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ABSTRACT

This paper analyzes the variations in the residual tensile strength of steel fiber reinforced concretes following cyclic
flexural loading, which causes a predefined level of damage. To do so, a total of 40 prismatic specimens were tested. The
specimens were not notched, but had previously been subjected to pre-cracking. Doing so achieves a similar effect to
notching, but with a much smaller radius around the edge of the fissure, which is therefore more vulnerable to fatigue. The
results show that the damage provokes a progressive reduction in the residual traction strength. The study proposes two
numerical expressions for the stress — crack width softening curves under tensile loads: an exponential formulation and a
potential formulation. In both cases, the coefficients of both formulations depend on the damage that is applied. In addition,

the proposal is to use fitted curves of the above-mentioned potential type.

1. INTRODUCTION

Fatigue in concrete may be understood as a process of mechanical weakening until failure. The cyclic loads cause the
birth and the growth of microcracks inside the concrete mass. The macroscopic consequence of this phenomenon is a
modification of its mechanical parameters.

Most research carried out over recent years have focused on obtaining predictions of the fatigue life, i.e., the number
of cycles that the concrete element can withstand [1 to 21]. However, there are a few works that have focused on studying
how the mechanical parameters of concrete are modified under cyclic loading [22 to 30].

Fibre-reinforced concretes (FRC) are widely used in construction (precast components of all types, pavements, etc.),
because they offer the perfect combination of good mechanical behaviour and easy placement at work. These concretes are
subjected to cyclic loading, in many common structural situations which cause efforts, mainly bending efforts. In addition,
certain indirect actions, such as shrinkage and thermal variations, cause cracking. In this situation, the damage caused by the
cyclic loads is especially focused on the cracked region.

According to the Model Code 2010 [31], the structural design of the FRC is based on the residual stress provided by
the reinforcement fibres. In particular, the values of fr ; and f ; are used in the formulation, defined as the residual strength
values associated with crack openings of 0.5 and 2.5 mm, respectively.

In line with the above indications, the work of Gonzalez et al. (2014) may be highlighted, in which they show how
cyclic flexural loads in FRC cause a progressive reduction in the residual strength under tension, f, in the case of elements
with high fibre contents (2% in volume).

A correct design of the structural components of fibre-reinforced concrete subjected to cyclic loading should

consider the minimum values of fgj, which correspond to the maximum number of cycles that the element will undergo

3
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during its service life. In other words, in the case of FRHSC structures subjected to the combined action of static loads and
cyclic loads, validation of the structural safety under static loads should be done by taking into account the reduction of the
mechanical capability of concrete, provoked by cyclic loading.

It is a similar situation, in some way, to pre and post-tensioned concrete. As deferred losses occur with pre- and post-
tensioned concrete over time (due to concrete shrinkage and creep, and steel relaxation too). In consequence, validation of
the structural safety is carried out taking into account the total time dependent losses.

This paper is focused on studying how the residual tensile strength of fibre-reinforced concrete varies in accordance

with the damage provoked by cyclic loading.

2. EXPERIMENTAL PROGRAMM

The experimental study consisted of the analysis of the variation in the post-cracking residual strengths of C70/85
class FRC specimens according to Eurocode 2 [32], after undergoing three-point bending and cyclic loading tests. Once the
cyclic loading test was finished, the specimens were subjected to static testing until failure, and then their post-cracking

residual strengths were measured.

2.1 Materials

A total of 40 prismatic specimens 150x150x600 mm were casted. Table 1 shows the dosage of the mixture that was
employed.

Ordinary Portland Cement, crushed limestone coarse and fine aggregates (maximum size 15 mm) were used. Hook-
end steel fibres of 50 mm in length and 1.0 mm in diameter at 1% volume fraction were incorporated in the concrete.
Superplasticizer Glenium 52 BASF and nanosilica MEYCO MS685 BASF were also used.

The specimens were cast in 2 batches, each batch consisting of twenty flexural test specimens and three cylindrical
specimens of 150mm in diameter and 300 mm in length. The cylinders were used to determine their compressive strength at
28 days. Mixing was done in a rotary mixer and the fibres were gradually sprinkled into the drum by hand. The specimens
were cured for 180 days in a curing room at a constant relative humidity of 100% and an ambient temperature of 20°C. The
specimens were then removed from the curing room and kept in the laboratory conditions until testing. All the specimens
were, at least, 300 days-old when the testing campaign began. So, the possible strength increase during the fatigue test was

avoided. The 28 days average compressive strength of the mix was 8§1.5 MPa.
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2.2 Test

The test campaign consisted on four phases:

1. Precracking: In this phase, all forty prismatic specimens were subjected to a three-point static bending test
until small cracks appeared.

2. Cyclic load tests to failure: These tests consisted of subjecting a total of twelve specimens to a three-point
cyclic bending test to failure, to obtain the characteristic fatigue life of this fibre-reinforced concrete.

3.  Cyclic load tests to a preset number of cycles: In the third phase, a total of twenty-one specimens underwent
a three-point cyclic bending test up to a preset number of load cycles, with the purpose of causing controlled
fatigue damage to the specimen.

4. Static tests after cyclic load: In the fourth phase, a total of twenty-eight specimens (twenty-one previously
subjected to cyclic loading and another seven that had not been subjected to cyclic loads) underwent a three-
point static bending test. In this way, variations in the residual tensile strength were determined with the
fatigue damage.

The following provides a detailed description of each of the four research phases.

2.3 Pre-cracking Test

First, a static test was conducted, with the aim of create an initial crack (figure 1). To get it, the specimens were
subjected to a three-point bending test, with a distance between bearings of 500 mm. The speed of the test was 0.05
mm/min.

During the test, the following parameters were measured: applied load and vertical deflection of the specimen. A
MTS 244.4 dynamic actuator (MTS, Eden Prairie, Minnesota) was used, with a capacity of 500 kN under both tension and
compression. The actuator was equipped with a load cell MTS 661.23 F-01 (MTS, Eden Prairie, Minnesota), with a range of
500 kN under both tension and compression and an error of below 1% of the range. For the measure of vertical deflection,
two HBM WA-T displacement transducers (Hottinger Baldwin Messtechnik, Darmstadt, Germany) were used with a range
of 50 mm and an accuracy of 0.01 mm.

The test was not until failure, but was stopped when the one of the two conditions was reached:

1. The applied load fell to 90% of the maximum load applied during the test.

2. Vertical deflection of the specimen was over 0.125 mm. In accordance with EN 14651:2005+A1:2007 [33],

this figure would equate with the appearance of a crack greater than 0.1 mm.
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This test is an alternative solution to notching, previously used by Gonzalez et al. (2014) [26] that provides much
more realistic data. The presence of cracks substantially weakens the specimen and leaves it more vulnerable to fatigue. In
real life, concrete elements subjected to cyclic loading are not notched, but may be pre-cracked (due, for example to
shrinkage effects, among others). In these cases, the damage provoked by fatigue is concentrated around the cracks.

In accordance with the classic theory of fracture mechanisms in quasi-brittle materials (which includes concrete)
[34], the stress at the edge of the crack depends on the radius of the edge of it. A notch provides a radius on the upper edge
bigger than the one provide by a crack. In consequence, its stress concentration factor is lower and also the stress at the edge
of the notch.

When concrete under cyclic loading is studied, this behaviour means that specimens with a previous crack are more
vulnerable to cyclic loads than specimens with notches, given that, for the same value of cyclic loads, the cyclic stresses that
appear in it are higher than those that appear in the notched specimens. In consequence, the damage provoked by cyclic

loads is greater in specimens with previous fissures than in specimens with notches and their service life is shorter. [26].

2.4 Cyclic Load Tests to Failure

Subsequently, 12 of the previously cracked specimens were subjected to a cyclic test up until failure, with the
purpose of obtaining the fatigue life of the concrete. In all cases, the maximum applied stress was 65% of its bending
strength, obtained in the earlier pre-cracking tests; and the minimum applied stress was 5%. The test frequency was 6 Hz.

The result of this test campaign was the fatigue live of each specimen. Using a Weibull adjustment, the characteristic
fatigue life was obtained, for a specific failure probability. In this case, it was considered that the characteristic fatigue life

corresponded to a failure probability of 0.2 [12].

2.5 Cyclic Load Tests to a Preset Damage

The rest of the specimens, a total of 28, were subjected to a cyclic test up to a preset level of damage. In particular,
the following levels of damage were studied: 0.0 (specimens not subjected to cyclic loading), 0.2, 0.8 and 0.9. From each
series, a total of 7 specimens were tested. The damage was defined by the ratio between the number of cycles applied and
the characteristic fatigue life (in this case, for a failure probability of 0.2 as explained before).

In all cases, the maximum applied stress was 65% of its bending strength, obtained in the pre-cracking tests; and the
minimum applied stress was 5%. The test frequency was 6 Hz.

During the tests, two specimens broke before reaching the preset number of cycles.
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1

2 145 2.6 Static Test after Cyclic Load

3

4 146 Once the cyclic load test to a preset damage were finished on the 26 surviving specimens, the performance of static
5

6 147  tests up until failure (figures 2 and 3) were conducted. In the course of these tests, the stress — crack width softening curve
7

8 148 for each of the specimens was obtained and the residual tension strength values (fr 1, fr2, fr3 and fr4 respectively) were
9

10149  determined.

11

12150 During this static test, the same parameters were measured as during the static pre-cracking tests (applied load and
13

14151 vertical deflection) as well as the crack opening. The width of the crack was measured using two axial extensometers MTS

16152 624.12 F-24, with a total length of 15 mm and a precision of 0.01 mm.

17

18153 The test was conducted in accordance with the specifications in standard EN14651:2005+A1:2007 [33].

19

20154 These data make it possible to obtain expressions that correlate the values of residual traction strength with the
21

22155  damage.

23

24156 Table 2 shows the identification of the specimens and the planning of the tests carried out. All the specimens
25

26157  underwent the pre-cracking test.

27

28158 3. EXPERIMENTAL RESULTS

29

30

31159 3.1 Pre-cracking Test

32

33160 Tables 3 and 4 show the results of the proportionality limit on the pre-cracking tests fi ., of the specimens subjected
34

35161  to pre-determined damage.

36

37162 Figure 4 shows the distribution histogram of fi ... Table 5 shows the basic statistical parameters of fi ..

38

39

40163 3.2 Cyeclic Load Test to Failure

41

jé 164 Table 6 shows the individual fatigue life values of each specimen, ordered from low to high.

jg 165 By fitting the values to the Weibull distribution, it is possible to find the fatigue life for the different failure
46166  probabilities (figure 5).

47

48167 Table 7 shows the characteristic fatigue life values, for different failure probabilities.

49

50168 In this case, as indicated earlier, the value associated with a probability failure of 0.2 will be taken. In other words,
51

52169  from this point, the characteristic value of the fatigue life of our concrete will be considered to be 2,260 cycles.
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3.2 Static Test after Cyclic Load

Table 8 shows the residual strength values (fr 1, fr2, fr3 and fr 4) in accordance with damage (D), of the specimens
previously subjected to predetermined damage.
It is worth noting that specimens R-D0.8-3 and R-D0.9-5 collapsed before reaching the expected number of cycles.

On the basis of these data, the relative residual strength values may be determined (eq. 1):

fRj

fjrot = 72 j=1to4 @)
Lypre

Relative strength gives a better understanding of the evolution of strength with damage. On the basis of the
individual relative residual strengths values, the average and the characteristic values may be obtained, in accordance with a
Gaussian distribution and a 95% probability of being exceeded. The average value is useful to understand the physical
phenomenon and the characteristic value is used in the design of the structural elements.

Figures 6 to 8 show the relative individual, average and characteristic values, depending on the damage that is
applied.

Figures 9 and 10 show a graph of the relative stress — crack width (w) in accordance with the damage applied to the
specimen, both for the average value and the characteristic value.

The damage caused by the cyclic loads is, in this case, seen in a progressive reduction in the stiffness of the
specimen. From a meso-structural point of view, cyclic loads cause cracking in the fibre-cement paste interface. This
decrease means that bond between fibres and concrete will decrease and even, in some cases, lead to pulling out of fibres.
Its consequence is a progressive reduction of the residual tension strength, both of the average value and of the
characteristic value. This drop is equivalent to what happens with reinforcement bars, in the case of reinforced concrete [22
and 24].

A significant increase in the scatter of the results was also observed, which increased with the damage. This increase
was to the detriment of the characteristic value, which was strongly reduced.

4. NUMERICAL ANALYSIS

There are few research works that propose empirical formulas for the estimation of the stress — crack width softening
curve in fibre-reinforced concretes [35 to 40]. And far fewer analyse how cyclic loads affect the traction behaviour of fibre-
reinforced concretes [41 and 42]. No research works are known by the authors that propose empirical formulas for the stress
— crack width softening curve as a function of the damage caused by cyclic loads.

The following two adjusted curves are proposed: exponential and potential. Their details are set out below.
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:2L 198 The proposal for an exponential curve in this document is similar to the one proposed in [35] and [36] according to
2 199  the following expressions (eq. 3 and 4):

g 200 O mret (W) = €Xp(—ap - W) 3)
g 201 Ow,ret(W) = exp(—ay - w) “4)

10202 where the coefficients a,,, and a; depend on the damage applied to the specimen. Equation 3 fits the average stress values,
11

12203  while equation 4 fits the characteristic values.

13
14204 The proposal for a potential curve in this work is similar to the one proposed in [37] and [40], according to the
15
16205  following expressions (eq. 5 and 6):
17

1
ig 206 aw,m,rel(w) = % (5)
20
21207 O erer(W) = —w (©)
22 by

22 208 where the coefficients b,,, and b, depend on the damage applied to the specimen. Equation 5 fits the average stress values,
22 209  while equation 6 fits the characteristic values.

% 210 Next a comparative study of both fitted formulas is conducted (figures 11 to 14).

§g2ll As may be appreciated, the exponential function shows a better fit than the potential function. In table 9, the fitted
g; 212 values obtained in each case (figures 15 and 16) are shown.

22213 In figure 15, the presence of three bounded areas may be perceived in the material. A first one, that runs from D=0.0
gg 214 up to D=0.2 in which the increase of the parameters is quite significant. Following on, a second region is shown, which runs
g; 215 from D=0.2 to D=0.8 in which the curve presents a gentler slope. Finally, for damage values of over 0.8, the increase of the

39 . .
40 216 adjusted parameters was more significant.

41
42 217 Figure 16 shows an equivalent behaviour. Three regions may also be seen. In the first region, that runs from D=0.0

33218 to D=0.2, the descent of the parameters is sharper. As from this level of damage and up until D=0.8, the fall is much gentler,

jg 219  rising once again as from D=0.8.

47

48 220 An equivalent behavioural pattern occurs with other concrete parameters when subjected to fatigue. For example, the

gg 221 identification of three regions is well documented in the analysis of variations in maximum deformation with the cyclic
g; 222 load, in the case of concrete elements under compression [43]. This same pattern was also identified in the case of the

gi 223 evolution of the modulus of elasticity of the concrete under cyclic loads [23, 28 and 29].

gg 224 The following expressions a,,, ay, by, vy by, are proposed to adjust the values of expressions (eq. 7 a 10):

57 1

55225 U (W) = Ao e ™
59

60
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1

é 226 a,(W) = ag -ﬁ (8)
g 227 by (W) = by - (1 — DFm) 9)
? 228 b (W) = by - (1 — DFx) (10)
g 229 where ap g, Q05 bm,os bro> @m» Aks Pm Y B are the adjusted parameters.

12 230 In figures 17 and 18, the curves fitted to the parameters shown in table 6 are shown.

ig 231 In table 10, the fitted values of equation parameters 7 to 10 are shown.

1; 232 All the proposed equations are consistent with the physical behaviour that was observed. Both in the case of the

16
17233 exponential fitted parameters and the potential fitted parameters, it is found that when D=1, then 6y, , +¢; and oy, ;¢ are

18
19234  equalto 0.

20

21235 Incorporating equations 7 to 10 in equations 3 to 6, the following equations are found (eq. 11 to 14):

22 .

23236 Owmret(W) = exp (—am_o o W) (11)
24

25 1

26237 O—w,k,rel(w) = exp (_ak,O "1-D% W) (12)
27 )

28238 Owmrel (W) = 1w (13)
29 bm,O'(l—D‘Bm)

30

31239 O et (W) = ———w—— (14)
32 bk,o'(l_Dﬁk)

33

gg 240 Particularizing the relative stress — crack width softening curves for the crack width values of 0.5, 1.5, 2.5 and 3.5

g? 241  mm, the residual tension strength values are obtained (eq. 15 to 18):
1
39 242 fR,j,‘rel,m = exp (_am,o ‘l_pem Wj) (15)

41243 frjreri = exp (a0 - =z w;) (16)
1
44244 fajreim = ———w— : (17)
45 bm,o-(1-DPm)
1
47245 Fujrete = ——— (18)

oo (1-DPK)

50246  Where w; takes the values of 0.5, 1.5, 2.5 and 3.5 mm respectively.
51

52247 Substituting equation 2 into equations 15 to 18, the expressions are obtained that permit the determination of the

54248 average and characteristic values of residual traction strength in accordance with the damage, both for an exponential fit and
55

56249  for a potential fit (eq. 19 to 22):
57

58 1
59 250 fR,j,m = fL,pre - exp (_am,o : 1-pam : Wj) (19)

60
10
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1
i = Fureexp (=ano sz ) (20)
1
frim = fupre T — e
bm‘o-(1—DBm)
1
Trijke = Frpre 7 — (22)
14—
bklo'(l—Dﬁk)

These formulas propose an estimation of the values of residual tension strength in accordance with the damage. The
adjustment factors, listed in table 6, were optimized for this research. Different fibre types and contents, as well as different
cyclic load morphologies will yield different numeric values of the factors.

6. CONCLUSIONS

This paper shows the variation of the residual tension strength of FRHSC specimens previously subjected to pre-
determined levels of damage. In the case of FRHSC structures subjected to the combined action of static and cyclic loading,
the estimation of its structural safety under static loads should be determined by taking into account the reduction of its
mechanical capability provoked by cyclic loading.

The main conclusions obtained in this work are as follows:

1. Cyclic loads cause a progressive reduction in the stiffness of the specimens, which conducts to a reduction in
the residual tension strength. From a meso-structural point of view, cyclic loads provoke cracking in the fibre-
cement paste interface, causing a reduction of fibre-concrete bond, which results in a reduction of the residual
strength.

2. Two families of mathematical expressions are proposed to fit the stress — crack width softening curve;
exponential adjustment and potential adjustment. The exponential expressions present, in general, better
adjustment than the potential expressions.

3. The coefficients of the adjusted expressions correlate with damage. Its curves point to compartmentalization
into three regions. It is a behavioural pattern that is repeated in many other concrete parameters when they
correlate with the damage caused by cyclic loading (maximum deformation, modulus of elasticity, etc.).

4. Finally, empirical expressions are proposed that correlate residual tension strength with damage.
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Table 1: Mix proportions

Cement (kg/m>) 400
Water (kg/m?>) 125
Superplasticizer (kg/m®) 14
Nanosilica (kg/m?) 6
Fine aggregate (kg/m’) 800
Coarse aggregate (kg/m?®) 1080
Fiber (% by volume) 1%
Table 2: Testing campaign.
SPECIMEN TEST PROTOCOL
R-F-1 Cyclic Load Tests to Failure
R-F-2 Cyclic Load Tests to Failure
R-F-3 Cyclic Load Tests to Failure
R-F-4 Cyclic Load Tests to Failure
R-F-5 Cyclic Load Tests to Failure
R-F-6 Cyclic Load Tests to Failure
R-F-7 Cyclic Load Tests to Failure
R-F-8 Cyclic Load Tests to Failure
R-F-9 Cyclic Load Tests to Failure
R-F-10 Cyclic Load Tests to Failure
R-F-11 Cyclic Load Tests to Failure
R-F-12 Cyclic Load Tests to Failure
R-D0.0-1 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-DO0.0-2 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-DO0.0-3 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-D0.0-4 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-DO0.0-5 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-DO0.0-6 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-DO0.0-7 Cyclic Load Test to a Damage of 0.0 Static Test after Cyclic Load
R-D0.2-1 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.2-2 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.2-3 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.2-4 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.2-5 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.2-6 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.2-7 Cyclic Load Test to a Damage of 0.2 Static Test after Cyclic Load
R-D0.8-1 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
R-D0.8-2 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
R-DO0.8-3 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
R-D0.8-4 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
R-DO0.8-5 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
R-DO0.8-6 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
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R-DO0.8-7 Cyclic Load Test to a Damage of 0.8 Static Test after Cyclic Load
R-D0.9-1 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
R-D0.9-2 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
R-D0.9-3 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
R-D0.9-4 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
R-D0.9-5 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
R-D0.9-6 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
R-D0.9-7 Cyclic Load Test to a Damage of 0.9 Static Test after Cyclic Load
Table 3: Results of the pre-cracking test (1).
SPECIMEN | fi ... (MPa)

R-F-1 10.1

R-F-2 12.2

R-F-3 11.8

R-F-4 13.2

R-F-5 10.5

R-F-6 12.5

R-F-7 10.4

R-F-8 13.0

R-F-9 11.1

R-F-10 10.3

R-F-11 10.0

R-F-12 11.5

Table 4: Results of the pre-cracking test (2).

SPECIMEN | fi . (MPa) | SPECIMEN | f . (MPa) | SPECIMEN | fi . (MPa) | SPECIMEN | fi . (MPa)
R-DO0.0-1 10.8 R-DO0.2-1 13.5 R-DO0.8-1 12.4 R-D0.9-1 11.7
R-DO0.0-2 16.3 R-D0.2-2 12.5 R-DO0.8-2 14.6 R-D0.9-2 12.4
R-D0.0-3 14.2 R-D0.2-3 11.8 R-DO0.8-3 9.3 R-D0.9-3 11.5
R-D0.0-4 10.5 R-D0.2-4 14.3 R-D0.8-4 15.7 R-D0.9-4 10.8
R-D0.0-5 10.9 R-D0.2-5 10.1 R-D0.8-5 12.4 R-D0.9-5 9.8
R-D0.0-6 10.1 R-D0.2-6 10.6 R-D0.8-6 12.7 R-D0.9-6 14.0
R-D0.0-7 11.4 R-D0.2-7 7.1 R-D0.8-7 10.3 R-D0.9-7 10.7

Table 5: Statistical analysis of the pre-cracking test.
U (MPa) RSD Skewness Kurtosis
11.7 1.82 0.16 0.37 0.70

Table 6: Fatigue life of the specimens subjected to cyclic load test to failure, ordered from lower to higher.

Specimen N
R-F-1 364
R-F-2 398
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Table 7: Statistical fatigue life for different failure probabilities.

Structural Concrete

R-F-3 3,865

R-F-4 9,586

R-F-5 27,361

R-F-6 29,540
R-F-7 42,747
R-F-8 44,204
R-F-9 125,867
R-F-10 191,760
R-F-11 213,440
R-F-12 459,374

P¢ N
0.50 31,271
0.20 2,260
0.10 397
0.05 75

Table 8: Residual tensile strengths.

SPECIMEN D foi (MPa) | fro(MPa) | fr3(MPa) | fr4(MPa)
R-D0.0-1 0.0 9.7 6.4 4.6 35
R-D0.0-2 0.0 15.2 12.7 10.7 9.9
R-D0.0-3 0.0 13.1 10.4 8.4 7.1
R-D0.0-4 0.0 9.8 7.7 5.8 5.0
R-D0.0-5 0.0 9.5 7.4 6.6 5.2
R-D0.0-6 0.0 9.0 6.7 4.8 45
R-D0.0-7 0.0 10.2 6.6 4.9 3.6
R-D0.2-1 0.2 12.1 10.2 7.7 6.5
R-D0.2-2 0.2 10.9 8.4 6.8 4.5
R-D0.2-3 0.2 10.3 7.4 53 4.5
R-D0.2-4 0.2 11.6 7.8 5.7 43
R-D0.2-5 0.2 9.2 7.1 6.9 5.8
R-D0.2-6 0.2 9.2 5.6 4.6 3.2
R-D0.2-7 0.2 6.1 4.6 3.1 2.8
R-D0.8-1 0.8 9.7 6.4 5.1 3.2
R-D0.8-2 0.8 12.6 9.2 6.1 5.2
R-D0.8-3 0.8 - - - -
R-D0.8-4 0.8 14.7 12.9 10.9 9.5
R-D0.8-5 0.8 10.8 7.2 5.7 4.7
R-D0.8-6 0.8 10.4 6.7 5.7 4.9
R-D0.8-7 0.8 8.5 6.3 3.1 2.0
R-D0.9-1 0.9 9.1 5.8 4.1 3.1
R-D0.9-2 0.9 8.8 5.7 4.0 3.4
R-D0.9-3 0.9 10.3 9.0 7.8 6.9
R-D0.9-4 0.9 10.1 6.2 3.9 2.4
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R-D0.9-5 0.9 -- - -- -
R-D0.9-6 0.9 11.2 9.4 7.1 3.7
R-D0.9-7 0.9 10.0 4.5 2.9 2.5

Table 9: Best-fit numerical values of parameters a,,, ay, b, and by.

Damage an ay bm by
0.00 0.2406 0.3720 3.0495 1.7622
0.20 0.2740 0.4478 2.5746 1.3754
0.80 0.3068 0.5651 2.2274 1.0203
0.90 0.3535 0.7339 1.8596 0.7265

Table 10: Best-fit numerical values of parameters a, o, a0, bm.o, D0, Om, Ok, Pm and Py.

am,o 0.25
Ako 0.42
Bm.o 2.80
byo 1.60
Om 11.00
Ol 7.71
Bm 9.00
Bk 5.02
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29 Figure 11: Softening curve relative average stress — crack width. Exponential adjustment
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29 Figure 13: Softening curve relative average stress - crack width. Power adjustment
30 310x202mm (120 x 120 DPI)



©CoO~NOUTA,WNPE

0.8

0.7

0.6

0.5

c‘w,k,rel

0.4

0.3

0.2

0.1

0.0

EN
N
AN
AN
% \\\\\ [
‘\\\} N
\\\ N . :\ e
SN
WS
NN
N
<
Ow k,rel w) = W
by
0.0 0.5 1.0

Structural Concrete

Oy rel(W). POWER ADJUSTMENT.

~
e
\\ \Q
S =~
~, \l \\\
\\N“’ \\\\\‘ \\\\\
~~~~~~~~~~ \\\~\~~.
i, N oS T
................................ b4
A
15 20 N
w (mm)

e D=0.0

m D=0.2

¢ D=0.8

A D=09
— —Adjustment (D=0.0)
---Adjustment (D=0.2)
----- Adjustment (D=0.8)
--------- Adjustment (D=0.9)

—
-~
-~

3.0 3.5

4.0

Figure 14: Softening curve relative characteristic stress — crack width. Power adjustment

310x202mm (120 x 120 DPI)

Page 36 of 39



Page 37 of 39

©CoO~NOUTA,WNPE

Structural Concrete

ay(D) & a(D)
0.80

0.70 s

0.60 /

o=
-
s

am & ag
o
sy
o

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 15: Parameters am and ax versus damage
310x202mm (120 x 120 DPI)

1.0

=& am

-a--ak



©CoO~NOUTA,WNPE

3.50
3.00 *~.
2.50

2.00

bm & bk
n

150 -

1.00

0.50

0.00
0.0 0.1

Structural Concrete

br(D) & by(D)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Figure 16: Parameters b, and by versus damage
310x202mm (120 x 120 DPI)

1.0

-e-bm
--a--bk

Page 38 of 39



Page 39 of 39 Structural Concrete

POWER ADJUSTMENT OF a,,(D) AND a,(D)
1.40

©CoO~NOUTA,WNPE

e am
10 = ak
11 e — —Adjustment (am) ¥
12 - --Adjustment (ak) '

13 1.00 !

15 0.80 '

an, & a
N

1 7/
18 0.60 ak(D) = Qg0 1_— a _- /'

20 040 ~TTTTTTTTTTS S sssssssss-—-----------ooC ,

22 N ittt —

25 0.00
0.0 0.2 0.4 0.6 0.8

29 Figure 17: Parameters am and ax versus damage. Power adjustment
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