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INTRODUCTION
Even though high-strength reinforced 
concrete may be the most cost-effective 
solution for many structures, most design 
codes historically did not cover the design 
of concrete with strengths in excess of 
about 60 MPa. The South African code of 
practice, SANS 0100-1 (2000), limits the 
characteristic cube compressive strength 
to 60 MPa, while Eurocode 2 (EN 1992-
1-1 (2004)) can be used for the design of 
reinforced concrete elements with charac-
teristic cube compressive strengths up to 
105 MPa. Using concrete with strengths in 
excess of 60 MPa in flexural elements will 
require less concrete in the compression 
zone of beams, which could lead to a sig-
nificant reduction in own weight of struc-
tures as a result of minimised structural 
element sizes. However, before adopting the 
European code of practice for the design of 
high-strength concrete elements, it is neces-
sary to ensure that the code design assump-
tions for the stress block parameters are 
applicable to local conditions and materials.

In this study, the influence of concrete 
compressive strength and specimen size 
on the flexural compression capacity of 
concrete was assessed. In total, 27 concrete 
specimens were tested in flexure, with 
specific reference to analysis of the com-
pression stresses (produced by applying 
two sets of loads in a configuration aimed 
at controlling the strain distribution), the 
stress block parameters derived, and the 
influence of specimen size on the stress 
block parameters evaluated. Along with the 
size effect in flexural tests, with specific 
reference to an analysis of the compressive 
stresses, the size effect for cubes and cylin-
ders was also evaluated, and the size effect 
for cylinders used to eliminate the size 
effect of the stress block parameters.

Finally, the difference between the 
measured moment-axial force (M-N) 
interaction diagram and the M-N interac-
tion diagrams obtained using the BS 8110-1 
(1997), SANS 0100-1 (2000), ACI-318 (2014) 
and EN 1992-1-1 (2004) code recommenda-
tions was compared.
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This paper describes the influence of concrete compressive strength and specimen size 
on the fundamental characteristics of the flexural compressive stress-strain distribution. 
The main variables were specimen size and cylinder compressive strength. A total of 27 
concrete specimens were subjected to flexural tests, with specific reference to analysis of the 
compression stresses, produced by varying two independent loads in a configuration aimed at 
controlling the strain distribution. These loads generated a condition of zero strain on the one 
face of the specimen, and a condition of maximum flexural compression strain on the opposite 
face. From the strain distribution, the stress-strain curves and stress block parameters were 
determined, and the influence of specimen size on the stress block parameters described using 
the Modified Size Effect Law (MSLE). Using a modified form of the moment-axial force (M-N) 
interaction diagram the BS 8110-1 (1997), SANS 0100-1 (2000), ACI-318 (2014) and EN 1992-1-1 
(2004) codes of practice were compared for the design of reinforced concrete beams containing 
South African materials.
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BACkgROUND
A beam or a pure flexural member may be 
defined as an element that transfers loads, 
applied normally to its longitudinal axis, 
to support points (Mahachi 2013). When 
a reinforced concrete beam is loaded to 
failure, the ultimate limit state (ULS) is 
initiated when the strain at the extreme 
compression fibre reaches a maximum. 
The analysis and design of reinforced con-
crete beams are normally performed at the 
ULS, and require four basic assumptions 
(Hognestad et al 1955):

 ■ Plane sections before bending remain 
plane after bending. This assumption 
implies that the longitudinal strain (at 
various points in the cross section) is 
proportional to the distance from the 
neutral axis.

 ■ The stress-strain curve for the steel is 
known, and the strain in the steel and 
concrete at the same depth of the cross-
section is assumed to be equal.

 ■ The tensile strength of the concrete 
below the neutral axis may be neglected, 
as both the force and the lever arm are 
small.

 ■ The stress-strain curve of concrete 
(defining the magnitude and distribu-
tion of the compressive stress) is known, 
and is a function of the strain only.

At ULS the nonlinear stress-strain distri-
bution in the concrete compression zone 
may mathematically be defined with three 
parameters k1, k2 and k3, and replaced with 
the equivalent rectangular stress block 
defined by two parameters α1 (k1k3/2k2) 
and β1 (2k2), as shown in Figure 1 
(Hognestad et al 1955).

The ratio between the average and 
maximum flexural compressive strength 
is defined as k1, the ratio between the 
depth of the resultant compressive force 
and the depth of the neutral axis is 
defined as k2, and k3 is defined as the 
ratio between the maximum stress in 
flexural compression and the uniaxial 
cylinder compressive strength. The height 
of the rectangular stress block is α1, while 
β1 is the base width of the rectangular 
stress block.

It is difficult to measure the stress 
in the compression zone of a reinforced 
concrete flexural member through direct 
experimentation. The ground-breaking 
work published by Hognestad et al (1955) 
proposed the use of a 203 × 152 mm 
“C-shaped” specimen to simulate the strain 
distribution in the compression zone of 
a reinforced concrete flexural or flexural 

compression member. These strains, when 
combined with the loads and numeri-
cal differentiation, make it possible to 
determine the stress-strain behaviour of 
concrete in flexure, with specific reference 
to an analysis of the compressive stresses. 
Numerical integration of this stress-strain 
behaviour, combined with the uniaxial 
compressive strength of a 152 ×  305 mm 
cylinder, enabled the stress block 
 parameters to be calculated.

Subsequent investigations done by 
Nedderman (1973), Kaar et al (1978a), Kaar 
et al (1978b), Swartz et al (1985), Pastor 
(1986) and Ibrahim (1994) all utilised the 
“C-shaped” specimen. Researchers such as 
Soliman and Yu (1967), Sargin et al (1971), 
Schade (1992), Tan and Nguyen (2005), 
Mertol et al (2008), and Khadiranaikar 
and Awati (2012) used detachable steel 
lever arms to apply the secondary load to 
concrete column sections. This type of 
experimental procedure is more practical 
and efficient, reducing reinforcing and 
concrete costs.

Utilising their own and previous test 
results, researchers such as Mattock 
et al (1961) expressed the stress block 
 parameters as linear step functions depend-
ent on the cylinder compressive strength. 
However, the influence of specimen size 
was not considered in their formulation. 
The size effect in flexure, with specific 
reference to an analysis of the compressive 
stresses, is important, as an over-reinforced 
concrete beam will have its flexural 
strength directly related to the concrete 
strength, while the flexural strength of an 
under-reinforced beam will be dictated by 
the amount of tensile reinforcing. Thus, 

for an over-reinforced beam the size effect 
for compressive strength is directly related 
to the flexural compressive strength in the 
compressive region of the beam. For an 
under-reinforced member, the increased 
flexural compressive strength results in 
a longer lever arm, and thus an increased 
moment capacity.

Concrete is a quasi-brittle material that 
fails through the formation and propaga-
tion of cracks induced by external loads. 
The formation and propagation of cracks 
release strain energy, and thus the size of 
the specimen (D) will have an influence on 
the nominal strength (σn). Bazant (1984) 
derived the Size Effect Law (SEL) for 
concrete members subjected to uniaxial 
tensile stress ( ft́ ) by considering the energy 
balance at the instant of crack propagation. 
The SEL, indicated in Equation 1, assumes 
that the energy released is proportional 
to ndaa, with n a constant, a the crack 
length and da the maximum aggregate 
size. λ0 = na = 2 is normally assumed, 
and the parameter β is determined from 
regression analysis.

σn = βft́

1 + D
λ0da

 (1)

Kim and Eo (1990) proposed the Modified 
Size Effect Law (MSEL) shown in 
Equation 2, where it is assumed that a 
certain component of strength (aft́ ) is 
independent of specimen size.

σn = βft́

1 + D
λ0da

 + αft́  (2)

b

d

β1c/2

α1 fćεcu k3 fć

k2c
β1cc

As

Figure 1  Strain, three-parameter and two-parameter equivalent rectangular stress block 
(Hognestad et al 1955)

C = k1 k3 fć bc C = α1 β1 fć bc
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Even though Equations 1 and 2 were 
derived for cracks opening parallel to the 
applied load, the compression failure of 
members is also related to the formation 
and propagation of cracks, but perpendicu-
lar to the applied load. The SEL and MSEL 
can thus be used to describe the specimen 
size effect in compression (Bazant 1999).

Kim et al (2000) attempted to quan-
tify the influence of specimen size on 
flexural compressive behaviour and the 
ultimate compressive strain utilising the 
same “C-shaped” specimen proposed by 
Hognestad et al (1955). The main test 
variable was the specimen size ratio (1:2:4), 
with the length and depth of the specimens 
proportionally changed, but the width of 
the specimen kept constant. A total of 
twenty-one 52.0 MPa “C-shaped” speci-
mens were tested, and it was concluded 
that the size effect is more pronounced 
in flexure, with specific reference to an 
analysis of the compressive stresses, than 
in uniaxial compression.

Although Kim et al (2000) investigated 
the specimen size effect, neither the inter-
action between the specimen size effect 
and compressive strength, nor the effect 
on the individual stress block parameters 
was considered, providing the basis for this 
investigation.

EXPERIMENTAL PROgRAMME
This experimental programme aimed to 
quantify the effect of compressive strength 
and specimen size on the stress block 
parameters of concrete containing South 
African materials. The mix designs and 
elements cast for each mix are presented 
in Tables 1 and 2 respectively. As high-
strength concrete elements normally have 
reduced cross-sectional areas, the effect of 
specimen size was taken into account by 
casting small elements with dimensions 
comparable to the compression block depth 
of high-strength concrete beams. Crushed 
dolomitic aggregate with a maximum size 
of 4.75 mm, and CEM I 52.5 N cement 
were used as the sole aggregate and binder.

After casting and demoulding, the 
cubes, cylinders and flexural compression 
members were water-cured, during which 
time surface-grinding of the cylinders 
and the compression face of the flexural 
compression members was carried out. 
After 28 days, the specimens were placed 
in an oven at 50°C for two days (to remove 
any moisture), and subsequently stored in a 
room with a constant temperature.

The cubes were crushed in uniaxial 
compression, and the uniaxial stress-strain 
relationship of the cylinders was monitored 
using suitably sized compressometers. 
The 150 mm cylinder compressometer 
measured both longitudinal and transverse 
deformation, making it possible to compute 
Poisson’s ratio.

To prevent premature localised failure, 
both ends of the flexural compression 
members were heavily reinforced. The rein-
forcing configuration in the end regions of 
each of the concrete sections is illustrated 
in Figure 2. The longitudinal reinforcing 
for the 1:1, 1:2 and 1:4 scale specimens 
consisted of three Y12, two Y8 and two Y5 

Table 1 Mix proportions

 
Mix 1

(40 MPa)
Mix 2

(65 MPa)
Mix 3

(80 MPa)

PPC CEM 52.5 N (kg/m3) 269 400 536

Total water (kg/m3) 222 227 231

Dolomite sand (kg/m3) 1 980 1 848 1 711

Total mix weight (kg/m3) 2 471 2 475 2 478

Water/cement 0.8 0.57 0.43

Table 2 Mix quantities

Designation Dimensions Quantity

Cubes

50 × 50 × 50 mm 12

100 × 100 × 100 mm 12

150 × 150 × 150 mm 12

200 × 200 × 200 mm 5

Cylinders

50 × 100 mm 12

100 × 200 mm 12

150 × 300 mm 12

200 × 400 mm 5

Flexural compressive members

50 × 50 × 300 mm 3

100 × 100 × 500 mm 3

200 × 200 × 1 000 mm 3

28
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m
m

30
0 

m
m

200 mm 150 mm

100 mm 70 mm

Side viewFront view

Side viewFront view

Side viewFront view
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Scale 1:4

Scale 1:2
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Figure 2 Configuration of longitudinal and shear reinforcing in flexural compression members
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bars respectively. The transverse reinforc-
ing, used in the 1:1 and 1:2 scale specimens 
consisted of three Y10 and three Y6 bars, 
with 2 mm steel wire used to enclosed the 
1:4 scale specimen cages.

After being removed from the oven, the 
central unreinforced region of the flexural 
compression members was instrumented 
with 30 mm long BK 2/120 strain gauges. 
Six strain gauges were attached to the 1:2 
and 1:4 scale flexural compressive speci-
mens, and nine to the 1:1 scale specimens. 
For all specimen scales, three of these 
strain gauges were located on the flexural 
compressive surface, two monitoring the 
longitudinal compressive strain and the 
remaining, the transverse tensile strain.

Figure 3 shows the experimental 
setup for the 1:1, 1:2 and 1:4 scale 
specimens respectively. The 1:1 scale 
lever arms consisted of two 600 mm long 
PC 200 × 75 channel sections, connected 
via their top and bottom flanges with two 
180 × 10 × 600 mm steel plates. The assem-
bly was welded to a 400 × 260 × 25 mm 
end plate, strengthened with four 10 mm 
stiffeners, and connected to a 25 mm back 
plate (reinforced with two PC 200 × 75 
channel sections) through six Gr 8.8 M33 
threaded rods.

The 1:2 scale lever arms consisted of 
two 400 mm long C 100 × 50 channel 
sections connected via their top and bot-
tom flanges with two 90 × 5 × 400 mm 
steel plates. The assembly was welded to a 
250 × 130 × 20 mm end plate, strengthened 
with two 10 mm stiffeners and connected 
to a 20 mm end plate (reinforced with two 
C 100 × 50 channel sections) with four 
Gr 8.8 M20 threaded rods.

The 1:4 scale lever arms consisted 
of a 255 mm long, 50 × 50 × 4.5 mm 
square tube section, welded to a 

150 × 85 × 16 mm end plate, and connected 
via four Gr 8.8 M16 threaded rods to a 
150 mm × 85 mm × 16 mm back plate.

The primary axial load (P1) was applied 
to the 1:1 and 1:2 scale specimens with a 
3 000 kN Amsler compression machine, 
while a 250 kN MTS 810 compression 
machine was used for the 1:4 scale 
specimens. For the 1:1 scale specimens, a 
100 ton Simplex hydraulic jack was used to 
apply the secondary load (P2), and a 10 ton 
Euro press pack hydraulic jack was used 
for the 1:2 and 1:4 scale specimens. For all 
specimens, P1 was applied at a constant 
rate of 2 MPa/min, and P2 was constantly 
adjusted to maintain a condition of zero 
strain on the back exterior face of the 
specimen, while the opposing face was sub-
jected to a monolithically increasing com-
pressive stain. Three 50 mm linear variable 
displacement transducers (LVDTs) were 
placed at the top, bottom and mid-section 

of the specimen to monitor the deflected 
shape, thus enabling the incorporation of 
second-order moments.

DIsCUssION AND 
ANALysIs Of REsULTs

Cubes and cylinders
A summary of the cube and cylinder 
compressive data can be seen in Table 3. 
By assuming λ0 = 2, da = 0.475 cm, 
λ0da = 0.95 cm and standardising the 
compressive strength for each specimen 
size with respect to the average 150 mm 
cylinder strength ( fc’) of that particular 
mix, the remaining MSEL regression coef-
ficients could be calculated. Table 4 shows 
a numerical presentation of the MSEL 
coefficients with a visual presentation of 
the cube and cylinder size effect provided 
in Figures 4 and 5 respectively.

Scale 1:1 Scale 1:2 Scale 1:4(c)(b)(a)

Figure 3 Test setup for (a) 1:1, (b) 1:2 and (c) 1:4 scale specimens

Table 3 Cube and cylinder (h/d = 2) compressive strength summary

Dimension (mm) 
cube and cylinder

Parameter
Cube (MPa) Cylinder (MPa)

Mix 1 Mix 2 Mix 3 Mix 1 Mix 2 Mix 3

50

Min 43.3 75.3 86.8 31.4 48.2 65.8

Mean 47.3 79.2 96.7 32.6 54.6 68.7

Max 49.2 89.3 101.3 34.4 58.8 71.7

100

Min 41.3 69.9 81.5 38.1 64 76.3

Mean 44.8 74.6 86.8 41.9 68.1 80.2

Max 49.5 79.9 92.4 43.3 71.7 85.7

150

Min 37.6 65 76.7 38 60.1 70.8

Mean 40.8 69.7 80.6 40.1 64.1 76.4

Max 43.6 73.3 89.9 42.9 67.4 83.7

200

Min 36.1 59.4 72.5 32.1 56 63.1

Mean 37.4 61.2 72.3 36.9 60.2 67.3

Max 41 64.5 78.5 40.6 67.2 71.6
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The values presented in Table 4 indicate 
that the size-independent-component-
coefficient (α) for cubes appears to be 
independent of compressive strength, but 
for cylinders reduces with an increase in 
compressive strength. However, β becomes 
more prominent with an increase in 
compressive strength for both cubes and 
cylinders.

flexural compression specimens
The typical longitudinal strain gauge 
measurements, shown in Figure 6 indicate 
that there is a slight deviation in the strain 
gauge readings. However, these deviations 
are not significant. Thus, the strain gauge 
measurements provide confirmation of the 
assumption that planar sections remain 
plane during bending. It can therefore be 
assumed that all fibres in the cross-section 
follow the same stress-strain curve, and 
the strain at the extreme compression 
fibre may be used to describe the complete 
stress-strain curve.

By combining the longitudinal and 
transverse extreme fibre compressive 
strains, estimates of Poisson’s ratio in flex-
ure, with specific reference to an analysis 
of the compressive stresses, was made. 
Published results for Poisson’s ratio, as well 
as the Poisson ratios obtained in this study, 
can be seen in Figure 7. Figure 7 indicates 
that the average Poisson’s ratio is 0.2, and 
that the 150 mm cylinder Poisson’s ratio 
was independent of concrete strength, 
with an average value of 0.23. The flexural 
compression members, on the other hand, 
showed an increase in Poisson’s ratio, 
with an increase in compressive strength. 
However, Figure 7 also illustrates the large 
range of Poisson’s ratio values for different 
concrete strengths. Although most design-
ers use a value ranging from 0.15 to 0.2 (0.2 
being the most common), it can be as high 
as 0.28. Since a high Poisson’s ratio can have 
a profound effect on the stress distribution 
in structures and structural elements, the 
possible consequence of a higher Poisson’s 
ratio value should be taken into account.

Using the free-body diagram indicated 
in Figure 8, the procedure proposed by 
Hognestad et al (1955) was used to calcu-
late the concrete stress (σc) as a function of 
the extreme fibre longitudinal compressive 
strain (εc), and the applied stresses ( fo 
and mo) as indicated in Equations 3 and 
4. Stresses fo and mo  are determined from 
the applied external loads (P1 and P2), the 
eccentricity of these loads (a1 and a2), the 
section width (b), and section depth (c).
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Figure 4 Size effect for cubes
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Figure 5 Size effect for cylinders

Figure 6 Strain distribution through depth of flexural compression specimens
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Table 4 MSEL coefficients for cubes and cylinders

Mix 1
(40 MPa)

Mix 2
(65 MPa)

Mix 3
(80 MPa)

Average

Cube
β 1.17 1.41 1.41 1.33

α 0.72 0.71 0.71 0.72

Cylinder
β 0.81 1.21 1.42 1.15

α 0.78 0.7 0.62 0.7
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C = P1 + P2 = fobc = 
bc

εc
∫

0

εc
σc(εx)dεx (3)

M = P1a1 + P2a2 = mobc2 

 = 
bc2

εc
2 ∫0

εc
σc(εx)εxdεx (4)

With:

fo = 
P1 + P2

bc
 (5)

mo = 
P1a1 + P2a2

bc2
 (6)

Equations 7 and 8 are obtained by dif-
ferentiating and rearranging the last terms 
of Equations 3 and 4 with respect to εc. 
Using small enough increments, the dif-
ferentials of dfo/dεc and dmo/dεc may be 
approximated by ∆fo/∆εc and ∆mo/∆εc, and 
Equations 7 and 8 can be used to generate 
two similar stress-strain curves. The aver-
age of the two relationships was used to 
represent the flexural stress-strain relation-
ship, with specific reference to the analysis 
of compression stresses (Hognestad 
et al 1955). See Figure 9.

σc1 = 
dfo
dεc

 εc + fo (7)

σc2 = 
dmo

dεc
 εc + 2mo (8)

With the stress-strain relationships in flex-
ure, with specific reference to an analysis 
of the compressive stresses defined, the 
generalised stress block parameters and 
ultimate strains were calculated. For each 
specimen size, the stress block  parameters 
were calculated using the 150 mm 
 cylinder strength, as well as the cylinder 
strength of samples with cross-section 
dimensions similar to that of the scaled 
flexural samples.

From Figures 10 and 11 it can be seen 
that the stress block parameters k1 and k2 
(and thus β1) are independent of specimen 
size. As in the case of the cubes and cylin-
ders, the influence of size on the remaining 
stress block parameters was established by 
assuming λ0da = 0.95. Figure 12 shows the 
size effect for k1k3 if the 150 mm cylinder 
strength is used for calculation.

As the 200 mm (20 cm) specimen is 
the standard specimen size used to obtain 
the stress block parameters, the stress 
block parameters for other specimen 
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C
M

Side view Front view

b

Figure 8 Free-body diagram of scale 1:1 eccentric bracket specimen

Figure 9 Typical flexural compression stress strain relationships
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sizes are standardised with respect to 
the average 20 cm specimen stress block 
parameter. The direct influence of the 
cylinder strength on the calculation of 
k3, k1k3 and α1 (k1k3/2k2), as well as the 
known size effect associated with the 
ultimate compressive strain (εcu), produces 
the size effect coefficients illustrated in 
Table 5. The average of these relationships 
was used to describe the size effect for 
the stress block parameters, as shown in 
Equations 9 to 12.

k3 = 
0.75k3(20cm)

1 + c
0.95

 + 0.85k3(20cm) (9)

k1k3 = 
0.80k1k3(20cm)

1 + c
0.95

 + 0.84k1k3(20cm)  (10)

α1 = 
0.77α1(20cm)

1 + c
0.95

 + 0.84α1(20cm) (11)

εcu = 
0.34εcu(20cm)

1 + c
0.95

 + 0.92εcu(20cm)  (12)

Graphs for k1k3(15cm)/k1k3ave(20cm) calcu-
lated using the 150 mm cylinder strength, 
and k1k3(ass.)/k1k3ave(20cm) calculated using 
the associated cylinder strength (for the 
50 mm and 100 mm specimens) are shown 
in Figures 13 and 14 respectively. Figure 13 
illustrates the specimen size effect associ-
ated with k1k3, while Figure 14 illustrates 
that the size effect for k1k3 (and thus k3 
and α1) may be eliminated if the associated 
cylinder strength is used in the calcula-
tion of the 50 mm and 100 mm stress 
block parameters.

As the size effect in the 50 mm and 
100 mm flexural compression specimens 

Table 5  MSEL coefficients for relevant stress 
block parameters

Mix 1 Mix 2 Mix 3

k3

β 1.11 0.49 0.65

α 0.79 0.88 0.88

k1k3

β 0.94 0.81 0.66

α 0.82 0.83 0.87

α1

β 1.07 0.63 0.61

α 0.79 0.86 0.88

εcu

β 0.30 0.31 0.41

α 0.94 0.94 0.89

Figure 13 Effect of specimen size on k1k3(15cm)/k1k3ave(20cm)
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Figure 12 Effect of 150 mm cylinder compressive strength on k1k3
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can be eliminated by using the associated 
cylinder strength, the same stress block 
parameter models proposed for the con-
ventional sized specimens can be used for 
the design of the flexural members with 
reduced cross-sectional areas. If this is the 
case, the increase in compressive strength 
(owing to a reduction in specimen size) 
may be taken into consideration using the 
size effect for cylinders in uniaxial com-
pression. Furthermore, if the 50 mm and 
100 mm flexural compression specimens 
are used in conjunction with the associ-
ated cylinder strength, a much easier and 
more cost-effective investigation into 
the conventional stress block parameters 
can be made. The reduction in flexural-
compression-test-specimen size has the 
benefit of not only improving the handling 
ability, but also paves a way for further 
investigations into the flexural behaviour, 
with specific reference to an analysis of 
the compressive stresses, of high-strength 
concrete, a study field previously limited 
due to compression testing machine 
capacity limitations.

Comparison of design codes
The BS 8110-1 (1997), SANS 0100-1 (2000), 
ACI-318 (2014) and EN 1992-1-1 (2004) 
design codes were compared both from a 
global perspective and with respect to their 
ability to predict the flexural behaviour 
of concrete containing South African 
materials. The basis for this comparison 
is a moment-axial force (M-N) interaction 
diagram that has been normalised with 
respect to the section dimensions and the 
compressive strength.

Each of the experimental points can 
be presented by a coordinate pair (mt , nt) 

on the normalised M-N interaction dia-
gram. These coordinates are obtained by 
substituting the k1k3 and k2 values of the 
experimental points into Equations 13 and 
14 (derived from the equilibrium of forces 
and moments). For the experimental values 
ζ = ζt = 1, as the depth of the neutral axis 
corresponds to the depth of the section. 
Each of these points can also be defined 
in a radial coordinate system, consisting 
of radial distance (Rt) and an angle (θt), 
calculated by using Equations 15 and 16 
(Ibrahim 1994) respectively.

m = M
bc2fć

 = ζk1k3(0.5 – ζk2) (13)

n = C
bcfć

 = ζ × k1k3 (14)

R = √n2 + m2 (15)

tan θ = 1
0.5 – ζk2

 (16)

To generate the normalised M-N interaction 
diagram using the code recommendations, 
the k1k3 (α1 × β1) and k2 (0.5 × β1) value 
obtained from the relevant recommenda-
tion is used in conjunction with a value 
of ζ = ζd = k2t/k2d in Equations 13 and 14. 
Note that ζ = ζd = k2t/k2d implies that the 
angle between the normalised moment axis 
and the line connecting the origin to the 
test point needs to be the same as the angle 
between the normalised moment axis and 
the line connecting the origin to the point 
generated using the design model. In a simi-
lar fashion, the point obtained by using the 
design recommendation can be presented by 
a radial distance (Rd) and angle (θd).

The experimental points were com-
pared to the points obtained by using the 
equations published in the design codes of 
practice, and the difference between the 
measured and predicted values used to 
determine δ (Equation 17) as a fraction of 
the measured values. If δ is larger than one, 
the design recommendations under-predict 
the strength. The δ values for the BS 8110-1 
(1997), SANS 0100-1 (2000), ACI-318 (2014) 
and EN 1992-1-1 (2004) design codes are 
shown in Figures 15 to 17. The average of 
these differences was calculated in 10 MPa 
increments, and the histogram shown in 
Figure 18 constructed.

δ = 
Rt – Rd

Rt
 × 100 (17)

Figures 15 and 18 show that the BS 8110-1 
(1997) and SANS 0100-1 (2000) codes do 

Figure 14 Effect of associated cylinder strength on k1k3(ass.)/k1k3ave(20cm)
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not provide a constant difference, and 
the prediction becomes less conservative 
with an increase in compressive strength. 
On average the BS 8110-1 (1997) and 
SANS 0100-1 (2000) codes underestimate 
the strength by 0.8%. For cylinder strengths 
in excess of 80 MPa, the BS 8110-1 (1997) 
and SANS 0100-1 (2000) codes overesti-
mate by as much as 6.5%. In total 48.6% of 
results were smaller than the code predic-
tion. On average the BS 8110-1 (1997) and 
SANS 0100-1 (2000) codes underestimate 
the study results by 5.2%, 4.0% and 9.0% for 
Mix 1, Mix 2, and Mix 3 respectively.

Figures 16 and 18 show that the ACI-318 
(2014) code does not provide a constant 
difference, becoming less conservative with 
an increase in compressive strength. On 
average, the ACI-318 (2014) code underes-
timates the experimental values by 1.8%. 
For cylinder strengths in excess of 80 MPa, 
the ACI-318 (2014) code overestimates by 
as much as 6.1%. In total, 48.6% of values 
are smaller than the code prediction. On 
average, the ACI-318 (2014) code under-
estimates the study results by 6.0%, 4.3% 
and 10.1% for Mix 1, Mix 2 and Mix 3 
respectively.

Figures 17 and 18 show that the 
EN 1992-1-1 (2004) code provides a rela-
tively constant difference for strengths 
less than the design limit of 90 Mpa, on 
average underestimating by 18.6%. In total 
10.1% of values are smaller than the code 
prediction. Compared to the study results, 
the EN 1992-1-1 (2004) code on average 
underestimates by 12.6%, 16.0%, and 27.1% 
for Mix 1, Mix 2, and Mix 3 respectively. 
If the same values for α1 and β1 assumed 
for fc’=90 MPa, i.e. α1=0.70 and β1=0.8, are 
assumed for strengths in excess of 90 MPa, 
the EN 1992-1-1 (2004) code calculations 
result in an ever increasing underestima-
tion of strength.

From Figure 18 it can be seen that the 
BS 8110-1 (1997), SANS 0100-1 (2000) and 
ACI-318 (2014) codes tend to be less con-
servative than the EN 1992-1-1 (2004) code 
for all concrete grades, particularly for con-
crete with strengths in excess of 80 MPa. 
All three design codes are calibrated to 
provide a suitable factor of safety against 
collapse, and the study results were mostly 
underestimated. It can thus be concluded 
that the BS 8110-1 (1997), SANS 0100-1 
(2000) and ACI-318 (2014) codes can be 
used for the safe design of flexural mem-
bers and flexural compression members up 
to 80 MPa, while the EN 1992-1-1 (2004) 
code can safely be used for the design 
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of flexural members with even higher 
strengths.

CONCLUsIONs AND 
RECOMMENDATIONs

Conclusions
The observations and conclusions sum-
marised in this section were based on both 
the analysis of the results obtained during 
this study and results obtained by other 
researchers.

 ■ The assumption that plane sections 
remain plane during bending holds true 
for concrete containing dolomitic aggre-
gate, irrespective of the compressive 
strengths or specimen sizes considered 
in this study.

 ■ The results confirm that a value of 
0.2 for the Poisson’s ratio is justifiable. 
However, a value of 0.28 is recommend-
ed owing to the large range of Poisson’s 
ratios. Additionally the Poisson’s ratio of 
150 mm cylinders tends to remain con-
stant at 0.23, while the Poisson’s ratio 
of the flexural compression specimens, 
increases with an increase in compres-
sive strength.

 ■ k1, k2, and β1 were all found to be inde-
pendent of the specimen size.

 ■ k3, k1k3, α1, and εcu all showed a clear 
specimen size effect when calculated 
using the 150 mm cylinder strength. 
The size effect for k3, k1k3, α1 are all 
dependent on the cylinder strength.

 ■ The size effect of non-standard (50 mm 
or 100 mm) flexural compression mem-
bers may be taken into account by using 
the associated cylinder strength. By 
testing cylinders with a diameter similar 
to the dimensions of the flexural com-
pression member (structural member), 
the size effect observed for k3, k1k3 and 
α 1 can be eliminated. This means that 
the stress block parameters obtained by 
testing 200 mm specimens may be used 
for all specimen sizes and the increased 
or decreased strength of the specimen 
taken into consideration by using the 
size effect for cylinders in uniaxial 
compression.

 ■ The difference between the experimen-
tal M-N interaction diagram and the 
M-N interaction diagram generated 
by using the BS 8110-1 (1997), SANS 
0100-1 (2000) and ACI-318 (2014) code 
recommendations is not constant, 
underestimating for concrete strengths 
less than 80 MPa, and overestimating 

for concrete strengths in excess of 
80 MPa.

 ■ The difference between the experi-
mental M-N interaction diagram and 
the M-N interaction diagram gener-
ated by using the EN 1992-1-1 (2004) 
code recommendations appears to be 
constant, underestimating the flexural 
strength for all concrete strengths. 
For strengths in excess of 90 MPa, the 
EN 1992-1-1 (2004) code produces an 
ever increasing underestimation of 
flexural strength.

 ■ As all four design codes are calibrated to 
provide a suitable factor of safety against 
collapse, and the study results were 
mostly underestimated, the BS 8110-1 
(1997), SANS 0100-1 (2000) and ACI-318 
(2014) codes can be used for the design 
of flexural members and flexural com-
pression members up to 80 MPa, while 
EN 1992-1-1 (2004) code is suitable for 
the safe design of flexural members with 
even higher strengths.

Recommendations
The results presented in this study were 
based on a limited number of test results 
obtained from concrete containing a single 
aggregate type. Further investigation is 
required into the influence of specimen size 
on the stress block parameters of concrete 
to confirm the trends observed in this study.

Based on the results obtained in 
this study, the 50 × 50 × 300 mm and 
100 × 100 × 500 mm flexural compression 
specimens can be used to determine the 
compression stress block parameters, pro-
vided that the associated cylinder strength 
is used in calculations. This paves the way 
for determining the stress block parameters 
of high-strength concrete, a study field 
previously limited by compression machine 
capacity limitations.

From a flexural and flexural compres-
sion design perspective, the introduction of 
the EN 1992-1-1 (2004) may be welcomed, 
and this code of practice can safely be 
used to design flexural compression ele-
ments with concrete strengths in excess of 
60 MPa.
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