low as 9000 psi in the rein

forcement [22]. 

Hairline cracks can permit, under certain environmental con

ditions, a chemical reaction that can cause decay of the reinforcement 

steel. Therefore, crack control is essential to control corrosion 

resulting from certain conditions such as humidity and salt air. 

Much research on the cracking behavior of concrete has been 

done over the last 50 years. Work on the influence of the bond stress 

on the crack behavior has been done by Watstein [16]. Work on the 

volumetric changes in concrete due to shrinkage and creep was con

ducted by several researchers [17, 18, 19, 20, 21]. ACI Committee 

22 
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224, "Control of Cracking in Concrete Structure," was established to 

evaluate the available Information and make recommendations on crack 

control that could be used by designers for any structural system. 

The aim of this chapter is to give a brief description of the 

crack phenomenon, and to examine the factors that influence the size 

of cracks, particularly cracks due to bending and tension. 

3.2 Cracking Mechanisms in Concrete 

According to Hsu et al [23], there are two basic types of 

cracking that may take place in concrete (1) cracks developed through 

compressive microcracking, and (2) cracks that occur due to tensile 

fracture [23]. 

Microcracks can be observed using various microscopic tech

niques, and have been found to be related to the compressive behavior 

of hardened concrete. Two types of such cracks have been identified 

in concrete [23]: 

(1) Bond or interfacial cracks, observed at the aggregate-mortar 

interface. 

(2) Mortar or paste cracks, observed within the mortar or paste 

material. 

Microscopic interfacial cracks exist in hardened concrete be

fore it is subjected to external load [24] and are caused by stresses 

resulting from shrinkage. This may create tensile stresses of such 

magnitude as to cause failure at the aggregate-mortar interface [24]. 
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The interfacial cracks, which are randomly spread throughout 

the concrete, increase in number, width and length when the concrete 

is subjected to uniformly increasing compressive load. The additional 

cracks developed at the interface when the maximum bond strength is 

exceeded [25]. However, the interface continues to carry load through 

friction. 

Mortar cracks start near the interfacial cracks as the compres

sive load increases. This is indicated in Fig. (3.1). The interface 

may be considered to be plastic at this point in loading, which is 

above 70 percent of the ultimate loading. Finally, the mortar cracks 

propagate through the material to connect existing interfacial cracks, 

leading to failure of the concrete. 

The tensile fracture of hardened concrete is usually associated 

with the development of a single macrocrack, as opposed to the randomly 

spread compressive microcracks [25]. An understanding of the stresses 

and strains in the region at the top of such a macrocrack during crack 

propagation would provide the means for predicting the growth of macro-

cracks in concrete structures. Research results [26] suggest that it 

may be possible to apply fracture mechanics concepts to the study of 

the fracture of hardened concrete. However, a recent study [27] sug

gests that fracture of concrete is not a material property, but depends 

on the flaw geometry before the fracture. 
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Figure (3.1) Typical stress-strain curve of plain concrete subjected 
to short-term loading [23]. 
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Figure (3.2) Mechanism of concrete cracking by classical theory [29], 
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3.3 Mathematical Theories of Crack Mechanisms 
in Reinforced Concrete 

The basic mathematical concepts that have been used to examine 

concrete cracking are common to most individual theories. The primary 

theories are presented in the following: 

(A) Classical Theory of Crack Formation 

In a reinforced concrete member loaded in axial tension, as 

shown in Fig. (3.2a), cracks will form when the tensile strength of the 

concrete is exceeded. The first cracks will be at the weakest sections 

(A and C), and will be randomly spaced. Similarly, in a beam loaded 

in pure bending. Fig. (3.2b), initial cracks A and C will form when 

the modulus of rupture is exceeded. At higher loads, additional cracks 

(at B) will form between the ones that develop first, but the crack 

spacing can only be reduced to a certain minimum value, This 

occurs when a tensile force of sufficient magnitude to form an addi

tional crack between two existing cracks can no longer be transmitted 

by bond from the steel to the concrete. 

than such properties of the concrete as its tensile or compressive 

strength. If two cracks form with a spacing of slightly greater than 

2S . , then another crack may later form between them. However, if two TTIT -n ' '' 

initial cracks form at a spacing of slightly less than 2S^^^, then a 

new crack cannot form [29]. Thus, basically, crack spacing may be ex

pected to vary from S . to 2S . with an average of S =1.5 S . • ^ mm min ave uu-n 

Crack formation is inherently subject to far greater variation 

mm 

Thus, S 
2 and S . = S 

mxn 3 ave 
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To develop a mathematic expression for the minimum crack 

spacing, it is considered that tension sufficient to form a new crack 

at (B) Fig. (3.2) is transferred by bond from the steel to the con

crete between A and B. Equating the concrete tensile strength to the 

transferred tension gives: 

A f = S . r^ u 10 (3.1) 
e t mm 1 

where: 

A = effective concrete area in tension, 
e 

f^ = tensile strength of concrete, 

S . = minimum crack spacing, 
mm 

r^ = factor defining distribution of bond stress, 

u = maximum bond stress, and 

10 = sum of bar perimeters. 

Substituting S = 2 S . gives 
^ max mm 

2 f^ A 
S = —— 
max r^ u ZO 

4 A A^ 
Substituting ZO = ^ ̂ and Pg = gives 

e 

(3.2) 

where; 

max 2 r. u p 
1 e 

A = area of reinforcement, 
s 

D = bar diameter, and 

D = effective reinforcement ratio, 
e 

(3.3) 
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The maximum crack width, W , is assumed to be equal to the 
max 

elongation of the steel between two cracks, minus the elongation of 

the concrete. The elongation of the concrete is usually neglected, 

and therefore 

f 
W = S ^ 
max max E 

s 

which gives 

D f 
W = ^ (3.4) 
max p K, 

e 1 

where: 

W = maximum crack width, 
max g 

= 2 r^ u , and 

f = stress in reinforcement. 
s 

Expression (3.4) indicates that W and p are inversely proportional. 
max e 

This approach assumes the following: 

(1) Cracks are produced by the slip of the concrete relative to the 

reinforcement. 

(2) The crack spacing is governed by the force that can be trans

mitted from the steel to the concrete, and by the bond charac

teristics of the steel. 

(3) The crack is approximately uniform in width between the steel 

and side of the member. 
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(B) "No Slip" Theory of Crack Formation 

This approach is fundamentally different from the "classical" 

theory in that it assumes that there no slip of the steel relative to 

the adjacent concrete. The crack is thus assumed to be of zero width 

at the steel concrete interface, and increasing in width toward the 

exterior face of the member. The crack width is essentially a function 

of elastic strain of the concrete [30], 

Considering the tension specimen in Fig. (3.3) with a concen

trated load applied to its ends, Timoshenko gave the basic expression 

for this case as: 

0 = + m 
y Z 

where m is a function of y and b = c - y the distance from one 

end of the block. As b increases, m ->• 0 and o 
y Z 

According to Beeby [29], at a crack the stress, o^, on the face 

of the concrete specemen must be zero. Moving away from the crack, 

the stress a increases until the stress through the section in uni-y 

form. A second surface crack is unlikely to occur until the surface 

stress has built up to nearly the maximum value. It is thus necessary 

to determine the rate which the term m approaches zero at the surface 

of the specimen, i.e., when x = A, considering, therefore, the function 

z = —— ft 100. 
a_a 
I 

Substituting for m the final value of z given [29] as: 
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Figure (3.3) Mechanism of cracking in elastic model for the no-slip 
theory [29]. 



31 

™ j sin 1 » P /1 H- i - Q\ 1 , 

1-1 " V e"" J 
3 b 

where P = Y and Q = y* Plotting z against Q for various values of P 

gives the curves in Fig. (3.4). 

In a direct tension specimen, further cracking will occur when 

the surface stress approaches the maximum value, i.e., when the func

tion z ->• 0 [29]. This concept has been applied to bending specimens 

[29] to find the relationships between crack spacing and the distance 

of the crack from the nearest bar. 

The. basic assumptions of this mechanism of cracking are based 

on the theory of elasticity, assuming that there is no slip between the 

steel and the concrete at primary cracks, i.e., cracks visible on the 

beam surface. However, there will be microcracking of the restrained 

concrete near the steel-concrete interface [29]. 

3.4 The Flexural Cracking Problem 

Cracks form when the tensile stress in concrete exceeds its 

strength. Immediately after the formation of the first crack, the 

stress in the concrete in the cracking zone is reduced to zero, and 

the tensile stress is then carried by the reinforcement. The distri

bution of the ultimate bond stress, the longitudinal tensile stress in 

the concrete, and the longitudinal tensile stress in the steel are 

shown in Fig. (3.5) and is based on the results of Nawy [31]. 

Many variables affect the development and characteristics of 

cracks due to flexure. The major ones are; 
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Figure (3.4) "No-slip" theory Z-0 relationship for various values 
of P [29]. 
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(1) Percentage of reinforcement. 

(2) Bond characteristics. 

(3) Size of reinforcing bars. 

(4) Concrete cover and concrete stretched area. 

(5) Distribution of reinforcement. 

(6) Bond and tensile strength of concrete. 

(7) Crack width is primarily a function of the deformation of the 

reinforcement between two adjacent cracks such as 1 and 2 in 

Fig. (3.5) if the small concrete strain along the crack inter

val ac is neglected. Therefore, crack width is a function of 

crack spacing and vice versa. 

Th€: following summarizes the general knowledge of crack width 

in beams and slabs: 

(1) Th€: crack width is a function of the crack spacing, up to a 

certain limit, as indicated in Fig. (3.6). 

(2) Crack width is a function of steel strain. 

(3) Shrinkage strain and tensile strain in the concrete zone be

tween any two cracks is very small and can be neglected. 

(4) The thickness of the concrete covers has an important effect 

on crack width; as the cover is thicker, the crack is wider. 

3.4.1 Crack Control in Beams and One-Way Slabs 

Many studies have been made to determine the maximum crack 

width in concrete beams and one-way slabs. Several equations have been 

recommended for this purpose: 
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(1) Kaar-Mattock [33, 35] tested 48 beams, reinforced with high 

strength deformed bars. The maximum crack width equation that they 

recommended is 

W = 0.115 X f X 10 ̂  cmax s " (3.5a) 

where 

A = average area of concrete surrounding each bar, 

b x 2t sq. in.; A = 
n 

n = number of bars 

t = thickness, inches, of concrete cover to centroid of bars 

b = width of the beam or may be taken equal to 12 inches in 

slabs 

f^ = reinforcement stress, psi 

W = maximum crack width at level of the reinforcing steel, 
cmax 

inches. 

The above equation applies to top flange cracking in T-beams 

in the negative moment region after the crack width from Equation 

(3.5a) is multiplied by a factor B: 

W = 0.115 B X f X 10"^ (3.5b) 
tmax s 

where 

= maximum crack width at the tension face, inches 
tmax 

3 = ratio of distance between neutral axis and tension face 

to distance between neutral axis and the centroid of the 

reinforcing steel. 
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In T-beam bridges, the value of 3 is usually between 1.10 and 

1.20 [31], 

(2) Gergely and Lutz [34] examined the results of six investiga

tions, and developed the following expressions for the maximum crack 

widths: 

At the extreme concrete tensile fibers; 

W = 0.076 /t^ A R f X 10 (3.6a) 
max b s 

At the level of the reinforcement: 

0.076 ^/t A 

where 

W = f X 10"^ (3.6b) 
max 1 + 2t /Sh^ s 

W' = maximum crack width at extreme tensile face, inches 
max 

W = maximum crack width at the level of reinforcement, 
max 

inches 

t, = thickness of concrete cover measured from the extreme 
D 

tensile face to the center of the closest bar, inches 

t = side cover measured from center of outer bar, inches 
s 

f = steel stress, psi 
s 

A = average effective concrete area around a reinforcing 

bar, sq. in. A = ^ ̂  ̂~ as defined before 

R = ratio of distance between the extreme tensile face and 

the neutral axis to the distance between the centroid 

of the tensile reinforcement to the neutral axis. 
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= distance from the centroid of the tensile reinforce

ment to the neutral axis, inches. 

(3) The Cement and Concrete Association (CCA) [29] tested 107 

beams, and used the data to produce the following formula for the maxi

mum crack width on the surface of the effective tension zone in a 

region of uniform bending moment in a beam: 

f , 
W = K C (3.7) 
max E d - X 

where 
s 

C = clear bar cover 

h = total depth of the section 

d = effective depth of the section 

X = depth of the neutral axis 

f = mean stress in the reinforcement 
s 

E = modulus of elasticity of reinforcement 
s 

K = constant value of 3.3 for deformed bar (ribbed or square 

twisted) and 4.0 for plain round bars. 

(4) Beeby and the (CCA) group [29, 36, 37] proposed the following 

expressions, based on testing and theoretical evaluations: 

• •'l "o 

(W/e)^ = C + K2(C B/2(|))/A/B exp(-4C/hQ) (3.9a) 

a (V7/e ) .  .  (W/Oq 

= C(W/e^(C-a^^)(We), 
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where 

W = crack width 

e = surface strain at point considered 

(W/£)Q = parameter defining the cracking directly over a 

bar, a = C 
cr 

(W/e)^^^ = parameter defining the cracking where a^^ = <» 

hp = the initial crack height, which is calculated on the 

assumption that plane sections remain plain, and that 

the concrete is elastic and can carry tensile stress 

up to its tensile strength 

C = concrete cover 

(f) = bar diameter 

a = distance from the point considered to the surface of 
cr 

the nearest longitudinal bar 

K^, ̂ 2 ~ coefficients which depend on the required probability 

of the calculated width being exceeded. The values 

of and K2 are given in Table (3.1) 

A, B = the larger and the smaller average covers in the 

rectangle of concrete surrounding a particular bar, 

as defined in Fig. (3.7). 

In the case of members subjected to pure tension, the initial 

crack height becomes infinite. Therefore, = °° the ratio 

of concrete cover to crack height becomes zero. In this case. Equa

tions (3.9) and (3.10) can be reduced to: 



Table 3.1 Constants for the Crack 
Width Prediction Formulae [29] 

Probability of 
Calculated Width 
Being Exceeded 

^1 ^2 

20% 1.59 1.4 

10% 1,76 2.1 

5% 1.86 2.6 

2% 1.94 3.0 

Mean 1.33 0.8 
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(W/e)Q = C + K2(C B/2(ji)/^ (3.9b) 

a 
(W/E)  = (W/E)Q (3.10b) 

because the term exp(-4C/hQ) becomes equal to 1. 

The results that have been presented in the preceding section 

give the following general conclusions: -

(1) The steel stress is the most important variable for the size 

of the crack. 

(2) The thickness of the concrete cover is an important variable. 

(3) The area of concrete surrounding each reinforcing bar is an 

important geometric variable. 

(4) The bar diameter is not a major variable; a small number of 

large bars and a large number of small bars of the same cross-

sectional area have the same crack control effect as long as 

the concrete cover is similar [ 3l] . 

3.4.1.1 Influence of steel stress. For stresses within the 

linear range for the steel, it was found [29] that the mean crack 

width and the maximum crack width were both closely proportional to 

the stress in the reinforcement. 

3.4.1.2 Influence of bar type. Beams of different size and 

type of reinforcement (plain round, square twisted or ribbed within 

the range of diameters from 1/2 in. to 1-1/4 in.) had been tested [29]. 

The results show that the type of reinforcement has little influence 
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on the cracking. There was no clear definition of the influence of 

the bar type. 

A number of tests of one way slabs with different types of re

inforcement (deformed wire fabric, deformed wire, smooth wire fabric, 

deformed bars) have also been conducted [38]. The; results show that 

there is not a significant difference in crack spacing for all types 

of reinforcement. The maximum crack widths that were obtained in that 

investigation for all types of reinforcement are shown in Figs. (3.8) 

and (3.9). The authors used the Gergely-Lutz equations to predict the 

crack widths, and concluded that they are satisfactory in predicting 

the maximum crack widths in one-way slab. 

3.4.1.3 Influence of concrete cover. It has been found [29, 

31, 35, 36, 37] that the width of a crack is almost directly propor

tional to the distance of the point of measurement of the crack from 

the nearest reinforcing bar. Figs. (3.10) and (3.11) show the rela

tionship between W/E and the distance to the nearest bar, for deformed 

bars and plain steels. 

3.4.2 Crack Control in Two-Way Slabs 

Most of the existing research deals with crack widths in beams 

and one-way slabs. The expressions which have been given in the pre

ceding sections cannot be used for two-way slabs. Nawy [31, 32, 39, 

40] worked with large scale models of two-way slabs, with different 

loads and boundary conditions, tested to failure. This produced a 

crack width equation as: 
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Figure (3.10) Experimental relationships between u/e and the distance 
of cracking points from the nearest bar (deformed steel) 
[29]. 
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Figure (3.11) Experimental relationships between to/e and the distance 
of cracking points from the nearest bar (plain steel) 
[29]. 
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W  =  K  B  f g ' \ / ( 3 . 1 1 )  

^1 
3 V P, 

dbi S2 
where the radical = is termed the grid index, and can be 

transformed to: 

^i-
fiAJc i 

d, ir 
^1 

K is the fracture coefficient, and equals 2.8 x 10 ̂  for uniformly 

loaded restrained two-way square slabs and plates. K = 2.1 x 10 ^ is 

applicable for concentrated loads or reactions, or when the ratio of 

short to long span is between 0.5 and 0.75. For a span aspect ratio 

of 0.5, K = 1.6 x 10"^. 

B = ratio of the distance between the neutral axis and the 

tension face, to the distance between the neutral axis 

and the centroid of the reinforcing steel. 

f^ = actual average service load stress level, or 40 percent 

of the design yield strength f^, ksi. 

d, = diameter of the reinforcement in direction "1", closest 
^1 

to the outer fibers of the concrete. 

S^, = spacing of reinforcement in the two-way slab directions, 

"1" and "2". S2 <12 in. 

"1" = direction of reinforcement closest to the outer concrete 

fibers. This is the direction for which the crack con

trol check is to be made. 
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p = active steel ratio, which is given in the form; 
^1 

Area of steel (A^) per ft. width 

•^t. " 12(d, + 2CJ 
1 1 

= the clear concrete cover, measured from the tensile face 

of the concrete to the nearest edge of the reinforcing 

bar in direction "1". 

W = crack width at the face of the concrete caused be bending. 

For simply supported slabs, the value of K should be multiplied 

by 1.5. Interpolated K values apply for partial restraint at the 

boundaries. 

3.5 Allowable Crack Widths 

Allowable crack widths are given by the different codes and 

research results. Typical values are listed in Table (3.2) [3l], and 

Table (3.3) [22], 

3.6 Applications to Composite Members 

In this chapter, crack control equations for beams, one-way 

slabs, members subjected to pure tension and two—way slabs have been 

given. The application of these equations in the control of cracking 

of a composite floor system is acceptable until more accurate formulas 

can be developed. Equations (3.5a), (3.6) and (3.10a) can be used to 

control cracks of type (1), see Fig. (2.1). Cracks of type (2) and 

(3), see Fig. (2.1), can be controlled by Equations (3.5b), (3.6) and 

(3.10a), when the neutral axis of a composite beam or girder occurs in 



Table 3.2 Typical Allowable Crack Widths [31] 

I Maximum allo~·o:..•le 
Jn\"estlgator i Exposu~re~c~o~n~d~i~t~io~n~--,---__..:c:.:r.::ac:cck width, in. e;::.:;e----.--se\'er-e -!) 004 

Aggre,si\·e 0.008 
Normal 0.012 

RUs-ch* 

ACl ~18-63 

CEB+ 

t: .S Bureau 
of Pub!1c 
Ro~d' 
t m:1~11nu1n 
r~llowance 
w. at steel 
le\'el under 
"·orking 
10~1.01 t 

Aggresi\'e 1 ~alt water 1 
Normal 

Severe to a!!gressh·e 
Normal 'ou!!' 1 de 1 
Normal 1 inside·' 

Exterior 
Interior 

Interior or exter!or 
aggre~si\"e and 
v;a~erti.~ht 

Aggressi\'e 
Normal 

Air or protective 
membrane 

Sait, air water & soil 

Deicing c'hemical~. 
humidity 

Seawater & seawater 
spray, alternate 
wetting & drying 

0.008 
0.012 

0.002 - 0.006 
0.006 - 0.010 
0.010 - O.C14 

De"d load 
cau~e~ 

corr,pr~s ... 
sion. 

LL 
C:JUSeS 
tenstf\n 

0.012 

0.010 

0.008 

0.008 

0.010 
O.C1fi 

0.004 
0 008 
0.012 

Dead load 
causes 
tenston, 

LL 
c~uses 

tension 

O.ClO 

0.008 

0.006 
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Table 3.3 Permissible Crack Widths in R/C [22] 

Maximum allowable 
Exposure condition crack width, ln. • 

Dry air or protective membrane 0.016 

Humidity, moist air, soil 0.012 

Df:'ieing chemicals 0.007 

Seawater and seawater spray; 
wetting and drying 0.006 

Water retaining structures 0.004 
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the slab. In the case when the neutral axis of a composite beam is 

well below the slab, the slab may be considered as a member subjected 

to pure tension and the cracks can be calculated by Equation (3.10b). 

In other cases, the designer has to use his judgment. 



CHAPTER 4 

METHODS OF COMPUTATION 
FOR CRACKS IN COMPOSITE BEAMS 

4.1 Introduction 

The cracking phenomenon in composite beams has not been 

studied in detail, and it is not known to what extent the form and 

degree of shear connectors will influence the appearance of the 

cracks. The AISC specification [ 1 ] and the ACI 318-77 code [4l] have 

neither specific equations nor recommendations to control cracking in 

composite beams. Summaries of the existing methods of computation 

for cracks in composite beam will be discussed in this chapter. 

4.2 British Code Formulation 

The British design standard Cp 110 [42] introduced procedures 

for crack control in reinforced concrete members. Johnson [43] has 

since used these expressions to develop formulas that apply to com

posite members. 

In Cp 110, reasonable limits for maximum acceptable crack 

widths at the surface of a member are given as 0.012 inches generally, 

and 0.004 times the nominal cover to the main reinforcement for 

particularly aggressive environments. The crack widths that are 

formed from the recommended equation of CpllO have a 20% probability 

of being exceeded when the full service load acts on the structure. 

49 
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The proposed method for crack-width control in the negative 

moment regions of composite beams is based solely on the results of 

research on reinforced concrete, and only the reinforcing bars are 

assumed to contribute to crack control. The rules are developed for 

cracking at the top surface of the concrete slab near an internal 

support for a continuous beam. 

The cross-section of a composite beam in the negative-moment 

region is shown in Fig. (4.1a) the longitudinal slab reinforcement 

consists of bars of diameter ij) at pitch P with top cover C, and the 

total area of such steel within the effective width b is A . At the 
r 

cross-section considered, which is usually that where the bending 

moment is the largest, M' is the negative service load moment calcu

lated by elastic theory, assuming a uniform bending stiffness, EI. 

It is reduced by moment redistribution to BM', where 6 is equal to 

(1.0 - percentage of redistribution of the maximum negative moment, 

M') and assumes a value between 0.65 and 0.80. The stress in the 

reinforcement due to gM' is f^, calculated for the cracked elastic 

cross-section. Due to redistribution, f^ will not exceed the design 

yield stress for the reinforcement [43]. The depth to the neutral-

axis is X , defined as the depth measured from the extreme fiber in 
c 

compression. 

The design crack width, W, at a point on the top or bottom 

surface of the slab at a distance a from the surface of the nearest 
cr 

longitudinal reinforcing bar is given by (see Figs. (4-1) and (4.2)); 
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Figure (4.1) Calculation of crack width at the top slab surface of a 
composite beam [A3]. 
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Figure (4.2) Calculation of crack width at the bottom slab surface 
of a composite beam [46], 



52 

3a X e 
W = (4 1) 

1 + 2 a - C . )/(h - X ) 
cr mm c 

where 

C . = minimum cover, 
mm 

h = total depth of the member, 

X^ = depth from the compression face to the elastic 

neutral axis, 

a = distance from the point considered to the surface 
cr ^ 

of the nearest reinforcing bar, 

= Average strain at the level where cracking is 

being considered. 

Johnson [43] has shown that e is less than the strain com-
m 

puted on the basis of the calculated values of f^ and x (e^ in Figs. 

(4.1) and (4.2)), due to the stiffening effect of the concrete in ten

sion between cracks. This alters the strain distribution from AB in Fig. 

(4.1b) to CD, and therefore reduces the surface crack width. The 

degree of tension stiffening is given by Appendix A of CpllO, as the 

following expression: 

(1.2)b h X f 10 

^m " ̂1 A (h-x )f 
rt c ry 
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where: 

X = distance from the neutral axis to the point at 
w 

which the crack width is being calculated, 

= constance stress of 0.145 Ksi (1 Mpa), 

= yield stress of the longitudinal reinforcement, 

= elastic longitudinal strain at the level considered, 

neglecting tension stiffening, 

A = area of longitudinal tension reinforcement. 
rt 

Equation (4.2) is based on the assumption that all of the 

tension steel is close to the tension surface of the beam. In a 

composite beam, however, the top flange of the steel section (area = 

A^) resists a significant proportion of the tensile force, and it is 

not clear how should be defined when the equation is to be used 

for such beams [43]. The tension stiffening may be overestimated if 

it is assumed that equals to the area of the total longitudinal 

reinforcement. 

Johnson [44] has concluded that a good approximation is given 

by A , = A + 0.6 A-, but there are no test data that substantiate 
rt r f 

this. As a conservative approach it is recommended [43, 45] that 

the area, may be computed from 

A ^ = A + A^ (4.3) 
rt r f 

where A is the area of all of the reinforcing bars, and A_ is the 
r f 

tension flange area of the steel beam. 
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Equation (4.2) has been adjusted [44] to be used in composite 

design to the forms of Equation (4.3): 

(0.9)b h 6 f^ 10~^ 

^m " (A +A ) (h-x ) f 
r f c r 

where: 

f^ = elastic stress in the longitudinal steel, 

B = (1.0 - fraction of redistribution of the maximum 

negative moment, li') • 

The method that is proposed can be summarized as follov7S: 

(1) X and X can be calculated on the basis of the dimensions of 
c 

the cross-section. The applied moment is used to find 6 and 

fj. by elastic analysis. If the point to be checked lies on 

the surface, x = x, and e, can be calculated from the stress 
w 1 

at the top level; 

(2) The strain e is given by Equation (4.3). If it is negative, 
m 

this means that the slab is uncracked; 

(3) To calculate a , a certain arrangement of the reinforcing 
cr 

bars must be assumed, along with the value of the cover C. 

4), P, and d will then be known (see Fig. (4.1)), Equation 
r 

(4.4) gives 

d  ̂+ (|- P)̂  = (a ̂  + 7 '1')̂  (4.4) 
ZT CI ^ 
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(4) The crack width, W, can be calculated from Equation (4.1). 

Alternatively, Equation (4.1) can be used to find a^^ for a 

given crack width, and then p and (j) can be chosen to satisfy 

(4.4). 

The above equations do not incorporate the effects of shrink

age of the concrete slab. CpllO [42] recoiranends that allowance 

should be made for this by adding half of the expected shrinkage 

strain to t . However, no guidelines are given for the magnitude of 
m 

the expected shrinkage strain. 

4.3 Control of Cracking by Reinforcing Bar Placement 

It has been found that satisfactory crack control can be 

obtained if the spacing of the reinforcing bars does not exceed cer

tain limits. Equation (4.1) can be written as: 

W = K-a e (4.5) 
cr m 

where K is a function which varies with a /C . and (h-x )/C . . 
cr mm c mm 

This relationship is illustrated in Fig. (4.3) for a variety of slabs 

and composite beam types [46]. 

The value of (h-x )/c . for composite beams normally lies 
c mxn 

between 20 and 100 [46]. It has been found to be conservative and 

quite accurate to assume that K = 2.85 for all points which have a 

value of a /C . in excess of about 2.3, [46]. Equation (4.5) then 
cr mm 

becomes: 
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Figure (4.4) Reinforcing bars near surface of concrete slab [46] 
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W = 2.85 a e (4.6) 
cr m 

The design of slab reinforcement is based on ultimate 

strength criteria (ACI, CpllO). The elastic maximum bending moment 

is M' which is reduced to 311 by an assumed redistribution of 
u u •' 

moments to the adjacent midspan regions. (The structure is assumed 

to be redundent, such that redistribution can take place.) Since 

this analysis is to be used for the control of cracking, it is 

necessary to assume that the slab is^ also cracked at the service load 

level [46]. If the ratio of the service load to the ultimate load is 

X, then the service (design) bending moment is , and the strain 

in the steel is given by: 

£ = 0.87 f X/E 6 (4.7) 
s ry s 

which can be used to determine the crack width. 

The strain at the maximum tension fiber of the composite beam 

may be 5% greater than at the level of the reinforcement; however, 

the reduction of strain due to tension stiffening may amount to 10 

to 15% [46]. The magnitude of e is then found by reducing E by 
m s 

about 10%, and therefore: 

e = 0.783f X/E 6 (4.8) 
m ry s 

where it is assumed that X = 0.7 for shored and = 0.61 for unshored 

construction [46]. 
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For a point P on the surface of the concrete that is equidis

tant from two reinforcing bars, an approximate form of the relation

ship between the clear distance between the bars and the dimen

sions a and C . is found by assuming that RQ = C . , with a cr mm = 

neglible error (see Fig. (4.4)). The length PQ then equals a^^ and 

will be given by: 

P = 2(a ^ - C . ^)^''^ (4.9) 
c cr mm 

If the cover does not exceed 1.2 inches, then in practive a /C . cr mxn 

will exceed about 2.3. In this case, P /a lies between 1.8 and 
c cr 

2.0, and a value of 1.9 can be assumed [46]. 

The limiting crack width that is specified for moderate 

exposure is 0.01 inches [46]. Therefore, from Equation (4.6): 

0.01 ... . ^ 1.9 X 0.01 
i = which gives P = —•, rk c-— 
cr 2.85 e c 2.8i e 

m m 

Substituting for e and X as found above, and using E - 29000 Ksi, 
m s 

P becomes: 
c 

P = 353e/f (shored construction) 
= (4.10) 

P = 4056/f (unshored construction) 
c ry 

where f is expressed in Ksi. The clear spacing P can then be cal-
ry c 

culated from the above equations. It is emphasized that these 
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equations apply to composite beams where the cover does not exceed 

1.2 inches, and the crack width is less than 0.01 inches. 

As an example, the bar spacing is calculated for an unshored 

beam with 60 Ksi reinforcing steel for a bending moment that is 20% 

less than that given by an elastic analysis, based on a cracked 

cross-section, B = 0.8 and Equation (4.10) gives: = 405 x 0.8/ 

60 = 5.4 inches. 

This method is easy to apply and commonly used. However, it 

may give too approximate results, especially because it does not 

take into account the shrinkage in the concrete slab. 

4.4 Experimental Studies of Cracking in Composite Beams 

The methods that have been developed to predict the crack 

widths in the negative moment regions of composite beams are based 

primarily on research cracking in reinforced concrete members, on the 

assumption that the behavior of the concrete flange of a composite 

beam is similar. However, Johnson and Allison [47,48] found that the 

results did not agree with the predictions of CpllO [42] and BS 5400: 

part 5, 2 [49], particularly when the crack widths were less than 

0.008 inches. They attributed this partly to the effects of the 

shrinkage. 

A typical cross-section and elevation of the beams which were 

tested by Johnson cind Allison [47] are shown in Fig. (4.5). The beam 

load was applied over a period of one or two days, until the maximum 

bending moment was about 80% of the value at which the steel beam 

was ej^jected to yield. Longitudinal strains and the crack widths in 

iryavmi 
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the slab were measured at each load level as were the strains in the 

steel beam, slip, uplift, rotations, and deflections. 

Two stages of behavior are used in predicting the crack 

widths. First, the mean longitudinal tensile strain at the surface 

of the slab is expressed in terms of the applied bending moment. 

Second, the mean crack width, W , or the width that has a 20% prob-
m 

ability of being exceeded, is calculated and compared with a 

specified design crack width [47,48]. 

The effect of shrinkage was taken into account in the 

calculation of the mean longitudinal tensile strain at the surface of 

the slab. The free shrinkage of the concrete, was determined, 

and the stress-related longitudinal tensile strain at the top sur

face of the composite member, due to the restraint of the shrinkage 

of the slab was determined. 

Two methods can be used to predict the mean surface strain 

(E )- The simpler one is given by BS 5400 [49] as; 
m 

E = E +|E ̂ 1 - 0.0012/p f K (4.11a) 
m nt ' sh' ry 

The above equation can be written on a more accurate form [48], thus: 

E = E + |E ̂ 1 - 0.0005/p f K (4.11b) 
m nt ' sh' s 

where f^^ is the yield strength of the slab reinforcement, and f^ is 

the stress in the adjacent bars, calculated for the cracked composite 

section. K equals 1.0 if f and f are in Mpa and 6.8948 if f^,, and 
^ ry s ry 
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are given in Ksi. is the free shrinkage strain of concrete 

slab, e ^ is the strain at the top surface of the slab when the 
nt 

stress in the reinforcement is f and p is the local reinforcement 
s 

ratio. 

The second method is given by Johnson and Allison [48], which 

uses Equation (4.11b) on a non-dimensional form; 

e  = E  + | e ^ | - 2 . 5 x  1 0 ~ ^ / E  ( 4 . 1 2 )  
m nt ' sh' r 

where e is the strain in the adjacent bars at a steel stress of f . 
r s 

The test results of Johnson and Allison demonstrate the 

following: 

(1) The typical relationships between the crack width and the 

strain at the surface are shown by the test results in Figs. 

(4.6) and (4.7). At a strain e > 0.001, both the actual 

crack width and the crack width with a 20% probability of 

exceedance are proportional to c. However, the initial crack 

widths were usually several times that corresponding to the 

VJ/e ratio at high strains, as shown in Figs. (4.6) and (4.7). 

(2) If it is assumed that e is the mean tensile strain in the 
cm 

concrete between the cracks, the total extension along a 

certain line with n cracks is nw + n S e • This must also 
cm 

be equal to the length (nS) times the strain along the same 

line, where S is the crack spacing. The relationship 

therefore becomes: 
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cm 
e 

(4.13) 

which can be written as S = F —. 
e 

The results for loads with strains of e>^ 0.001 are shown in 

Fig, (4.8). The number of cracks represented by each point 

is equal to the length of the region divided by S. The 

term F varies between 1 and 0.65 for the beams. This gives 

an average value of F = 1.33. 

The results show that the difference between the S to W/e 

ratios cannot be related to whether the fiber is located 

above or between the reinforcing bars. It has been assumed 

that [A8]: 

where the subscripts o and m indicate "over" and between 

("midway") bars. In other words, tension stiffening does 

not increase in proportion to crack size. 

Equation (4.15) relates the effect of the concrete cover to 

the W/e ratio for the portion above the reinforcing bars. 

Thus: 

(W/e) /S = (W/e) /S 
o o mm 

(4.14) 

(W/e) = 1.33C + K„ ())/p 
O 2 

(4.15) 
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which is based on research on reinforced concrete members 

[22]. The local reinforcement ratio p is 

p = ir /h AB (A.16) 

where A and B are the long and short side of the concrete 

prism that surrounds the bar, and is shown in Fig. (4.9). K2 

gives the relationship between (W/e)^ and the bar diameter 

surrounded by a concrete prism A x B. In reinforced con

crete, K2 varies with the ratio of the cover to the distance 

to the neutral axis, (C/n^), [22]. On the other hand, K2 

cannot be found to vary in proportion to the same properties 

for the tension flange. It may, therefore, be assumed that 

K2 is a constant, which can be determined by plotting 

[(W/e)^ - 1.33C] versus (AB/({i). This is shown in Fig. 

(4.10). The line which fits the test points the best is 

given by the equation 

(W/e)^ = 1.33C + 0.0A7 AB/cf, (A.17) 

The relationship between W and e is a linear function, as 

demonstrated above, and has also been extended to deal with 

the conditions midway between the bars. A typical surface 

crack pattern is shown in Fig. (A.11) (idealized). The 

crack-spacing obviously will be smallest above the bars 
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(SQ) , and largest at the midway point (S^)• It is also 

realistic to assume that the distance from a crack to 

the closest reinforcing bar, equals half the rebar spacing. 

The parameters that influence the surface crack width are 

the reinforcing bars (size, type), reinforcing ratio, and 

concrete cover. The latter is very important to the rela

tive magnitude of the crack spacing midway between bars and 

at the surface, thus: 

(W/e) /(W/E)„ = f(a^^/C) (A.18) 
m o cr 

The results of Johnson and Allison [48] are shown in Fig. 

(4,12), indicating the best-fit straight-line equation: 

(W/e) = (W/e)^ [0.78 + 0.22 (a^,^/C)] (4.19) 

(5) Johnson and Allison [47, 48] obtained values of W Q̂ from 

the distributions of W for each load stage and measurement 

line. Different expressions were formed for fibers above 

and between the reinforcing bars, as follows: 

(W/E) = 1.59 + 0.086 (AB/4>) 
o, zU 

(4.20) 
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{W/e)„. = [0.82 + 0.18 (a /C)](W/E) (4.21) 
20 cr Or^U 

Equations (4.17) and (4.20) can be written in a simpler form 

that is applicable to uniform bar spacing: 

(W/e) = 1.33C + 0.037 (})/p (4.22) 
o 

(W/e) = 1.59C + 0.0675(})/p (4.23) 
O f 2 0 

(VJ/e) and (W/e) can be calculated from these equations 
o o / 20 

after assuming the bar layout which determines A, B and (j>. 

Then the required values of (W/e) and [ V I / c )  are given by 

Equation (4.19) and (4.21). When (W/e) or (W/e)^^ are known, 

the crack width can be found after calculating the mean sur

face strain e , given by Equations (4.11) or (4.12). 
m 

4.5 Calculation of the Initial Slab Crack Width in Composite Beams 

4.5.1 General Comments 

Crack widths have been found [13, 14, 16, 21, 22, 47, 483 

be strongly influenced by the mean longitudinal strain at the surface 

of the concrete and by the local reinforcement ratio. It is usually 

assumed that once cracks have formed in reinforced concrete, their 

mean width is proportional to the strain. However, Johnson and 

Allison [47, 48] showed that this is true only when oO.OOl, unless 

the reinforcement ratio is high. Therefore, the assumption that the 
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crack width is proportional to the strain does not apply to the first 

few cracks that form, since e < 0.001 in a slab with a low reinforce

ment ratio. 

A.5.2 Results of Tests 

Some typical results from three of the tests of Johnson and 

Allison [47, 48] are shown in Fig. (4.13). The data show that W is 

proportional to e at high strains, but in some of the beams, the 

first few cracks to form were initially several times wider than 

would be predicted from the ratio of W/e at higher strains. 

The relationship between crack width and load is shown in Fig. 

(4.14), where each curve gives the data for a particular crack. In 

Fig. (4.14a), the ratio of the crack width to the load is approxi

mately constant, regardless of when the cracks formed. The reason 

for this is that the test beam had a reinforcement ratio of 1.41%. 

However, Fig. (4.14b) shows that with a reinforcement ratio of 0.65%, 

the first cracks remain the widest ones at the upper load stages, 

and the variation in crack width is much greater. 

4.5.3 Prediction of Initial Crack Width 

The following method of crack width prediction is based on 

the work of Randi and Johnson. The prediction of the initial crack 

width in reinforced concrete members subjected to pure tension has been 

studied by some researchers [22, 51]. It is possible to apply the data 

to composite members. Using some correction factor for the curvature 

of the slab. 
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The influence of the shear connection on the initial crack 

width has also been examined [50]. It was found that the shear con

nection and the steel beam had little effect on the initial crack, 

in comparison with the influence of the reinforcement. 

Some tests [47, 48] showed that the first crack to form would 

extend through the whole width and thickness of the concrete slab at 

a load of 80% of the value at which the steel beam was expected to 

yiled. The local loss of longitudinal stiffness of the slab caused 

by cracking appears to have little influence on the stresses in the 

steel beam [50]. 

In a determinate structure such as a composite cantilever, 

where there is no change in the bending moment due to cracking, it is 

recommended that a good prediction for the width of an initial crack is 

obtained by assuming that the stresses in the steel beam do not change 

[50]. in the region near the crack the forces in the concrete will 

transfer to the reinforcement bars. It should be noted that the rein

forcement ratio is assumed to be sufficient to carry the transfer force 

from the concrete to the bars without causing the bars yield. Otherwise, 

the crack may be wider than predicted, and the local loss of stiffness 

will then influence the loads on the shear connectors. The steel beam 

in such a case will behave as if the slab is unreinforced. 

The first appearance of cracks results in a relatively small 

reduction in the slab stiffness (longitudinal), and the steel beam 

forces are not noticeably changed. It other words, it seems realistic 
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to observe that the stresses in the beam do not change appreciably 

in the beginning. 

For the test specimens it was assumed that the axial 

stresses were similar to the results of Noakowski [5l]. The test 

specimen of whom is shown in Fig. (14.15). As loading and concrete 

shrinkage takes place, the concrete is stressed to f^, its tensile 

strength. A crack that forms (at F, e.g.) relieves the stresses in 

the concrete over a length that is in proportion to the tensile 

strength. The steel stress consequently is assumed to vary from a 

low to a peak value, as shown. Also important is the shear stress 

at the rebar surface, as well as the amount of slip that occurs. 

Noakowski [51] found that the stresses as^, ag^ and Og2» 

indicated in Fig. (4.15), can be set equal when a < < L. His results 

gave a mean initial crack width at the surface of a deformed bar as 

(in mm): 

W = 1.584 [<^as^(os^ - as.)/K. f_ (4.24) 
m r  2  2  1  I c u s  

where constant depends on the bond between the reinforcing bars 

and the concrete. For a very weak bond equals 1; for 

a good bond as in concrete of strength f^ = 3000 Ksi, 

equals 2.0; and for a very good bond as in concrete of strength 

^ 4000 Ksi; equals 3.5. It is noted that reinforcing bars are 

assiuned to be of the deformed kind. 
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Figure (4.15) Axially restrained reinforced concrete member [50], 

B 

face of 
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Aw "cCT^f cot0/2Ef 

——hf 
Section A-A 

Aw - e O'cf cot0/2E^ 

Plan on B-B 

Figure (A.16) Increase in crack width due to reduction of concrete 
stress to zero at crack and the distance to nearest 
bar [50]. 
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4,5.4 Crack Width at the Surface of the Slab 

Equation (A.24) must be corrected to make it suitable to find 

the crack widths in a composite beam. First, a correction factor 

must be introduced to reflect the curvature of the beam. 

This can be given as y^/y^ [50], where y^ and y^ are 

the distances to the neutral axis of the cracked section 

from the top surface of the slab and from the center of 

the top reinforcement layer, respectively. 

Second, the crack width will increase an amount AW due to 

the fact that the tensile stress in the concrete decreases in the 

vicinity of the crack. This occurs in a region that can be defined 

by the angle of spread, e, as shown in Fig. (4.16), with taking on 

a value between 30° and 45° [50]. With the stress at the top fiber 

of the slab in the absence of cracking, given by the crack makes 

this drop to zero. The tensile stress at a given surface can then be 

defined by the angle 6, finally giving the increase in the crack width 

as: 
AW = C Cot 6/E^ (above bars) 

(4.25) 

AW = e ac Cot 6/E (between bars) 
t c 

for e=45°=> AW=C ac^/E (above bars) 
t c 

AW = e oc /E (between bars) 
t c 

where (e) is the lateral spacing of the reinforcing bars. The crack 

width at the surface will be: 
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W = W y^/y + AW (4.26) 
in J-

4.5.5 Reinforcement Ratio Determined from Yielding at a Crack 

Equilibrium of the forces that act on a member that is 

shown in Fig. (4.15) requires that (from F to G): 

A as^ - As CTs, + A f^ 
s  2  l e t  

^^2 " ̂ ^1 = VP 

(4.27) 

where p = A /A . If the steel yields at the crack, as„ = f and 
s c z y 

as, < < as_ = f . The reinforcement ratio that is needed to prevent 
1 2 y 

this condition is 

CEB [28] also has incorporated the effect of the concrete strength 

random variability. Using the probability level of 5%, the tensile 

2/3 
stress becomes f^ = 0.32 (f, and then 

p = 0.32(f )^^Vf (f and f in Mpa) 
cr cu y cu y 

or (4.29) 

p = 0.17(f (f and f in Ksi). 
cr cu y cu y 

For concrete strengths between 3 and 6 Ksi, and a steel yield 

stress of 60 Ksi, p ranges from 0.6% to 0.9%. Using f = 7v^f 
cr t cu 

[4l], p becomes p = 7 (f (f and f in psi) . The above 
cr cr cu y cu y 

range for p^^ is 0.64% to 0.9%. 
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4.5.6 Reinforcement Ratio, Bar Size, and Mean Crack 
Width 

The general equation for the mean crack width at 

the surface of a bar with an initial crack has been given 

by Noakowski as (in mm) [51]: 

„ = 1±N  ̂ - °̂ 1̂  .. 
mr 4-N 0.19 K f E (4.30) 

1 cu s 

N is a factor that correlates bond stress and amount of slip. Equa

tion (4.30) can be obtained from (4.24) by using an N-value of 0.16. 

Further simplifications are given by using N = 0 and = 2.0, and by 

multiplying by 1.35 to give the same results as (4.30) This gives 

W = 0.89 cs_ (os_ - as,)/f E (4.31) 
inir 2 2 X cu s 

In addition, compatibility of strains at G (Fig. (4.15)) requires 

that 

cs f 

s c 

as, = n + e ^ E (4.33) 
1 t sh s 

where n = E/E,e, = free 
s c sh 

and (0S2 - c?s^) = f^/p. 

shrinkage strain of the concrete. 

Substituting for the above two 
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equations into (4.31) gives W = 0.89 4'[(f^/p) + n + E , E ] 
mr t t sn s 

X f./p f E , which in turn leads to 
t cu s 

W = 0.89(j)[l + n p + n p e ,/e ]f^^/p^ f E (4.34) 
mr sh u t cu s 

where e is the ultimate tensile strain of the concrete, taken as 
u 

Typically, n p = 0.1 and ~ 2.0. Substituting for f^ = 

0.32 (f W becomes: 
cu mr 

-7 1/3 2 
W = 3.55 10 ^(f )^ /p (4.35) 
mr cu 

assuming that the correction for curvature and for AW both will in

crease W by about 15%. For a bar spacing that is less than 12 
mr 

inches, the equation is 

W = 0.004c!) (f (4.36) 
m cu 

(f in Mpa and p in percent) 
cu 

1/3 2 or W = 0.0076 i) (f ) /p (inches), (f in Ksi, p in percent), 
m cu cu 

Randi and Johnson [50] have developed a represen

tation of Equation (4.36) that is convenient for practical 

calculations. This is shown in Fig. (A.17). 

4.5.7 Coraments 

(1) The previous equations for predicting the crack width do not 

take into accound the partial interaction between the concrete slab 
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Figure (4.17) Mean initial crack width in terms of (|), f^^ and p [50]. 



82 

and the steel beam. All the composite beams that were tested [A7,48] 

had enough studs for full interaction. Since the design of composite 

beams is normally based on partial interaction between the concrete 

slab and the steel beam, more tests would be worthwhile to study the 

influence of this phenomenon. 

(2) The tests [47,48] used composite beams with a solid concrete 

slab. There is no information about the effects of using a steel deck 

ince this represents prevailing North American practice, more re

search is clearly indicated. 

(3) According to the authors [47,48,50], the proposed methods for 

predicting crack widths in composite beams gave good agreement with 

their results. However, there were differences between their results 

and the calculated values from the methods of [42,49], in a range of 

1.05 to 3.76 times the crack width predicted by [47,48,50]. This was 

attributed to the effects of shrinkage. However it should be noted 

that the cracking behavior of a composite beam with an isolated slab 

width of 3.3 feet, which was used in the tests, could be very differ

ent from that of a composite beam in an actual floor. 



CHAPTER 5 

IMPROVEMENT OF CRACKING BEHAVIOR IN 
COMPOSITE FLOOR SYSTEMS 

5.1 Introduction 

Cracking in composite floor systems will exist in the negative 

moment area of the slab, where the concrete experiences tensile 

strains. These cracks can be limited to acceptable size, such as 

those given in Tables 2.3 and 3.3, by resisting the negative moment 

with an adequate amount of reinforcement steel. The sum of these 

crack widths in a negative moment region will be equal to the elonga

tion of the reinforcing steel, minus the elongation of the concrete 

of that region. The elongation of the steel is a function of the 

stress in the reinforcing bars, consequently, limiting these stresses 

will limit the cracks in the region. 

This procedure probably gives more reinforcing steel than is 

necessary for the strength of the member, which may make limiting the 

crack width expensive under certain conditions. Therefore, if the 

composite beam serves in a non-corrosive environment and the slab is 

covered by a floor finish, the designer may decide that there is no 

need to control the crack width. In other cases, such as for example, 

a multi-story parking garage with no floor finish, and with water 

containing salt that may enter the cracks, severe corrosion may result 

and crack control should be an important consideration. 

83 
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5.2 Development of Method of Analysis 

5.2.1 Assumptions 

The following assumptions are used in the development of the 

proposed method: 

(a) The maximum elastic negative moment due to the service load 

and without a redistribution factor is used to calculate the 

crack width, 

(b) Long-term effects such as shrinkage, creep and temperature 

changes are incorporated, 

(c) The tension force due to the service negative moment and the 

long term effects is fully taken by the reinforcing steel in 

the slab, 

(d) The cracks are uniformly distributed over the negative moment 

region, and 

(e) The sum of the crack widths at the level of the reinforcing 

steel in negative moment region is equal to the elongation of 

the reinforcement steel, minus the elongation of the concrete 

in that area. 

The major assumptions are discussed in detail in the fol

lowing. 

5.2.2 Strain in Reinforcement Steel Due to Applied Load 

In the design of continuous composite beams, the elastic moment 

due to the factored live and dead load will be redistributed to make 

the maximum negative moment almost equal to the maximum positive moment. 
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This plastic design concept works well in the application of strength 

criteria for continuous beams. For serviceability, however, which 

also involves an evaluation of slab cracking, it must be recognized 

that the formation of a plastic hinge requires a certain amount of 

rotation (i.e., strain) capacity. Therefore, it is recommended that 

a continuous composite beam be designed for serviceability; the real 

strains are then calculated to determine the crack widths. As a con

servative approach, the maximum elastic negative service moment should 

be used without any redistribution, since this places greater demand 

on the straining capacity of the cross section. 

5.2.3 Long Term Effects 

The effects of differential shrinkage and creep on a composite 

beam have been studied by some researchers [9, 52, 53, 54], and the 

results can be applied to a composite floor system (see Fig. 5.1) to 

calculate the resulting moments. The shrinkage and the creep occur 

simultaneously in both directions of the slab; therefore, the A- and 

B-beams are assumed to develop the creep and shrinkage in their respec

tive longitudinal directions as s function of their tributary areas. 

These are indicated in Fig. (5.1). The tributary area is used instead 

of the effective one (if different), since the former reflects the 

total amount of concrete that will shrink and creep. 

The method of Branson [53] will be used to evaluate the axial 

force in the composite beam due to the shrinkage of the concrete slab. 

(Fig. (5.2a) shows a cross section of a composite beam with its tribu

tary area of the concrete slab. As the first step, it is assumed that 
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7 

Figure (5.1) The axial forces due to shrinkage of the concrete slab 
that must be resisted by the slab beams according to 
their tributary area. 

•Wlatfi gWM 



87 

^at ' 

e 

(a) Cross section of the steel beam and its tributary 
concrete area. 

'sh(t,t̂ )'̂  ̂

dx 

(b) Unrestrained shrinkage 
of concrete slab 

= Q e^ 

(c) Enforce compatibility 

t —I- \ ^ 'i r-. " r" • 
—i—'t 

(d) Satisfy equilibrium. (e) Cross section of the composite 
steel-concrete beam. 

Figure (5.2) Axial load due to shrinkage in a composite beam [10, 53]. 
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there are no connections between the steel beam and the concrete slab 

and a smooth (no bonding) surface is provided to assure free movement 

of the concrete on the steel beam when shrinkage occurs. 

For a n unrestrained shrinkage strain e , ^ \, the ® sh(t, t^)' 

total shrinkage deformation becomes e , • dx. However, 
s n 

since the concrete slab and the steel beam are connected, 

this will prevent free movement. The connection will, 

therefore, force the slab to stretch, producing a tensile 

force, Q, that is applied at the centroid of the 

unrestrained slab. This is shown in Fig. (5.2c). The force is deter

mined from equation (5.1), thus: 

Q = E , (t, t^) E , .-V A ^ (5.1) 
sh ' 1 c(eff) cat 

where E , is the effective modulus of elasticity of 
c(ef f) 

the concrete. Details of this development will be dis

cussed later. A is the area of the concrete slab whose 
cat 

shrinkage has to be accommodated by the beam, and is given by 

A = b ^ t (5.2) 
cat at 

where b is the distance between the centerlines of the adjacent 
at 

panels and t is the slab thickness. 

In the same manner, as the connections cause a tension force 

in the concrete slab by preventing the free shrinkage, the shrinkage 

of the concrete slab will apply a compressive force equal and opposite 

to Q to the cross section, as shown in Fig. (5.2d). To satisfy 
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equilibrium, this compressive force must act at the centroid of the 

concrete slab, at a distance e^ from the neutral axis of the composite 

section. The magnitude of this force will not be affected by the 

length of the composite beam segments, because the stresses in the 

concrete slab due to restrained shrinkage will be the same for a seg

ment with length dx or 

Consequently, for any composite beam, the effects of the slab 

shrinkage can be found by applying equal end moments, evaluated 

from equation (5.3) 

M , = Q e (5.3) 
sh ^ c 

where e^ is given by 

e = e E A /(E A + E , A ) (5.4) 
c s s s s c(eff) c 

in which 

A = area of the steel beam, 
s 

A = area of the concrete slab with an effective width as 
c 

required by the AISC Specification [1], 

e = distance between the centroids of the steel beam and 

the concrete slab, 

e = eccentricity of the force Q, measured from the centroid 
c 

of the transformed section, 

E = modulus of elasticity for the steel. 
s 

The influence of the accumulated end moments will depend 

on the support conditions of the composite beam. A simply supported 
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beam will be bent in single curvature which gives a constant positive 

moment along the member. In this case the moment will help to prevent 

cracking in the concrete slab, but will increase the deflection of the 

beam. For a continuous composite beam, the distribution of the end 

moments will follow elastic behavior, and the beam will be bent in 

several curvatures with respect to the number of supports. For exam

ple, the end moment distributions for three and four span beams are 

shown in Fig. (5.3). The values of the moment at any section, 

can be calculated by any method of structural analysis. Fig. (5.3) 

shows that the shrinkage causes negative moments, which in turn will 

increase the cracking in the slab of a composite beam. The elastic 

moments due to shrinkage therefore should be added to the elastic 

service load moment diagrams. 

In accordance with the composite "section method" by Branson 

[53], the stresses due to the differential shrinkage, ^ y and 

the service moment, m, are given by the following: 

Slab stresses: 

^ ̂sh(t, t^) 
(5.5a) 

^sh(t, t^) 
(5.5b) 
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j'̂ sh 

(a) Simply supported beam with end moments. 

M 
sh 

Q e 

(b) End moment distribution for three span continuous beam. 

M 
sh  ̂) ̂sh 

(c) End moment distribution for four span continuous beam. 

Figure (5.3) Effect of end moments due to concrete slab shrinkage. 
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Beam stresses: 

„ /m , + m\ 

"s = - V 

/m + m\ 

f ± j »•"> 

In the above equations, the upper and lower signs are used according 

to positive and negative moment sections, respectively. The neutral 

axis is assumed to be below the top surface of the steel beam, however 

when the neutral axis is in the concrete slab, the signs of the next 

term in equations (5.5b) and (5.5c) should be reversed. The concrete 

is assumed to be uncracked in the negative moment region. And the 

tensile stresses in the concrete are assumed to be carried entirely 

by the reinforcing bars in the slab. 

The symbols in equations (5.5) refer to 

A' = area of the transformed composite section 

b = subscript denoting bottom (of steel or concrete slab) 

c = subscript denoting steel 

S = section modulus (the subscripts will denote the required 

modulus at the considered point). 

5.2.3.1 Calculation of shrinkage strain ^ y The 

American Concrete Institute (ACI) committee 209 [55] proposed an 

empirical method for the estimation of the shrinkage strains, 

E , , V, in a plain concrete. Park and Paulay [56] suiranarized this 
sh(t, 

approach, and their procedure will be used to evaluate the unrestrained 
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shrinkage of the concrete slab. The following gives the relevant 

details from Ref. [56], 

The strain is calculated from the expression: 

E ,./ N = e u S S S. Ŝ , S„ S, S S (5,6) 
sh(t, t^) shu tahthSfec 

where the coefficients are given as follows: 

(1) The ultimate shrinkage strain, was found [56] to be 

in the range of 0.000415 to 0.00107, with a mean value of 

0.00080 for moist-cured concrete. The average value should 

be used in the absence of more exact data for concrete. 

(2) The time if shrinkage coefficient after 7 days, S^, 

^ • 35VF 

where t = time in days after 7 days. (S^ = 0.46, 0.72, 

0.84, 0.91, and 0.98 for t = 1 month, 3 months, 6 months, 

1 year and 5 years respectively.) 

(3) The coefficient to account for shrinkage from 1 to 7 days, S , 

is assumed to vary linearly from 1.2 for t^ = 1 day to 

1.0 for = 7 days [55] with cast-in-place concrete, a 

value of S = 1.2 is used. When t, is greater than 7 days, 
8i X 

the shrinkage from t^^ to t days is equal to the shrinkage 

from 7 to t days minus the shrinkage from 7 to t^ days. 

(4) The relative humidity coefficient, S^, is given as 

= 1.4 - 0.01 H for 40 < H < 80% (5.8a) 
h 

S, = 3.0 - 0.03 H for 80 < H < 100% (5.8b) 
h 
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where H = relative humidity (percent). (Sj^ = 1.0, 0.8, 0.6, 

and 0 for relative humidity 40, 60, 80, and 100%.) 

(5) The minimum thickness of member coefficient, is: 

S , = 1.00 for 6 in. or less and S , = 0.84 for 9 in. or 
th th 

more of concrete material thickness. 

(6) The slump of concrete coefficients, is: 

S = 0.97 for 2 in.; = 1.00 for 2.7 in.; = 1.01 for 3 in.; 
s 

= 1.05 for 4 in.; and = 1.09 for 5 in. slump. 

Normal construction concrete usually has a slump of approxi

mately 2.7 in. to 4 in. 

(7) Fines coefficients, : 

= 0.86 for 40%, 1.00 for 50% and 1.04 for 70% fines by 

weight. 

(8) The air content coefficient, S^, is taken as 0.98, 1.0 and 

1.03 for 4, 6, and 10% air contents, respectively. 

(9) The cement content coefficients, S^, is taken as 0.87, 0.95, 

3 3 
1.00 and 1.09 for cement contents of 376 lb/yd , 569 lb/yd , 

3 3 
705 lb/yd , and 940 lb/yd , respectively. 

Multiplying the above nine coefficients will give 

which, in turn, will be used in equations (5.1) and (5.5). 

5.2.3.2 Creep effects. The creep and the aging effects will 

be considered in calculating the effective modulus of elasticity for 

the concrete. Neville [57] and Bazant [54] have given a procedure to 

incorporate the effect of age on E^; this will be used to evaluate 
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^c(eff)' given by the expression 

^c(t ) 
E / = T-T;̂  7̂ (5.9) 
c(e£f) 1 + X(,, 

where 

(1) E , is the modulus of elasticity for the concrete slab at 
cUo^ 

the edge of first loading. This can be calculated from 

equation (5.10) [41], which is based on normal weight con

crete : 

E = 57,600 /f~ (5.10) 
c c 

in which E^ in units of Ib/sq.in. and f^ is the compressive 

strength of the concrete, f^ has been found [58] to vary 

with time, and is given for concrete with Type II cement as 

equation (5.11) 

f' = ^ (5 11) 
1 + 0.06 t ^ ^ 

where t is the time in days, and 

(2) ^ ^ is the creep coefficient for the concrete from the 

age of first loading, t^, to the age under consideration, t. 

Several empirical methods can be used to calculate the creep 

strain. The one most widely used in the United States is that of ACI 

Committee 209 [55]. This gives the creep coefficient of the concrete 

C, . as a function of dependent variables, where C. . i s  t h e  
(t, t^) (t, t^) 

ratio of the creep strain to the elastic strain. 
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The procedure is described in detail by Park and Paulay [56] as fol

lows: The creep coefficient for moist-cured concrete of usual mix 

proportions is given by 

C- ^ N = C K K K, K , K K. K (5.12) 
(t, t^) utanthsfc 

where the coefficients are: 

(a) Ultimate creep coefficient, C : the value of C was found 
' u u 

[55] to be in the range of 1.3 to A.15, with an average 

value of 2.35. This value was recommended to be used [55] 

only in the absence of more exact data for the concrete to 

be used. 

(b) Time under load coefficient, K^: 

= <^5.13) 

^ " 10 + t°-^ 

where t = time in days after application of load. (K^ = 

0.4A, = 0.60, = 0.69, = 0.78, and = 0.90 for t = 1 month, 

3 months, 6 months, 1 year, and 5 years, respectively.) 

(c) Age when loaded coefficient, K : 

K = 1.25 t fQj. moist-cured concrete (5.1A) 
a o 

where t = age of concrete in days when load is first applied, 
o 

(K = 1.00, = 0.95, = 0.83, and = 0.7A for concrete loaded 
a 

at 7, 10, 30 and 90 days, respectively. 



Relative humidity coefficient, K^: 

= 1.27 - 0.0067 H for H > 40% (5.15) 

in which H is the relative humidity in percent. (K^ = 1.00, 

0.87, 0.73, and 0.60 for relative humidity AO, 60, 80, and 

100%). 

Minimum thickness of member coefficient, K , : 
th 

K , = 1.00 for 6 in. or less, and = 0.82 for 12 in. 
th 

Slump of concrete coefficient, K^: 

K = 0.95 for 2 in.; = 1.0 for 2.7 in.; = 1.02 for 
s 

3 in.; = 1.09 for 4 in.; and = 1.16 for 5 in. 

slump. 

Fines coefficient, : 

= 0.95 for 30%; = 1.00 for 50%; and = 1.05 for 

70% fines by weight. 

Air control coefficient, K^: 

= 1.00 up to 6%; 1.09 for 7%; and 1.17 for 8% air. 

X, is an aging coefficient recommended by Bazant [54] 
Ct, t^) 

to be multiplied by the creep coefficient, C, v, which (.c, t̂ ; 

is calculated by assuming that the concrete is under constant 

stress. But stresses in the concrete slab of a composite 

beam change with time due to creep and shrinkage. Therefore, 

creep coefficient must be multiplied by aging coefficient to 
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account for these changes. The values of ^ \ given 
U, t^; 

in Table (5.1), which is recommended by Bazant. 

5.2.4 Distribution of Tensile Stress in the Concrete Slab After 
Cracking 

In developing equations (5.5), it was assumed that the con

crete does not crack. However, the concrete will crack in the negative 

moment region, and the tensile stresses will be distributed to the 

other components of the composite beam. 

The concrete slab will carry a share of the tensile stresses, 

as shown in Fig. (5.4). This type of distribution will evolve after 

cracking, no matter how the stresses were distributed before cracking. 

The tensile stresses will drop to zero at the cracks, and will be 

close to the maximum tensile stress of the concrete,f^, at the mid

point between two cracks. This stress will remain in the concrete 

due to the bond between the reinforcing bars and the concrete. The 

stresses are, therefore, a function of the concrete tensile strength, 

the size of the reinforcing bars, and the bond stress. These param

eters are material characteristics, making the assumption of a uniform 

crack spacing a reasonable one no matter what the form of the moment 

distribution along the member. On the basis of the above discussion 

and Fig. (5.4), the average remaining tensile stress in the concrete 

slab after cracking will be equal to 2/3 f^. 

The remaining part of the tensile stress in the slab is as

sumed to be transferred to the reinforcing bars only. This may not be 

entirely correct in terms of ultimate strength consideration since the 



Table (5.1) Bazant Aging Coefficient, x, ..[54]. 
(t, 

t (days) 
o 

t-t 
o 

(days) C(«', 7 days) 10^ 10^ 

10^ 0.5 0.505 0.888 

1.5 n.739 0.919 

2.5 0.804 0.935 

3.5 0.839 0.946 

10^ 0.5 0.511 0.912 

1.5 0.732 0.943 

2.5 0.795 0,956 

3.5 0.830 0.964 

10^ 0.5 0.501 0.899 

1.5 0.717 0.934 

2.5 0.781 0.949 

3,5 0.818 0.948 
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stress distribution in the concrete 
after cracking 

L' 
m 

Figure (5.4) Distribution of tensile stresses in concrete after 
cracking in the negative moment region. 
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Figure (5.5) Typical stress-strain curves for reinforcing steel 
with specified minimum yield stress from AO-75 ksi. 
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reinforcing bars will yield to transfer some stress to the top flange 

of the steel beam. However, since this evaluation deals more with 

serviceability conditions, and the aim is to find the strain in the 

reinforcing bars which may continue to yield under a certain force, 

it is believed that for all practical purposes it is sufficiently 

accurate to assume that the bars take all load. 

The stress-strain curves in Fig. (5.5) should be used to 

determine the strain in the bars. The steel stress can be calculated 

from the following expression: 

/f^ + f, „ \ t b^ 

^ s =  ( 2 - 3 'tj -if 

where f^^ and f^^ are given in equations (5.5a) and (5.5b), 

f^ = concrete strength in tension, 

= reinforcing bar area, 

t = thickness of the concrete slab, 

bg = effective width of the composite beam. 

If f < f , then the strain in the steel can be given bv 
J s y' 

E = ; otherwise, the strain must be found from the stress-strain 
S £ 

s 
curves. 

5.2.5 Crack Spacing 

The concepts of the basic theory of crack formation, which 

were explained in Chapter 3, will be used to determine the crack 

2 
spacing, S, using -j f^ instead of f^. Equation (3.1) becomes: 
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(4 fj = S u Z 0 (5.17) 
e 3 t mm 

2 A 
S = §—L 
min 3 u ZO 

4A A 
s s Substituting 10 = —r~ and p = — , S . becomes 

^ d e A mm 
c 

S . = (5.18a) 
mm 6 u p ̂e 

where d = bar diameter 

u = bond stress. 

As discussed in Chapter 3, if the adjacent crack occurs over 

a distance sliehtly less than 2 S . , then there is no chance for ° mm 

another crack to occur between the first two. This gives the maximum 

possible spacing as: 

f d 
S = 2 S . = (5.18b) 
max mm 3 u p e 

and 

S = (5.18c) 
ave 4 u p 

e 

5.2.6 Calculating of Crack Width 

The crack width at the level of the reinforcing bar can be 

found by elongation of the steel between two cracks, minus the elonga

tion of the concrete. The crack spacing will assure a value between 

S . and S : therefore, using S to calculate the maximum crack 
mm max' max 

width will be on the conservative side. The maximum crack width at 
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the level of the bar is given by 

( • • - » )  W , = s E - j (5,19) 
maxjb max V s 3 E ' 

c 

where e = strain in the reinforcement steel. It can be determined 
s 

from equation (5.16) and the stress-strain curves. For 

an average value of the crack width, S should be used. ® ave 

Due to the curvature of the beam and the shortening of the 

concrete at the crack face, as illustrated in Fig. (4.16), the crack 

width at the top surface is more than that at the level of the bars, 

by approximately 15% [50]. The crack width on the top surface can, 

therefore, be expressed as: 

2 f \ 
W = 1.15 S ( e - (5.20) 
max max V s 3 E 

For a given negative moment diagram, such as that in Fig. 

(5.6), if the strain, E^, that is calculated for the section at the 

maximum negative moment, the strain diagram along the negative moment 

area will be similar to the moment diagram. The area under the strain 

diagram will be equal to the total steel elongation, and subtracting 

the concrete elongation will give the sum of the crack widths in that 

area. This concept can be used to calculate the average crack width 

with a realistic value. Thus: 

W = S 
ave ave 

V m c / 
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(a) Moment due to service load 
(dead load + live load). 

+ 

(b) Moment due to long term effects 
(creep + shrinkage). 

\ 

rK 

tu 
L' m 

Figure (5.6) Moment diagram of a beam with two spans. 
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where = the area under the strain diagram, 

L' = the distance berween the inflection points. 
m 

5.3 General Comments 

In the preceeding discussion, the direct and indirect causes 

of cracking were explained in a reasonably simple way, which will 

allow the designer to understand the behavior and causes of cracking 

in composite floor systems. The crack width equations have been 

derived from the basic theory of crack formation, without using adjust

ment factors, depending on calculating the real strain due to the 

major causes of cracking. However, the crack formation phenomena are 

very complicated. Therefore, when crack control is important, the 

reinforcement ratio should be taken as not less than 0.8% [15, 50]. 

In addition, the stress in the reinforcement should be less than the 

yield stress. 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

Research on cracking in the concrete slab of composite floor 

systems has been very limited. Most studies deal with the testing 

of simply supported composite beams under negative moment, which may 

not give adequate data about cracking of beams as parts of floor sys

tems . 

On the other hand, the cracking phenomena are very complicated 

and many factors are involved in the formation of cracks. This study 

has focused on the cracking behavior due to felxural and long term 

effects. From the analysis of the existing design recommendations and 

the formulation given in the present study, the following conclusions 

are reached: 

(1) The cracking of the concrete slab in a composite beam is a 

function of the reinforcement ratio, p. It is found that when 

p > 0.001, the crack width is proportional to the strain in 

the reinforcement. 

(2) The crack spacing is a function of the concrete compressive 

strength, the diameter of the bars, and the reinforcement 

ratio, regardless of the applied loads. This makes the 

assumption of uniform crack spacing reasonable. 

(3) The maximum elastic service moment without any redistribution 

should be used to find the strain in the reinforcing bars. 
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(4) The long term effects, shrinkage and creep, must be taken into 

consideration. Their effects depend on the support conditions. 

(5) The summation of the crack widths equals the elongation of the 

reinforcement steel minus the elongation of the concrete. 

(6) Control of cracking will improve the overall behavior of the 

structure in terms of deflection and strength. 

(7) In terms of practical usage, the reinforcement ratio should 

preferably not be less than 0.8%. Similarly, the elastic 

stress in the reinforcing steel, which is assumed to carry all 

of the tension in the uncracked concrete slab, should be less 

than the yield stress of the steel. Such conditions are 

adequately satisfied at service load. 



CHAPTER 7 

RECOMMENDATIONS FOR FUTURE RESEARCH 

The methods of analysis and design that are currently available 

to examine the cracking in composite floor systems are seriously lack

ing in several respects. Further work should be done to alleviate 

these problems, as follows: 

(1) The effect of the degree of interaction between the concrete 

slab and the steel beam on the cracking behavior, 

(2) The effects of cracking in the concrete slab on a potential 

release of the interaction between the concrete slab and the 

steel beams, 

(3) The influence of the steel deck on the cracking behavior, 

(4) Limiting the cracking behavior in the negative moment region 

will increase the compression in the lower flange of the steel 

beam. This may need additional work to examine the effect of 

local buckling on the performance of the composite system, 

(5) Correlation of the system effects with the behavior and data 

for single beam tests. The latter are relatively easy to per

form, but overlook certain important characteristics that are 

related to the system performance, 

(6) Determine the short- and long-term influence of transverse and 

longitudinal slab cracks on the strength and stiffness of 

composite beams and systems. 
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