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A series of uniaxial tension experiments has been conducted to investigate the size effect on strength
and fracture energy of concrete and sandstone. The experiments were carried on specimens of six
different sizes in a scale range of 1:32. Depending on the material and the curing conditions a stronger
or weaker size effect on the nominal strength occurred in the tests. The observed size effect was
attributed to a combination of statistical size effect and strain gradients in the cross section of the
specimens, which were caused by the specimen shape, load eccentricity and material inhomogeneity.
The fracture energy was, irrespective of the type of material, found to increase with size going towards

a horizontal asymptote for large sizes.
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1 Introduction

In the field of civil engineering, laboratory experiments are a frequently used tool to get insight in
the behaviour of structural details or the materials they are composed from. If the material under
investigation is concrete or rock, the structural sizes that have to be dealt with easily exceed the
maximum size that can still be tested in a laboratory. For this reason such experiments are often
scaled versions of reality. It is known that this scaling can induce a size dependence of the experi-
mental result, i.e. the result depends on the size of the specimen that was tested. A thorough
knowledge of this size effect is therefore needed to be able to translate the experimental numbers to
values that can be applied in engineering practice.

As a contribution to current and previous research dealing with size effect, a combined experimen-
tal and numerical investigation was started to study size effect in concrete and sandstone under
uniaxial tension. These uniaxial tensile loading conditions were chosen because they constitute the
most basic failure mechanism of quasi brittle materials, thereby offering the best possibility to study
a size effect of the material itself. Structural effects, which in addition to material effects will always
be present in the experimental result, are minimised while applying rotating boundary conditions.
The experiments were carried out under deformation control, so that a size effect on the nominal

strength as well as the fracture energy could be studied.
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In this paper the size effect on the nominal strength and fracture energy is discussed. Observations
from laboratory experiments are presented, with as main goal getting insight in the physical mecha-
nisms underlying the observed size effect. First an outline is given of the experimental set-up.
Thereafter, the results of uniaxial tension tests on concrete specimens are given, which comprised a
series of specimens cured in the laboratory (“DRY” series) as well as a series of specimens cured in
the climate room (“WET” series), followed by the results of the sandstone tests. At the end of the
paper it will be shown that the strength of part of the concrete tests followed classical Weibull
theory, whereas the presence of stress and/or strain gradients caused the remaining size effect on

strength.

Outline of experiments

Specimens and material properties

When studying material size effect it would be most natural to use specimens scaled in three dimen-
sions, or at least scaled in two dimensions but with a prismatic cross section. Besides theoretical
demands however, practical needs have to be considered as well, which resulted in the choice for
dog-bone shaped specimens as shown in Fig. 1 (Van Vliet, 2000). From the dog-bone shape a non-
uniform stress state develops within the specimens, similar to specimens in which notches are
applied. The tests are still referred to as uniaxial tension tests however, since failure of the speci-
mens takes place under mode I loading conditions. The effects of the non-uniform stress-state are

incorporated in the analysis of the experimental results.
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Fig. 1. Specimens with sizes in a scale range of 1:32 and specimen proportions.
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Circular bays reduce the cross section in the middle of the specimen with 40% compared to the
specimen ends so that glue problems can be avoided. The use of circular bays instead of notches is
thereby preferred for several reasons. These are smaller stress concentrations, a more straightfor-
ward way of scaling and easier reproducibility without introducing damage during manufacturing.
An even more important advantage of dog-bone shaped specimens is the fact that the area where
failure can occur is larger compared to notched specimens. Failure is therefore more likely to occur
at the weakest spot in the material, rather than being induced in a narrow zone with large stress
concentrations whose influence on the ultimate load can only be guessed. As for the global dimen-
sions of the specimens, the height to width ratio was fixed at 1.5 to ensure that in the middle of the

specimen boundary influences have averaged out.

Table 1. Concrete mix properties.

Unit content kg/m?

8-4* 4-2* 2-1* 1-0.5* 0.5-0.25*  0.25-0.125* PCB w/c

540 363 272 272 234 127 375 0.5

*aggregate size in mm, PCB: Portland Cement type B, w/c: water cement ratio

A concrete mixture was applied with an average cube compressive strength of 50 MPa and

. = 8 mm. The composition is shown in Table 1. Based on the maximum grain diameter of 8§ mm
the outer dimensions of the smallest specimen were taken 50 x 75 mm. Although the resulting
minimal width of 30 mm is rather close to the common rule that the smallest structural dimension
should be taken 3 to 5 times larger than the maximum aggregate size, it was decided that the results
had to show whether 30 mm is too small. The thickness of the specimens was set at a constant value
of 100 mm. Fig. 1 illustrates the test range of 1:32 that resulted from scaling the smallest specimen in
two directions, as well as the final specimen dimensions. Note that by keeping a constant thickness
the state of stress in the type A specimen tends to a plane-strain situation. In different words, a
shape effect is introduced, but it should be realised that this is the case in almost every experimental

study on size effects reported in literature. This effect remains, however, generally “un-detected”.

In addition to the concrete experiments a series of uniaxial tension tests was carried out on speci-
mens consisting of a completely different material. Based on good experiences in the past, red Felser
sandstone was chosen which was retrieved from a quarry in Germany, north of Kaiserslautern.
The sandstone is very homogeneous, although the mechanical behaviour is transversely isotropic
due to the clear presence of bedding layers in the material (Van Vliet, 1997). For this reason all
specimens were manufactured and loaded in the same direction, namely parallel to the bedding
layers. As for the composition, the sandstone consists of quartz grains with diameters between

0.2 and 0.6 mm that are embedded in a clay matrix. The unconfined compressive strength of the
airdried sandstone is 41 MPa in average, when applying the load parallel to the bedding layers.
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Experimental set-ups and control system

Numerous studies previously carried out (see e.g. Van Mier et al., 1995) showed that the outcome of
a uniaxial tension test will be strongly affected by boundary influences when keeping the specimen
ends parallel to each other during the test. When the specimen ends can rotate freely on the other
hand, these boundary influences are minimised yielding among others a lower bound for the

fracture energy.

Performing uniaxial tension tests with these so called rotating boundary conditions, was one of the
starting points of the experiments. In order to create rotating boundary conditions a special hinge
construction was developed to ensure free rotations of the specimen ends in two orthogonal direc-
tions. Moreover, the point of rotation is situated exactly in the glue layer between specimen and
loading platen (Van Vliet, 2000).

Conducting all tests in one single test set-up was not practically feasible. It was therefore decided to
carry out the tests in three different test frames, each with its own hinge construction (Van Vliet,
2000). When using different frames however, the risk was present for stiffness differences among
the frames influencing the experimental result. To take this into account, specimen type C was
tested in both the smallest and the middle-sized frame. By testing specimen type D in both the
middle-sized frame and the large frame, differences between these two frames could be eliminated
as well. Generally, these stiffness influences originating from testing specimens in two different
loading frames are neglected. The results of the verification tests revealed that test stability
decreases, and that structural effects affect the experimental result when the size of the specimens
becomes too small with respect to the size of the set-up. Yet, correction of the results of the main test
series based on these findings was not only found to be difficult, it would probably also lead too far
(Van Vliet, 2000).

Inherent to the specimen shape is the fact that the area where crack initiation can occur, scales with
the size of the specimen. In order to control the tests on the largest specimens as well, special care
has to be taken. A possibility would be to scale the measuring length of the control LVDT with the
specimen size. Hordijk (1991) however, clearly showed the increasing risk of snap-back behaviour
at peak load with an increase in the measuring length. Also from the tension tests carried out by
Ferro (1994) it can be concluded that the measuring length cannot be increased in an unlimited way.
To eliminate the risk of running into snap-back problems caused by a too large measuring length, a
small and constant measuring length was adopted in combination with a type of test control similar
to that proposed by Li et al. (1993). On both the front and the back side of the specimen linear
variable displacement transducers (LVDTs) with a measuring length of 75 mm were placed in line
above each other. A specially developed control device checked, continuously, up to sixteen LVDTs
to find the LVDT measuring the largest deformation. This LVDT was used to control the test. If at
some later instant another LVDT measured a larger deformation, test-control was switched auto-
matically to that LVDT. In preliminary tests preceding the final test series also other types of test-
control were studied, like taking the average signal of two or four LVDTs as control signal. It was
found, however, that controlling the test by means of the maximum deformation measured at a cer-

tain time and location, was the best guarantee for stable post-peak specimen behaviour (Van Vliet,
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2000). For the largest specimen the total number of sixteen LVDTs was divided in two groups of
eight, placed on the left front and the left rear side of the specimen. Therefore, it had to be ensured
that the crack actually initiated at the left side of the specimen. This was achieved by applying a
small load-eccentricity. The eccentricity, which was obtained by glueing the specimen eccentrically
to the loading platens, was scaled according to the specimen size. In this way the (theoretical) linear
elastic stress distribution in the middle of the specimen remains the same regardless of the size of
the specimen. This is also reflected by the expression for the maximum stress g, in the specimen
middle

Oax = F/A[1+6e/(0.6D)], e = D/50 [mm)]

where A is the cross-sectional area, 0.6D the width of the smallest cross section and e the eccentricity
of the external force F.

Specimen preparation

Concrete

All specimens were cast horizontally in three layers. After casting, each layer was compacted with a
vibration needle. Since only five specimens of different size could be cast at a time, several weeks
were needed for casting all specimens. Two days after casting the specimens were demoulded and
stored under laboratory conditions (20°C, 50% R.H.) until the time of testing. All specimens have
been tested at an age between 56 and 61 days, to ensure that the strength increase due to ongoing
hydration was negligible. Three to seven days before testing the loading platens were glued to the
specimen ends using a two-component epoxy resin. Finally, the measuring points were glued on
the specimen surface, which concluded the test preparations. During a test the load was transferred
to the specimen by bolts connecting the loading platens with the hinge construction.

The manufacturing procedure as described above applies to the concrete specimens of the so called
“DRY” series, referring to the curing conditions in the laboratory. These curing conditions resulted
from the practical problems connected to storage of the largest specimens in the climate room. In
order to check the effect of differential shrinkage of the specimens in relation to the specimen size, a
second series of experiments on concrete specimens was conducted. Contrary to the “DRY” series,
this “WET” series comprised specimens of types A, B, C and D which were cured in the climate
room under controlled conditions (20°C, 95% R.H.). Consequently, also the procedure for the
specimen preparation as described above differed for the specimens of the WET series. The day
prior to testing the specimens were taken out of the climate room, wrapped in a wet cloth and
covered with plastic. The ends of the specimen were left free to enable the glueing of the loading
platens. At the day of testing the plastic was cut away locally to allow for glueing the measuring
points. The remaining foil and wet cloth was removed directly before the start of the test.

Sandstone

In the quarry, the sandstone specimens were machined in their final shape, i.e. with the same geom-
etry as the concrete specimens. After arrival the specimens were stored in the laboratory to dry out.
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For the specimens of types A to C this drying period was 7 weeks, increasing to more than 13 weeks
for the largest specimens. The remaining preparation of the sandstone specimens was identical to

the procedure as described for the DRY concrete series.

Measurements

The size effect experiments that are found in the literature mainly focus on the peak load and failure
strength, rather than the complete post-peak behaviour and (differences in) crack mechanisms
between the various specimen sizes. Perhaps the only exception are the tests performed by Ferro
(1994), although the size range was limited there to 1:8. In the present study it was attempted to fill
this gap by closely monitoring the fracture behaviour of the concrete and sandstone during the test.

For this purpose a measurement scheme has been designed that was applied for all specimens.

LS """"""""""""
75 mm
240 mm 75 mm
e Ls 75 mm
(a) type B (b) type D

Fig. 2.  Placement of displacement transducers on specimen type B (a) and D (b). L, refers to constant

control measuring length; L, to scaled measuring length.

The scheme basically consisted of 2 types of measurements, namely those needed for test control
and additional measurements that would give insight in the process of crack propagation. As men-
tioned before, LVDTs with a constant measuring length of 75 mm were placed along the edges of a
specimen. These LVDTs were used to control the test. The number of control LVDTs varied with the
size of the specimen. As is shown in Fig. 2, one LVDT at each edge sufficed to perform a test on a
specimen type B (Fig. 2a) whereas three LVDTs were placed along each edge of a specimen type D
(Fig. 2b). Furthermore, in the area covered by the control LVDTs, additional LVDTs with the same
measuring length of 75 mm were placed over the specimen width. With these latter LVDTs the
propagation of the crack through the specimen could be followed. Apart from these measurements
with constant measuring length, also measurements with a measuring length scaled according to
the specimen size were carried out (denoted by L, in Fig. 2a,b). Hence the measurement covered the
same part of the specimen independent of its size, thus allowing for mutual comparison of the

measurements.
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Experimental results

Concrete tests (I): specimens stored in the laboratory (“DRY” series)

At least four successful (i.e. with a complete softening curve) tests were conducted for each specimen
size. All force-deformation curves are shown in Fig. 3a and b, where the deformation is the average
deformation of the scaled measurements Ls on the front and the back side of a specimen (Fig. 2).
The measured forces have been corrected for the dead weight of the upper loading platen and the
part of the specimen above the crack. The weight of the specimen part below the crack, the lower
loading platen and the lower hinge construction are incorporated in the measured force and can be
seen as a constant, uncontrollable part of the external load. The tests were conducted with a defor-
mation rate of 0.028 um/s and continued until the first control LVDT exceeded its measuring range,
which was at 500 um. Because of the large width of the E and F specimens however, this meant that
still a residual strength of approximately 15% of the ultimate load was present at the moment the
test was stopped.

force (kN) force (kN)
0 200

scaled measurements (Lg)' scaled measurements (L.g)

1501
100

50{ |

— 0 : —
300 0 100 200 300
deformation (um) deformation (um)
(a) (b)

Fig. 3. Overview of the force-deformation curves for specimens A, B, C (a) and D, E, F (b) (DRY series).

In Fig. 3b, the effect of using a constant, small control length L, (Fig. 2) can be seen. The softening
curves of the type F specimens, which show a clear snap-back behaviour, could not have been
retrieved if the scaled measuring length had been used to control the test. Because of the large elas-
tic deformations within L, the measured deformation decreases after peak load.
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Table 2. Mean values for the nominal strength and the fracture energy of the concrete tests of the

DRY series. Gy is based on the average scaled measurements.

oy [MPa] Gy [N/m]
type number mean (std.dev.) number mean (std.dev.)
A 10 2.54 (0.41) 9 97.0 (11.8)

B 4 2.97 (0.19) 4 125.7 (18.0)
C 7 2.75(0.21) 7 124.2 (13.6)
D 5 2.30 (0.09) 5 125.2 (13.7)
E 4 2.07 (0.12) 4 142.3 (10.3)
F 4 1.86 (0.16) 4 141.1 (10.2)

To assess the size effect on strength in the present tests, the nominal strength o, (= F, /0.6bD) has
been computed for each test. The results are shown in Fig. 4a and Table 2. Apart from a clear size
dependence of the nominal strength, a strong scatter is observed in the results of the type A speci-
mens, which covers almost the entire band width in which all the other test results (i.e. for larger
sizes) are lying. Apart from the large scatter it is found that the average nominal strength for the
type A specimens is lower than for the type B specimens (Table 2). Both observations indicate that
the aspect ratio of D/d,

‘max

for the type A specimens is too small, leading to a too small specimen
volume compared to the representative volume. As a consequence the ultimate load of a test can be
strongly influenced by wall effect and by stress concentrations due to the presence of large aggre-
gates in the smallest cross section. It is mentioned that the larger scatter in the strength values of the
smallest specimens also follows from numerical simulations with a lattice model (Van Vliet, 2000),
as well as from other experiments (e.g. Kadle¢ek and Spetla, 1967). Hence, the results suggest that
for concrete the size of the representative volume should be taken larger than 3.75 d,,,, perhaps
even as large as 6-7 d,, . Moreover, this finding questions the practical use of discussions about
strength asymptotes in models that describe size effect on nominal strength for very small specimen

sizes.



3.2

; log Oy (MPa) G; (N/m)

200
scaled measurements (Ls)
S 3 g 100

g ; 8 f
5 50

0.1 : L ; 0 ;

1.5 2.0 2.5 3.0 3.5 0 500 1000 1500 2000
log D (mm) D (mm)
(a) (b)

Fig. 4. Nominal strength (a) and fracture energy (b) versus size (DRY series).

For the fracture energy G, which is based on the average scaled measurements L, on the front and
the back size of a specimen (Fig. 2), the definition by Hillerborg (1985) has been adopted. The pre-
peak energy dissipation has been subtracted for the specimens of all types, to avoid differences in
the fracture energy due to the increasing measuring length up to 960 mm for the type F specimens.
Note however, that the contribution of this pre-peak energy dissipation to G; appeared to be limited
to a maximum of 3% for the largest specimens. The presented values of G have been computed by

linearly extrapolating the tail of the softening curves until intersection with the x-axis.

With exception of the smallest specimens, the variation of G; with size is limited (Fig. 4b and

Table 2) and disappears for larger specimen sizes. This could indicate that the relative amount of
damage that develops during crack propagation is not strongly correlated with the size. Any obser-
vation with respect to G is made within the limitation of the constant specimen thickness, which for

larger specimens could lead to values for the fracture energy that are too low.

Concrete tests (I1): specimens stored in the climate room (“WET” series)

In the second series of concrete tests, the WET tests, the same deformation rate was applied as in the
DRY series and also the data correction was carried out in a similar manner. The nominal strength
values which were found in the WET series were quite different compared to those of the DRY
series. In fact, apart from the D specimens the ultimate loads for all other types of specimens were
lower (see Fig. 5a and Table 3) and g,; was found to increase rather than decrease with size. In the
WET tests, moisture can have had two, counteracting, influences. Because of the 95% humidity
moisture condition in the climate room, the WET specimens will have hydrated better compared to
the DRY specimens, resulting in a higher strength. Since the moisture content of the WET specimens
was higher at the time of testing than the moisture content of the DRY specimens, the strength will
have been lower as is known from literature. Yet, a comparison of the results of the type D speci-
mens of the DRY and the WET series shows that both influences might have been comparable.
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A third moisture effect, which is likely to have played a role in the WET tests, is the development of
eigen-stresses due to differential drying out after the specimens had been taken out of the climate
room (see also Bonzel and Kadletek (1970) and Hordijk (1991)). Despite the fact that the specimens
were wrapped in wet cloth and covered by plastic to prevent drying out, these measures might not
have been sufficient. Eigen-stresses would have the most significant effect on the behaviour of the
small specimens because of their large specific area. For the D specimens only a small part of the
cross section will dry out, meaning that the effect of eigen-stresses will be negligible. This could be
the explanation for the similar strength values of the type D specimens from both the WET and the
DRY series. Following this line of reasoning would also imply that for specimens larger than type
D, the WET series might show the same size effect on strength as was found for the DRY series.
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Fig. 5. Nominal strength (a) and fracture energy (b) vs. size for DRY and WET series.

Table 3. Mean values for the nominal strength and the fracture energy of the concrete tests of the
WET series. Gy is based on the average scaled measurements.

oy [MPa] G [N/m]
type number mean (std.dev.) number mean (std.dev.)
A 5 2.17 (0.25) 5 91.5(19.2)

B 5 2.23(0.13) 5 99.6 (10.1)
C 5 2.48 (0.16) 5 88.9 (12.1)
D 4 2.37 (0.06) 3 100.4 (9.9)
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The results that were found for the fracture energy of the specimens in the WET series are presented
in Fig. 5b and Table 3. Apart from the results of the type A specimens, the variation of G with size is
consistent with the findings in the DRY series. The absolute values for G in the WET series how-
ever, are lower compared to the DRY series. This can be attributed to a larger amount of micro-
cracks that developed during the shrinkage process that took place in the specimens of the DRY
series after they were stored in the laboratory. Due to these micro-cracks first of all more macro-
cracks will develop. In addition, the macro-cracks will branch rather than going straight through

the specimen’s cross section. Both mechanisms will lead to a higher value for the fracture energy.
Sandstone tests

force (kN) force (kN)
5 200

scaled measurements (Lg) scaled measurements (Lg)
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Fig. 6. Overview of force-deformation curves for the sandstone specimens.

The sandstone specimens that have been tested were delivered in their final shape, directly from the
quarry in Germany. For each size three specimens were available. After testing the specimens of
types A to C it appeared that the maximum range of the LVDTs, which was 500 um, was rather
small because of the large deformational capacity of the sandstone (compare Fig. 6 and Fig. 3). The
measuring range of the LVDTs was therefore changed to 1000 um for the testing of specimen types
D to F. All tests were conducted with a deformation rate of 0.056 um/s. In Fig. 6 an overview is
given of the recorded force-deformation curves, where the deformation is again based on the aver-
age value of the scaled measurements in the middle of the specimen. Due to problems with one of
the two LVDTs a curve from a test on an E specimen is missing, although the ultimate load for this
test has been recorded. A comparison between Fig. 6 and Fig. 3 learns that the sandstone behaves
completely different from concrete. The material has a lower stiffness, is weaker and shows a much
higher pre-peak non-linearity compared to concrete. Despite the fact that the sandstone is a natural
material the reproducibility of the tests was rather good, which can be attributed to the homogene-
ous material composition. Only for specimen types E and F one out of three tests for each type
showed deviant behaviour, which is commonly observed in rock testing (Schlangen and Van Mier
(1995), Wijk et al. (1978)). As a result a strength was found that was much higher compared to the
other two specimens of the same dimension. In Fig. 7a the strength values of the sandstone speci-
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mens are shown. The recorded strength of the two A specimens was remarkably low, whereas for
the E and the F specimens two extremely high strength values were found. Although a special
request was made for manufacturing specimens out of the same block of sandstone, it can not be
ascertained that this has actually been the case. This doubt is supported by additional tests on the
remains of the high strength E and F specimen, which confirmed that the material differed from that
of the other dog-bone specimens. The layered composition of the red Felser sandstone, as well as
the possible presence of faults and weak spots, can explain the low strength of the A specimens.
Specimens of larger sizes will be less sensitive for the presence of such local inhomogeneities. Local
inhomogeneities in a small specimen on the other hand, will govern the experimental result and in
this case the ultimate strength that is found. When supposing that the high strength E and F speci-
men are outliers, the mean strengths for the largest specimens are comparable to those found for the
smaller specimens (Table 4). Hence, the size effect found in the sandstone tests seems to vanish for

specimen sizes larger than type C.

Table 4. Mean values for the nominal strength and the fracture energy of the sandstone tests. Gy is

based on the average scaled measurements.

oy [MPa] Gy IN/m] Gy* [N/m]
type number mean (std.dev.) number mean (std.dev.) mean (std.dev.)
A 2 0.82(-) 2 76.7 (-) 92.6 (-)

B 3 1.22 (0.06) 3 111.3 (3.7) 147.0 (3.8)
C 3 1.01 (0.03) 3 93.8 (4.4) 136.2 (3.2)
D 3 0.96 (0.03) 3 135.1 (13.0) 208.1 (17.6)
E 2 1.04 (-) 2 143.3 (-) 299.6 (-)

F 2 0.96 (-) 2 93.2(-) 291.1 ()

The fracture energy G; for the sandstone specimens has, just like for the concrete specimens, been
computed using the average scaled measurements in the middle of the specimen. At first, Hiller-
borg’s definition was adopted thereby subtracting the pre-peak inelastic or bulk energy from the
total energy. In Fig. 7b it can be seen that because of this starting point the computed total energy is
strongly reduced, which has been illustrated by introducing G;*. This alternative fracture energy
represents the total area under the stress-deformation curve and thus takes into account bulk
energy dissipation as well. The latter definition implies, however, that the pre-peak non-linearity
must be irreversible and due to micro-cracking in the vicinity of the final crack. Whether this condi-
tion is actually fulfilled, even in the tests on the F specimens where the measuring length measured
960 mm, can not be deduced from the available results. It is mentioned that the decrease of the frac-
ture energy for the F specimens is believed to be artificial, and due to the fact that the tests on those
specimens had to be stopped relatively early. As a result, the linearly extrapolated descending
branch of the o - w relation, which was used to compute the fracture energy, intersects the x-axis at
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a deformation which is probably too small. It is expected however, that in the end the fracture
energy converges towards a constant value. Note that despite the small grain size of the sandstone,
apparently a very large ratio between minimum specimen dimension and maximum grain diameter

has to be maintained before this plateau is reached.
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Fig. 7. Nominal strength (a) and fracture energy (b) vs. size for the sandstone specimens.

Discussion on the size dependence of the concrete strength

General explanations for size effect in unnotched structures

When stress redistributions and non-linearity of deformations play a minor role in the failure of a
material, failure of this material can be seen as a statistical phenomenon. In other words, the ulti-
mate load that can be transferred depends on the distribution of flaws within the material. When-
ever the strength of the weakest spot is exceeded, the ultimate load has been reached and the
material fails. This type of material failure is described by Weibull's theory (Weibull, 1939), also
known as the weakest link theory. In literature, size effect of concrete under uniaxial tensile loading
conditions is mostly attributed to this type of failure, which is also called statistical or material size
effect. If on the other hand the stress distribution in the cross section of a specimen is non-uniform,
such as in bending states, the explanation of size effect in concrete is based on the increasing relative
crack length at comparable load levels (relative to peak load), for specimens of increasing size. This
phenomenon, in combination with the softening behaviour of concrete, leads to a decrease of the
nominal strength with size as was shown in numerical simulations by Hillerborg and co-workers
(Hillerborg et al., 1976). Contrary to statistical size effect this latter type of size effect is determinis-
tic. It is referred to as structural or energy-based size effect, and has as typical feature that stress-
redistributions are still possible after the tensile strength has been exceeded, which also explains
why the external load can still increase after localised cracking has occurred. For specimens up to a

certain size structural size effect is used to explain the fact that the bending strength is higher than
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the uniaxial tensile stress. For large specimens with small strain gradients however, this difference

disappears and the bending strength approaches the uniaxial tensile strength.

Observations in the present experiments

In the present experiments, at peak load tensile stresses act in the entire cross section. From this
point of view the observed size effect on strength should be a Weibull type, which seems to be con-
firmed by Fig. 8a. There, the average nominal strength values are presented per specimen size, and
the straight line presents the size effect according to Weibull theory, which can be shown to follow a
slope of approximately 1:6 in a bi-logarithmic plot of o, vs. D (Van Vliet and Van Mier, 1999). Note
that the slope of the Weibull relation is related to the coefficient of variation (V) of the experimen-
tally found strength values through 1:1/(nV), where n stands for the number of dimensions. For
two-dimensional similarity # = 2, and together with the average value of V for the strength results
of the DRY series (Table 2), a slope is found of approximately 1:6. This could indicate that a Weibull
type of size effect is dominant for the present experiments. However, if the size effect in the present
experiments would be purely statistical, first of all the conditions for the occurrence of this type of
size effect (uniform state of stress, no stress redistributions) would have to be met. Secondly, the
Weibull relation would have to apply to the results of the tests of both the DRY and the WET series,
which is not the case as can be seen in Fig. 8b. In concrete, stress redistributions and thus progres-
sive failure will always occur to some extent. The degree of stress redistributions dependends on
among others the state of stress. Hence, applying Weibull theory to concrete failure would already
involve a more advanced kind of Weibull theory, compared to the original version which purely
deals with instant failure of the complete structure. As for the application of Weibull’s relation to
the results of the WET series, Fig. 8b shows that no agreement can be found. If a statistical or mate-
rial size effect is present, then it is completely overruled by other, possibly structural, effects which

appeared during the tests.
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Fig. 8. Comparison between Weibull theory and results of DRY series (a) and WET series (b) respectively.
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A detailed analysis of the experiments revealed that at peak load, the actual deformation state in the
cross section of the dog-bone shaped specimens was far from uniform. These non-uniform deforma-
tions could be attributed to:

e the shape of the specimens;

o the eccentricity of the external load;

¢ material inhomogeneity over the cross section of a specimen;

* eigen-stresses due to differential shrinkage.

Whereas the effect of specimen shape and load-eccentricity are relatively transparent, this may not
be the case for stiffness differences over the specimen thickness, which were caused by segregation
effects during casting. Due to these stiffness differences the centre of stiffness and the centroid of the
cross section do not coincide anymore, leading to strain gradients over the cross section. Note that
these strain gradients occur even if the external load is applied centrically in the out-of-plane direc-
tion. In presence of the aforementioned effects the crack generally initiates at a corner of the speci-
men.

Analytical model to link non-uniform deformations and size effect

The deformation gradients that occurred in the experiments were unique for each specimen. To get
insight in their effect on the ultimate load that had been recorded in a specific test, a simple
analytical model was derived. The basic idea behind the model is that predictions can be made for
the ultimate load of each experiment, by using the initial deformation measurements as input for
the model. By comparing the predicted ultimate load values with the values which were actually
recorded in the experiments, the influence of the deformation gradients becomes more transparent.
Here, only the general aspects of the model will be addressed whereas for a detailed derivation, the
reader is referred to (Van Vliet and Van Mier (1999), Van Vliet (2000)).

In the model, the homogeneous specimen is assumed to follow Bernoulli beam theory (i.e. plane
sections remain plane), and failure is assumed to take place in the smallest cross section. The stress-
strain relation in this cross section is defined by Hooke's law, leading to failure of the specimen as
soon as the critical stress o, is reached in any point. This critical stress, which can be regarded as
the local material strength, is arbitrarily set and constant for all specimens. To compute the critical
stress o, the strain distribution in the smallest cross section (parallel to the x — z plane) is defined
as

e(x,z) = g+ K, X+ K,Z

where ¢, stands for the axial strain in the centre of curvature and «, and k, represent the curvature
of the specimen in the x —y and z — y plane respectively. According to this model, the highest strain
will be found in one of the corners in the middle of the specimen. Through the Young modulus of
the specimen, o can be computed from the highest strain. The only missing information concerns
the Young modulus E and the curvatures in the in-plane and out-of-plane direction, k, and «,,
respectively. These were all three computed from the deformation measurements which were made
in the laboratory experiments. Crucial is, that for the computation of k, and k, deformations were
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used at approximately 30% of peak load. With increasing load, k, and k, were assumed to vary line-
arly with the external load F thereby neglecting non-linear deformations. Hence, the ultimate load
F, at which ¢

crit

was reached could be directly computed.

The model which has been described before, has been applied to the concrete experiments of the
DRY and the WET series. In Fig. 9a and b the mean values and standard deviations of the model
calculations are compared with the experimentally measured nominal strength values for both test

series.
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Fig.9.  Mean values of measured and computed nominal stresses for the DRY series (a) and the WET

series (b).

Keeping in mind that the value for o_; was set rather arbitrarily, the mutual differences between oy
values of different specimen sizes must be compared for the model as well as the experiments. The
absolute difference between the model values and the experimental values is variable, since the
magnitude of the model values directly depends on the applied value for o, and can therefore
vary. In case of the DRY series (Fig. 9a), the model calculations agree fairly well with the global
response of the experiments. For the small specimen sizes the correct trend is found: a decrease of
the nominal strength is calculated, although the decrease appears to go too rapid. In this respect the
results for the WET series seem to be in better agreement (Fig. 9b), since also for the type B speci-
mens a relative strength level is found which is in accordance with that of the experiments. The
nominal strength of the A specimens is again far too low.

A general observation is that for the smallest specimens, the model overestimates the effect of the
strain gradients (curvatures) on the ultimate load. This can be explained by the absence of a material
structure in the model, which in reality could overrule the influence of strain gradients for speci-
mens with dimensions close to, or smaller than the representative volume (Heilmann, 1976). For
larger specimen sizes this effect disappears. Further elaboration revealed that no relation was



present between the magnitude of the occurring strain gradients and the specimen size, whereas the
nominal strength which was found decreased with increasing strain gradient (Van Vliet, 2000). If
only moderate strain gradients were present in a test, the occurring size effect was a material type of
size effect and thus governed by statistical aspects. This latter finding was confirmed by numerical
simulations, in which the uniaxial tension tests on dog-bone shaped specimens were simulated with
a lattice model (Van Vliet, 2000).

Conclusions

Through a combination of experiments, numerical simulations and an analytical model, the effect of
stress and/ or strain gradients on size effect of concrete could be clarified. These gradients were
found to be introduced by the shape of the specimens, the eccentricity of the external load, inhomo-
geneity of the specimen's cross section and eigenstresses due to differential drying. Hence, in the
experiments on concrete specimens, three different causes could be distinguished for the observed
size effect. In the smallest specimens the failure stress was governed by the concrete aggregate
structure. With increasing size of the specimens, the role of the statistical strength distribution
increased as well. The presence of flaws in the concrete therefore determined the ultimate stress,
unless stress and / or strain gradients of a structural nature were present in the specimens, which
were strong enough to overrule these material size effects. Therefore, size effect on strength can not
be fully understood unless the material composition and the specimen geometry, as well as the
presence and magnitude of stress and/ or strain gradients is considered.

Contrary to the concrete tests, the size effect on the nominal strength that was found in tests on red

Felser sandstone appeared to be very mild and vanished already for specimens of the third size.

The fracture energy was, irrespective of the type of material, found to increase with size going
towards a horizontal asymptote for large sizes. Although for concrete the variation of the fracture
energy with size was independent of the curing conditions, the highest values were found for the

specimens cured under dry conditions.

From experiments as well as numerical simulations followed that for the smallest concrete speci-

mens used in this study, the aspect ratio of D/d,, = 3.75 was too small. As a consequence the

max
results showed a strong scatter. An implication of this observation is that discussions about a
strength asymptote for very small specimen sizes as used in some size effect models, do not seem to

be of any practical interest.
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