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How Efficient Is High Strength Concrete In Beams ?
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Abstract .. The paper presents an analytical study to clanfy the benefits and.the advantages of
using high strength concrete in members subject to flexure; e.g., beams. When high strength
concrete is used in beams, the reinforcement ratio (1) should increase to insure the equilibrium of
forces on the cross section, to avoid excessive strains of steel reinforcements and hence, to provide
the same level of reinforcement (p/u, ., = constant). Accordingly, the load carrying capacity of the
beam increases significantly. The use of high strength concrete in a beam with a given
reinforcement level results in significant reduction and saving of conerete mass, This reduction may
be in the beam depth or in the beam breadth or in both of them
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1. INTRODUCTION

The progress of concrete technology and the increasing use of high strength concrete
(HSC) becomes fairly common worldwide. However, the economic benefits of using HSC
are fully apparent and outweigh significantly the increased costs of raw materials and
quality control. Some studies concerning the advantages and the economic benefits of
using HSC in columns have been reported [4-6]. To the authors” knowledge, such studies
for members subjected to flexure; e.g., beams are not so far found.

In most of the design methods of reinforced concrete structures, the tensile strength of
concrete 1s generally neglected and steel reinforcements take charge of carrying the entire
applied tension. For instance, in members subjected to bending such as beams, the role of
concrete 15 limited in the zone above the neutral axis. Concrete mass in this part is normally
tess than 50% of the used concrete quantity. The rest of concrete (= 50%) lies under
tension and is neglected in design. Consequently, some engineers may argue that the use of
HSC in beams is not beneficial enough compared to the case of members subject to axial
compression such as columns. Fortunately, this idea is not exactly correct. 1t is found that,
the use of HSC in beams is effective and provides a lot of benefits.

When concrete with higher strength is used in a beam with a given area of cross section
and a given reinforcement level (H/Himay=constant), the load carrying capacity of the beam
increases significantly. The reason is that, when the ‘concrete strength increases, the
compressive force resultant on the cross section increases as well. To insure the
equilibrium of forces on the beam cross section, and to avoid excessive steel strain and
wide crack width, it becomes necessary to use higher reinforcement ratio. Hence, the load
carrying capacity increases. However, this analytical study presents an attempt to clearly
show the benefits and the advantages of using HSC in beams.

2. OBJECTIVE

The cbjective of this paper is to analytically study the benefits and the advantages of using
HSC in members subject to flexure such as beams. The objective is not to provide full
design and dimensions of beams, but it is to encourage engineers to use HSC not only in
columns but also in beams and in all structural members alike.

3. STRENGTH DESIGN METHOD

The current Egyptian Code for design and construction of reinforced concrete structures is
vai;- and applicable for concrete with compressive strength not more than 40 MPa[3]. The
code does not include any consideration for concrete with higher strength. Therefore, the
American Building Code [ACI 318-95] is accepted in this study. In the strength design
method adopted by the ACI Building Code[l], beams are designed to have adesign
strength at all sections at least equal to the required strength calculated for the applied
loads and forces. The design strength is computed by multiplying the “nominal strength™ by
a strength reduction factor (¢ <1). For flexure without axial load, the strength reduction
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factor is assumed to be 0.9 The required strength 1s computed by multiplying the service

loads by a load factor (Y>> 1.0). Hence, the margin of safety is provided by both two factors
¥ and ¢. Strains in reinforcement and concrete are assumed to be proportional to the

distance from the neutral axis. The stress in reinforcement is proportional to the stran
below the yield strength (). For strains greater than that corresponding to f}, stress is
considered independent of strain and equal to /,, The maximum strain at extreme concrete
compression fibres is assumed equal to 0.003. Although this value is not conservative for
HSC, 1t represents satisfactorily the experimental results of HSC [2]. The rectangutar stress
distribution as shown in Fig. 1 is accepted in the American Code for HSC. The ratio
(B=a/c) between the depth of concrete stress block (a) and the depth of neutral axis (c) is
taken as 0.85 for concrete with cylinder strength up to 30 MPa. For strengths between 30
and 55 MPa, B isreduced at arate of 0.008 foreach | MPa of strength in excess of 30 MPa
but B should not be taken less than 0.65 for concrete strengths greater than 55 MPa.

4. REINFORCEMENT LEVEL

The ductility of a singly reinforced concrete beam is mainly depending on concrete
strength, steel yield strength, and the ratio of steel reinforcement in the cross section of
concrete. The interaction between these three main parameters govern the ductility level of
a reinforced concrete beam. However, a balanced strain condtition exists at a cross section
when the maximum strain at the extreme compression fibres just reaches 0.003
simultanedusly with the first yield strain (§,=£,/Es) in the tension reinforcement. The
reinforcement ratio at this condition is called p, When the longitudinal steel ratio
increases beyond [y, a crushing of concrete is expected (brittle failure). In order to attain a
level of ductile behaviour of concrete beams and to avoid failures by crushing of concrete
in the compression zone, a maximum longitudinal reinforcement ratio (limax)} should be
specified. A value of 0.75 W, is recommended by the ACI Building Code[1] for the
maximum reinforcement ratio. This limitation provides sufficient ductile behaviour in
normal cases of design. Accordingly, the reinforcement level can be expressed in terms of

H/Hmax

—4 -

Fig. 1 Rectangular reinforced concrete beam at ultimate moment.
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The equilibrium of forces (Fig. 1) yields: Asfy =085 Jeab
a B
—=— (1)
d 085/f,
From the strain diagram in Fig. (1): 5. = SCTES = O.g(jgo-fes
a (al(e)_,fc)_ 00038
but: d'[c][d] ﬂ[d]_0.003+53 @)
where: B =085 Je 30 MPa
B =0.85 - 0.008 (/. - 30) 30 </, <55 MPa
B =065 f,255 MPa.
M/ 3
Equations (1)and (2) give: y _ 00038 3)
0.85 f, 0.003 +¢,
at the balanced condition; Ho=Hy, E =6, - E¢ =200,000 MPa
510
y - (20 de)p (4)
600 + f,7 fy
3825 . f.
=0.75 = f—) (= 5
Hmax Hp (600 +fy) (fy)B 5
Comparing two different beams at a given yield strength of steel reinforcement:
Hmax2 = (_Bl) (ﬁ) (6)
Ymax ] B Jet
K2 |

at a constant fevel of reinforcement: = constant

Hmax2 Hmax1

£,=0.003
[ 6
d
dy &2
A
LA I
max2 max |
L €52
+Fsl= E52

Fig. 2 Strain of Steel Reinforcement at a Given Reinforcement Level.
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B2 _ Pmax2 - P2fe2 D
H1 Mmax 1 B1 Jei

then:

applying equation (3) for two beams at a given reinforcement level:

8] * 0.003 _ B1 Jfes w2 (8)
g2 + 0.003 B2 fe2my

substituting for H2/H1 in equation (8}, then: Eg1 = Eg2 {9

When a concrete with higher strength is used in a beam, the resultant of the compressive
force on the cross section increases and steel reinforcements are more likely to suffer
excessive strains and hence wider cracks are expected. Thus, to insure a favorable strain
with acceptable crack width in HSC beams, steel ratio in the cross section should increase.
Equations (5) through (9) show that, when the steel ratio in beams with different
compressive strengths is chosen as a constant fraction of the maximum allowable ratio
(WHmax=constant), the same steel strain in all beams is obtained (Fig. 2). In addition, the
width of erack in different beams becomes approximately equal. Fig. 3 shows the effect of
concrete grade on the maximum allowable reinforcement ratio in beams with rectangular
cross section. Equation (5) is applied for different strength values of concrete and steel. For
20 MPa concrete and for steel with yield strength of 500, 360, and 240 MPa, the maximum
reinforcement ratio are 1.2, 1.9, and 3.2% respectively. When concrete strength increases,
the maximum ratio of steel increases significantly. For 60 MPa concrete, the maximum
allowable steel ratio becomes 2.7, 4.3, and 7.4% respectively. Thus, the increase of
concrete strength from 20 to 60 MPa results in a corresponding increase of the maximum
reinforcement ratio with about 130%.

14t

Maximum reinforcement ralio — %

20 30 40 50 60 70 80 90 100

fe - MPa

Fig.3 Effect of concrete strength on the maximum reinforcement ratio.
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5. EFFECT OF CONCRETE STRENGTH
5.1 Load-Carrying Capacity

The equilibrium of forces in Fig.| yields the following equation for computing the nominal
flexural strength of a beam with rectangular cross section:

Ma=pbdf, (d-2)
where: a=ubd f,7085 b [

Je isthe compressive strength of concrete cylinder.

Mfy )
17 f

when the concrete strength increases from Jf¢; to fp7 in a beam with a given cross section

hence, Mp=pbd? fy (1- (10)

area {bd), then the ultimate moment changes from My, to My as:

Ha /,
Mgy H2 (- 1.72fcyz)
Mﬂl - Plfv (1)

for the same level of reinforcement, 1M max = Ho/Mmax2= ¢ ; c<10
substituting for 1) and K2 in equation (11),

M_(Q Bp, 600+ /y-225¢Py

Mgy fer' By 600+ fy ~225¢C By

MT= — (12)

where M is the relative flexural moment = My, / My,
ST is the relative concrete strength = fe7 / fe;

l:J(p_1) (600+fy—225cB1)
B2 600 +fy—225032

(13)

Equation (12) presents the effect of the change of concrete strength on the loading capacity
of abeam in a dimensionless form. It is worth noting that the parameter A in equation {12)
has a small effect on the loading capacity. When the concrete strength changes from 30
MPa or less to a value of 55 MPa or more, the valuz of A becomes constant for a given
yield strength. However, the effect of steel yield strength on the value of A is very small
and can be neglected. For instance, steel yield strength of 240, 360, and 500 MPa results in
a parameter A value of 1.106, 1.111, and 1.116 respectively. Thus an average value of 1.11
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can be adopted for the parameter A regardless of the yield strength value. Equation (12)
shows that the value of the relative moment (Myg2/My;) is reversely proportional to the
square vafue of A. Thus, the parameter A has a reversal effect of about 20% on the relative
moment. On the other hand, the relative moment is directly proportional to the relative
strength of concrete (fz2//fes). Fig. (4a) presents the relationship between the relative
moment and the relative strength of concrete. On average, when the concrete strength is
fourfoid (e.g., from 20 to 80 MPa), the loading capacity increases 3.24 times. This means
that, the span of a beam with a given cross section can be increased to 1.8 times when the
concrete strength increases four times.

A practical example for the effect of concrete strength on the load carrying capacity is
shown in Fig. (4b). Suppose we have a beam with a given cross section (300x950 mm?2)
and concrete strength is changed from 20 to 80 MPa. Two cases of the beam calculations
should be distinguished. In the first case, the beam is assumed with a given area of steel in
the cross section (e.g., As=6000 mm2) regardless of the reinforcement level at different
concrete strength. In this case, only 21.5% increase of the moment capacity is obtained.
However, the level of reinforcement (c=l/Bpay) is lowered from 0.95 to 0.31 and steel
strain increased from 2.7 to 14.5 %e (1.e., the strain increased 5.4 times).

In the second case of calculations, the beam is assumed with a given reinforcement level at
different concrete strengths, i.e., the ratio H/Fpax is kept constant regardless of the used
area of steel. In this case a significant increase of the flexural moment is achieved. When
the H/Bmax is adopted as 0.75, the moment increases with more than 220%. This increase
of moment 1s assoctated with a corresponding increase of the used area of steel (=206%)
but the strain of reinforcement is kept constant at 5.5 %e.

5 M
o1 £ 30 WPa 100 b =300 mm, d=950 mm, f,=360 MPa o
fcz 255 MPo 4.05 x
| , 250°F
T
g 200 ;
g (u/#'muuzo';'s)
s 1801 (As Increasss) .
L4 >
8 100}
b * 2
2 y Ae =6000 mm
- 50 s,
W by ®
20 30 40 50 80 70 80 90 100
e /e fe — MPa
(a) (b}

Fig.4 Effect of concrete strength on the load carrying capacity of the beam.
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5.2 Beam Depth

The effect of concrete strength on the depth of a beam with a given breadth is studied. The
beam is subjected to a given factored moment (¢My = 0.9 My ) and the level of
reinforcement is kept constant. when the concrete strength increases from f¢; to fe5, then
the beam depth changes from d; to d2 as:

W =1, b (1—1“‘ /s

b (el
7fc|) Wy b2 /(1 1-7fc2) (14)

d _ (fer (M7 fermnify) s
4 \)fcz 12 (07 foz = hafy) (13)

for the same level of reinforcement; M1/ pax = H2/Bmax7= ¢

where ¢ and Mpay are defined previously.
substituting for Hy and ¥7 in equation (15), then:

(16)
Jrr

where d” is the relative beam depth = d2/d|
X and f7 are defined in equation (13).

1.0 r —
c15 30 MPa 100 1
fe22 33 wpe .
Ay =8000 mm
038 I 0?8 0 ﬁ ’/ IU' “n-w:n:7lé C)
; =2
dz el
d, £
T 0} _
€ . W/ lhinox =075
@ o/ (Ay Incragses)
6o }
50 !
U=300 L.m, b=300 mm, (=360 MPa
20 —_—— —
2 3 4 5 20 30 40 50 60 70 80 90 100
fCZ /fC1 Ic - MPa
(a) {b)

Fig. 5- Effect of concrete strength on the heam depth.
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It is previously shown that, the parameter X is slightly affected by the change of steel yield
strength and it normally lies in the vicinity of 1.11 regardless of the yield strength. Thus,
for a given reinforcement level, the refative beam depth (4,/4;) is almost independent on
the steel yield strength but is dependent on the relative concrete strength (f5/f¢ ). Fig. (52)
shows the relationship between the refative beam depth and the relative concrete strength.
It can be noted that, when concrete strength is doubled, the beam depth is reduced by
about 22%. The beam depth reaches half the initial depth when the concrete strength is
fivefold. Tt is worth noting that, the design for a given reinforcement level results in the
same steel strain whatever the concrete strength is (see equation 9 and Fig 2).

Suppose we have a beam subjected to a factored bending moment of 3000 kN.m (= 300 t.m),
the beam breadth is 300 mm, the yield strength of steel is 360 MPa. In the first design
method, a constant area of steel of 8000 mm?2 is adopted regardless of the reinforcement
level. The concrete strength changes from 20 to 80 MPa. The solution for fz = 20 MPa
gives a depth of 1440 mm and /lmax equals 0.98. For fi = 80 MPa, the depth becomes
1228 mm (15% reduction), while H/Hmax reaches 0.38. However, steel strain changes from
35t014  (i.e., the crack width is almost fourfold).

The foregoing example is recalculated considering a constant reinforcement fevel in both
cases (e.g., H|/Hmaxl = Hy/Hmax2 = (.75). For concrete strength of 20 MPa. the required
depth is 1604 mm and the area of steel equals 6788 mm?2. When the concrete strength
increases to 80 MPa., the beam depth becomes 898 mm (i.c.. 56% of the initial depth),
while steel area increases to 11635 mm? (i.e., 71% increase). For both cases, the strain is
equal to 3.4 . This example (Fig. 5b) indicated that, the effect of concrete strength on
the beam depth is greatly dependent on whether the design is based on a given area of steel
or a given reinforcement level (K = c Kmax). If a beam depth is calculated for a given area
of steel, then the effect of concrete strength on the beam depth is not considerable.
Whereas, if the beam depth is calculated for a given reinforcement level, (i.e., H/lmax =
constant), a considerable reduction of the depth is attained.

5.3 Beam Breadth

When the concrete strength changes from fi; to fz7 inabeam with a given depth (d) and
subject to a given factored moment (¢Mﬂ=0.9 Mﬂ), the beam breadth changes from b/ to
b2. The ratio (b2/ b} can be calculated by a manner similar to that in section 5.2:

b—-’:[ﬂ}[ﬁz] e (7)
b, Hs fd/ L7 foo -1t f_\-
where H) and i are the reinforcement ratios in case of concrele strength f;; and fcg.

respectively. after substituting for Hy and 15 in equation (17). the relative beam breadth
(b2/b ;) can be derived as:

2
6" = ‘—:"_'— (18)
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where & is the relative beam breadth = b/b;
A and fr are defined in equation {13).

Equation (18) indicates that, the relative beam breadth i1s reversely proportional to the
relative concrete strength. Thus, the effect of concrete strength is more pronounced on
beam breadth compared to beam depth (Equation 16). For instance, when concrete strength
is doubled, the breadth of a beam reaches 62% of its initial breadth as shown in Fig. (6a).
Whereas, when concrete strength increases four times, the relative beam breadth (b2/6})
becomes only 31%. As a practical example, suppose we have a beam subjectedtoa
factored bending moment of 3000 kN.m (=300 t.m), the beam depth is 1300 mm, and the
yield strength is 360 MPa. The beam is calculated at a given reinforcement level
{H/Rmax=0.75) regardless of the used steel area. In this condition, a beam breadth of about
54, and 31% can be obtained when concrete with strength of 40 and 80 MPa is used in
lieu of 20 MPa. Inaddition, the used steel area is less with 2to 4% but an equal strain
is achieved in all cases (€5=5.5%). Fig. (6b) presents another condition of calculation for
the same beam. A given steel area of 8000 mm? is assumed regardless of the
reinforcement level. Thus, for 20 MPa-concrete, a breadth of about 630 mm is required
{H/Hmax=0.55, £5=8.6%e). If a concrete with strength of 40 MPa is used, a 300 mm breadth
is sufficient (H/Hmax=0.61, £5=7.5%0). This means that 50% of concrete mass can be saved
if we use concrete with strength of 40 MPa instead of 20 MPa. When 80 MPa-concrete 1s
used a breadth of 150 mm only is sufficient and a saving of 75% of concrete quantity 1s
achieved (H/Hmax=0.72, €5=5.9%o). This may give a decisive answer to the question: How
efficient 1s HSC in beams? -

1.0
[ forg 30 Wre 100 M=300 f.m., d=1300 mm, fy =360 MPg
oa| L2233 W sor
80
by, PR
b 0.6 £ =
| £ ot B/ Phnax =0.75
g o | Ay decreazes from
E + 8640 lo 8230 mm?
0-4 F 40 3
@
30 [ A,=8000 mm?
0.2 20 .‘[L/‘[Lm“=0.5 le 0.8
10
0.0 o A S
20 30 40 50 80 70 80 90 100
fc » MPa
(a) {b)

Fig. 6 Effect of cencrete strenath on the beam breadth.




Mansoura Engineering Journal, (MET), Vol. 24, No. 2, June 1999. C. 43
5.4 Breadth - Depth Interaction

It may be argued that, if the advantage of using HSC is taken entirely as a full reduction in
the beam depth, inadequate stiffness that may adversely affect the serviceability ofa
structure may result in. In such a respect, it could be possible to make the full reduction in
the beam breadth or to make a partial reduction in both depth and breadth. When the
concrete strength of a beam changes from f¢ to f¢2, the dimensians of the cross section
change from b; and &; to b7 and d2. However, the values of 2'and &2 can be similarly
calculated by a manner like that in the previous sections and the following equation can
easily be concluded:

[bdz]r - ;—Zr (19)

where [bdz]r is the relative cross section dimension = (&2 dgz)/ (b d;z)
A and f” are as defined in equation (13).

However, the comparison between equation {16) and equation (18) shows that when the
concrete strength increases, the beam breadth is affected by a rate equals the square value
by which the beam depth is affected. Fig 7 shows the solution of equation (19) for
different values of beam depth and beam breadth. This allows several possibilities for the
solution of a beam at a given reinforcement level. For example, when the concrete strength
increases three times, it becomes possible to choose the same breadth and a depth with
about 64% of its initial value. Otherwise, both the depth and the breadth can be reduced to
about 91 and 50% of their initial values, respectively.

1.0

0.5 'fC1 £ 30 MPa
fea>s

L o i L -l

0.4
2.0 2.5 3.0 3.5 4.0 4.5 5.0

fcz / fm

Fig. 7 Effect of concrete strength on both beam depth and breadth.
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The interaction between the depth and the breadth permits the calculation of the relative
cross-section area of a bearn (A/A|). The ratio Ay/A| equals the relative concrete volume
(Vo/V]) and hence represents the relative concrete mass (Wo/W)). Fig.3 shows the
relationship between the relative concrete strength and the relative area of the beam cross-
section. It can be noted that, the reduction of the area is optimized when the benefit of
HSC is taken entirely as a full reduction in the beam breadih. For instance, at f¢ 2/ equals
three, the cross-section area of the beam reaches to about 40% of its initial value when the
breadth 1s reduced to 40% but the depth does not change. Whereas, the area becomes about
64% of itsimtial value when the breadth does not change but the depth 1s reduced 10 64%
of the initial depth (fe2/fc/=3). Accordingly, the designer should compromise to meet the
requirements of the serviceability as well as the strength.

c.8

0.7

0.6
Az

Act 4 o

0.4

0.3F T, <30 MPa
fea255 MPo

0.2 L 1 " L L 1
2.0 2.5 3.0 3.5 4.0 4.5 5.0

fcz /fm

Fig. 8 Effect of concrete strength on the area of the beam cross section.
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6. CONCLUSIONS

Within the scope of this study, the following conclusions are drawn:

1- When HSC is used in beams, the reinforcement ratio (H) increases to insure the same
level of reinforcement (L/Hmax=constant) and to avoid excessive steel strain and wider
crack width. Thus, the [oad carrying capacity of the beam increases significantly. On
average, the foad carrying capacity of abeam is doubled when the concrete strength
increases 2.5 times.

2- The use of HSC in a beam with a given reinforcement level is beneficial, it allows
smaller cross sections, and provides significant reduction and saving in concrete mass.
For example, the concrete mass of a beam can be reduced to about 40% of its initial
mass when the concrete strength increases three times.

3- The interaction between beam depth and beam breadth 15 presented in a graphical form
Several sofution possibilities are available to allow the user to meet the requirements of
strength and serviceability. It could be possible to make a full reduction in either beam
depth or breadth or to make a partial reduction in both of them. For example, when the
concrete strength changes from 20 to 60 MPa, about 59% reduction in the beam
breadth or 36% reduction in the beam depth can be achieved. Another sclution
possibility 15 obtained by making the reduction as20% in the depth and 35% in the
breadth.

4- The use of concrete with higher strength in.a beam without changing the area of steel in

the cross section results in a relatively small reduction of the beam depth but it results - -

in a considerable reduction in the beam breadth.
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