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CHAPTER 1

INTRODUCTION

Concrete behaves as a nonlinear material when subjected to uniaxial
compression. Work in the early 1960's showed that the stress-strain curve
of concrete is associated closely with the formation of microcracks: cracks
that form at coarse aggregate boundaries (bond microcracks) and propagate
through the surrounding mortar (mortar microcracks)(12, 14, 21, 29, 33, 35).
Microcracks have a surface density of 1 to 3.5 in./in.? (0.04 to O.14
mn/mm?) and can be seen at magnifications below 50x (9, 21).

During the early microcracking studies, concrete was considered to be
made up of two linear elastic brittle materials - cement paste and aggregate
- and microcracks were considered to be the major cause of nonlinearity (21,
32).

This picture began to change in the 1970's. As shown in Fig. 3.1,
cement paste is, in fact, a nonlinear softening material, as is the mortar
constituent of coneorete. The nonlinearity of concrete appears to be highly‘
dependent on the response of these two materials (11, 26, 32, 38-40) and
less dependent upon bond and mortar microcracks than originally thought.

The effects of load rate on the response of concrete have been under
study for over 70 years (1). An increased rate of loading will increase
both stiffness (27, 28) and strength. However, the sensitivity of strength
to strain rate ceems to va?y with different studies. Some researchers have
obtained iittle or no increase in strength for increases in loading rate of
several orders of magnitude (15-17, 30). Others have obtained large in-

creases in strength (1, 5, 6, 22-24, 27, 28, 31, 36-38, 41-u43, U45), in scme



cases over 80 percent. The differences appear to be due to differences in
test specimens, such as curing conditions (23, 37, 43), concrete strength
(v, 5, 23, 27, 38), age of concrete (23), type of aggregate (34), and mois-
ture qontent (24). The largest variations appear to be due to differences
in moisture content (24). Specimens that are dry show very little sen-
sitivity to strain rate, while specimens that are fully saturated show the
greatest increase in strength with rate of loading.

The studies presented in this report are aimed at improving the under-
standing of concrete by determining why its cement paste and mortar
constituents are nonlinear, how these materials respond at different strain
rates, and what structural changes occur as a function of water-cement
ratio, sand content, and strain rate. Special emphasis is paid to very
small microcracks that form in cement paste and mortar under load. The term
"submicrocracks" is used to distinguish these cracks from the much larger
bond and mortar microcracks observed in earlier studies.

The following chapters describe the experimental program and the ex-
perimental and analytical techniques developed to support that program,
discuss the implications of the observations, and present the key
conclusions.

This research has involved a wide number of technical and scientific
areas. The details of the work are presented in a number of other
documents. This report summarizes the most significant findings of the
study. Appendix B includes a complete listing of the publications produced

through this research effort.

.



CHAPTER 2

EXPERIMENTAL PROGRAM

The experimental program consisted of two major phases, 1) a study of
cement paste and mortar subjected to monotonic uniaxial compressive loading
at low strain rates and 2) a study of cement paste and mortar subjected to
monotonic uniaxial compressive loading at strain rates ranging from 0.3 to
300,000 microstrain per second.

2.1 Materials

Cement: Type I portland cement was used. For phase 1, the cement
consisted of 51.1 percent tricalcium silicate, 22.3 percent dicalcium sili-
cate, 9.5 percent tetracalcium aluminoferrite, and 8.6 percent tricalcium
aluminate. For phase 2, the cement consisted of 54.4 percent tricalcium
silicate, 22 percent dicalcium silicate, 8 percent tetracalcium aluminofer-
rite, and 7 percent tricalcium aluminate.

Fine Aggregate: The fine aggregate was river sand consisting mainly of
quartz, with 10-15 percent chert. Larger particles contain some limestone
and dolomite. Fineness modulus = 2.9, bulk specific gravity (saturated
surface dry) = 2.61, absorption = 0.79 percent. Source: Kansas River,
Lawrence, Kansas. The sand was passed through a No. U4 sieve before use.

Mix Proportions: For phase 1, concrete mixes were designed in order to
obtain proportions of the corresponding mortar constituent. Three water-
cement ratios (W/C), 0.3. 0.5, and 0.7, were used for cement paste. A
single mortar mix, with W/C = 0.5, was used and had a sand-cement ratio

(S8/C) of CZ.cv%.



For phase 2, W/C's 0.3, 0.4, and 0.5 were used for cement paste and
mortar. Concrete mixes were designed in order to obtain the sand-cement for
one mortar for each water-cement ratio (mortar A). Sand-cement ratios of
6.97, 1.59, and 1.97 were used for W/C's of 0.3, 0.4, and 0.5, respeaxtively.
For W/C's 0.4 and 0.5, a second mortar (mortar B) was used to evaluate the
effect of a modification in sand-cement ratio upon response (S/C = 1.97 and
1.29 for W/C = 0.4 and 0.5, respectively).

2.2 Test Specimens

Prismatic test specimens, 2 in. (51 mm) square by 8 in. (203 mm) long
for phase 1 and 1 in. (25 mm) square by 5 in. (127 mm) long for phase 2,
were prepared using steel molds. The specimens were cast in a vertical
position. For phase 1 and phase 2, the molds were filied in three layers,
each layer rodded 25 times. 3/8 in. (9.5 mm) and % in. (6.4 mm) diameter
rods were used for the large and small specimens, respectively. For phase
2, specimens with W/C = 0.3 and 0.4 were placed in three layers and con-
solidated on a vibratory table. The molds were then sealed at the top.

During the first 2U hours, the molds were stored in the laboratory in a
horizontal position to reduce the effects of bleeding. The specimens were
then removed from the molds and stored in lime saturated water until the
time of testing. |

Prior to loading, the specimens were shortened by removing 1 in. por-
tions from each end, using a high speed masonry saw. Specimens were tested
27 to 29 days after casi:ing. Specimens were wrapped in plastic to ensure

that they would remain saturated during the test.



2.3 Loading Procedure

For phase 1, specimens were loaded to pre~selected values of corpres-
sive strain and immediately unloaded using a closed-loop servo-hydraulic
testing machine. The monotonically loaded specimens were loaded and un-
loaded at a strain rate of 6.7 microstrain per second. Cement paste
specimens were loaded to strains of 0.0005, 0.001, 0.002, 0.004, and 0.006,
while mortar specimens were loaded to strains of 0.0005, 0.001, 0.002,
0.003, and 0.004. Specimens were instrumented with a 5 in. gage length
compressometer to measure axial strain and a 2 in. gage length extensometer
to measure lateral strain.

For phase 2, specimens were loaded in compression at seven strain rates
ranging from 0.3 microstrain per second to over 300,000 microstrain per
second. Successive strain rates were separated by a factor of 10 (one order
of magnitude). The slowest tests took 12 hours, while the fastest tests
took about 0.03 sec. A typical compression test for concrete is made at a
strain rate of about 15 microstrain per second and takes about 2 minutes.
Longitudinal strain was monitored and controlled using two parallel linear
variable differential transformers (LVDT's). Virtually constant strain
rates were obtained, except at the highest strain rate. At a nominal strain
rate of 300,000 microstrain per second, the initial response of the actuator
was below the desired strain rate. The strain rate stabilized only at a
stress corresponding to approximately 30 percent of the compressive strength
of the material. Over the final range of strain a nearly constant strain
rate, in excess of 300,000 microstrain per second, was obtained. 1In the

data that follows, three strain rates are shown: The average strain rate



from zero stress to the peak stress, € the strain rate obtained be-

0-100’
tween strains corresponding to 5 and 20 percent of the peak stress, é5-20'
and the strain rate obtained from a strain corresponding to 50 percent of
the compressive strength to a strain past the peak of the stress-strain
curve, corresponding to a stress of 99 percent of the compressive strength
€50-99°

2.4 Submicrocracking Studies

Specimen preparation: After the test specimens were loaded, they were
submerged in lime saturated water for no longer than 24 hours. To prepare
the specimens for viewing in the scanning electron microscope (SEM), 1/8 in.
(3.2 mm) thick slices were removed along the longitudinal (or loading)
direction with a high speed masonry saw, using a saturated solution of
calcium hydroxide as the lubricant. The edges of the slice were remdved,
leaving the middle portion of each slice. The slice was rinsed with lime
saturated water and placed in an oven at a temperature of 217°F (103° C). A
constant weight was attained in 24 hours.

After drying, the specimens were stored in a vacuum desicecator. Prior
to viewing in the SEM, the slices were fractured to produce two SEM
specimens. The SEM specimens had edges which were either perpendicular or
parallel to the direction of loading (i.e., transverse or longitudinal
edges). The two specimens had dimensions of about 1/8 in. (3.2 mm) thick by
1/2 in. (12.7 mm) long by 1/4 in. (6.4 mm) high. Just prior to viewing in
the SEM, the fractured spécimens were coated with 200 angstroms of gold-
palladium, a conducting material used to allow high quality images to be

obtained for nonmetallic materials with an SEM.



Crack measurements: Within the SEM, each specimen was scanned in 1C
(phase 1) or 5 (phase 2) pre-selected bands across the 1/8 in. (3.2 mm)
specimen thickness. A Philips 501 Scanning Electron Microscope was used for
phase 1, while a Philips 515 SEM, in conjunction with a LeMont Scientific
OASYS Image Analysis System, was used for phase 2. Crack trace lengths,
widths, angles, and micrcostructural features through which the cracks passed
were recorded,

For phase 1, measurements were made at a magnification of 1250x, except
crack widths below 10_1l in. (2.5 um) were measured at 2500x. Only portions
of cracks within the field of view were measured in order to obtain an
accurate estimate of the density of cracks within the scanned areas. Crack
lengths and widths were measured with a ruler on the SEM viewing monitor
operating in the "TV" mode. Markers having units of micrometers were dis-
played on the viewing monitor and were used to convert the ruler
measurements to true dimensions. Crack trace angles were measured by means
of the rotation control on the SEM, For easy recording, crack trace lengths
were recorded at intervals of 2 x TO—M in. (5.1 um) [= 0.25 in. (6.§ mm)
with the ruler], and crack trace angles were recorded at intervals of 5°
from 0-180° (i.e., 5° = 2.5° to 7.5°, etec.).

The process of obtaining the crack data was quite tedious and required
about 2 hours per specimen. - To maintain objectivity, crack surveys were
made at the same time each day and limited to a single specimen. To turther
insure objectivity, specimens were selected and surveyed using a double
blind coding system. A total of 150 individual SEM specimens were studied.

In phase 2, procedures were developed to carry out crack surveys using

a new SEM in conjunction with an image analysis system. The new system has



greatly improved resolution (crack width = 0.05 um versus 0.15 to 0.5 um
for phase 1) and allows greater accuracy in crack data acquisition.
Measurements were made at a magnificatlion of 3750x. Crack lengths and
orientations were obtained directly from the system in an interactive mode,
using a digitizing pad and stylus. The improved resolution and accuracy
provide data with much less scatter than observed in phase 1. This allows
crack surveys to be obtained with fewer scans across a specimen.

These developments occurred late in the project, but enough data was
obtalned with the new techniques to demonstrate their power and to support

the accuracy of the extenslive studies performed in phase 1. A more detailed

discussion of image analysis of oracks {s presented in Reference 13.
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CHAPTER 3

EXPERIMENTAL RESULTS AND DISCUSSION - PHASE 1

Fig. 3.1 illustrates typlcal stress-strain curves for cement paste and
mortar {n compression. The nonlinearity of concrete is closely tied to the
nonlinear response of these two materials. The principal goal of phase 1
was to determine the role of submicrocracks in this behavior.

3.1 Submicrocracks

Typlcal cracks are illustrated in Fig, 3.2-3.4. Fig. 3.2 shows a orack
in cement paste through calcium silicate hydrate (CSH), one of the prime
hydration products of portland cement. Fig., 3.3 illustrates a crack through
both CSH and caleium hydroxide (the second major product of hydration).
Fig. 3.4 shows cracking in mortar. In this figure, a crack runs adjacent to

the sand grain-CSH interface. Additional cracks are apparent within the

CSH.

4 3

Cracks range in length from about 4 x10  in. (10 um) to about 8 x 10

in. (200 um). Interfacial cracks within mortar can attaln even greater

lengths, as illustrated in Fig. 3.4, Cracks appeared to range in width from

5 in, (0.20 um) to 2.8 x 10-M in. (7.0 um) in cement paste and from

4

0.8 x 10~

0.6 x 10°°

in. (0,15 um) to over 12 x 10 ' in. (30 um) in mortar. However,
very few of the narrow cracks were observed,

The raw data can be summarized in terms of the crack density and the
mean crack wlidth on the transverse and longlitudinal surfaces. The varia-
tions in surface crack density (expressed in in./in.?) with applied strain
are lllustrated for cement paste and mortar with W/C = 0.5 in Fig. 3.5 and

3.6. Variations in mean crack width are presented in Fig. 3.7.
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The crack densities in cement paste and mortar range from about 15
in./in. (0.59 mm/mm2?) to about 50 in./in.? (1.97 mm/mm?), which 1s an order
of magnitude greater than that obtained for bond and mortar microcracking in
concrete (9, 21). Fig, 3.5 and 3.6 illustrate that orack density increases
with strain. The best fit lines are shown for the data. Equations of the
lines are given in the figures. The correlation coefficlients, R, indicate
that the relatlonships between crack density and applied strain are strongly
linear. This linear trend was al.o obtained for cement paste with W/C = 0,7
(2). Contrary to the linear trend exhibited by the other materials, cement
paste with W/C = 0.3 exhiblts a crack density-strain relationship that is
parabolic (Fig. 3.8).

In all cases, crack density begins to increase at very small applied
strains, suggesting that even low strains result in some damage to cement
paste and mortar. The specimens also exhiblit greater crack densitlies on the
transverse surface than the longitudinal surface. This 1s a function of the
preferential orientation of the submicrocracks toward the longitudinal
direction, as will be demonstrated later,

Fig. 3.7 illustrates that the mean crack width [typilcally 3.0 to 5.0 x
10-5 in. (0.76 to 1.27 um)] increases with inoreasing compressive strain for
cement paste and mortar. The magnitude of the increase appears to uLe nearly
the same in the two materials. Except for nonlcaded specimens, the average
crack widths In mortar exceed those in cement paste.

Like the data produced in the earlier microcracking studies of con-

crete, the relationships illustrated in Figs. 3.5, 3.6, and 3.8 are largely

of qualitative, not quantitative, interest. The data, in fact, represent

only the traces of three-dimensional cracks on selected planes. Thus, this
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data does not directly provide information about cracking as it occurs
throughout the volume of a specimen. The dimensions and orientations of
three-dimensional c¢racks are needed {f a full understanding of material
response to cracking is to be obtained., Therefore, the surface crack data
must be further analyzed to obtain estimates of the three-dimensional crack
distributions. The three-dimensional distributions are used to estimate the
effects of cracks on the stress~strain behavior of the materials (Sections
3.4 and 4.7).

3.2 Conversion of Surface to Three-Dimensional Crack Distributions

Surface Distributions: The accurate estimation of three-dimenslonal
crack distributions requires a number of steps. First, the experimental
surface crack distributions must be modified to obtaln "true" surface
distributions. This is necessary because only orack traces that lie within
the fleld of view are measured (Fig. 3.9). Segments of some cracks project
outside the viewing area, and their measured lengths are shorter than their
true lengths. This causes the length distribution to be skewed towards low
values. A crack whose center is located outside the viewing area may have a
portion within the fleld of view (Fig. 3.9). A crack centered at the same
point, but at a lower angle, 6, may lle completely outside the viewing area.
The observed number of cracks at low angles will, therefore, be relatively
less than the number at high angles, resulting in the angle distribution
belng skewed towards 6 = 90°, Thus, the observed distributions may not be
good estimates of the true surface distributions., True trace length and

angle distributions are obtalined from the observed surface distributions

using statistical procedures described in References 2 and 3.
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Three-dimensional crack distributions: True surface crack distribu-
tions are conve: ted to three-dimensional distributions using stereological
procedures described in Reference 2, These procedures include steps that
filter out cracks induced by specimen preparation (2). The filtering
removes the non-isotroplc components of crack distributions caused by
specimen preparation, but retains isotroplc components which cannot be
separated from lsotropic components that may occur during hydration. For
the purposes of this analysis, if a crack trace 1is nonlinear, it is treated
as an equlvalent linear trace which spans end to end of the nonlinear orack
trace.

To derive the relationships between the surface and three~dimensional
crack distributions, each crack is assumed to be elliptic with a semi-major
axis length, a, aspect ratio, r (= b/a, b = semi-minor axis length), and
angular coordinates y, ¢, and n (Fig. 3.10). Comparisons of experimental
orack trace distrlibutions with distributions generated using elliptic oraocks
(2) show little loss in accuragy due to this simplifying assumptlon. The
length of the semi-major axis, a, is the "characteristic orack size".

The parameters which describe the three-~-dimensional crack distributions
are the orientation distribution, f(y), the size distribution, f(alw). at

each orientation, ¥, the mean and variance of f(al¥), <a > and var(aw), the

]
crack aspect ratio, r, the rotation of the crack about its normal, defined

by the angle n, and the number of cracks per unit volume, NV‘
For the cr.uck distributions obtalined in this study, the crarck orlenta-

tion distribution, f(y), can be represented satisfactorily by a Marriott

distribution (Ul), This distripution describes the orientation of a
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transversely isotropic system of cracks with a mild degree of anisotropy.

The Marriott distribution is expressed as:

£QY) = e

1 = K/3
-1 sKs 1

(1 + K cos 2y) sin ¢ (3.1)

The longitudinal direction (direction of applied stress) corresponds to
¢ = 90°, K is a measure of the degree of anisotropy. A negative value of K
indicates a system in which more cracks are oriented in the longitudinal
direction than in the transverse direction, while a positive value of X
indicates a system in which more c¢cracks are oriented in the transverse
direction than in the longitudinal direction. K = 0 represents an isotroplc
crack distribution. K can range from += (all oraoks with ¢ = 0) to == (all
cracks with ¢ = 90°), although the range is much narrower for cement paste
and mortar., Even small values of K, such as cobtalned in this study, have a
major effect on material properties (2, 4). K is obtained from the surface
crack densities on the transverse and longitudinal surfaces (i4),

The crack size distributions, f(a|w). are convenlently represented by a

gamma distribution (2).

1 au-1ea/s

flaly) = p (3.2)
BT (a)
in which a and 8 are functions of the mean and variance of f(a|¢), <aw> and
var(aw). 2 -
<a > var{a
a = S g = —— (3.3)
var(aw)' <aw>
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P(a) 13 the gamma function and 1s defined as

*Te Y gy (3.4)

rta) = foy
Gaussian quadrature with four integration points over the range of y from 0
to 50 is sufficient for the integration in Eq. (3.4).
0f the parameters which describe the three~dimansional crack distribu-
tions, the analyses (2) show that the crack aspect ratio, r, is affected
only slightly by the load regime and applied strain. r varies within a
narrow range from 1.0 to 0.85, For many values of strain, r = 1, The
analyses 2lso show that the optimum solutions for three-dimensional crack
diatributions are obtained when the rotation of the craok about its normal,
n, is equal to 0. As a result, the three-dimensional distributions are best
described by the skewness or degree of anisotropy of the orack orientation,
represented by K of the Marriott distribution, the varlation of the mean
characteristic crack slize, <a >, with orientation ¢, and the number of

¥
cracks per unit volume, N,,. An additional ecrack parameter, N,<a®>, the

v )
product of the number of cracks per unit volume, NV' and the mean of the
cubed crack size <a’>, is a measure of the volume density of the cracks.
Nv<a'> is useful since 1t plays an important role in controlling material
behavior (2, 4, 8). Average values of these parameters are summarized in

Table 3.1 for the cement paste and mortar speclmens tested in this study.

3.3 Three--Dimensional Crack Parameters

The results presented in tnls sectlion are ohtained from the average
surface crack data for all aspecimens loaded to a given strain--typically

three specimens for cement paste with W/C = 0.3 and 0.5, and two specinens

for cement paste with W/C = 0.7, and mortar with W/C = 0.5. The c¢rack
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parameters obtained for the individual specimens varied less than 2 percent
from those obtained from the mean values (2).

Mean Characteristic Crack Size: Typlcal relationships between the mean
characteristic crack size, <a >, and strain, and between the coefficient of

v

variation of crack size, [var(aw)]1/2/<a >, and strain are illustrated in

v
Fig. 3.11 and 3.12 for cement paste with a W/C = 0,5, Crack orientations of
0°, 45°, and 90° are used in these figures. The lines shown are best fit

lines through the data. Fig. 3.11 and Table 3.1 show that crack size, <a >,

v
increases with increasing strain and with increasing orlentation angle, V.
The increase in <aw> with increasing angle indicates that oracks are larger
the closer their orientation is to the direction of the applied compressive
stress. The coefficients of varlation are approximately constant (Fig.
3.12), indicating that crack sizes have about the same spread relative to
their means for all applied stralns and orack orientations.

Degree of Anisotropy: For nonloaded cement paste and mortar with W/C =
0.5, the degree of anisotropy, K, is 0,00, while for nonloaded cement pastes
with W/C = 0,7 and 0.3, K is -0.02 (Table 3.1). As pointed out earlier, K =
0 indicates an isotroplec orientation distribution, K = -0.,02 gives an
orientation distribution, f(y), that differs from an lsotropic distribution
by less than 1 percent, Thus, the orientation distributions are virtually
I1sotropic In all of the nonloaded materials.

Fer the loaded specimens, K becomes increasingly negative with increas-
ing compressive strain (Table 3.1), indicating that the crack distributions
become skewed towards the direction of applied stress as the strain
increasea, For cement paste with W/C = 0.5, values of K range from 0.00 for

nonloaded specimens to -0.30 for specimens at a strain of 0.006, while for

paste with W/C = 0.7 and 0.3, they range from -0.02 for nonloaded specimens
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to -0.29 and ~0.31, respectively, for specimens at a strain of 0.006, For
mortar with W/C = 0.5, values of K range from 0.00 for nonloaded specimens
to ~0.24 for specimens at a strain of 0.004,

Aspect Ratio: At low strains, the crack aspect ratio, r, is 1.0; l.e,,
the cracks may be approximated as circular (Table 3.1). At high compressive
strains, the cracks become slightly elongated (i{.e., r < 1,0). At a strain
of 0.006, the values of r are 0.90, 0.87, and 0.85 for cement pastes with
W/C = 0.7, 0.5, and 0.3, respectively. At an applied strain of 0.004 in
mortar with W/C = 0.5, the value of r is 0.90, These results imply that
each crack has a slightly preferred direction of propagation (or charac-
teristic direction) in its plane. Since n = 0° for all load cases (2), that
direction is such that the crack normal and the major axis of the crack lie
in a plane that 13 parallel to the direoction of loading.

Number of Cracks per Unit Volume: The number of cracks per unit

volume, N,, decreases with increasing applied strain (Table 3.1, Fig. 3.13).

v
For example, for cement paste with W/C = 0.5, NV decreases from 2.3 x 10*
in.-3 (140 mm-3) in nonloaded specimens to 0.7 x 10° in.-3 (43 mm-3) in
specimens loaded to a strain of 0,006, Similar variations occur for paste
with W/C = 0.3 and 0.7. At any given strain, the lower water-cement ratio
pastes exhibit a greater number of cracks per unit volume. For mortar with
W/C = 0.5, NV decreases from 1.5 x 10°¢ in.“3 (92 mm_3) in nonloaded
specimens to 0.6 x 10°® in.-3 (37 mm_3) in specimens loaded to a strain of
0.00l4, While the number of cracks per unit volume decreases with lncreasing

strain (Fig. 3.13), the mean crack size increases (Fig. 3.11). The two

results suggest that as compressive straln increases, small cracks Jjoin to

form larger cracks.
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Volumetric Crack Density: The variation of the "volume density" of
cracks, Nv<a’>, with applied strain 1s shown in Fig. 3.14 for cement pas:es
with W/C = 0.7, 0.5, and 0.3. Nv<a’> Increases with increasing strain,
suggesting that cement paste 1s damaged progressively during loading. The

best fit lines in Fig. 3.1l show that the average increase in N, <a?> with

v
strain 1s virtually the same for all three cement pastes. This cobservation
suggests that the volume density of submicrocracks 1s more a function of
compressive strain, than of water-cement ratio. The close agreement in
volumetric crack cdensities also suggests that the degree of softening caused
by submicrocracking should be approximately the same for the three cement
pastes. The validity of this conclusion, however, depends on other non-
linear behavior that may occur (Section 3.U).

A study of the indivlidual data points in.Fig. 3.14 shows that helow a
strain of 0,004, Nv<a’> increases more rapidly the higher the water-cement
ratlio., Above 0.004, the trend is reversed, and Nv<a’> increases most
rapldly for cement paste with W/C = 0.3,

Fig. 3.1L4 also compares N, <a?> to compressive strain for mortar with

v

W/C =~ 0.5, The value of Nv<a’> for nonloaded mortar is lower than that for
nonloaded cement paste. This reflects the lower percentage of paste in
mortar and the restraint of shrinkage exerted by the sand grains. With
Increasing strain, Nv<a’> increases more rapldly in mortar than in cement
paste., Thus under load, sand particles appear to act as stress raisers,
resulting in a larger volumetric crack density at strains above 0.001, a

greater degree of softening, and a lower strain capacity compared to cement

paste.
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3.4 Strain Due to Submicrocracking

The portion of material nonlinearity due to the submicrocracking is
estimated through the use of a self-consistent material model (4). The
model was designed specifically to account. for arisotropic cerack distribu-
tions of the type obtained in cement paste and mortar under uniaxial
compression,

Self-Consiatent Material Model: In the self-consistent method, the
strain energy of a c¢racked solid, °c’ is represented as the sum of the
strain energy of the uncracked solid, ¢, and the change in strain energy due

to the presence of cracks, A4d.

Oc = ¢ + Ad (3.5)

The "self-consistent" approximation is obtained by assuming that each c¢rack
contributes to A¢ as If it were an lsolated crack in an infinite matrix
having the elastic moduli of the fully cracked solid (7, 8, 18-20).

The self-consistent model used here represents a transversely lsotropic
cracked solid (4). Transverse isotropy (isotropic behavior within
transverse planes but orthotropic behavior in longitudinal planes) is the
type of anisotropy expected in an initially isotropic, uniaxially loaded
material. In the model, crack closure effects are neglected. Cracks are
assumed to be elliptic (Fig. 3.10) with known size and orientation distribu-
tions (obtained from the crack analysis), and crack centroids are assumed to
be randomly distributed throughout the material. The material between

cracks (matrix material) is assumed tc be locally isotropic and homogeneous,

making the model somewhat less applicable to mortar than to cement paste.
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Although isotropic and homogeneous, the matrix material may be either linear
or nonlinear.

Using the global coordinate system in Fig. 3,10 as a reference, a
transversely isotropic material has six material moduli, five of which are
independent. The five independent modull are the stiffness modulus in the
plane of perpendicular to the direction of loading (plane of isotropy), E,,
the stiffness modulus in the direction of loading (longitudinal direction),
E,, Poisson's ratio in the plane of isotropy, v,;,, Polsson's ratio in any
longitudinal plane, v,,;, and the shear modulus in a longitudinal plane, G,;.
The sixth modulus, G,,, is the shear modulus in the plane of isotropy. G,,

s dependent upon E, and v,, through the relation

E
iz * 3T TN (3.6)

The five independent elastic constants for a given crack distribution
require the .- . ition of five simultaneous nonlinear equations (4)., These
equations are solved iteratively to obtain the elastic modull, which depend
¢nly on the crack distribution and the elastic modull of the matrix
material, Em, Young's modulus, and V! Poisson's ratio.

As the crack distributions change with increasing strain, the elastic
moduli decrease. Since the representation is elastie, nonlinear material
behavior is represented by decreasing secant moduli, as illustrated in Fig.
3.15.

Application of the Model: To determine the effects of submicrocracking
on material behavior, the effective moduli of interest are E, and v,,, the
modulus of elasticity and Pols-on's ratio, respectively, that are normally

measured in a uniaxial compression test. The specific procedures used to
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calculate E, and v,, depend upon whether or not cracks exist prior to
loading.

Pre-existing cracks: 1In this case, the crack distribution obtained for
a nonloaded specimen is assumed to exist prior to loading. The moduli of
the matrix material, Em and Vi are obtained by selecting values which, when
combined with this distribution, produce the measured values of the initial
moduldi, Ei and vy The effective moduli, E, and v,,, are then calculated
using Em and m and the full three-dimensional crack distribution at each
stage of loading.

For application in the self~consistent model, the average experimental
values are used for the initial moduli, E1 and v (2): E1 = 1.78 x 10* psi
(1.23 x 10* MPa), 2.54 x 10¢ psi (1.75 x 10" MPa), and 3.31 x 10°® psi (2.28
x 10* MPa) for cement pastes with W/C = 0.7, 0.5, and 0.3, respectively, and
4,79 x 10°® psi (3.30 x 10" MPa) for mortar with a W/C = 0,5, v, = 0.24 for
the three cement pastes, and 0.20 for mortar,

No pre-existing cracks: If no cracks exlist prior to loading, the
cracks in nonloaded specimens represent cracks caused by specimen prepara-
tion, and the cracks in loaded specimens consist of both load-induced and
preparation cracks. Since the calculation of the effective modull of loaded
material should only account for the load~induced cracks, distributions
representing load-induced cracks are obtained by subtracting the three-
dimenslional c¢rack distribution (size, orientation, and density) obtained for

the nonloaded specimen froem the distribution obtained for the loaded

specimen. The altered distribution is used to calculate E, and v,,. In

thig case, Em and m equal the initial experimental modull.
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Linear Elastic Material Matrix: For a given crack distribution, the
strain associated with the cracked elastic material, €op? depends on the

effective stiffness modulus, E;, and the applied stress, ¢ (Fig. 3.15).

Io

ec (3.7

m
-

eec includes a component due to elastic deformation, ee. and a component due

to submierocracking, o The strain due to submlerocracking ls

0 0 Ey - Ey
€, " eec-ee"E—,-EI' O(Ej.-r) (3.8)
The total inelastic strain, ¢ - ee. 1s the difference between the applied
strain, €, and the elastie strain, €
Pre-existing cracks: The values of the modull, E, and v,,;, and the
axial strains, €, eec' and ec are presented in Table 3.2 for cement pastes
with W/C = 0,7, 0.5, and 0.3 and mortar with W/C = 0.5. As the applied
strain increases, the calculated stiffness modulus, E,, decreases. For
example, for cement paste with W/C = 0.5, E, decreases from 2.54 x 10°® psi
at € = 0 to 2,156 x 10® psi at ¢ = 0.006. For mortar with W/C = 0.5, E,
decreases from 4.79 x 10% psi at € = 0 to 4.06 x 10® psi at ¢ = 0.004,
The effect of the cracks on E, for the different materials is shown In
Fig. 3.16 which compares the normalized stiffness modulus, E’/Ei’ with the
applied strain, e. For the three cement pastes, the variation of E’/Ei with

£ is virtually independent of water-cement ratio., This result 1s expected

because the crack distributions obtained in the three cement pastes are
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nearly identical (Table 3.1). At the maximum strain of 0.006, the calcu-
lated reduction in stiffness due to submicrocracking for the three cement
pastes is about 15 percent,

Fig. 3.16 also shows that the reduction in E,/E1 is greater for mortar
than for cement paste. At the maximum strain of 0.004 in mortar, the calou-
lated reduction in stiffness is 15 percent, versus 11 percent for cement
paste at the same strain. This difference is consistent with the higher
rate of increase in crack density in mortar described earlier.

The stress-strain curves due to submicrocracking (o-eec) are compared
with the experimental stress-strain curves (o-e) and linear elastic stress-
strain relationships (o-ee) in Fig. 3.17 and 3.18 for cement paste and
mortar with W/C = 0.5, The curves illustrate that the submicrocracks ac-
count for a portion, but not all, of the nonlinear response of the
materials,

The total strain, ¢, consists of elastic and inelastic components. The
inelastic component, e - €g? oonsists of a portion due to submicrocracking,
€ and a portion due to other causes, ¢ - €g " €4

For cement paste with W/C = 0.5, the strain due to submicrocracking, €0
increases from 0.000005 at € = 0.0005 to 0,000469 at ¢ = 0,006 (Table 3,2).
Ec accounts for 18 percent of the lnelastic strain at a total strain e =
0.0005, and 14 percent at € = 0,006, Similar values are obtalned for paste
with W/C = 0.7. For cement paste with W/C = 0,3, ec accounts for as high as
37 percent of the inelastic strain at € = 0.0004, This value drops to 24
percent at € = 0,006,

For mortar, €0 represents nearly 18 percent of the inelastic strain at
€ = 0.0005. This drops to 9 percent at € = 0.003 and 5 percent at ¢ =

0.004, After the peak stress, the applied strain lncreases but €ec and €0

decrease (Fig. 3.18), indicating that the material is unloading. This
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response 138 due in large part to the use of a linear representation for the
matrix material.

The fact that o accounts for only a portion of the lnelastic strain in
cement paste and mortar suggests that the matrix materlial is not linear and
elastic at all values of straln. Rather, the matrix appears to become
inelastic with increasing applied strain.

Vy,; is compared with the experimental Polsson's ratio, v, in Table 3.1.
v lncreases from 0,24 at ¢ = 0 to 0,27 at ¢ = 0,006 for the three cement
pastes, while v,, increases to only about 0.25 at the same straln. For
mortar with W/C = 0.50, v increases from 0.20 at ¢ = 0 to 0.48 at ¢ = 0.004.
This compares to vy, = 0.218 at e = 0,004, Thus, submicrocracking appears
to account for only a portion of the lateral strain in cement paste and a
very small portion in mortar.

No pre-existing cracks: As illustrated in Fig. 3.19, when using a
linear elastic matrix material to model the effects of c¢racks, the question
of pre-existing cracks is unimportant, The values of material moduli, E,
and v,,, are virtually identical whether or not the crack distributions
obtained for nonloaded speclimens are assumed to exist prior to loading. The
reason for this similarity is due to the fact that an analysls based on no
pre-existing cracks starts with a lower calculated stiffness for the matrix
material, Em' than used If cracks are assumed to pre-exist. The close match
in moduli{ indicates that In the analysis with no pre-existing cracks, the
smaller number of cracks used at each strain level and the lower value of Em
compensate for each other,

Other Inelastic Deformation: The lnelastic deformations in cement

paste and mortar include sizeable strains that cannot be accounted for by

the recorded submicrocracking (Fig. 3.17 and 3.18). This leads to the
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concluslion that the assumption of a linear matrix may be incorrect. 1In
addition to the recorded submicrocracking, there are a number of sources of
inelastic deformation.

Not all of the surface submicrocracks were seen, Since the
microstructure of cement paste consists of different features
(e.g., calcium silicate hydrate and calcium hydroxide), some oracks
may be obscured by the boundaries between these features. This may
be even more so in mertar, which contains sand, Even more impor-
tant is the limitation on resolution of the SEM, since cracks were
measured using the SEM monitor operating in the "TV" mode. The
results obtained in Phase 2 support this point (see Section 4.6).
Additions to the recorded cracks will result in a larger portion of
the inelastic strain being attributed to submiorooracking.

Large microoracks and maorooracks, whioh are visible on the
surface of some specimens at high stresses, are not included.
These cracks will make an important contribution at high strains.

A portion of the inelastic strain in cement paste subjected to
monotonic loading 1s due to flow or creep of the material (38).
Thus, the mechanisms of creep account for a portion of the inelas-
tic deformation that is not due to submiorocracking.

These observations should not come as a surprise. In fact, the pro-
perties of the matrix material should be expected to change under load. The
resulting inelasticlty of the matrix and the effects of larger oracks and
those missed in the crack surveys need to be accounted for in order to fully

assess the role of submicrocracks in the nonlinear behavior of cement paste

and mortar,
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Nonlinear Matrix Materlal: To obtain an improved estimate of the role
of submicrocracks in the stress-strain response of cement paste and mortar,
the analysis procedures can be altered to allow the moduli of the matrix
material, Em and Vo to change. For simplicity, &ll of the nonlinear
response that is not accounted for by submicrocracking is assigned to the
matrix and ls reflected in changes in Em and vm. This simplifying assump-
tion lumps large microcracks and macrocracks in with flow or creep. The
implications of this assumption are discussed below. The matrix material is
assumed to remain lsotrople.

To calculate Em and vm for a given distribution of submicrocracks, the
effective stiffness modulus of the oracked material, E,, is set equal to the
measured secant modulus = o/e. The effective Polsson's ratio, v,,, is set
equal to the measured Polisson's ratio, v. Values of Em and Yy @re selected
which, when combined with the three-dimensional oraok distribution, produce
the measured values of E, and v,,.

If the full orack distribution ls used, thias computation process is
similar to that used with the "pre-existing crack" assumption, If the
difference between corack distributions in the loaded and nonloaded spacimens
is used, a procedure similar to that used with the "no pre-existing oraok"
assumption is obtalned.

At any value of total strain, e, the straln assoclated with the matrix
material, €m ™ c/Em, includes elastic and inelastic components, The com-

ponent of the strain due to submicrocracking, € is the difference between

the applied strain, e, and Em

€ weE =~ ¢ (3.9)
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As before, the total inelastic strain, € - ee, is the difference between ¢
and the elastic strain, Ee - u/Ei. To obtain the equivalent of Eec used

previously (Eq. 3.7), €, Must be combined with ¢ .

E_=Eg_*+ ¢ (3.10)

Pre-existing ¢racks: The calculated matrix material moduli and the
strain due to submicrocracking are presented in Table 3.3, ¢ = €qq CUrVes
are compared with experimental ¢ - ¢ curves and linear o - €q relationships
for cement paste and mortar with W/C = 0,5 in Fig. 3.20 and 3.21,

Softening within the matrix acoounts for a significant portion of the
nonlinearity at all values of applied strain. Changes in Em are substan-
tial, as illustrated by cement paate with W/C = 0.5 for which Em decreases
from 2.54 x 10% psl at € = 0 to 1.375 = 10® psl at ¢ = 0.006,

Allowing the matrix to soften increases the degree of nonlinearity
attributed to submicrocracking in all cases (Table 3.3). As with the elas-
tic matrix, € plays a larger role the lower the water-cement ratio and
accounts for the greatest percentage of the inelastic strain at low applied
strains. €o accounts for as much as B85 percent of the inelastic strain for
0.3 W/C paste at a strain of 0.0005 (56 percent and 65 percent for W/C = 0.7
and 0.5, respectively). The strain due to submiorocracking, as a portion of
inelastiic stralin, ec/(e - ee). decreases with increasing applied stralin,
dropping to values of 30 percent, 34 percent, and U5 percent at a strain of
0,006 for pastes with W/C = 0.7, 0.5, and 0.3, respectively. This indicates
that while the contribution of submicrocracking to the nonlinear response of

cement paste is significant at all levels of applied strain, the relative

Importance of other mechanisms, large microcracks, macrocracks, and creep,
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increases with increasing strain. The relative importance of submicrocrack-
ing increases with a decrease in water-cement ratio; the majority of the
nonlinear strain in 0.3 W/C paste 1s due to submicrocracking at all strains
except 0.006, at which point macrocracks presumably play a major role.

For mortar, eC/(e - ee) decreases with increasing applied strain from
U5 percent at a strain of 0,0005 to 17 percent at a strain of 0,003, the
strain at the peak stress (Table 3.3, Fig. 3.21), At a strain of 0,004,
which corresponds to the desoending branch of the stress-straln curve, so/(e
- ce) increases to 22 percent, implying that the portion of the inelastic
straln due to submiorocracking is larger on the descending branoh of the
stress-straln ourve than at the peak of the stress-strain curve. If the
post-peak softening of the materlial 1ls due primarily to macrooracks,
however, categorizing all nonlinear response other than submiorocracking as
softening of the matrix material will overestimate the atrain due to
submicroocracking, The smaller values of sc/(e - ee) for mortar as compared
to those for ocument paste may indicate that large microaracks and macro-
cracks play a more dominant role in mortar.

As with the elastic matrix, in this case submicrocracking explains very
little of the change in Polsson's ratio. Most of the change in v must be
accounted for by changes in Vi (Table 3.3). Thus, aspects other than sub-
microcracking appear to control the Poisson effect in these materials.

No pre-existing cracks: The modull of the matrix material and strains
due to submicrocracking based on the assumption that no cracks exist prior
to loading are presented in Table 3.4, For this approach, cc/(e - ee) is
lower than obtalned using the full crack distributions, 10 percent to 80

percent compared with 20 percent to 90 percent. This difference in results
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contrasts with the virtually identical results obtalned with the linear
matrix (Fig. 3.19).

The effect of the pre-existing crack assumption here is due to the fact
that with an inelastic matrix, the crack density is used to back-calculate
the matrix modull at each strain. As a result, the matrix stiffness and the
strain due to submicrocracking, €y (Eq. 3.9) depend on whether or not
oracks are asaumed to exist prior to loading.

The differences in eo obtained with these two approaches increase as
the applied atrain increases. For example, for ocement paste with W/C = 0.3
(Fig, 3.22), at a strain of 0.0005, €y with pre~existing oracks is 1.06
times the value without pre-existing cracks, while at a 2train of 0,006, the
ratio 18 1.27. Considering the extreme assumptions used for the two ap-
proaches, these differences are not large, as seen in Fig. 3.22,

A completely avcurate solution depends on the actual amount of oracking
that exists prior to loading, a question not answered in the our'rent study.
It is likely that some oracks do exlst prior to loading., However, it is
also likely that a large number o preparation ¢racks remaln in the crack
distributions (2). Thersafore, the true effect of load-induced sub-

microcracking should lie somewhere between the results obtained with the two

approaches.
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CHAPTER X4

EXPERIMENTAL RESULTS AND DISCUSSION - PHASE 2

In phase 2, a total of 207 specimens were tested. Major emphasis was
placed on strain rates of 3, 3000 and 300,000 microstrain per second. With
one exception, at least two specimens of each material and straln rate were
tested. Table 4.1 summarizes the test program and the key results, includ-
ing material, rnumber of specimens, and average strain rates, strength,
strain at peak stress, post-peak strains at 90 percent of the maximum
atress, and initial moduli of elastloity.

4.1 Stress—-Strain Curves

Fig. 4.1 and 4.2 illustrate the stress-strain response of specimens
from single batches of cement paste and mortar with W/C « 0.3 at each of the
7 straln ratea, These curves are typical of the stress straln response of
cement paste and mortar at all three W/C'a, The curves show that both
materials inorease in strength with increasing strain rate. They 8lso show
that the atraln at the peak stress and the overall ductility of the
materials also depend on strain rate; however, tliese relations are not
monotonice. The atrain at the peak stress is generally greatest for the
slowest rate of loading (C.3 microstrain per second). As the strain rate
increases, the straln at the peak stress decreases at first and then in-
¢reases with increasing strain rate. The curves also show an lncrease in
the initial modulus of elasticity with inoreasing strain rate. The effect

of straln rate on specific aspects of the stresyg-strain response are dis-

cussed In the sections that follow.
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4.2 Strength

The effect of strain rate on compressive strength is illustrated Fig.
4,3 and 4.4 for cement paste and mortar, respectively. For these com-
parisons, é50_99 1s used to represent straln rate since the strain rate at
high stresses has more of an impact on strength than the straln rate at low
stresses. é50-99' é0-100' and 55_20 differ appreciably only for the two
highest and, in some cases, three highest strain rates (Table 4.1).

Fig. 4.3 and 4.4 show that strength depends upon both water-cement
ratio and strain rate. The diverging lines with increasing strain rate
indicate that strength of the high strength materials is enhanced more by
increasing strain rate than is the strength of lower strength materials.
For the mortars, sand content does not appear to play a significant role in
the response of strength to strain rate. Additional information can be
obtained by normalizing the results illustrated in Fig. 4.3 and 4,4 with
respect to the strength at a single strain rate. This is done in Fig. 4.5,
in which the compressive strengths of the cement pastes and the "A" mortars
are normalized to the strength measured at a strain rate of 3 micerostrailn
per second to obtain "maximum stress ratios"., The lndividual data pointa
shown in Fig. 4.5 represent the average of all test specimens of a par-
ticular material at each strain rate. The figure indicates that the
compressive strength of fully saturated cement paste and mortar lncreases
approximately 15 percent for each order of magnitude increase i{n strain
rate. The percentage increase in strain dces not appear to be a function of
the material (paste or mortar) or the water~cement ratio.

The fact that the effects of straln rate on strength are virtually the

same for the materials tested indlcates that the mechaniams that control the

behavior of the materlials are similar.




3 5 T T O N s =EE O e

AN

4.3 Strain at Peak Stress

Fig. 4.6 illustrates the average value of strain at peak stress, Ep'

versus strain rate ( 9) or cement pastes with W/C = 0.3, 0.4, and 0.5.

50-9
Fig. 4.7 i{llustrates the post-peak strain at a stress equal to 90 percent of

the peak stress, ¢ versus strain rate for the three cement pastes.

pp90’
epp90 provides a measure of material ductility., The nonmonotonie nature of
the change in ep and epp90 with respect to straln rate is clearly shown.
The strain at the peak stress first decreases and then Increases with in-
¢reasing strain rate, Tests at the lowest strain rate took 15 hours. Thus,
the high strain corresponding to the peak stress for these tests is largely
dependent on the effects of creep. As the straln rate increases, the ef-
fects of creep decrease, and thus, the strain at the peak stress decreases,

At high strain rates, the increasing values of ep and ¢ are likely the

pp90
result of limitations in c¢rack veloclity.

The effect of water-cement ratio on the ductility of cement paste and
mortar is illustrated in Fig. 4.8, which compares average values of epp90
with W/C for each strain rate. 'With the exception of cement paste loaded at
0.3 and 3.0 microstraln per sescond, a decrease in water-cement ratio
produced a higher strain capacity for both materials. Fig. 4.6 and L4.7 also
illustrate this trend.

4.4 Initial Modulus of Elasticity

For the purposes of analysis, the initlal modulus of elasticity 1s
obtained using a least squares flt of the stress-strain data for stresses
between 5 and 20 percent of the peak stress, This range was selected to
remove the effects of seating errors as the specimens were initially loaded,
use a stralin range that was wide enough to limit the effects of scatter 1in

the data, and limit the maximum value of 3tress to a value at which the
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response remains essentially linear, For each material and strain rate,
average values of initial moduli, Ei' are tabulated in Table 4.1,

Fig. 4.9 {llustrates the initial moduli, normalized to the initial
modulus for the individual materials at a strain rate of 2 microstrain per

second, versus strain rate (in this case, é ). These normalized results

5-20
lie within a very narrow band, indicating similar effects of strain rate on
the initial moduli of cement paste and mortar. VLike the strain-rate
response of strength, the straln-rate response of Ei appears to be independ-
ent of both water-cement ratio and sand-cement ratio. The overall
relationship is approximately linear. For each order of magnitude increase
in strain-rate, the initial modulus of elasticily of these materials

increaszes about 9 percent. This change in E, indicates that strain rate

i
plays an important role in material response at very low as well as high

stresses. In addition, a change in E, at Jtrains at which little load

i
induced cracking is expected (Table 3.1) strongly implicates the importance
of molsture movement in materials response. It also indicates that, for
saturated cerieat paste and mortar, the concept of a material modulus which
is independent of stralin rate is incorrect. That is, even the so-called
elastic properties of these materlals are firmly tlied to the rate of
loading. Thus, the response of these materials appears to be highly com-
plex, since the material moduli, as well as the strength, depend upon strain
rate. This picture contrasts with the strain rate response of mild steel
(10). Steel exhibits an increase in strength, but no change in modulus of

elasticity with increasing strain rate.

4.5 Effect of Sand Content

Sand, in general, increases the initial modulus of elasticlity and

reducas the strength and ductility of cement paste. As observed eariier,
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sand acts as a stress raiser, increasing the local compressive and lateral
tensile strains within the material. This increase in stress reduces both
strength and strain capacity. However, the effect of strain rate on the
strength and stiffness of cement paste and mortar appear to be the same at
all strain rates, indicating that the controlling mechanisms are not
strongly influenced by either water-cement ratio or sand content.

The specific effects of sand content are illustrated in Table 4,1 and
Fig. 4.4 and 4,8, Aside from the scatter in the data, sand content has
little effect on the influence of strain rate on relative strength gain.

An increase in sand content does decrease ep and ¢ All mortars

pp90°
have a lower strain capaclty than cement paste of the same W/C, and at the
same W/C, the mortar with the higher sand content has a lower strain
capacity than the mortar with the lower sand content., For W/C = 0,3, the
ratio of epp90 for mortar A (S/C = 0.97) to cement paste ranges from 0.50 to
0.63., For W/C = 0.4, the € 5p90 ratio for mortar A (S/C = 1.,59) to cement

paste ranges from 0.47 to 0.62, and the Epp90 ratio for mortar B (S/C =

1.97) to cement paste ranges from 0.44 to 0.59. For W/C = 9.5, the epp90
ratio ranges from 0.63 to 0.76 for mortar B (S/C = 1.29), and from 0.47 to
0.60 for mortar A (S/C = 2,28)., These figures emphasize the role of sand as
a stress ralser and/or a vehicle for the introduction of flaws into cement
paste.

The relative reduction in strain capacity with increased sand content
generally decreases as both strain rate and water-cement ratio increase
(Table 4.1). The lower relative sensitivity at higher straln rates may be

due to the fact that at higher velocities, cracks have less opportunity to

interact with the sand particles, thus cement paste and mortar behave in a




3y

more similar manner. The lower sensitivity at high water-cement ratios may
be due to a reduced sensitivity to flaws in this material,

4.6 Submicrocracks

A limited study of submicrocracking in cement paste with W/C = 0.3 was
carried out using the new image analysis techniques. The surface crack
density is compared to compressive strain for one nonloaded specimen and two
specimens loaded to a strain of 0.004 in Fig. U4.10.

The data was obtained on a longitudinal surface only. The loaded
specimens differed in that one was loaded at a strain rate (50_100) of
300,000 microstrain per second while the other was loaded at 3 microstrain
per second (note this is about half the strain rate used in phase 1). The
results are significant in that the total amount of cracking 1s considerably
greater than that observed in phase 1 (Fig. 3.8). 1In phase 1, crack density
increased from 22.3 in./in.? (0,88 mm/mm2?) for a non-loaded specimen to 32.8
in./in.? at (1.29 mm/mm?) for a compressive strain of 0.004. As pointed out
in Section 3.1, these values are an order of magnitude greater than obtalned
for bond and mortar microcracking in concrete. For the new data, crack
densities increase by another order of magnitude, with corresponding values
of 577 in./in.? (22.7 mm/mm2?) at zero strain and 663 in./in.? (26.1 mm/mm?)
at a strain of 0.004 for the lower strain rate. At the higher strain rate,
the crack density is 708 in./in.? (27.9 mm/mm2?) for . strain of 0,004, The
differences in crack density between non-loaded and loaded specimens at the
two strain rates, 86 and 131 in./in.? (3.39 and 5.16 mm/mm?), compare to a
value of 10.5 in./in.? (0.41 mm/mm?) observed in the earlier tests.

On the surface, these drastically different results might lead to

conclusions that 1) submicrocracks play a much greater role than suggested
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in the phase 1 study and 2) the results of the phase 1 study are not useful.
However, an analysis shows that neither of these conclusions is correct.

Table 4.2 presents a summary of the estimated three~dimensional orack
data obtained from the new surface data and compares those estimates to
results from phase 1. The phase 2 parameters are only estimates since crack
data from transverse surfaces was not obtained. To make these estimates, it
is assumed that the relative amount of cracking on the longlitudinal and
transverse surfaces is the same as obtained in phase 1. It is also assumed
that the relationship between the mean crack size, <a>, and the mean surface
orac«< length is the same as obtained in phase 1.

Table 4,2 illustrates that the number of cracks per unit volume, NV, is
two orders of magnitude greater with the new techniques than obtained with
the techniques used in phase 1, However, the mean orack alzes are con-
8iderably smaller than those obtalned with phase 1, Thus, small cracks have
provided the largest contributions to the increase in crack density observed
with the new techniques. In addition, a comparison of volumetric crack
densitles, Nv<a’>, shows that while the volumetric crack densities are
higher than observed in phase 1, the increases in volumetric crack density
are of the same order of magnitude. The estimated increase in volumetric
crack density, ANv<a‘>, at a straln of 0.004 (¢ = 3 microstrain per second)
is 0.070 compared to a value of 0,054 for phase 1. The estimated change in
Nv<a’> is 0.105 for ¢ = 300,000 microstrain per second. The fact that the
values of Nv<a*> for phase 1 and phase 2 are not an order of magnitude apart
is due to the fact that the volumetric crack density depends on the mean of
the cube of the crack size <a’>., The large cracks measured in phase 1
provide the greatest contribution to this term. Thus, the phase 1 proce-

dures did capture a major portion of the material response.
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4.7 Strain Due to Submicrocracking

The data obtalined with the new procedures is used to estimate the
strain caused by submicrocracking. The results summarized in Table 4.3 are
based on the conservative assumption that the matrix remains linear., In
addition, it 1s assumed that K = -0.24 (same as phase 1) and =0.33 (an
educated guess) for the slower and faster strain rates, respectively. As
illustrated in Table 4.3, the strain caused by submicrocracking increases
from about 37 to about 49 percent of the total inelastic strain for the
specimen loaded at the lower strain rate. This represents a 34 percent
increase in the strain that may be attributed to submioroscopic¢ cracking.
Fig. 4.11 compares the portion of the stress strain ocurve attributed to
cracking in phase 1 with an approximation based on te new data.

There 18 no comparable data for the higher strain rate from phase 1.
The results, however, indicate that oracking plays a more important role for
material loaded at the higher strain rate, accounting for 55 percent of the
total inelastic strain at a strain of 0.004 (Fig. 4.12). This increase in
the importance of the role of cracking at higher strain rates 1s likely due

to the greatly reduced time available for other nonlinear behavior to

provide strain relief within the material.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summary

Submicroscople cracking and the strain-rate response of cement paste
and mortar under uniaxial compression were measured and correlated with the
applied strain. Cement paste specimens with water-cement ratios of 0.3,
0.4, 0.5, and 0.7 and mortar specimens with water-cement ratios of 0.3, 0.4,
and 0.5 were subjected to monotonic load at atrain rates ranging from 0.3 to
300,000 microstrain per second. Specimens were tested at ages ranging from
27 to 29 days. After loading, slices of material were removed from selected
specimens for study at magnifications of 1250x and 2500x in a scanning
electron microscope. Image analysis instrumentation was used in later
stages of the study. Cracks on transverse and longltudinal surfaces were
measured, and three-dimensional orack distributions were obtained from the
crack data. The portion of the nonlinear mater’al response caused by the

cracks was estimated using a self-consistent material model.

5.2 Conclusions
The following conclusions are drawn from the teat results and analyses

presented in this report. The term "crack denaity" refers to both surface

and volumetric submicrocrack densities,

1. Crack density in cement paste and mortar increases with increasing
uniaxial compressive straln, starting at stralns as low as 0,0005.

2. The denslty of surface cracks Iin cement paste and mortar 1o one to two
orders of magnitude greater than the density of bond and mortar

microcracks in concrete at the same values of compressive strain.
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Under uniaxlal compressive loading, the mean size of submicroscopic
cracks increases with increasing strain, while the number of cracks per
unit volume decreases. This suggests that as compressive strain in-
creases, small cracks join to form larger cracks.

Under increasing uniaxial compression, three-dimensional distributions
of submicroscopic cracks become skewed towards the direction of applied
stress.

On the average, three-dimensional crack distributions in cement paste
show only small variations with water-cement ratio. However at high
strains, volumetric orack density inoreases more rapidly the lower the
water-cement ratio.

Crack density is initlally lower but increases more rapidly in mortar
than in cement paaste.

For uniaxial ocompressive loading of cement paste and mortar, submiecro-
scoplc cracks contribute to the decrease in the modulus of elasticlity
with increasing strain.

Submicrocracking accounts for a significant portion of the nonlinear
response of cement paste and mortar at all levels of applied compres-
sive strain. The role of submicrooracking decreases in relation to
other mechanisms, such as large miorocracks, macrocracks, and creep,
with increasing applied atrain.

For cement pastes of the same age at a glven strain, the percentage of
inelastic strain due to submicrocracking is larger the lowor the water-
cement ratio. This suggests that submicrocracks are relatively more

important for higher strength materials than for lower strength

materials.
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The increase in average strain on the descending branch of the stress-
strain curve of mortar 1s due largely to mechanisms other than sub-
miorocracking.

Under uniaxial compression, the Polsson effect in cement paste and
mortar appears to be controlled by mechanisms other than submicrocrack-
ing.

The compressive strength of cement paste and mortar increases with
increasing strain rate.

The initial modulus of elasticity of cement paste and mortar also
increases with lncreasing strain rate, but to a lesser extent than
strength.

The relative effects of straln rate on strength and stiffness are
largely independent of water-cement ratio and sand-cement ratio.

With increasing strain rate, the strain at the peak of the stress-
strain ocurve deoreases and then lnoreases,

Strain capacity increases with strength, Inoreases in water-ocement
ratio and sand-cement ratio cause a decrease in strain capacity.

Sand particles in mortar act as stress raisers and/or introduce flaws
which result in a greater degree of softening and a lower strain
capacity for mortar than for cement paste. The effect of sand par-
ticles decreases somewhat with lncreasing strain rate.

Crack density and the role of submicroscoplc cracking in the nonlinear
behavior of cement paste inoreases with strain rate.

Image analysis techniques greatly improve the resolution and accuracy

of crack data obtalned from cement paste and mortar.
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5.3 Future Studies

1. The observations in Pha .e 2 suggest that a more detailed plcture of
crack formation can be obtained with the scanning electron microscope and
image analysis system than obtained in phase 1. The new instrumentation has
a higher resolution and thus provides a more complete plcture of the sub-
miorooracks in cement paste and mortar. The new syatem also has the ability
to do chemical analysis, using an energy dispersive spectrometer and back-
scattered electron detectors, These capabilities can be used to provide a
clearer ploture of the nature of the features through which the oracks pass,
From a sclentifioc point of view, the observations obtained in phase 2 are
only preliminary and should be followed up. Crack studies should be oom-
bined with non-destructive techniques to measure the change in the moduli of
the materlials during and after lcading. The measured modull should be
ocompared with the theoretical modull obtalned from the three-dimensional
crack distributions. This research can provide important new information
about the behavior of the constituents of goncrete under load and greatly
improve our understanding of this important construction material.

2. The current study has exploited only a small portion of the poten-
tial of the lmage analysis system. The capabilities of the ocombined system
can be utilized to obtaln fully automated crack surveys. To achleve this
goal, a number of aspects of speclmen preparation need additional study,
including the use of frozen saturated and freeze dried specimens.

3. Crack survey procedures can be extended to materials subjected to
ennvironmental attack. For many applications, poor durability represents a
greater problem than low strength. Freeze-~thaw cycles, the alkali-aggregate

reaction, sulfate attack, and N-crackling are of special concern. The com-

binatlion of automated crack surveys with more traditional procedures for
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evaluating concrete damage will improve our understanding of the basic
nature of the damage and the damage mechanisms. The new technlques can be
extended to fine-grained materials, such as rock, and to a wider range of
load regimes, e.g., tension and multi-axial loading.

4, In the current study, stereological techniques were used to convert
two-dimensional c¢rack distributions to three-dimensional distributions, and
a self-consistent model was used to estimate material moduli based on
measured crack distributions., Extensions of this work should be pursued.
The ourrent stereologlical techniques can handle grack distributions cnly
with mild degrees of anilsotropy. Modifications to the procedure to handle
crack distributions with more general degrees of anlsotropy (even simple
cases such as nearly parallel oraoks) cannot yet be handled analytically.
The self-consistent model should be extended to account for c¢losed cracks
that undergo frictional sliding and general anisotropic orack distributions.
These extensions will broadsn the applicabllity of the nurrent analytical

techniques to cover a wider range of loading conditions,
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TABLE 3.2
EFFECTIVE MODULI AND AXIAL STRAIN DUE TO SUBMICROCRACKING -
LINEAR MATRIX MATERIAL, PRE-EXISTING CRACKS

E E,-E £
3 o i3 o
£ ] E - Y v € = = eE=0 -—-——) —
63 E1 31 ec E3 EiE3 € Ee
psi 107psi
CEMENT PASTE, W/C = 0.7
E, = 1.78 x 10* psi v = 0.2y
Em = 1,837 x 10* psi; v, " 0.243
.0005 830 1,763 .9904 -- L2M .0004T1 .000005 14.8
001 1581 1.758 .9876 - 2 ,000899 .000011 9.8 :
, 002 2657 1.750 . 98131 - 2U2 ,001518 ,000026 5.1 l;
. 004 3740 1.578 .8866 - .246 ,002370 .000269 14.2 :
CEMENT PASTE, W/C = 0.5 l
E 2,54 x 10°% psi vy - 0.24 1
E, = 2,620 « 10* psi; v = 0.243 lt
.0005 1195 2.515 .9902 .239 .240  .000475 .000005 16.9 ‘
001 2310 2.507 .9870 . 240 . 240 000921 ,000012 13.3
,002 4128 2.490 .9803 . 2U2 .ol .001658 ,000033 8.8
. 004 6036 2,309 . 9091 . 248 J2ouly .002614 ,000238 14.7
.006 6687 2.156 .8482 .273 . 253 .003102 ., 000469 13.9

CEMENT PASTE, W/C = 0.3
E, = 3.31 x 10* psi v - 0.24

3 -.u s . -
Em 3.423 x 10* psi; Vn 0,243

.0005 1581 3.288  .9934 ,238 .240  ,000480 »000003 1
. 001 3137 3.280 .9909  .240 .24 .000956 .000009 1
.002 6051 3.264 . 9861 . 247 24 .001854 .000026 1
.003 8195 3.105  .9381 . 252 242  ,002639 .000163 3
. 004 9860 2.942 .8888  .264 .245  ,003351 ,000373 3
.006 11503 2,819 8517 .29 . 254 . 004081 .00060% 2

MORTAR, W/C = 0.5

E1 = 4.79 x 10°* psi v = 0.20

Em = 4,874 x 10% psi; Vi ™ 0.202

,0005 2205 4,718 . 9850 212 .199 L Op04eT . 000007 17.7
0N 3697 4,664 .9737 .2u7 .199 . 000793 000021 9.?
.002 5398 4,628 .9662 ,288 . 200 .001166 ,000039 4,5
.003 5804 b, 216 .8802 « 375 .207 001377 .000165 9.2
.00l 4066 4,060 L8476 . 480 .218 001001 .0001532 L9
*Egtimated

E,, v1 = Initial Moduli; Em. v, " Calculated Matrix Modull
Néte: 1 psi = 6,89 kPa




) o
l TABLE 3.3
MODULI OF MATRIX AND AXIAL STRAIN DUE TO SUBMICROCRACKING -
' NONLINEAR MATRIX MATERIAL, PRE-EXiSTING CRACKS
€
g - S
€ 9 En “n ‘" E €" €7%m e-¢
. 6 m e
psi 10 psi %
CEMENT PASTE, W/C = 0.7
l .0005 830 1.725 2u2 . 000481 .000019 55.9
.001 1581 1,654 242 .000956 . 000044 39.4
.002 2657 1.450 .243 .001832 .000168 33.2
. .00k 3740 1.094 .2l6 .003419 . 000581 30.6
.006 4070 0.835 . 264 . 004875 .001125 30.2
l CEMENT PASTE, W/C = 0.5
.0005 1105 2.485 .2k2 . 0004 81 .000019 64.6
l . 001 2310 2.116 .21 .000956 . 00004 Y 48,6
.002 4127 2,217 .2k . 001862 .000138 36,7
. 00U 6036 1.758 .2U .003433 .000567 34,9
' 006 6687 1.375 (262 .008863  .001137 33.8
CEMENT PASTE, W/C = 0.3
.0005 1581 3.286 .2U2 . 000481 .000019 85.4
.001 3137 3.271 .2uY . 000959 . 700041 78.5
,002 6051 3.198 247 .001892 .000108 62.8
.003 8195 3.034 . 250 . 002701 .000299 57.0
.00k 9860 2.870 . 258 .003436 .000564 55.2
.006 11503 2.263 .289 . 001868 .001132 4y, 8
MIRTAR, W/C = 0.5
.0005 2205 0,575 .214 .000482 .000018 U5,y
. 001 3697 3.855 .2U9 .000959 .000041 18.0
.002 5398 2.919 .290 . 001880 ,000151 17.3
.003 5804 2,150 .352 .002700 000300 16,8
.00 4066 1,231 il .003303 . 000697 22.1
Note: 1 psi= €.89 kPa




+0005
Neled
.002
. 004
. 006

. 0005
001
L] 002
. 00l
. 006

. 0005
001
.002
.003
. 00U
. 006

.1J05
. 001
, 002
.003
.ony

Note:

50

TABLE 3.4
MODULI OF MATRIX AND AXIAL STRAIN DUE TO SUBMICROCRACKING -
NONLINEAR MATRIX MATERIAL, NO-PRE-EXISTING CRACKS

€
g - o
g En m n” E " " m  e-e
6 : m e
psi 10 psi )

CEMENT PASTE, W/C = 0.7

830 1.718 . 242 ,000U83 . 000017 50.2

1581 1,642 . 243 .000963 . 000037 33.7

2657 1,428 LY .001861 .000139 27. 4

3740 1.054 .2U8 .003548 .000U52 23.8

4070 0.790 . 267 . 005154 . 000846 22,7
CEMENT PASTE, W/C = 0.5

1195 2.474 242 .000483 . 000017 59.8

2310 2.401 J2u2 . 000962 . 000038 42,3

k127 2.189 . 243 .001885 +000115 30.7

6036 1.703 . 248 003544 . 000456 28,1

6687 1.313 . 268 .005093 . 000907 26.9
CEMENT PASTE, W/C = 0,3

1581 3.280 L2lg . 000432 L0018 Bu.6

3137 3.268 .Uy .000960 .00004Q 76.6

6051 3.168 .28 001910 . 000090 52.3

8195 2.987 AL L002743 . 000257 k9,1

5860 2.808 AR 003512 . 000488 b7.7

11503 2.251 o .005110 .000890 35.2

MORTAR, W/C = 0,5

2205 4,556 214 .000484 .000016 41.1
3697 3.819 » 250 .000968 . 000032 14,2
5398 2.858 .292 .001889 000111 12.7
5804 2.069 . 355 .002805 .000195 10,9
4066 1.198 446 .003394 .000606 19.2

1 psi = 6,89 kPa
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TABLE 4,2

COMPARISON OF THREE-DIMENSIONAL CRACK
PARAMETERS FOR CEMENT PASTE, W/C = 0.3

Maximum Mean Number of Measure of Change in
Compressive Characteristic Cracks per Volumetrio Volumetrio
Strain Crack Size Cubic Inch Crack Density Crack Density
* 3 3
<aw> NV NV<a > ANv<a >
1073 in. in, 3

PHASE 1, ¢ = 6,67 MICROSTRAIN PER SECOND
0.0 1.51 2.4 x 10¢ 0.017 0

0.004 3.46% 0.92 x 10* 0.07 0.054

PHASE 2, € = 3.0 MICROSTRAIN PER SECONDt OR

G & D & i & GE =EE o e

300,000 MICROSTRAIN PER SECONDE

0.00 0.385 9.90 x 10° 0.112 0
0.o04® 0.627 5.16 x 10" 0.182 0.070
0.004"%t 0. 689 4,55 x 10° 0.217 0.105

Note: 1 in., = 25.4 mm

¥For ¥ = Y5eo
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TABLE 4.3
ESTIMATED EFFECTIVE MODULI AND AXIAL STRAIN

DUE TO SUBMICROCRACKING
LINEAR MATERIAL - PHASE 2

CEMENT PASTE, W/C = 0.3

E E,-E €

€ o E, E3 €. %— e = of é E3) ~
1 3 1“3 €€
psi 10* psi %

¢ = 3 MICROSTRAIN PER SECOND
E, = 3.31 x 10% psi

0.004 9,860 2.84 0.857 0.003475 ¢. 000497 48.3

€ = 300,000 MICROSTRAIN PER SECOND

E1 = 4,92 x 10°* psi

0.004 14,700 4,15 0.843 0.003544 0.000556 54,9

Note: 1 psi = 6.89 kPa
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Fig. 3.3 Crack through calcium silicate hydrate and calcium hydroxide in
cement paste, uw marker = 3,6 x 10 * in. (9.1 um)

Fig. 3.4 Sand grain adjacent to calcium silior.e hydrate in mortar.
Cracks at interface and within cale{um silicate hydrate, u
martar = 06 0 1077 im0 190,09 ym)
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-

Fig., 3.2 Traok thrcggh caleium silicate hydrate in cement paste, u marker
= 3,6 x 10 fn. (9.1 um)
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Transverse Surface

R = 0983
N Crack Density = 3843 x Strain + 22.5 in./in2
.E: 0 . 3 . 4
= 0.000 0.003 0.006
2
0
<
@
Q60
S Longitudinal Surface
&
Q
D
30} 8
® o
R = 0.963
Crack Dansity = 3761 x Strain + 19.5 In/In2
o " q 2 . |
0.000 0.003 0.006

Strain

Surfauve crack density versus compresslve strain for cement
gaste, W/C = 0.5 (1 in./in.? = 0.039 mm/mm?)

-
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60

Transverse Surface

30

= 0.5 (1 in./1n.? = 0.039 mm/mm?)

l R = 0.968

N Crack Density = 8054 x Strain + 14.7 in/In.2
i £ 0 o - 4 ,

> 0.000 0.003 0.006
I 2

0

c
i 2

< 60r
' 3] Longltudinal Surface

5
l ®
' Nr o o ©
! 5

R = 0.895
l Crack Density = 6255 x Strain + 16.2 In./in.2
l O t A L A 3
0.000 0.003 0.006

l Strain
l Fig. 3.6 Surface crack density versus compressive strain for mortar, W/C

—
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60
Transverse Surface

JOW ®

‘Crack Density = 488.6 x 103 x (Straln)2+ 9811 x Straln + 23.1 In/In.2

S Gl .S Th O G O =R E .

N'

.E 0 * = . -
S 0.000 0.003 0.006
2

N

c

[}

© 60y

'Eé Longitudinal Surface

| "

&

Crack Density = 390.8 x 103 x (Strain)2+ 1055 x Strain + 22.3 in/in.2

O s [ - ]
0.000 0.003 0.006
Strain
Fig. 3.8 Surface crack denslty versus compressive strain for cement paste

W/C = 0.3 (1 in./in." = 0.039 mm/mm?)
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Fig. 3.9 Cracks as seen with limited field of view

Fig. 3.10 Ellirtic crack
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APPENDIX A

NOTATION

length of major semi-axis of elliptic crack = "characteristic"
crack size

mean characteristic crack size for orientation y
length of minor semi-axis of elliptic crack

initial stiffness modulus (= secant modulus between 5 and 20
percent of compressive strength for strain rate study)

secant stiffness modulus of matrix material

secant stiffness modulus perpendicular to direction of loading
secant stiffness mcdulus in direction of loading
three-dimensional orack size distribution for orientation v
three-dimensional orack orientation distribution

secant shear modulus in plane perpendlicular to direction of
loading

gecant shear modulus in direction of loading

measure of degree of anisotropy for three-dimensional crack
distributions

riumber of cracks per unit volume

measure of volumetric crack density

crack aspect ratio = b/a

variance of crack slze distribution for orientation ¢
parameters of gemma distribution

change in measure of volumetric crack density

straln energy change due to cracks

applied axial strain
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strain due to submicroscopic cracks

elastic strain = o/Ei

elastic strain plus cracking strain

atrain in matrix material = o/Em

strain at peak of stress-strain curve

strain past the peak of the stress-sgtrain curve corresponding to
90 percent of the peak stress

straln rate

average strain rate from zero stress to peak stress

average strain rate between strains corresponding to 5 and 20
percent of peak stress

average strain rate from strailn corresponding to 50 percent of
peak stress to a atrain past the peak of the stress-strain curve
corresponding to 99 percent of the peak stress

angular rotation of crack about its normal, see Fig. 3.10

crack trace angle, see Fig. 3.9

initial Poisson's ratio

Polsson's

Polsson's
Polsson's

Polsson's

ratio

ratio
ratio

ratic

of matrix material
in plane perpendicular to direction of loading

in plane parallel to direction of loading

stress normal to crack plane

straln energy of uncracked solid

straln energy of cracked solid

angular crack coordinate in plane perpendicular to longitudinal
axls, see Fig. 3.10

three-dimensional crack orientation, see Fig. 3.10
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