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Les auteurs décrivent brievement une nouvelle technique permettant de déterminer les
contraintes 2 1’interface acier-ciment dans le cas de minces revétements de péte de ciment.
Ils présentent une série de courbes contraintes interfaciales-temps d’hydratation pour trois
systémes de matrice : ciment + silice fine, ciment + carbonate de calcium, et aluminate
tricalcique + gypse. Ils examinent les mécanismes qui peuvent étre a 1’origine des
contraintes.

RESUME
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STRESS DEVELOPMENT AT THE CEMENT PASTE-STEEL INTERFACE
FOR THIN CEMENT PASTE COATINGS

J.J. Beaudoin, F.R. Feldman and V.S. Ramachandran
Building Materials Section
Institute for Research in Construction
National Research Council Canada
Ottawa, Ontario KIA OR6, Canada

(Communicated by M. Daimon)
(Received March 10, 1989)

ABSTRACT

A novel technique for determining the development of stress at the steel-
cement interface for thin cement paste coatings is briefly described. A series of
interfacial stress-hydration time curves are presented for three matrix systems:
cement + silica fume, cement + calcium carbonate, and tricalcium aluminate +
gypsum. Results are discussed in terms of possible mechanisms of stress
development.

INTRODUCTION

The evolution of advanced cement-based materials includes new
developments in composite technology. Novel fiber or particle-reinforced
cement systems are likely to find new and diverse applications such as repair
and rehabilitation of the concrete infrastructure. Engineering the properties of
. the matrix-inclusion interface is of prime importance as composite behavior can

be controlled in this manner. Bond strength of the fiber-matrix interface, for
example, influences the development of composite strength and toughness. A
novel technique (Overhanging Beam Method, OBM) for determining bond
strength of cement paste to steel has been developed!. The method is a two
step process. First the interface stress due to the hydration process is
determined. The second step involves the superposition of additional stress on
the specimen by an environmental change eg. lower humidity until the cement

957




958 Vol. 19, No. 6
J.J. Beaudoin, et al.

coating autodebonds. The bond strength is computed as the algebraic sum of
the stress determined in both steps.The OBM technique has several
advantages: the application of external load is not required; bond strength at
very early ages can be determined; the interface stress arising from the
hydration process itself can be foliowed. The latter measurement is a precursor
to the determination of the true bond strength and is the subject of this
communication. Interface stress due to hydration is dependent on the
composition of the matrix and can be a significant component of bond strength.
This method is particularly relevant to computations of fiber stress for prediction
of composite behavior. A component of the total stress transferred to the fiber is
due to the hydration process. It is generally not taken into account in
conventional testing. Development of stress at the steel-matrix interface during
hydration at 100% RH was followed using the novel Overhanging Beam
Method for the following: cement with silica fume addition; cement with calcium
carbonate addition; tricalcium aluminate with gypsum addition.

EXPERIMENTAL
Materials
Portland Cement: The composition of the portland cement used is as follows:

SiO2 = 22.00%; Al203 = 4.88%; Fe203 = 1.93%; CaO = 63.29%: MgO = 4.24%;

S03 = 1.95%; Na20 = 0.17%; K20 = 0.78%.

Tricalcium Silicate: Triclinic C3S was supplied by the Portland Cement

Association, Skokie lllinois. The Blaine surface area is 3247 cm2/g.

Tricalcium Aluminate: C3A was supplied by the Tetratech Co. Analysis gives the

following results: CaO = 61.6%; Al203 = 37.8%; MgO = 0.5%; Na2O = 0.1%. The

nitrogen surface area = 0.58 m2/g. |
Silica Fume: Microsilica was supplied by the SKW Co., Montreal Quebec. The |
composition is as follows: SiO2 = 95%; Carbon = 1.56%; K20 = 0.27%; |
Na20 = 0.1%. The nitrogen surface area = 21.0 m2/g.

Gypsum: Reagent grade gypsum was supplied by Fisher Scientific Co. The

nitrogen surface area is 10 m2/g.

Calcium Carbonate: CaCO3 was supplied by Anachemia Chemical Co. The

nitrogen surface area is 6.5 m2/g.

Superplasticizer: A sulfonated melamine formaldehyde superplasticizer in

amounts up to 0.3% by weight of cement was used to prepare mixes containing

silica fume and calcium carbonate.

Steel: Commercial feeler gauge stock with thicknesses of 0.25 and 0.38 mm was
used as substrate material. The feeler gauge pieces were 12.70 mm wide x
304.80 mm long.
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Mixes and Specimen Preparation

Paste mixes were made at the following water-solid ratios: w/s = 0.25, 0.35
for portland cement-silica fume pastes; w/s = 0.35 for portland cement-CaCO3
pastes and w/s = 0.40 for C3A + gypsum pastes. Additions of silica fume and
calcium carbonate in amounts up to 30% and 25% respectively were used.
Gypsum additions in amounts up to 20% in the C3A-gypsum were used.
Cement paste was applied to the surface of the steel feeler gauge by spreading
the paste with a spatula between guides set adjacent to the feeler gauge.
Thickness of the paste coatings was controlled by the thickness of the guides
used. The surface of the feeler gauge was cleaned with acetone prior to
application of the paste. The cement paste-steel composite beams were used
to determine the development of stress at the interface between steel and
cement paste. Up to three specimens were used for each test.

Interface Stress Determination

The development of interfacial stress is followed during the hydration
process by adopting an overhanging beam method originally used for
measuring internal stress in solvent cast coatings2. The procedure is as
follows: A cement paste coating of uniform thickness is applied on a flexible
steel substrate to form a composite beam. The beam is simply supported with
an overhang at each support. The beam overhang is made to equal 0.46 times
the midspan length. This geometry results in the midspan deflection for the
overhanging beam being independent of any uniformly distributed weight
changes in the cement coating. Measurement of the midspan deflection with
time provides a means of determining the development of interface stress. The
stress is transferred to the substrate by shear developed at the cement paste-
steel interface. As stress develops in the cement paste due to the hydration
process the beam bends. Analysis has shown that the interface stress, 6j, can
be calculated using the relationship:

Est3yc
.' 5= 3tcRc+1) (1-V) (1)
where: yc = midspan deflection.

Es = modulus of elasticity of steel substrate.

1, tc = thickness of steel substrate and cement paste coating
respectively.

Y = Poisson's ratio of the steel substrate.

I = midspan length of the overhanging beam.
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A full analysis of this experiment shows that there should be additional terms to
equation (1)2. In general the extra terms are negligible if the stiffness of the
substrate is much greater than the stiffness of the coating.

RESULTS AND DISCUSSION

Interface stress versus hydration time is plotted in figures 1 to 5 for the
various steel-cement matrix interfaces investigated. Discussion of these results
for each system follows:

Steel/Cement + Silica Fume: Interface stress versus hydration time curves are

presented for paste matrices (w/c = 0.25, 0.35) containing portland cement with
up to 30% silica fume addition (figures 1 and 2). In general tensile stresses
develop at the interface, reach a maximum after 6 to 11.5 hours of hydration
and recover, the degree of recovery being dependent on amount of silica fume
and water-cement ratio.

It is suggested that processes affecting interparticle attraction and
structuration-formation of a solid network or continuum - contribute to the initial
development of tensile stresses at the interface during the presetting period of
cement paste. These stresses are higher for silica fume content >10%.
Increased hydration rate and reaction between CH and SiO2 with silica fume
addition may be contributing factors. Subsequently, tensile stresses continue
to increase until a maximum value is reached.
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Figure 1. Stress at the steel-cement paste interface for cement paste containing
silica fume, W/C = 0.25 .
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The additional tensile stress is likely due to internal dessication producing
meniscus forces in pores which generate compressive forces in the solid.
Another possible contribution to tensile stress development could arise due to
mass transfer of water out of the specimen. The driving force would be the heat
effects due to the hydration process, in spite of the low temperature change
(<0.1°C). This mechanism has not been confirmed. If operative, however, the
values of stress determined by the OBM woulid be applicable for thin specimens
only. It is noteworthy that values of bond strength for cement pastes (w/c = 0.25-
0.45) determined by the OBM compare favorably with values determined by
several other methods for pastes having varying geometry and thickness. This
suggests that the interface stresses determined by the OBM for thin paste
coatings (<0.03 in.) may be valid for thicker coatings. Stress curves (1, 2%
silica fume; w/c = 0.25 and 5, 10% silica fume; w/c = 0.35) show two distinct
maximum stress peaks. The second peak at 10.5, 11.5, 13.5and 12 h

respectively may be due to nucleation and growth of C-S-H or possibly ettringite
to monosulphoaluminate conversion3. Two peaks at other silica fume contents

possibly exist but are hidden or merged due to other stress effects. After
reaching a maximum value the tensile stress decreases and recovery occurs.
Swelling or compressive stresses are eventually generated in the 0 and 1%
silica fume systems (w/c = 0.25) at 9.6 and 17.5 h. It is suggested that recovery
may be due to more than one mechanism. Readsorption of water would cause
a decrease in compressive stress of the solid due to menisci forces. This has
been postulated to explain volumetric expansions associated with re-absorption
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Figure 2. Stress at the steel-cement paste interface for cement paste containing
silica fume, W/C = 0.35 .
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of bleed water observed during the hydration of portiand cement4. It is also
possible that irrecoverable strain due to irreversible deformation of the solid
could limit the recovery of interfacial stress.

A tabulation of the interface stress values, Smax (maximum tensile stress),
OR (tensile stress recovery) and oy (residual stress) is given in table 1.

TABLE 1 - Interface Stresses in Cement-Silica Fume Systems

Silica Fume omax. " psi (MPa) oR, * psi (MPa) <R, (% max.) 'or psi (MPa)
% wic wic wic w/c

0.25 0.35 0.25 0.35 0.25 0.35 0.25 0.35

0 7.5 10.5 7.5 10.5 100.0 100.0 | - —mnen
(.05) (.07) (.05) (.072)

1 17.0 — 17.0 100.0 | ———m- — -
(.12) (.12)

2 230 | - 195 | — 850 | - - 35 S
(.16) (.13) (.02)

4 31.0 i 235 | - 76.0 - 75 | o
(21) (.16) (.05)

5 50.0 23.0 29.0 17.5 58.0 81.4 21.0 4.0
(.34) (.16) (.20) (.12) (.14) (.03)

10 68.5 36.5 32.0 22.0 47.0 57.0 36.5 16.5
(.47) (.22) (.22) (.15) (.25) (.11)

15 83.0 55.0 32.0 36.0 39.0 65.0 51.0 19.0
(57) | (38) (22) | (295 (350 | (.18

30 100.0 84.0 475 57.0 47.0 68.0 52.5 27.0
(69) | (58) (33) | (39) (36) | (19)

* Maximum tensile stress; + Tensile stress recovery; ' Residual tensile stress

Maximum stress values increase with silica fume content for both w/c = 0.25 and
0.35 but are greater for w/c = 0.25. It is expected that the effects of sels-
desiccation would be greater for the less permeable w/c = 0.25 paste. The
tensile stress recovery, R, expressed as a percent of 5max is greater for w/c =
0.35. This is consistent with a water readsorption mechanism as it would be

expected that the more permeable paste system would recover to a greater ’

extent. Residual stress is also significantly reduced at the higher water-cement ‘

ratio. .
I/Cement + _: Interface stress-hydration time curves are given in

figure 3 for cement paste matrices containing up to 25% CaCO3 addition. The
curves are characteristically similar to those obtained for silica fume addition but

with significantly reduced values of smax and sr (Table 2). Residual stress is
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Figure 3. Stress at the steel-cement paste interface for cement paste containing
calcium carbonate, W/C = 0.35 .

only significant at 20 and 25% CaCOg3 contents. Calcium carbonate
accelerates the hydration of cement which may account for the increase in initial
tensile stress with CaCO3 content®. The modified surface of the hydrating
cement and nucleation on the CaCO3 particles are two mechanisms that could
produce this effect. Results indicate that 15% carbonate addition has the effect
of increasing total porosity of the paste. This could be a factor in tensile stress
recovery if readsorption of water is a relevant mechanism. The curves for 15, 20
and 25% carbonate addition exhibit a second maximum stress peak at 15, 13

Table 2 - Interface Stresses In Cement - CaCO3 Systems (w/c = 0.35)

CaCO3 omax, psi oR, psi oR (% max.) oy, psi
% (MPa) (MPa) (MPa)
0 10.5 — e e
(.07)
5 13.4 13.1 98.0 0.3
. (.09) (.09) (.002)
10 15.1 15.1 100.0 e
(.10) (.10)
15 15.7 11.4 72.6 4.3
(1) (.08) (.03)
20 21.4 8.3 41.0 12.0
(.15) (.06) (.08)
25 32.6 12.3 39.0 19.1

(22) (.08) (13)
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and 11.5 h respectively. This may be a stress response due to acceleration of
the ettringite to mono-sulphoaluminate conversion with CaCO3 addition.

Steel/C3A + Gypsum: Interface stress-hydration time curves for C3A-Gypsum
systems are given in figures 4, 5. The curves in figure 4 present data for the first
3 h of hydration. Curves for gypsum contents of 7.5 - 20% (figure 4 (a))
generally exhibit two compressive stress peaks followed by a gradual increase
in compressive stress in the first four hours of hydration. At 2.5% gypsum
content (figure 4 (b)) there is a single compressive stress peak in the first 10.5
min. At lower gypsum contents compressive stresses are gradually generated
only after a rapid initial development of tensile stresses. The interface stress
development could be explained as follows6.7. In the pure C3A system
(w/s=0.40) forces associated with interparticle attraction, network formation and
production of hexagonal hydroaluminates are responsible for generation of
tensile stresses in the first 256 min. Conversion of hexagonal hydroaluminates to
C3AHg removes the former from grain surfaces and accelerates the reaction.
This results in rapid generation of compressive stress governed by the rate of
dissolution of C3A and the hexagonal hydroaluminates. With 2.5% gypsum
addition, hexagonal hydroaluminate and a small amount of ettringite form in the
first few minutes giving rise to the initial small compressive stress peak. All
gypsum is consumed in about the first 30 min. Tensile stresses are generated
during the first two hours due primarily to network formation and meniscus
effects accompanying the initial formation of hexagonal hydroaluminates.
Subsequent compressive stress is due to an increase in the amount of
hexagonal hydroaluminates formed. Meniscus force effects in shaping the
stress response cannot be ruled out as the hexagonal hydroaluminate network
is not impervious. At gypsum contents of 10, 15 and 20% both hexagonal
hydroaluminates and ettringite are present in the first few minutes and
compressive stresses at the interface are developed (first peak, figure 4 (a)).

Disruption expansions that occur when ettringite is formed suggest that it cannot
form an impermeable layer. Menisci formed in the pore system of this layer may
play a role in stress development. In addition, mass transfer of water out of the
specimen due to heat effects can be a contributing factor. Thermal stresses are, :
however, negligible as the temperature change in these experiments is -
insignificant (<0.1°C). With 10, 15 and 20% gypsum a second compressive

stress peak clearly emerges (0.6, 0.9 and 2.0 h). The existence of a second

stress peak parallels the development of a second peak in the conduction

calorimetric curves of C3A-gypsum systems8. The second peak is attributed to |
the conversion of ettringite to monosulfate hydrate. This could involve
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Figure 4. Stress at the steel-tricalcium aluminate paste interface Sfor tricalcium
aluminate paste containing gypsum, WIC = 0.4, 3h hydration;
(@) 7.5% - 20% gypsum, (b) 0% - 2.5% gypsum.

expansion forces due to interlayer of the monosulfoaluminate, crystal pressures,
menisci effects, pore structure change and transient heat effects. The larger
peak stress at higher gypsum contents appears to be dependent on the amount
of sulfoaluminate present.

Increased compressive stress after the second peak (figure 5) reflects
microstructural change and the slow rate of reaction with continual formation of
both hexagonal hydroaluminates and ettringite.
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Figure 5. Stress at the steel-tricalcium aluminate paste interface Sor tricalcium
aluminate paste containing gypsum, W/C = 0.4, 24h hydration.

CONCLUSIONS

1. A novel technique has been developed which permits determination of
stresses at the steel-cement matrix interface for thin coatings of cement paste
on steel. Stresses due to the hydration process can be determined. Stress due

to hydration is not normally taken into account in conventional bond strength
tests.

2. Bond strength determinations of thin cement paste coatings on steel
substrates using this technique are in reasonable agreement with bond
strength values obtained from a variety of conventional bond tests. This
suggests that values obtained may not be limited in application to thin coatings.

3. The maximum interfacial stress due to hydration increases with silica fume
and calcium carbonate addition, silica fume giving the greatest stress. This is

consistent with observed cracking problems associated with the use of concrete
containing large amounts of silica fume.

4. The intertacial stress resuiting from the C3A-gypsum reaction is
dependent on the amount of gypsum and hydration time. Both compressive
and tensile stresses can be generated. Interpretation of peaks in the stress
patterns provides a means of assessing the contribution of the hydrated




Vol. 19, No. 6 967

STRESS, INTERFACIAL, THIN PASTE COATINGS
aluminate phases to development of interfacial stress.

5. Several mechanisms may be responsible for development of interface
stress. These include: structuration processes, hydration, nucleation, self-
desiccation and menisci effects, irreversible deformation.

6. The OBM technique is a new tool that may be used for following the
structuration in cement systems.
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ABSTRACT

The purpose of this paper is to investigate the effects
of MoO=., NbzO=, WO= and ZrO= on the hydration process and on the
mechanical properties of cement. The above oxides were added
geparately to cement raw mixes and their influence on hydration
of derived cements was studied by means of thermal analysis and
X-Ray diffraction. Additionally, compressive strength and setting
time were measured.

Introduction

As it is known, some transition element compounds, added
either in cement raw mixes or in cement during the grinding
process, strongly affect the hydration phenomena. In general,

these compounds delay cementing and hardening, {1,2,3], with an
exception of Cr compounds which seem to accelerate hydration,
[3.4].

The present study belongs to a series of experiments
concerning the effect of transition element compounds on the
formation of clinker and on the properties of cement and aiming
to determine the connection between transition elements-
particularity and the way they affect clinker formation and »
cement hydration. It has been found that MoOx and WOx: exert a
considerable effect on sintering of cement raw mixes and clinker
microstructure while ZrO: causes color change of clinker, [5]. In
order to find out in what degree the presence of the above
mentioned oxides affect the mechanical properties of cement,
setting time and compressive strength in cement pastes and
mortars, respectively, were measured. In addition, differential
scanning calorimetry was used for the gquantitative determination
of Ca(OH)= and X-Ray diffraction for the study of hydration
products.
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