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Tensile stress—strain behaviour of cementitious
composites at high loading rates

M. A. GLINICKI )
Institute of Fundamental Technological Research, Polish Academy of Sciences, Swietokrzyska
21, PL- 00-049 Warsaw, Poland

The influence of loading rate on the tensile stress—strain behaviour of cementitious composites
was studied experimentally. The project was undertaken to obtain an insight into the possible
relation between internal structure parameters of composites and their loading-rate sensitivity.
Five different types of cementitious composites were applied. Composite structure data were
obtained by testing porosity and by quantitative observation of fracture surfaces. Direct tensile

tests were performed at four different loading rates within the range 0.001-1000 MPa s~ 1.

1

The tensile stress—strain behaviour was significantly influenced by the loading rate and
structure parameters of composites. The relative tensile strength increase due to an increase of
loading rate was found to be higher for composites with higher total porosity. Recorded
stress—strain diagrams obtained at various loading rates are presented and discussed with the

aid of continuous damage mechanics.

1. Introduction

The rational assessment of the structural response due
to suddenly applied loads requires the realistic model-
ling of the material behaviour at high rates of stress.
The loading-rate sensitive behaviour of concrete in
tension has been under investigation for several years
[1-3]. However, a number of questions have remained
unanswered and knowledge concerning dynamic
properties of modern cementitious composites is still
incomplete. »

The loading-rate sensitivity in tension has generally
been measured in terms of strength, modulus of
elasticity or strain at the maximum stress (ultimate
strain). It has also been measured with respect to
Poisson’s ratio and fracture toughness (e.g. [4, 5]). The
term “loading-rate sensitivity” is used to describe
effects of changes of deformation and fracture para-
meters induced by an increase in the loading rate, &.
Previous studies by several investigators, recently re-
viewed by Banthia and Pigeon [6], have been concer-
ned with the technological aspects of rate-induced
effects. Therefore, the structural reasons underlying
the loading-rate sensitivity have not been clearly iden-
tified. For example, a transmission of fracture mode
from aggregate debonding to aggregate breaking is
regarded as a major cause of rate-induced effects.
However, no quantitative evaluation of this phenom-
enon has been obtained experimentally.

The purpose of this study was to obtain information
concerning the influence of loading rate on the
stress—strain behaviour of cementitious composites in
tension. The major research task was to evaluate
differences in the dynamic response of materials in
relation to parameters of their internal structures. As a
convenient measure of the loading-rate sensitivity, the
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dynamic increase factors were applied (after Ross et al.
[7])- The dynamic increase factors are the relative
increase of evaluated properties as a function of ap-
plied stress rate. The properties considered were the
tensile strength, f, and the ultimate strain, &,. The
following definitions of the dynamic strength increase
factor {(DSIF) and dynamic deformation increase fac-
tor (DDIF) are proposed

(o)
DSIF = (G (1a)
£,(6)
DDIF =
e(60) (Ib)

where 6 and 6, are the considered loading rate and
the reference (e.g. static) loading rate, respectively. The
range of tests is limited to 1072 to 107> MPa s~ %,
i.e. it covers the rates characteristic for a number of
applications in engineering, including a lower part of
the seismic rates spectrum.

The range of cement-based composites considered
included mortar, concrete and fibre-reinforced con-
crete. The following structure parameters were chosen
to be studied in detail: porosity, aggregate inclusion
content and fibre inclusion type and content. In order
to distinguish clearly the loading rate/structure
change effects from the usual scatter of experimental
results, the differences in structural parameters were
exaggerated. Thus, the composites considered were
selected from the points in the structure parameters
space shown in Fig. 1.

The project reported here was concerned with
assessment of structural aspects of loading-rate sensi-
tivity of cementitious composites. The effects of load-
ing rate on the stress-strain properties have been
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Figure 1 The concept of macrostructural parameters space for the
explored range of composites.

examined in relation to internal structure parameters
of cementitious composites.

2. Experimental procedure
2.1. Materials and specimens
To -cover the considered range of structural para-
meters, the following types of composite were
manufactured: mortar, macroporous mortar, model
concrete and fibre-reinforced mortars. The mix pro-
portions based on the weight of cement for each type
of composite are given in Table L

The term “model” concrete (CE), refers to the com-
posite containing gravel particles falling within the
range 8-12.5 mm. In order to imitate the existence of
macropores in porous mortar (PM), an addition of
polyethylene beads was used. For two fibrous com-
posites the following steel fibre types were applied:

(i) Bekaert fibres (length 30 mm, diameter 0.4 mm)
in a volume fraction of 1%, for the composite denoted
BF;

(i) Harex fibres (length 32 mm) in a volume fraction
of 1.4%, for the composite denoted HF.

The mix proportions were experimentally deter-
mined in each case, provided that the type of cement,
sand, as well as manufacturing and curing conditions,
were the same, The major requirements for mix design
were: the same workability of mix (Ve—Be time 5-12 s);
the same class of composites being understood as
materials of the same static tensile strength.

Test specimens were “paddle-shaped” (Fig. 2) with a
cross-section of 45 mm x 100 mm. The total length of
the specimen was 490 mm. The specimens were cast
horizontally, demoulded after 2 days and then kept in
a humid room until testing. Prior to testing, the
specimens were notched in the middle with two 17 mm
notches from each side. For each type of composite
material, 20 specimens were cast and tested.

2.2. Testing procedure
Direct tensile tests were carried out on an Instron
1205 testing machine using special grips for specimens

TABLE I The mix proportions

Composite
MR PM CE BF/HF
Cement 1 1 1 1
Sand 3.7 2.0 35 4.1
Gravel 2.3
Water 0.5 0.4 0.5 0.6
¥
100 mm 190 mm
A
H 20 mm
| 140 mm A 210 mm |
[ 1 1
0 490 mm |

Figure 2 The test specimen.

(Fig. 3a). For the performance of four distinct series of
tests, a crosshead displacement control was chosen.
The control parameters were selected so as to obtain
the following average loading rates: 0.002, 1, 50 and
900 MPa s~ *. During tensile testing the following
measurements were taken: the load output from the
load cell, the axial strain of the specimen obtained by
means of strain gauges, and axial deformation of the
specimen at both sides as measured using a LVDT
transducer. Fig. 3b shows a flow chart of a measuring
system. A high-speed digital recording system (8 kilo
words/channel) enabled simultaneous monitoring of
measured signals in time. In the case of the lowest rate
tests, some analogue XY recorders were additionally
applied. Permanent storage of the data, as well as
further analysis, was accomplished using a personal
computer. ‘

The structure parameters of the composites were
evaluated after fracture of the specimens. Quantitative
observation of fracture surfaces and a digital image
analyser provided data on the number of fibres, the
number and surface fraction of aggregate particles, as
well as macropores. For all types of composite, both
density and porosity evaluation were also performed.

3. Results

Typical data records obtained from direct tensile tests
at different loading rates are presented in Figs 4 and 5.
The results consist of average tensile stress, o, axial
strain, €, axial deformation at both sides of specimen,
3, and 3,, as a function of time. As is noticed the
observed range of load rise times was between about
4 ms and 30 min. The record of average tensile stress
with time enables a precise determination of actual
applied loading rate. It should be kept in mind that
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Figure 3 The testing arrangement.
TABLE II The tensile strength, £, and ultimate strain, ¢, for all tested composites
Type of Loading rate (MPa s~ ')
composite Designation
0.002 1.0 50 900
A & h &, A &, A &y
(MPa) (1079 (MPa) (107%) (MPa) (1079 (MPa) 1079
Plain mortar MR 1.72 88 1.79 97 2.44 124 3.65 175
(0.13) (17 (0.11) (16) ©.11) (13) (0.26) (15)
Porous mortar PM 1.73 120 1.77 110 2.50 150 3.94 184
(0.22) (19) (0.15) 23) 0.21) 42) 0.51) (14)
Model concrete CE 2.20 122 2.43 116 2.82 127 3.41 193
0.22) (18) (0.32) amn {0.30) (19) (0.33) (10)
Bekaert fibre BF 1.80 141 2.00 142 2.51 163 344 186
mortar (0.14) 31) 0.42) 1) (0.45) 14) (0.32) 17
Harex fibre HF 1.84 162 1.92 153 2.38 213 3.09 325
mortar (0.16) (30) 0.17) (64) (0.19) (55) (0.19) (63)

the loading rate was not a control (input) parameter
for the loading process — it was a result of a kinemati-
cally controlled procedure. The loading process up to
about the maximum load, can be fairly well character-
ized by a constant loading rate, 6. The presented
experimental data were also used in the evaluation of
the tensile strength and the ultimate strain and to
obtain stress—strain relationships.

The attained values of the tensile strength, f,, and
the ultimate strain, g,, of cementitious composites are
given in Table II. These are the average values of 4-6
specimens and the numbers in brackets are standard
deviations. It should be noted that the intended re-
quirement of the same static tensile strength of tested
composites could be fulfilled with a fairly good fit; f;
for all the tested series of specimens was between 1.72
and 2.20 MPa. The obtained results will be discussed
in relation to the composite structure parameters
given below.

The results of total porosity estimation are pre-
sented in Table II1. These are the average values of six
samples for each type of composite. In the case of PM
composite, the effect of artificially induced porosity
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TABLE III Total porosity of tested composites

Composite
MR PM CE BF HF
Porosity 0.22 0.28 0.15 0.21 0.19

has also been accounted for. It is noted that the total
porosity of the composites varied significantly, rang-
ing from 0.15-0.28.

Some interesting observations of specimen fracture
surfaces are given below. For fibre-reinforced com-
posites the number of fibres was counted and ex-
pressed in terms of the number of fibres over the
surface area of 1cm? (N%) . It was found that N
= 1.78 — 3.54 cm? for Bekaert fibre composite (BF)
and N%, = 1.00 — 2.24 cm? for Harex fibre composite
(HF). Using the concept of idealized fibre distribution,
the following differences in actual distribution could
be recognized. The average value of N, for HF was
quite close to the value predicted for an ideal spatial
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Figure 4 Example of data record obtained in quasi-static series. HF 7T, 0.002 MPa s~ 1.
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Figure 5 Examples of data records obtained with different rate of loading. (a) BF 13B, 47 MPa s~ !; (b) MR 20B, 900 MPa s~ '.
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random-fibre distribution. For BF composite, an in-
termediate distribution, i.e. between random spatial
and plane, was observed. The indicated plane was the
plane parallel to the casting direction. Similar orienta-
tion effects were reported by Koérmeling [8] and
Babut [9]; however the reasons for them remain
unknown.

The fracture surface analysis of CE composites
concerned the fraction of debonded and cracked-
through aggregates. Dimensionless parameters of con-
tent of debonded aggregate particles and fractured
particles relative to the total fractured surface were
denoted A%® and A%, respectively. The loading-rate

influence upon parameters A3 and A% is illustrated in
Fig. 6. The continuous lines are used to connect the
average values at each loading rate series. It is noted
that no significant influence on the fraction of debon-
ded as well as cracked aggregate particles was ob-
served. Therefore, a possible explanation of loading-
rate cffects based on a higher content of fractured
aggregates (e.g. [10, 11]) is not applicable in the
reported case.

4. Analysis and discussion
An analysis of the data, summarized in Table II,
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Figure 6 The relative area of (M) fractured, A¥ and (A) debonded, A%, aggregate particles, for a model concrete.
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Figure 7 Relative increase in the tensile strength of composites, expressed as DSIF, versus the loading rate. () MR mortar, ( + ) PM mortar,
(%) CE model concrete, (1) BF Bekaert f. mortar, { X ) HF Harex f. mortar.
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revealed a significant influence of applied loading rate
upon the tensile behaviour of composites. As illus-
trated in Fig. 7, the average tensile strength of com-
posites progressively increases for increasing loading
rates. The term “progressively” is used to indicate
highly non-linear increase, even if a double logarith-
mic scale is considered. The best fit to the results
obtained provided the following formula for the dy-
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CE
0.0014 4
o HF
0.0010 MR
a=0.002 48 = 0.005 52 PM
(R2=0.63) :
000064 — o
0.4 016 018 020 0.22 024 026 0.28 030
(a) Porosity
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0.56 | PM
MR
0.541
Q.
0.521 e BF
S
0501 // =0.396 5+ 0.6058 p
p 2=
“cE {R<=0.93)
048 —— . ,
014 016 018 020 022 024 026 028 030
{b) Porosity

Figure 8 Relationships between coefficients (a) « and (b) B from
Equation 2 and porosity of composites.

2.2

namic strength increase factor ( DSIF)

1+ a(i)ﬂ (2)
Go

where & and &, are the actual loading rate and the
reference (e.g. static) loading rate respectively, « and f
are material parameters.

It should be noted that the DSIF values were
significantly different for the composites tested, espe-
cially in the range of highest loading rates. A remark-
able observation is that over the explored range of G,
the increase in DSIF was related to the total porosity
of the composites. A linear regression analysis yielded
the relationships between the material parameters o
and B used in Equation 2, and the total porosity, p.
The relationships obtained are illustrated in Fig. 8. In
addition, this figure contains information about the
regression coefficients.

The resuits indicate that a relative tensile strength
increase due to an increase in loading rate is higher for
composites with higher porosity. Referring to the
studies published by other authors, no such DSIF-
porosity relationship could be found; however, indi-
rect experimental evidence can be recalled to support
it. A higher loading-rate sensitivity, i.¢. f;, was however
reported for lower quality concrete, higher w/c ratio,
and these technological parameters could imply a
higher porosity of materials. Further evidence, given
by Darvin et al. [12] was deduced from the results for
mortar with and without the addition of silica fume.
The addition of silica fume was found to decrease the
loading-rate sensitivity; however, the observation was
gained in compression not in tension. It can be con-
cluded that the heterogeneity of composite structure
determined by the porosity can be the major reason
for the rate-induced increase of the tensile strength of
composites.

DSIF =

2.0

1.8+

1.6+

DDIF

1.2+

1.0+

0 1 2 3

Log loading rate { MPa s1)

Figure 9 Relative increase in the ultimate strain of composites, expressed as DDIF, versus the loading rate. (M) MR mortar, ( + ) PM
mortar, (*) CE model concrete, ([J) BF Bekaert f. mortar, ( X ) HF Harex f. mortar.
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The ultimate strain can be considered in a macro-
scopic sense as a limiting value separating a material
continuum state and fracture state that occurs as a
result of coalescence of microcracks eventually for-
ming a macrocrack. The given definition of g, becomes
rather questionable for fibre-reinforced composites,
because this strain includes apparently existing cracks.
However, the range of investigation has not included
high fibre contents, so the g, value can be fairly well
regarded as a reversibility limit for the whole range of
tested materials. An illustration of the loading-rate
effect on an increase in average ultimate strain for
tested composites is given in Fig. 9.

The observed relationships are not strictly mono-
tonic, as in the case of the tensile strength. No signific-
ant increase or rather a slight decrease of g, was
noticed while increasing ¢ from 1072 MPa s~ ! to

10° MPa s~ !. A further increase in the loading rate
clearly resulted in an increase in DDIF up to 2.0.
Referring to the data published by Kormeling [8],
some differences for fibre-reinforced composites could
be deduced. The composite reinforced with Harex
fibres showed significantly higher rate sensitivity in
terms of g, than Bekaert fibre composite. Contrary to
Kormeling’s results, no relation between the number
of fibres in fracture surfaces and DDIF was observed,
irrespective of fibre type. However, to explain the
differences in the loading-rate sensitivity in terms of ,,
the observations of fibre distribution should be re-
called. It was stated previously that the orientation of
fibrous reinforcement in relation to the tensile load
direction was less effective for Bekaert fibres than for
Harex fibres. A similar tendency could be deduced
from the data given by Rostasy and Hartwich [13],
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Figure 10 Examples of stress—strain relationships for two types of composites obtained at various loading rates. (a) PM, (b) HF.
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although obtained for a much narrower range of
loading rates.

Some examples of stress—strain curves for two types
of composites are given in Fig. 10. It can be noticed
that these typical curves obtained at different loading
rates have certain common features. The o—¢ curves
become less non-linear as the loading rate increases,
thus the characteristic becomes closer to linear within
the wider range of strain. This can be understood as a
decrease of microcracking or as a reduction of sub-
critical flaw growth at high loading rates. Such a
qualitative interpretation was offered by, for example,
Banthia et al. [14]; however, a quantitative evaluation
of observations still calls for further attention.

To quantify the differences in the c— diagrams due
to an increase of the loading rate, the concept of
continuous damage was used. Following the basic
research on continuous damage mechanics (e.g. [15])
a damage variable, o, was introduced. For the sake of
simplicity the variable o is considered as a scalar, i.e.
the following definition was used.

fore=0
fore >0

0

R ©
where o denotes the stress, € the strain and E, the
initial modulus of deformation. Thus the damage is
defined as the area density of voids in a given cross-
section. The damage is treated as a kinematic variable,
the growth of which results in the gradual degradation
of the material. According to the given definition,
0 € o < 1, Le. the stage of no load-carrying capability
is determined by © = 1.

Using the experimental records of the stress and
strain with time, a precise determination of the dam-
age evolution for each tested specimen was possible
according to Equation 3. An example of the damage
evolution for a specimen in a high rate test is shown in
Fig. 11. Apart from experimental data, a fitted expo-
nential curve is also shown.

The curve shown was cut at the point correspond-
ing to the “ultimate moment” in the loading process,

i.e. the moment when the tensile strength of the mater-
ial was reached. By analogy to ¢,, the damage at this
point is called the ultimate damage, ,. An interesting
observation can be made on comparing the ultimate
damage for specimens tested at different loading rates.
Average values of o, for all tested composites plotted
against the loading rate are shown in Fig. 12. It is
noted that no significant influence of 6 upon the
ultimate damage was found. Only in the case of Harex
fibre composite was a slight increasing tendency ob-
served. However, taking into account the scatter of the
results, a general lack of clear rate dependency of o,
can be stated. Accepting the interpretation of the
damage, w, as the density of microcracks, no quantit-
ative experimental evidence for microcracking in-
crease or decrease can be given. This, of course, con-
cerns pre-critical crack growth that takes place prior
to peak load.

The observations reported for damage evolution
provide a basis for model interpretation of the
loading-rate influence upon the tensile strength of
cement composites. An elaboration of the model was
described elsewhere [ 16]. However, further research is
still required, particularly focusing on the rate depend-
ency of fracture phenomena occurring after the peak
stress.

6. Conclusions

1. The increase in the tensile strength induced by
increasing loading rates is related to the total porosity
of tested composites. A higher porosity implying a
higher heterogeneity of composite structure produces
a higher loading-rate sensitivity in terms of the tensile
strength.

2. The strain at peak stress varies in a non-mono-
tonic manner with loading rate. With increasing load-
ing rate the ultimate strain first decreases (at about
1 MPa s~ 1) and then significantly increases up to
two-fold.

0.5
0.4
0.3+
-]
S
= 0.2
€ 02
(=]
0.15 Exp. data Fitted curve
0.0 M4 AK Aol
S ATl WA Ve
-0.1 — — . : , ~ _
0 0.5 1'0 1.5 2.0 25 3.0 35 4.0 4.5

Time {ms)

Figure 11 An example of the damage evolution for a “model concrete” (CE 23T} specimen, at 818 MPa s~ !,
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Figure 12 Relationship between the ultimate damage and the loading rate for all tested composites. ((1) MR, (- B -) PM, ( +)
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3. The stress—strain curves for the composites con-
sidered are non-linear, but this non-linearity decreases
with increasing loading rate. However, the ultimate
damage, defined as the density of microcracks at the
peak load, is hardly affected by a change of loading
rate.

4. No relationship between the number of fibres in
the fracture surfaces and the loading-rate sensitivity in
terms of f; and ¢, is found. However, a change of fibre
distribution and a difference in fibre shape influence
the relative increase in the ultimate strain of fibrous
composites.

5. A fracture mode varying from aggregate debon-
ding to aggregate breaking is found to have no
importance in inducing the reported rate effects.
Therefore, a dominant influence can be attributed to
an inertia of subcritical microcracking and possibly
multiple microcracking of the material.
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