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EFFECT OF CONDENSED SILICA FUME ON THE STEEL-CONCRETE BOND

ABSTRACT

The objective of the present work was to study the effect of condensed silica fume on
the mechanical behavior of the steel-concrete bond, and further to provide more basic infor-

mation in order to explain the observed effects.

The mechanical behavior was studied by using the pull-out test (ASTM C234) on con-
crete of varying compressive strength (5000-6000-9000-12000 psi) and varying contents of sil-
ica fume (0-8-16 % by weight of cement).

The effect of silica fume on the steel-cement paste transition zone was studied on small

composite specimens by use of scanning elactron microscopy and X-ray diffraction analysis.

*  The mechanism of the reinforcing steel-concrete bond is rather complicated and there is
a number of factors affecting the bond strength. On the basis of the experimental results

presented in this report, however, the following conclusions appear to be warranted:

(1) Increased additions of condensed silica fume up to 16 percent by weight of cement showed
an improving effect on the pull-out strength, especially in the high compressive strength range

of the concrete.

(2) The presence of silica fume did affect the morphology and microstructure of the steel-
cement paste transition zone. Thus both porosity and thickness of the transition zone were

reduced.

(3) The observed effect of silica fume may be explained by the following mechanisms:
1. Less free water accumulated at the interface during the casting of the specimens.
2. Preferential orientation of CH crystals was considerably reduced.

3. Pozzolanic reaction between CH and condensed silica fume caused densification.



Acknowledgements

The present work was carried out when the first author was a Visiting Professor at the
SESM Division during the academic year 1983-84. This author wishes to thank the financial
support provided by the Royal Norwegian Council for Scientific and Industrial Research,
Elken A/S Chemicals and A/S Hoyer Ellefsen. He also gratefully acknowledges the scholar-

ship given by the Fullbright program.

The authors would like to thank Lou Tresconi and George Hayler for valuable assistance

in the laboratory.



1. Introduction

Concrete is a composite material consisting of aggregate and cement paste, and rein-
forced concrete is a composite material consisting of concrete and reinforcing steel. For all
composites the bond between the individual constituents is the most critical factor for the
properties of the composite material. Provided good properties of the constituents any

improvement of the bond will improve the properties of the composite material.

For a reinforced concrete composite the bond can be considered as the shearing stress
between the concrete and the reinforcing bar (1). It is the result of adhesion, friction, and
support of the ribs. Plain bars rely mainly on adhesion and friction, while deformed bars
depend mainly on the support of the ribs. Strands derive their bond resistance from adhe-
sion, friction, and a mechanism called “lack of fit” which occurs if the wires of a strand will

not fit into the mark of the new position, resulting in a wedge action and more friction (2).

The importance of the bond between the reinforcing bar and concrete on cracking,
deflection, and anchorage of steel in reinforced concrete has been realized for a long time. In
1913, Abrams (3) performed pull-out tests using plain bars to determine the effect of settle-
ment and shrinkage of concrete on the bond. His experiments showed that bars cast in a hor-
izontal position exhibited lower bond resistance than vertical bars. Later on, Menzel (4) esta-
blished the fundamental importance of the depth of concrete under a horizontal bar. He
showed that as the depth of concrete under the bar increased, the bleeding water accumulated
under the bar also increased, thereby weakening the bond resistance. Also his experimental
results showed that the best performance was observed for vertical bars pulled against the
direction of casting. This topic was further studied by Clark (5,6), Collier (7), Jirsa et al. (8)

among others, and the main conclusions were the following:

1. The bond of deformed bars is affected by the type of deformation, the position of
anchorage, and the consistency of concrete. The bar size has little effect on the pattern of

strength reduction with height



5. The bond ratio between the top-cast reinforcing bar and the bottom-cast bar decreases as

the casting height increases

3. An increase in anchorage length does not produce a significance change in the bond

efficiency of the top bar
4. An increase in slump reduces the bond capacity as the depth of concrete 1s increased

Initially research was concentrated on the global efficiency of the bond, and later it
focused on the bond mechanisms, interface stresses, and relative displacements. The work of
the following researchers should be mentioned: Mains (9), Bresler and Bertero (10), who
measured the distribution of bond stress using electrical strain gages; Broms (11) who
analyzed the relationship of bond slip and crack spacing; Lutz and Gergely (1) who studied

the bond slip and bond splitting of deformed reinforced bars.

A great improvement in the niodeling of the reinforcing concrete was achieved with the
development of the finite element method, which permitted simulation of the effects of cracks
in the reinforcing concrete by analyzing either sharp cracks or distributed cracks. The first
condition of analysis, i.e., the sharp crack (12), can be implemented by doubling the nodes
through which the crack propagates or by varying the stiffness of the linkage elements that
connect the nodes of adjacent elements. One of the shortcomings of this approach is that the
location and orientation of the cracks are not known in advance. As pointed out by Cedolin
and Bazant (13), unless the nodes locations are considered as variables and unknown so that
the nodes coordinates are redefined, the crack propagation will necessarily coincide with the
original element boundaries. The alternative to the discrete cracks is the continuous
smeared-cracking model. In this approach, concrete becomes orthotropic after the first crack-
ing has occurred. It should be noted that cracking is treated as a change in the material pro-
perties and that this formulation easily allows the account of aggregate interlocking by retain-
ing a positive shear modulus, which means that secondary cracking does not necessarily

appears perpendicular to the first direction of the cracks (14).



The main restriction to the use of the traditional finite element method is the lack of a
precise criterion for crack propagation. The usual procedure of comparing the stress state
resulting from the analysis with the tensile strength of concrete may be misleading: for exam-
ple with a sharp crack, the stress concentration may be increasingly higher as the mesh in
front of the crack is refined, and this causes a lack of objectivity since the concrete may or
may not crack depending on the size of the element grid in front of the crack. Since this limi-
tation is related to the lack of criterion for crack propagation, a natural source of inspiration
is the fracture mechanics approach. However, for a number of reasons, concrete researchers
were reluctant to use fracture mechanics principles. What they questioned was the simple use
of the linear fracture mechanics for such a heterogeneous material. Recently, a series of
developments were obtained by means of the non-linear fracture mechanics, namely the J-
integral (15), COD (15, 16), R-curve analysis (15,17,18) and the *‘fictitious” crack model
(19,20,21), the last two being the most promising for concrete. Returning to the crack propa-
gation criteria, Bazant and Cedolin (22,23,24) proposed the use of an energy criterion based
on fracture mechanics. They showed that using this criterion, the results became independent

of both the element size and the type of element used.

The characterization of the steel-cement paste interface morphology attracted less atten-
tion, and little effort was spent in trying to correlate the microstructure and the mechanical
properties. One of the few exceptions is the work of Al Khalaf (25) and Morino (26) who stu-
died the interface between mild steel and cement paste or mortar. Also the comprehensive
work of Sakamoto and Iwasaki (27) in describing the influence of sodium chioride on the

concrete-steel bond should be mentioned.

The transition zone between aggregate and cement paste has been analyzed by many
researchers. Farran (28,29) observed that calcium hydroxide crystals would grow preferen-
tially in the contact zone between cement paste and aggregate. Subsequently, Maso (30) set
forth the hypothesis that there is a transition zone due to the different diffusion of ions in the

cement paste near the aggregate. Hadley (31), using a scanning electron microscope and X-



ray spectrometer combination, was able to describe many interesting processes that occur at
the interface. His experimental results made it possible to describe the sequence of formation
of hydration products at the interface as follows: A layer of CH film is precipitated with the
c-axis perpendicular to the aggregate surface and over this film, a CSH layer is formed, creat-
ing a composite or “duplex” film. This film will be bound to the bulk paste by the growth of
large impure CH crystals as hydration process continues. Barnes (32) studied the morphology
of the paste-aggregate interface using four different portland cements (including a portland
blast furnace slag cement) and confirmed most of Hadley’s conclusions. However, Struble
and Mindess (33) reported that the layer of well-oriented calcium hydroxide crystals on the

interface did not constitute a duplex film.

Iwasaki and Tomiyama (34) suggested the three following stages during the interface for-
mation: precipitation of ettringite needles over the aggregate, precipitation of calcium hydrox-

ide plates and densification of the contact film.

Parallel work done by French researchers showed the existence of an “auréole de transi-
tion” (35) around the aggregate. Perrin (36), using a transmission electron microscope
showed that in the aureole the hydration crystals were different from the ones formed in the
bulk cement paste. Grandet and Ollivier (37) were able to analyze the change in hydration
products from the interface to the bulk cement paste by using X-ray diffraction, and adopting

a process of successive abrasion of the interface.

In the present report the effect of condensed silica fume on the bond and interaction

between concrete and steel has been studied both in a macroscopic and microscopic level.

2. Experimental
2.1 Materials

In order to study the mechanical behavior of the bond the pull-out strength at four lev-
els of concrete compressive strength (3000, 6000, 9000 and 12000 psi) was investigated. For

these strength levels three levels of condensed silica fume was used, 0, 8 and 16 percent by



weight of cement, respectively. The mix design of all these 12 mixes is shown in Table 1.

An ASTM Type I-II portland cement with the chemical analysis shown in Table 2 was
used. The fine aggregate was a Kaiser Radum top sand with 2.68 bulk specific gravity, 0.9-
percent absorption, and 2.93 fineness modulus. Two types of coarse aggregate were used, one
crushed limestone and one quartz type of gravel with 2.69 and 2.63 bulk specific gravity
respectively and approximately 0.5-percent absorption. For both aggregates the fineness

modulus was 7.0. The fine and coarse aggregate had a gradation as ahown in Table 3.

Condensed silica fume with a particle size distribution as shown in Fig. [ was used.
About 82 and 36 percent of the material was finer than 1» /1 and 0.2y m respectively, with an
average particle diameter of approximately 0.1v» m. The specific surface was in the range of

20-25 m%/g. It consisted of 93 percent silica and had a density of 2.2 g/cm?.

As a water-reducing admixture a lignosulfonate (ZeeCon R40) was used. The specific

gravity of the material was 1.2 g/cm? with 42 percent solids.

For the pull-out tests twenty-four in. long plain and deformed #6 steel bars (19 mm)

were used. The steel quality was A-36 with a minimum f, of 60 Ksi.

For the microstructure characterization of the steel-cement paste transition zone a pure
cement paste, with a water-cement ratio of 0.35 was used. For these tests three levels of silica
fume was used, 0-5 and 16 percent by replacement, respectively. For the 16 percent silica
fume replacement one percent of the lignosulfonate was also used. For some of the specimens
with 16 percent replacement 2 percent calcium chloride (analytical reagent) by weight of

cement was also added.

2.2 Testing Procedure
2.2.1 Pull-out testing

The concrete mixes were batched in a pan mixer with rotating blades. ASTM
specifications were followed for the mixing, for the slump test and for the preparation of the

specimens.



The pull-out testing was carried out according to ASTM C 234. For each concrete mix
two double specimens with horizontal positions was cast. For each mix ten cylindrical speci-

mens (4 by 8 in.) for compressive and splitting tests were also prepared.

It should be noted that all specimens for pull-out testing were made with limestone
aggregate. Only for the compressive and splitting tests specimens of both limestone and

quartz aggregate were prepared.

The specimens were kept in their molds for 24 hours and then stored in a fog room at

23 C. All tests were performed at the ages of 28 days.

2.2.2 Steel-cement paste transition zone

In order to study the interface as described by Grandet and Ollivier (37) composite
specimens were used, consisting of cement paste cast against a polished steel surface. For the
purpose of measuring accurately the thickness of the hydration products formed at the inter-
face it was essential that the surface of the steel was polished down to one micron. At some
specified ages, the specimen was broken at the interface of the two distinct materials (Fig. 2).
The two halves obtained from the composite specimen were analyzed by a scanning electron
microscope (SEM) attached to an energy dispersive analysis (EDAX) and by X-Ray diffraction
(XRD).

The steel had a cylindrical form and a diameter of 3/4 in. A PVC tube with the same
diameter was mounted on top of the polished face of the of the steel. RTV 108 Silicone

Rubber was used as a cement and sealant device.

Cement paste was cast (with 0.35 w/c), and the composite specimen was covered with
Saran wrap and stored in a fog room. At specified ages the specimens were removed from the
fog room and placed in a dessicator with drierite for drying. Due to the drying shrinkage the

cement paste and the aggregate separated at the interface.

Acetone was used to stop hydration. The specimens were then stored in a dessicator

containing silica gel (55 % R.H.) and Ascarite (to avoid carbonation).



The specimens for the SEM analysis were coated with a layer of gold and stored in the

dessicator containing silica gel and Ascarite.

For some of the specimens, the interface on the cement matrix side was analyzed by
XRD, and then this surface was removed by abrasion and the new surface was reanalyzed.
This iteration would stop when the results of XRD on consecutive surfaces was practically the
same (Fig. 2). Silicon carbide papers (400 and 600 grit) were used as the abrasive medium for
successive removal of material from the interface. This material was weighed in a balance
with 0.1 mg precision, so by knowing its density the distance from the interface could be
determined. It was assumed, however, that the density of the interface layers was the same as
that of the bulk cement paste. This is not true since the density of the interface should be
smaller. The lack of accurate density data for the interface layvers does represent an inherent
flaw of this process, which prevents it from being fully quantitative; however it does show

important features when used for comparative purposes.

The morphology study was performed using a Hitachi Scanning Electron Microscope,
model S-415 A, which had a magnification power up to 150,000 X. An X-ray detector was

attached, and that allowed various scanning modes needed for elemental analysis.

The mineralogical composition of the interface was analyzed with a Rigaku X-ray

diffraction equipment attached to a computer terminal.

3. Test Results and Discussions
3.1 Pull-out strength

The results of the compressive and tensile strength is shown in Table 4. As can be seen
the compressive strength results for the limestone aggregate were close to the target strength
levels, with the exception of the concrete mix with no silica fume that failed to get the aimed
strength of 12,000 psi. The 9,000 psi concrete was also somewhat lower. The quartz aggre-
gate did not give the same high compressive strength as the limestone aggregate. It should be

noted, however, that for the higher strength levels, the quartz gave the highest tensile strength.
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For the limestone aggregate the tensile-to-compressive strength ratio was approximately
0.14 for the lower strength of the limestone concrete (for all the three levels of silica fume),
and it was reduced to 0.08 for the higher strength concrete. This decrease is typical, and the
interesting point is that the ratio was not very dependent on the level of silica fume for a

given compressive strength level.

The results of the pull-out tests are summarized in Tables 5, 6 and 7. These results
show the major influence of the bar position on the bond strength, the “upper” bars showing
in most cases a lower strength because they had much higher concrete bleeding which resulted
in the accumulation of water and air beneath the lugs with consequent loss of bond strength.
For plain bars, as the concrete strength increases the difference of the two bars tends to
decrease because the higher amount of cementitious material that is used tends to diminish

the concrete bleeding, thus producing a more uniform material.

For lower loads, chemical adhesion associated with mechanical interaction prevents slip.
When adhesion is lost and consequently slip occurs, the ribs of a deformed bar will restrain
this movement. Lutz and Gergely (1) proposed that slip of a deformed bar can occur in two
ways: (a) the ribs can push the concrete away from the bar by a wedging action, and (b) the
ribs can crush the concrete. They showed also that ribs with a face angle between 40° and
105° produce approximately the same movement. For these ribs, slip is produced mainly due
to the crushing of the concrete in front of the rib, once the existing friction between the face
of the rib and the concrete is enough to avoid relative movement at the interface. As con-
crete is being crushed, it is lodged in front of the rib in such a way as to produce an effective

face of the rib with angles of 30° and 40° (Fig. 3).

Goto (39,40) expernimentally investigated the bond mechanism by injecting ink into the
loaded specimen. After the test, the specimen was split in half along planes that included the
bar axes. By this process, it was possible to analyze the internal cracks existing in the con-
crete. Goto observed that when deformed bars were used lateral cracks (“primary cracks™)

were formed; and also around the deformed bars just after the formation of primary cracks
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small internal cracks developed which did not appear at the concrete surface. When the steel
stress became high, new lateral cracks (“secondary cracks”) formed near the primary cracks.
This caused the development of large hoop stresses in the concrete close to the bar, resulting
in possible localized longitudinal cracks. Tepfers (38,41) analyzed the condition in which the
splitting cracks spread across the whole concrete cover of the bar. He considered that the
radial components of the bond forces are balanced against “concrete rings” in tension, which

resist the tensile hoop stresses as shown in Fig. 4.

A typical failure mode of a pull-out specimen using a deformed bar is shown in Fig. 5.
A detail of the fractured specimen is shown in Fig. 6. Thus, the pull-out strength for the

deformed bars was also affected by the tensile strength of the concrete.
Fig. 7 shows the graph of the pull-out strength versus the concrete compressive strength

for each bar. The results were fitted with the expression [y o = K,f, CK ’, where fpu_ou is
the pull-out strength, f. the concrete compressive strength, and K, , K, are constants. The
results for plain bar with the concrete mix 0-6000 were not included in the regression because
they were not reliable. As can be seen and has been reported before, the concrete compres-
sive strength plays a major role in the pull-out strength. The presence of silica fume did also
have an effect on the pull-out strength, especially in the high compressive strength range of

the concrete.

Figs. 8A and B show isometric projections for the pull-out strength as a function of the
compressive strength of concrete and the amount of silica fume. The projections were
obtained from interpolation of the results and not from a mathematical expression. It can be
seen that the surface increases as the compressive strength or the amount of silica fume

increases.

The dependence of the pull-out strength on the tensile and compressive strength of con-

crete is shown in the isometric projections of Figs. 9A and B.

As already discussed the mechanism of the reinforcing steel-concrete bond is rather com-

plicated. From the above test results, however, it appears that the presence of silica fume
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improves the bond. In order to explain this effect it was natural to look into the effect of sil-

ica fume on the morphology and microstructure of the steel-cement paste transition zone

3.2 Morphology of the steel-cement paste transition zone

When cement paste is cast against a steel surface, a transition zone with a high water-
cement ratio is produced. As previously discussed, in this transition zone calcium hydroxide
(CH) crystals with the c-axis perpendicular to the interface is formed. Figs. 10 and 11 show
the CH film (cement paste side) in a 30 days old specimen without silica fume. The CH film
is smooth and even though the crystal structure behind it is dense, there is not a perfect union

between the interfacial film and the transition zone.

For a specimen that contained 16 percent silica fume replacement at the same age (30
days) it is interesting to note that the global formation of CH film did not alter. Figs. 12 and
13 show, however, that the CH film is partly covered with CSH due to the pozzolanic reaction
between the calcium hydroxide and the silica fume. It can also be seen that the CH film is
united to the matrix by a dense interlocking. The pozzolanic reaction happens in localized
zones and seems to introduce "welding points” on the steel-cement paste interface. However,
the dominant effect that happens throught the specimen is the densification of the structure
behind the film (Figs. 14 and 15). This causes a reduction of porosity in the transition zone

which may explain the observed effect of silica fume on the bond strength.

Figs. 16 and 17 show the distribution of silica fume particles on the steel surface. It can
be seen that they are partially reacted. Some silica fume particles react quickly during the
early stages of hydration while others are only partially dissolved when an equilibrium is
reached. Some of them may react later on with CH, , forming CSH on top of the film (Fig.
18 and 19). However, some silica fume particles, or their pseudomorphs, get engulfed in the
CH film. The effect of these particles on the mechanical behavior of the film is not known,
although it might be expected that these particles will reinforce the film. Figs. 20 and 2!

show silica particles around a crack in the film (probably due to shrinkage). It can be seen
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that the particles are fairly well distributed in the film and that they bridge the crack in vari-
ous points. This process consumes energy, therefore these particles toughen the film. How-
ever, it should be noted that this is a local toughening effect; the global toughness of the speci-
men will depend on a variety of other factors such as the size of the flaws, the microstructure
of the crystals, etc. Figs. 22A and 22B show other cracks in the interfacial film with low and
high magnifications. Note the “kink™ of the crack path due to the presence of one of these

inclusions.

3.3 XRD Analysis of the Transition Zone

The method of successive abrasion of the interface and its analysis by XRD permits the
characterization of the hydration products over the transition zone. Once the CH crystals are
precipitated in a preferential orientation, it is not possible to perform a quantitative analysis
of them with this method. It is convenient, therefore, to define an index of preferential orien-
tation. Since the CH crystals tend to grow parallel to the steel surface, the (00.1) is a natural
plane to select. The other plane chosen is (10.1), because there is not much interference with

peaks of other hydration products.

_1(00.1)

R'1(10.1)

The ratio R is 0.74 for random orientation of calcium hydroxide. Therefore, if it is
desirable to know how much the orientation deviates from the random one, a ratio | can be

used, defined as:

On the basis of this definition I is | for a random orientation and approaches infinity for
a perfect orientation (c-axis). The ettringite is not subjected to preferential orientation, and
its peak at 9.1° 20 ( Cu -Ka ) was selected because it is not interfered with by other peaks.

Therefore it is possible to estimate the ettringite concentration over the transition zone.

The XRD method permits the analysis of the transition zone in a global way, while the
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SEM only permits a localized analysis. When the composite specimen is fractured, some of
the interfacial film (and some hydration products bonded to it ) may adhere to the steel side,
so that the thickness of the attached film is difficult to access. This creats a problem in
defining the reference plane of the original interface. This uncertainity is particularly impor-
tant for analysis closer to the interface since as already shown, the surface effect produced by
the steel decreases exponentially with the distance from the interface. Therefore in fitting the
data, in addition to the traditional method of the least squares, two other linear models, one
minimizing the sum of the absolute residuals and the other using a robust criterion, were used
in a system for interactive data analysis. It should be mentioned that the term “robustness”

means relative insensitivity to moderate departures from assumptions.

The method of robust regression is used to analyze the behavior of least squares estima-
tion when the disturbances are not well behaved. Coleman et al. (42) developed the computa-
tional procedures for iteratively reweighted least squares. Consider the vector of observations
b (mx1), the data matrix A (mxn), the vector of parameters x (nx1) and a vector r (mx1) to

model the equation b = Ax + 1. The least square solution consists in obtaining the minimum

m

of 2((r,- (x))/s)?, where r is the residual vector of b-Ax and s is a constant.
i=1

The weighted least square approach consists in finding the minimum of
m
Z Wii((ri(x))/s)?, where W is a diagonal matrix of weights that are functions of scaled residu-
i1

als. In the case of iteratively reweighted least squares, an optimization exists in the sense that
a function of scaled residuals is minimized. This function determines the formula for the
weight function used. The other method consists in solving the linear /, data fitting problem.
The motivation for using the /; approximation rather than the {5 (least squares) approxima-
tion or an /co approximation is that the first one is recommended for data that may contain
inaccurate points compared to the overall accuracy of the data. The solution proposed by

Barrodate and Roberts (43) was used for this method.



15

Tables 8 and 9 show the thickness and the orientation of the transition zone as affected

by age and amount of silica fume.

The analysis of the results should be made with special care. It should be noted that the
results only reflect a partial description of the morphology of the transition zone, and any
hasty generalization of the microstructure description in the transition zone and even worse
direct correlation of it to the mechanical properties will be bound to failure or incorrect pred-
ictions. One example would be the variation of the transition zone thickness with time. For a
pure portland cement paste the thickness of the transition zone increases with time while the
strength also increases with time, which may be a paradox. However, this paradox is elim-
inated when it is understood that the physical meaning of the transition zone thickness only is
a measure of how far the surface effects produced by the steel surface will influence the bulk

matrix.

The use of silica fume produces a remarkable decrease of the transition zone thickness
as shown in Table 8 and Figs. 23A and B. The studies of Kurdowski and Nocun-Wezelik (44)
showed that active silica powder accelerates the reaction of tricalcium silicate with water.
Increasing additions of silica cause the development of greater heat and a shorter dormant
period. It was concluded that the C3S hydration is controlled by the conditions governing
the liquid phase and that the reaction rate is controlled by the transportation process of cal-
cium ions from the grain surface to the solution. In this case, C35 hydration will be con-
trolled by the consumption of Ca?* ions from the solution as a result of the CH and CSH pre-
cipitation. Therefore the presence of a highly reactive silica lowers the calcium ions concen-
tration in the solution forming CSH with low C/S ratio and increases the rate of C4S hydra-
tion. Since the Ca’* ions cannot easily diffuse in great quantity towards the steel surface, the
preferential orientation of the CH crystals is decreased, and due to less accumulation of free
water and due to the pozzolanic reaction the porosity in the transition zone is remarkably

decreased.

Fig. 24 shows that there is a great concentration of ettringite near the aggregate surface
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for all ages and all levels of silica fume. This observation supports the through-solution
mechanism of cement hydration as the cement particles must dissolve to provide the calcium,
sulfate, and aluminate ions to diffuse towards the steel surface where more ettringite get pre-
cipitated. It should be noted that the different levels of silica fume did not significantly

influence the distribution of ettringite in the transition zone.

4. Conclusions

The mechanism of the reinforcing steel-concrete bond is rather complicated and there is
a number of factors affecting the bond strength. On the basis of the experimental results

presented in the present report, however, the following conclusions appear to be warranted.

(1) Increasing additions of condensed silica fume up to 16 percent by weight of cement
showed an improving effect on the pull-out strength, especially in the high compressive

strength range of the concrete.

(2) The presence of silica fume did affect the morphology and microstructure of the steel-
cement paste transition zone. Thus both porosity and thickness of the transition zone were

reduced.

(3) The observed effect of silica fume may be explained by the following mechanisms:
1. Less free water accumulated at the interface during the casting of the specimens.
2. Preferential orientation of CH crystals was considerably reduced.

3. Pozzolanic reaction between CH and CSF caused densification.
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FIG. 10. FIG. 11
Calcium Hydroxide Film on the Cement Paste Calcium Hydroxide Film on the Cement Paste
Side Side (30 Days Old Specimen, No Silica Fume)

FIG. 12. FIG. 13
Pozzolanic Reaction on the Top of Calcium Densification of the Structure Behind the Cal-
Hydroxide Film (30 Days Old Specimen, 16% cium Hydroxide Film (30 Days Old Specimen,
Silica Fume) 16% Silica Fume)

FIG. 14 FIG. 15.

Another View of the Good Bond Between the Calcium Hydroxide Film Surrounded by a
Calcium Hydroxide Film and the Matrix When dense Matrix (16% Silica Fume)

Silica Fume is Used
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FIG. 18. FIG. 19
Pozzolanic Reaction on the Calcium Hydrox- Detail of the Pozzolanic Reaction
ide Film

FIG. 20. FIG. 21.
Silica Fume Particles Embedded on the Cal- Silica Fume Bridging 2 Crack in the Calcium
cium Hydroxide Film Hydroxide Film
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