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Abstract

Ultrahigh strength mortars (UHSM) are new materials with high compressive and tensile strengths. For such materials,
autogenous shrinkage can sometimes induces cracks in restrained conditions without any external loading. In order to determine if a
UHSM has a cracking tendency, the knowledge of the autogenous shrinkage, Young’s modulus and tensile strength is not sufficient.
The relaxation of the specimen must also be taking into account. Therefore, a cracking testing bench has been set up. It measures
continuously the stress needed to maintain the strain in the range of +£4 nm/m. The ratio between induced tensile stress and direct
tensile strength, both aged in restrained conditions, is a good indicator of the cracking tendency. Different possibilities to reduce the
cracking tendency have been investigated: PVA fibers, glass fibers, metallic fibers and an expansive admixture. Results show that two
ways are interesting to reduce the cracking tendency: reducing restrained tensile stress and/or increasing tensile strength. The first
can be obtained by using moderate dosage of expansive admixtures and/or glass fibers, the second by using high dosage of metallic

fibers.
© 2004 Published by Elsevier Ltd.
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1. Introduction

Ultrahigh strength mortars (UHSM) are new mate-
rials with high compressive and tensile strengths. High
performances are obtained by reducing drastically the
water to cement ratio, increasing the cement content
and the packing density of solid components by using
fine additions and high water reducing admixtures.
These modifications have two important consequences:
the reduction of porosity and the increase of the
chemical shrinkage due to the high quantity of cement
used.

Autogenous shrinkage, which is a consequence of
self-desiccation of the paste, begins as soon as cement
and water are in contact. After setting, the rigidity of the
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material increases and autogenous shrinkage is more
and more restrained, internally by the aggregate skele-
ton and the reinforcement, and sometimes externally by
the hyperstaticity of the structure. Tensile stresses are
induced and if these stresses are greater than the tensile
strength, cracks occur. Nevertheless, the knowledge of
the evolution of autogenous shrinkage, Young’s modu-
lus and tensile strength in function of time at early age is
not sufficient to determine if a UHSM has a cracking
tendency in restrained conditions. Indeed, in restrained
conditions, the relaxation of the specimen decreases
significantly the induced stresses.

In order to take into account the relaxation, a
cracking testing bench has been set up at the CTG
Guerville. On this bench, the effect of PVA fibers, glass
fibers, metallic fibers and of an expansive admixture on
the cracking tendency of UHSM has been investigated.
This article describes the characteristics of the different
materials used, the testing methods and finally compares
the effect of the different possibilities on the cracking
tendency.
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2. UHSM mix
2.1. Materials

2.1.1. Cement

The cement used in this study is a CEM 1 52.5
adapted to the design of UHSM. Its C;S content is high:
65% and its C;A content is very low: 2% (cf. Table 1). A
low C;A content guarantees a good durability against
sulfate attack. A high C;S content speeds up the hard-
ening.

2.1.2. Silica fume

The silica fume (SF) used is nondensified. It is a by-
product of the manufacture of silicon alloys. Its char-
acteristics are given in Table 2.

2.1.3. Sand

Siliceous sand rounded with a grading range of 100-
300 pm has been used. This sand is washed, dried and
sieved.

2.1.4. Superplasticizers

The superplasticizer (SP) used is a modified poly-
carboxylate (cf. Table 3) adapted for the precast man-
ufactory. Even at high dosage, this SP does not increase
drastically the setting time. This property is essential to
guarantee daily production rate without any thermal
treatment.

Table 1

Cement characteristics
Characteristics Value (%)
CsS 65.09
C,S 10.58
C;A 2.37
C4AF 11.95
Na,Oeq 0.51
Free CaO 0.70

Table 2

Silica fume characteristics
Characteristics Value
SiO, 95.21%
Fineness BET 23.9 m*/g
Density 2.36
Ignition loss 2.89%
Na,0Oeq 0.66%

Table 3

Superplasticizers characteristics
Characteristics Value
Dry extract 31.6%
Density 1.08

Table 4

UHSM mix design
Constituent Dosage (kg/m?)
Cement 980
Sand 997
Silica fume 147
Superplasticizer 19.6
Add water 250.8

2.2. Mix design

The SF to cement ratio is 15% by mass. The water to
cement ratio (w/c) is equal to 0.26. It has been chosen in
order to obtain a compressive strength of 130 MPa at 28
days without fibers or thermal treatment.

The proportion of sand has been chosen in order to
optimize the packing density of all solid grains: sand,
cement and SF. It leads to a UHSM containing in vol-
ume 65% of paste and 35% of sand.

The dosage of SP is chosen in order to obtain a slump
flow of 310 mm measured with a mini-cone (half
dimensions of Abrams cone). With such slump flow, the
UHSM is almost self-compacting. No vibration is nee-
ded to fill the mold. The UHSM mix design is given in
Table 4. This mix is called the reference mix.

3. Possibilities investigated

In order to reduce the cracking tendency, different
possibilities can be used alone or combined:

p—

. increasing the tensile strength;

2. preventing the opening and development of cracks;
3. reducing the autogenous shrinkage by adding an
expansive product.

Two types of additions have been investigated, fibers
and admixtures:

e PVA fibers (PVAF) (1 vol%).

e Glass fibers (GF) (1 vol%)).

e Two types of metallic fibers (MF): galvanized (MFG)
and brassed (MFB) (1 and 2 vol%).

e A calcium oxide based expansive admixture (EA) (1%
and 3% of weight of cement).

The characteristics of the fibers are given in Table 5.
The effects of these additions on the rheology of the
UHSM are not similar (cf. Table 6). MF, 1% GF and
1% EA decrease the slump flow from 310 mm to almost
the same value: 245+ 15 mm. This value is enough to
cast the specimen without any vibration. 1% PVAF and
3% EA decrease the slump flow more significantly,
respectively to 200 mm and 100 mm. This latter value is
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Table 5
Fibers characteristics
Nature Length (mm) Diameter (pum) Fiber strength Density Young’s Dosage (vol%)
(MPa) modulus (GPa)
Galvanized metallic fibers 13 200 2500 7.8 200 1
2
Brassed metallic fibers 13 200 2500 7.8 200 1
2
PVA fibers 12 95 1200 1.3 314 1
Glass fibers 12 Strand of 14 pm 3500 2.68 72 1
filaments 1700
Table 6
Slump flow measured with a mini-cone and DTS
Constituent Dosage Slump flow (mm) DTS (MPa) Test time after casting
UHSM reference / 310 3.20 34 h 27 min
MFB 2 vol% 233 9.74 51 h 16 min
1 vol% 252 4.18 40 h 4 min
MFG 2 vol% 240 9.84 40 h 12 min
1 vol% 260 4.11 40 h 4 min
PVAF 1 vol% 200 3.23 40 h 20 min
GF 1 vol% 250 3.40 40 h
EA 1% woc 245 4.30 40 h 28 min
3% woc 100 3.80 41 h 8 min

the lowest measurable with our mini-cone. The loss of
slump flow due to the introduction of 1% PVAF could
be compensated by an increase of SP dosage but the use
of 3% EA is not conceivable.

4. The cracking bench
4.1. Principle

The bench used in this study is a modified version of
the bench developed by Serrano [1]. The cracking ten-
dency is determined on a 500 x 40 x 25 mm specimen,
each end of the specimen is hold by a grip, one fixed and
one mobile (cf. Fig. 1). The bench is located in a regu-
lated room: 20 + 2 °C and relative humidity of 65%. The
displacement between the two grips is continuously
measured with two displacement sensors (LVDT). The
displacement measured on the fixed grip gives infor-
mation about the deformation of the bench due to the
load applied by the jack. This deformation is subtracted

Specimen : 50x4%2.5 cm

Fixed
Grip

Fig. 1. Description of the cracking bench.

to the one measured on the mobile grip. Since the dis-
placement of the specimen is higher than +2 pm, the
jack pushes or pulls the specimen to maintain the dis-
placement in the range of +£2 pm. Continuously, the
stress applied by the jack is measured with a load cell.
The elements of the mold are made in plastic excepted
the grips, which are metallic. The lateral faces of the
mold can be removed since the setting of the material in
order to prevent any friction with the mold.

After 40 h of restrained conditions, if the specimen
did not crack, the jack breaks it in order to determine its
direct tensile strength (DTS).

The restrained shrinkage can also be deduced from
this test by summing the “‘natural” deformations, i.e.
not induced by the jack, which occurs in the range +2
pm. This method has been proposed by Kovler [2] (cf.
Fig. 2).

shrinkage + creep

} compensation cycles

incremental elastic strain

Shrinkage + Cree . .
(Cumulative 0urv§) }Restramed shrinkage

Free Shrinkage

Fig. 2. Schematic description of the determination of the restrained
shrinkage, after Kovler [2].
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4.2. Casting method

A double layer of a fine plastic sheet is placed against
the walls of the mold in order to reduce the friction.
Glue, able to set in moisture condition, is applied on the
grips before casting in order to guarantee a good
adherence between the specimen and the grips. Indeed,
during the test, load can change of sign, at first swelling
and afterwards shrinkage. No gap between the specimen
and the grips must appear during the test.

UHSM used are almost self-compacting materials.
Therefore, castings could be done without any vibration.

After casting, a wet towel covered by a plastic sheet is
laid on the surface of the mortar to maintain the
material in saturated condition during the test period.
These arrangements have to be taken, it is the only way
to prevent the cracking of the reference UHSM speci-
men before the first 40 h. Indeed, without any protec-
tion, i.e. in contact with air at 20 °C and 65% relative
humidity, or covered by only a plastic sheet, the speci-
men cracked just after setting.

After casting, a thermocouple is embedded in the grip
zone in order to measure the evolution of material
temperature during the test.

4.3. Repeatability and accuracy

In order to determine the accuracy of measurements,
the reference UHSM has been tested three times on the
cracking bench.

4.3.1. Temperature

The temperature evolutions are presented in Fig. 3.
After casting, the temperature decreases from 20.7 to
20.0 due to the temperature regulation of the room. Ten
hours after casting, it is the end of the dormant stage
and the temperature increases due to hydration reac-
tions, which are exothermic. These repeatability tests
show that, despite the high cement dosage used, the
range of temperature variation is +0.5 °C. Thus, with a
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Fig. 3. Temperature evolution during repeatability tests.
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Fig. 4. Restraining stress evolution during repeatability tests.

thermal dilatation coefficient of 20 um/m/°C at early age
[3,4], which is very pessimistic, the thermal strain vari-
ation will be atmost +10 um/m. Therefore, the thermal
dilatations have a slight effect compared to the one due
to autogenous shrinkage.

4.3.2. Restraining stress

The restraining stress can be deduced from the stress
needed to maintain the strain of the specimen between
the range +4 um/m. The three repeatability tests are
presented in Fig. 4. Before the end of the dormant stage,
i.e. first 10 h, no stress is recorded. Indeed, during this
period, the specimen has no rigidity and the stress nec-
essary to compensate the plastic swelling is negligible.
After the dormant stage, a tensile stress must be applied
to maintain the specimen in the strain range of +4 um/
m. The tensile stress increases during 17 h after casting,
then, slows down and, after 20 h, stops. A slight de-
crease of the tensile stress followed by stabilization is
observed. This phase lasts 5-7 h. After that, the tensile
stress increases again until the end of the test. The in-
crease of the tensile stress continues during several days
but we are interested only in the early age cracking risks,
i.e. during the first 42 h.

Results show that, during the first 30 h, the accuracy
on restraining stress can be taken equal to +0.15 MPa.
Therefore, if fibers or admixtures induce a modification
of the restraining stresses greater than the accuracy, the
effect becomes significant. After 30 h, the accuracy de-
creases drastically (+0.35 MPa after 42 h).

4.3.3. Displacement

Displacements of the specimen during the three
repeatability tests are presented in Fig. 5. Before the
setting, a slight swelling is detected. This swelling can be
imputed to the cure used. Indeed, the application of a
wet towel on the mortar surface induced a slight
absorption of water by the specimen.

At the end of the dormant stage, shrinkage begins
and lasts 20 h after casting. Then, a slight swelling is
detected. Its maximum amplitude is equal to 10 pm/m
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Fig. 5. Displacement evolution during repeatability tests.
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Fig. 6. Restrained shrinkage evolution during repeatability tests.

but it is not repeatable. After swelling, a second
shrinkage appears until the end of the test.

4.3.4. Restrained shrinkage

The restrained shrinkage is deduced from the dis-
placement by summing the natural deformations of the
specimen, i.e. not induced by the jack. The three
repeatability tests are presented in Fig. 6. The temper-
ature effects are corrected by assuming that the thermal
dilatation coefficient is constant and equal to 10 pm/m/
°C. After temperature correction, the swelling is still
detected. The three repeatability tests show that the
accuracy of restrained shrinkage can be taken equal to
+5 um/m during the first 30 h. After this delay, the
accuracy decreased progressively (25 pm/m at 42 h).

5. Experimental results

After the repeatability tests, another delivery of the
same cement have been used. However, the assumption
is taken that the accuracy values determined in the first
part of the study do not depend on the cement delivery.
This new delivery has been used in the following tests.

40
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20 —

_ ]

Flexural strength (MPa)
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—e—Reference —A—Glass fibers 1% -O-PVA1 %
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Fig. 7. Flexural strength of the reference UHSC and with the different
solutions investigated.

5.1. Mechanical characteristics

Compressive and flexural strength of UHSMs: refer-
ence mix and those with the different possibilities
investigated are measured on 4 x 4 x 16 cm prisms. The
prisms are demolded 24 h after casting and put in 20 °C
water until tests. Each result is the average of three
measurements.

5.1.1. Flexural strength

The three point flexural strengths at 1, 7 and 28 days
are presented in Fig. 7. The reference UHSM has a 1, 7
and 28 day’s flexural strengths of respectively 9.5, 14.5
and 20.3 MPa.

1% PVAF and 1% or 3% EA, do not modify signifi-
cantly the 28 day’s flexural strength, for both additions:
20.2 MPa.

1% GF increases significantly the 1 day flexural
strength (17.5 MPa) but at 28 days, it is lower than the
reference (17.3 MPa).

For a dosage of 1% of MF, surface treatment influ-
ences the flexural strength: MFB increases drastically
the flexural strength, 35 MPa at 28 days, whereas the
increase due to the use of MFG is low: 21.3 MPa. With
2% MF, the flexural strengths are the best but the type
of surface treatment is less sensible, with 38.7 and 37.5
MPa for respectively galvanized and brassed fibers.

5.1.2. Compressive strength

Compressive strengths at 1, 7 and 28 days are pre-
sented in Fig. 8. The reference UHSM has a 1, 7 and 28
day’s compressive strengths of respectively 53.9, 99.3
and 134 MPa.

1% PVAF or GF do not modify significantly the 28
day’s compressive strength with respectively 133.9 and
138.5 MPa.

1% or 3% EA induces a decrease of the 28 days
compressive strength with respectively 114.2 and 114.3
MPa. Nevertheless, for 1% EA, at 7 days, the com-
pressive strength is higher than the reference mix with
127 MPa.
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Fig. 8. Compressive strength of the reference UHSC and with the
different solutions investigated.

The use of at least 1% MF is the best way to improve
significantly the compressive strength. The MF content
(1% or 2%) has a little effect on results. Nevertheless, at
28 days, the best compressive strengths are obtained
with 2% content of MF, 167.5 and 166.5 respectively for
brassed and galvanized fibers. Conversely, at 7 days, the
surface treatment is more important than the fiber
content. Indeed, 1% MFB are more efficient than 2%
MFG with respectively 133.5 and 123.8 MPa.

5.2. Cracking bench

5.2.1. PVAF and GF

Restraining stress and restrained shrinkage of UHSM
containing 1% PVAF or 1% GF are presented in Figs. 9
and 10.

Results show that the effect of 1% PVAF on the
restraining stress is not significant because the effect is
lower than the accuracy, £0.175 MPa. Conversely, for
1% GF, the decrease is slightly greater than the accu-
racy. During the test, the specimen with 1% PVAF
micro-cracked or slipped suddenly 37 h 3 min after
casting inducing a decrease of restrained stress. Never-
theless, the remaining stress is still high, —1.23 MPa,
which indicates that the specimen did not completely
break.
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Fig. 9. Influence of 1% glass fibers and 1% PVA fibers on the
restraining stresses.
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Fig. 10. Influence of 1% glass fibers and 1% PVA fibers on the re-
strained shrinkage.

The restrained shrinkage is only slightly decreased by
the use of 1% PVAF. Conversely, with 1% GF, re-
strained shrinkage is drastically decreased by a coeffi-
cient of 2.3.

Globally, the effect of PVAF is not significant.
Moreover, these fibers induce an important loss of
rheology. GF are more efficient and reduce significantly
the restrained shrinkage and induce a decrease of the
restraining stress. The Young’s modulus seems to be
increased by the use of 1% GF.

5.2.2. MF

The effect of using 1% or 2% brassed or galvanized
MF is presented in Figs. 11 and 12, respectively for the
restraining stress and the restrained shrinkage.

Results show that the effect of 1% or 2% brassed or
galvanized MF is not significant on the restraining
stress.

Conversely, the restrained shrinkage is decreased
by the use of MF. There is no significant difference
between the two types of fibers, brassed or galvanized.
However, the decrease is a little greater for 2% volume
content than for 1%.

The use of MF seems to increase the Young’s mod-
ulus of the UHSM. The shrinkage is lowered but the

Time (hours)
0 6 12 18 24 30 36 42 48 54

_Reference
5

Restraining Stress (MPa)

-2 — Reference
MFG 1%
2.5 MFG 2%
— MFB 1%
-3+ MFB 2%
-3.5

Fig. 11. Influence of 1% or 2% brassed or galvanized metallic fibers on
the restraining stresses.
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Fig. 12. Influence of 1% or 2% brassed or galvanized metallic fibers on
the restrained shrinkage.

increase of the rigidity implies that the restrained stress
is not reduced.

523 EA

The effect of using 1% or 3% of EA is presented in
Figs. 13 and 14.

Results show that this EA has an important effect on
the evolution of the restraining stresses and restrained
shrinkage. For 1% EA, the set is faster and the
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Fig. 13. Influence of 1% or 3% of an expansive admixture on
restraining stresses.
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Fig. 14. Influence of 1% or 3% of an expansive admixture on
restrained shrinkage.

restraining stress is significantly decreased. Moreover, a
decrease of the restraining stress is detected 21 h after
casting. It is due to the swelling of the material. Indeed,
during a short period, the hydration of EA induces an
expansion greater than the autogenous shrinkage.

For 3% EA, no restrained shrinkage is detected, only
restrained swelling appeared. In fact, during the first 40
h, the expansion is greater than the autogenous shrink-
age. Therefore, the restraining stress is all the testing
time positive, i.e. the jack pushes continuously the
specimen.

5.3. Direct tensile strength

At the end of the test on the cracking bench, the jack
pulls the specimen until it breaks in order to determine
its DTS. This value cannot be directly compared to
classical direct tensile tests because the specimen is loa-
ded since the set. But, this value is closer to the real
tensile strength of the in place restrained material. Table
6 presents the DTS measured and the test time. All the
tests have done around 42 h after casting, except for the
UHSM and the MFB 2%, respectively 34 h 27 min and
51 h 16 min.

The UHSM reference mix has a DTS of 3.2 MPa.
PVAF and GF do not increase significantly the DTS,
respectively 0.9% and 6.2%. EA, for 1% and 3% dosage,
increase the DTS more significantly, i.e. 34.4% and
18.8%. The type of MF does not influence the DTS in-
crease, only the dosage does. With 1% MF, the increase
of the DTS is smaller than with 1% EA. But, with 2%
MF, the increase is greater than 200%.

6. Discussion

In order to compare the cracking tendency of the
different possibilities investigated, a cracking indicator
has been defined. There is a cracking risk since the
tensile stress becomes greater than the DTS, both in
restrained conditions.

The ratio between these two characteristics has been
calculated for each possibility at the end of the test (cf.
Table 7).

Results show that, compared to the reference UHSM,
1% PVAF increases the cracking risk whereas 1% GF
does not improve it. 1% MF decreases slightly the
cracking risk. Nevertheless, 1% EA seems to have a
better effect on the cracking risk than 1% MF. In fact,
1% EA decreases the restraining stress and increases the
DTS whereas 1% MF only increases the DTS without
modifying the restraining stress.

The best reduction of the cracking risk is obtained
with 2% MF. In fact, DTS drastically increases and the
restraining stress is not modified.
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Table 7
Cracking risk indicator (in decreasing order)

Constituent Dosage Cracking risk
indicator (%)

PVAF 1 vol% 66

UHSM reference / 58

GF 1 vol% 57

MFB 1 vol% 54

MFG 1 vol% 53

EA 1% woc 33

MFB 2 vol% 32

MFG 2 vol% 26

EA 3% woc -6

Three percent EA has a negative cracking risk be-
cause the specimen swells and there is no risk of cracking
due to tensile stress. Moreover, the compressive stress
induces is clearly smaller than the compressive strength.

77. Conclusions

Results show that the effectiveness of each investi-
gated possibility is quite different and the more appro-
priate depends on the use aimed for the UHSM:

1. About 1 or 2 vol% metallic fibers do not modify the
stress induced by restrained conditions but increase
the tensile strength, particularly with a dosage of
2%. Therefore, metallic fibers reduce significantly
the cracking tendency. Nevertheless, metallic fibers
are costly. Moreover, the shrinkage is not drastically
reduce, therefore it will be difficult to demold speci-
men with hard core and the use of flexible mold is
essential.

2. About 1 vol% PVA fibers does not modify signifi-
cantly the stress induced by restrained conditions.
Moreover, the tensile strength is not improved.
Among the investigated possibilities, it is the less
effective for reducing the cracking tendency.

3. About 1 vol% glass fibers reduces the restrained stress
(24% reduction at 24 h). This reduction is greater
than with PVA or metallic fibers. Nevertheless, glass

fibers do not improve the DTS and finally, the reduc-
tion of the cracking tendency is not so significant.

4. Calcium oxide based EA reduces significantly the
stress in restrained conditions. For 3% EA dosage,
no tensile stress appears in restrained conditions.
But, the 28 days mechanical characteristics are re-
duced. Moreover, with 3% EA dosage, the workabil-
ity is also drastically reduced. One percent EA is a
good compromise. The reduction of the restraining
stress is significant and the DTS is increased. The
use of EA is interesting if the remaining strength is
sufficient for the applications aimed. Moreover, if
the mold contains hard core, the demolding will be
easier.

Finally, two ways are interesting to reduce cracking
tendency: reducing of restrained tensile stress and/or
increasing the DTS. The first can be obtained by the use
of a moderate dosage of EA and the second by using a
high dosage, 2 vol%, of metallic fibers.
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