L AR S
ELSEVIER

Mechanical Properties of the

Aggregate and Cement Interface
Matthew J. Aquino, Zongjin Li, and Surendra P. Shah

ACBM Center, Northwestern University, Evanston, lllinois

The interface between aggregate and cement based matrices plays an
important role in determining the properties of concrete. In an ear-
lier study, a push-out test technique and a theoretical model were
proposed to determine the stiffness, strength, and surface energy of
the interface layer. To be valid material properties, these bond pa-
rameters should be independent of the geometry of the specimen, and
this was confirmed in this study. The influence of neighboring sand
and aggregate particles on the bond properties of the push-out ag-
gregate was analyzed and found to be quite small. On the other
hand, the addition of polymer latex and silica fume had major effects
on the bond properties. All tests were performed in a closed-loop
manner to obtain the load versus slip relationship. The microstruc-
ture of the interfacial zone was investigated with the use of back-
scattered electron imaging. ADVANCED CEMENT BASED MATERI-
ALs 1995, 2, 211-223
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@l B here are many factors associated with the
l strength and the durability of concrete. One
area of particular interest is the interfacial
zone between cement paste and aggregate. Research-
ers have investigated the chemical and the mechanical
properties of the interfacial zone as well as the mor-
phology of the hydration products at the cement paste/
aggregate interface [1-11]. Due to the high porosity
found at the interfacial zone, the aggregate-cement
bond is considered to be the weak link in the concrete
composite with normal compressive strength.

In a study reported earlier [12], a push-out test was
developed to obtain the load-slip relationship of the
interface. Based on the observed load-slip relationship
and a one-dimensional shear-lag model, material pa-
rameters to characterize the interfacial zone were pro-
posed. These parameters included the stiffness of the
interfacial zone, the shear and frictional bond
strengths, and the interfacial fracture energy. A good
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correlation was indicated between the values of these
bond parameters and the microstructure of the inter-
face.

The aforementioned experiments were performed
on a single-size cylindrical aggregate that was pushed
out from a surrounding annulus of a cement paste ma-
trix. If the bond parameters determined from the load
versus slip curves are to be considered as valid material
parameters, then they should be independent of the
dimension of the test specimens. One of the goals of
the study reported in this paper is to examine the in-
fluence of the diameter and the embedment length of
the aggregate core on the values of the bond parame-
ters.

The properties of the aggregate-cement interfacial
zone may be influenced by the presence of the neigh-
boring aggregates. To examine this influence, tests
were carried out when the pushed-out aggregate cyl-
inder was surrounded by pure cement paste, cement
paste with sand particles, or cement paste with other
coarse aggregates. The effects of the addition of poly-
mer latex and silica fume to the cement paste mixture
were also studied.

Tests were conducted in a closed-loop manner to
obtain the load-slip relationship. Results were ana-
lyzed using a theoretical model. The study also in-
cluded the use of backscattered electron image for a
microstructural investigation of the interfacial zone.

Experimental Details for Mechanical
Test and Microscopic Study

Specimen Preparation and Test Setup for
Mechanical Test

Indiana limestone, cored out of a stone block using
diamond-edged drill bits, was the aggregate used in all
tests. Three core diameters were used: 12 mm (0.46
inch), 18 mm (0.72 inch) and 28 mm (1.12 inches). The
surface of the aggregate was not pretreated in any ex-
periments. Plastic cylindrical molds were used with
dimensions D,/D,, = 0.23, where D, is the diameter of
the aggregate and D,, is the diameter of the mold. The
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dimensions of various test specimens are indicated in
Figure 1.

ASTM Type I portland cement with a constant wa-
ter:cement ratio of 0.35 was used throughout all exper-
iments. The aggregate core was first inserted in the
molds and then the molds were filled with the cement
paste matrix and vibrated on the vibrating table. The
specimens were allowed to cure for 24 hours and then
removed from the molds and cured in water for 28
days at a temperature of 20°C (68°F). After curing, the
specimens were sliced, perpendicular to the core, into
an appropriate thickness and ground and polished on
both top and bottom surfaces before testing. The top
and bottom surfaces needed to be flat and parallel to
ensure that the specimens lie completely flat on the
loading fixture. It should be noted that the reference
specimens as well as the specimens tested to study the
influence of additives and restraining aggregates had
an aggregate with a diameter of 12 mm (0.46 inch) and
an embedded length of 13 mm (0.50 inch) (specimen
type 1-6, Table 1).

The test apparatus setup is shown in Figure 2. The
specimen was placed on a flat circular plate that was
connected to a servohydraulic actuator of a MTS ma-
chine through a hollow cylinder. The entire specimen/
fixture could move up with the actuator. The steel rod,
connected to the load cell, made contact with the top
surface of the aggregate. Resistance provided by the

Specimen with coarse aggregate

Specimens with different height additives

51 mm 69 mm 124 mm

Specimens with different diameters

FIGURE 1. Dimensions of various test specimens.
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TABLE 1. Experimental test program

Aggregate Core

Dimensions
Cement
Curing Matrix Dia- Embedded
Specimen Age Additives meter Length
Type* (days)  (w:ic =0.35) (mm) (mm)
None
1 28 (reference) 12 13
2 28 Silica fume 12 13
3 28 Latex 12 13
Latex +
4 28 antifoamer 12 13
Coarse
5 28 aggregate 12 13
Fine
6 28 aggregate 12 13
7 28 None 12 6
8 28 None 12 18
9 28 None 12 25
10 28 None 18 13
11 28 None 28 13

*For each type of specimen, three identical specimens were tested.

upward movement of the loading fixture pushed the
cylindrical aggregate core downwards. Two linear vari-
able differential transformers (LVDTs), which were
fixed between the specimen and the rigid wing of the
steel rod, were used to measure slip displacement at
the top of the aggregate relative to the surface of the
cement matrix annulus. The average output of the
LVDTs was used as a feedback signal to control the
servohydraulic system. The rate of slip displacement of
the push-out test was about 1 mm/hour. Slip displace-
ment of the bottom of the aggregate was measured by
an additional LVDT. Push-out load, slip displacement

a
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Steel rod
Rigid wi
Specimen
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LVDT}{ LVDT
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| JLVDT
Hollow cylinder —s
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FIGURE 2. Push-out test set-up.
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of aggregate, and stroke of the actuator of MTS were
recorded using a data acquisition computer.

Specimen Preparation for Microscopic Study

Specimens were cast in the same manner as previously
discussed using the same compositions to enable a
comparison with the result of the push-out tests. After
curing for 28 days, the samples were sliced perpendic-
ular to the axis of the cored aggregate to a thickness of
approximately 1 mm using a diamond saw.

The sliced specimens were placed in ethanol to stop
hydration until they were ready to be prepared for
examination. The specimens were placed in a vacuum
to remove all moisture and foreign substances from the
surface and were impregnated with a low viscosity ep-
oxy while under the vacuum. The samples were then
removed from the vacuum chamber and allowed to
cure for 24 hours with the addition of a hardening
accelerator. After curing, the specimens were sanded
and polished for a clear examination. They were first
dry polished with 320 grit sandpaper followed by a 400
grit sandpaper to remove the hardened epoxy from the
specimen surface. Next, they were wet polished using
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a 600 gritsand paper and a nonaqueous polishing Iu-
bricant. Finally, to remove all scratches formed by the
sandpaper, lapp cloths impregnated with diamond
pastes of 3 um and 1 pm were used for the final polish.

Mechanical Experimental Data Analysis

For a typical push-out test, the measurements of im-
portance are push-out load, displacements at the top of
the aggregate, and slip displacement at the bottom of
the aggregate. Figure 3 shows two curves of slip dis-
placement superimposed over the push-out loading
curve as a function of time. The displacement at the
top of the aggregate is represented by a single line
while the curve of the slip displacement at the bottom
of the aggregate is composed of three ascending
stages. The first portion of the curve reflects the elastic
deformation of the aggregate and the interfacial zone.
The steeper slope in the second portion implies that
the deformation rate is increased. This means that the
interfacial zone became less stiff, perhaps due to break-
ing of elastic bonds. Hence, the end point of the first
portion marks the initial debonding, and the second
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portion of the curve could be called a partial debonding
stage. The point at which the top and bottom mea-
sured displacement become parallel signals the start of
the third stage. During this stage, the top of the ag-
gregate and the bottom of the aggregate undergo the
same amount of incremental displacement. This corre-
sponds to complete debonding. It should be noted that
complete debonding of the interface occurs after peak
load has been achieved as can be seen from the push-
out load curve.

A typical push-out load versus slip displacement
curve (the average of the two top LVDTs) is shown in
Figure 4. From such plots, the following parameters
were determined: the peak load, displacement at peak
load, and the slope of linear elastic stage. From these
values and using the analysis described later, the in-
terface stiffness parameter, w, interfacial frictional
strength, 7, interfacial bond strength, 7,, and interfa-
cial specific surface energy, I', can be obtained. It
should be noted that sometimes several peaks and val-
leys were observed before a gradual descending stage
was reached. In this case, the top and bottom slip dis-
placements (as in Figure 3) were helpful in determin-
ing when the complete debonding took place.

To obtain the characteristic properties of the inter-
face from the load-slip curve, a mathematical model
[13], in which the fracture concepts have been taken
into account, was used. A brief summary of this theo-
retical model is given below (see Figure 5). In Figure 5,
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FIGURE 4. Push-out load curve as a function of
displacement measured at the top of the spec-
imen.

0.8

L represents the aggregate embedded length. The ag-
gregate is assumed to be elastic with Young’s modulus
of E, and cross-sectional area A. The bulk matrix is
assumed to be rigid except for the interfacial layer that
is idealized as an elastoplastic shear layer.

It is assumed that debonding has occurred over a
certain length, a, starting at x = L. Treating the bound-
ary layer as a shear lag and assuming that a constant
shear stress is acting at the debonded interface, one
can write the following equations:

_ | kU(x)
=1 g4

0<x<L-a
L —a<x<lL o)

where k is the stiffness per unit length of the interfacial

p
P *

Interfacial zone

Bulk
Paste

el
Slip displacement

FIGURE 5. Parameters for the mathematical model for aggre-
gate push-out test. P = aggregate push-out force; L = ag-
gregate embedded length.
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layer for small deformation, g is the shear force per unit
length acting on the aggregate, g; is the frictional shear
force per unit length, and U(x) is the aggregate dis-
placement.

Denoting the aggregate push-out force as P, the
equilibrium equation and the constitutive relationship
for the aggregate can be written as:

dP

9= ()
P_ ;
A_ adx ()

Introducing eqs 1 and 3 into eq 2, the following dif-
ferential equation for U can be obtained,

Ugy-—0U=0 0<x<(L-a)
4)

u/xx“_‘]f—’:o

EA (L-a)y<x<lL
a

i1y

in which the subscript comma “,” indicates differenti-
ation. The quantity w is defined as:

ra
©= \/EaA ©)

Equations 4, together with boundary conditions and
continuity conditions, constitute a complete set of
equations for the determination of U(x). Solving this
set of equations, the following closed form expression
for the slip displacement at the loading end, UW*, is
obtained:

*

p* —
w=ulL = -E_mzﬁz coth (o (L — a))

N P* — 0.5ga
a
EA

The relationship between U and P in the elastic stage
can be obtained from eq 6 by setting a = 0. This leads
to

P‘ —_—
5 = EeAw tanh [o(L)] @)

The stiffness parameter w can be determined from
the initial slope of the experimental load-slip displace-
ment curves for a push-out test using eq 7 [14].

Furthermore, it is shown [13] that the relationship
between the push-out force and debonding length, a,
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can be derived either from the shear strength (q,) cri-
terion (material properties represented by g,, and ¢y) or
from the fracture energy (I) criterion (material proper-
ties represented by I', and gy). For the shear strength
(9,) criterion, the derivation is obtained from overall
equilibrium of the forces acting on aggregate. For the
fracture energy criterion, a differential equation for P is
first derived by applying the energy balance concept,
and then the expression for P is obtained by solving
the differential equation. The expressions for P take
the following forms:
for the shear strength criterion,

tanho(L — a)
- y o7 9
P ga+ D ®)

and for the fracture energy criterion,

|
P* =g + [2% + V’ <2_q£) + 2EAp F]
€)
tanh(w(L — a))

in which T is the specific fracture energy.

Note that three material parameters are needed for
either model. They are w, 9y and goro, T, and gs-

To determine the interfacial yield parameter, g,, the
interfacial frictional forces, g, and the specific energy,
I, one needs to know the length of debonded crack, a,
at the peak load. A method that utilizes the maximum
load, P*,,,,, and the slip displacement corresponding
to P* .. was used [14]. The formula used to calculate
g5 4,, and T are egs 10, 11, and 12, respectively,

®Phax
U~ 2@ + sinh(w(L — a)) cosha(L —a)) 10
gy = gf cosh*(w(L — a)) (11)
2
2EAT = (2TIqI£{;) [coshi(e(L — a))
(12)

— cosh¥(w(L — a))]

Note that an additional equation (eq 13) is needed to
determine the debonding length, a.

0.5(wa)® + cosh®(w(L — a)) +
wa sinh(w(L — a))cosh(ow(L — a))
M wa + sinh(w(L — a)) cosh(w(L — a))

(13)
- u;eakEaAw =0
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Microstructure Analysis

The aggregate/cement interfacial zone was examined
on a microscopic level through the backscatter mode of
a scanning electron microscope (SEM) with an energy
dispersive X-ray analysis system (EDAX). Based on
previous work [3], an image magnification of 400X was
selected for the analysis. Each region of different
brightness in the images had been previously analyzed
with the EDAX analysis system to identify the chemi-
cal components incorporated into the interface. These
components can include calcium hydrosilicate (C-S-H),
calcium hydroxide, unhydrated cement (anhydrous
phase), and pores [12,15].

It has been found that the grey level in the SEM
images could be used to identify phases in the micro-
structure. The two most important phases of interest
are the anhydrous and the porous phases that are at
opposite ends of the grey spectrum. In the SEM im-
ages, the porous phase is represented by the dark re-
gion while the anhydrous phase is represented by the
bright (white) region. Through a close examination of
the micrographics, one can gain an idea of the amount
of porosity contained at the aggregate/cement inter-
face.

Using conventional Polaroid micrographs taken
from the SEM, a quantitative analysis of the aggregate/
cement interface was performed. The micrographs
were digitized by a video camera attached to a Tracor-
Northern 8500 image analysis system. The binary im-
ages were constructed by determining a grey level
threshold value that appears to segment the porosity
from the other hydration product. The grey level
thresholds were selected by the operator’s judgment
that has been satisfactory in providing reasonably
good results. The final digitized binary images were
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512 x 512 pixels that resulted in approximately 0.5
microns per pixel at a resolution of 400x [12].

For each digitized image, the interfacial zone was
divided into segmental bands 20 wm in width up to 120
pm from the aggregate surface. The digitized binary
images of each segmental band were analyzed to de-
termine the area percentage of pore space. By plotting
the average area percentage versus the distance from
the aggregate surface, we established gradient plots for
the aggregate/cement interface for each image.

Results

Mechanical Test Results

The results of the push-out test can be arranged into
two groups that will be discussed separately. The
groups are (1) effect of aggregate size and (2) effect of
variations in cement paste composition.

EFFECT OF AGGREGATE SURFACE AREA. In this set of experi-
ments, the varied surface areas were obtained by either
changing aggregate embedded lengths (6, 13, 18, or 25
mm) with a fixed diameter (12 mm) or using different
diameters of 12, 18, or 25 mm with a fixed embedded
length (13 mm). Figures 6 to 9 are the compilation of the
calculated bond parameters and properties plotted
against the aggregate surface area. In Figure 6, the
interfacial stiffness parameter (w) is plotted versus
bond surface area for two sets of specimen. One set of
results was obtained by varying the aggregate embed-
ded length, whereas the other set of results was ob-
tained by varying the aggregate diameter. The graph
indicates that the interfacial stiffness parameter is es-
sentially independent of the embedment length or the
diameter of the aggregate. A similar trend can be seen

FIGURE 6. The interfacial stiffness parameter as
a function of aggregate surface area.
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from Figures 7 and 8, which show that the shear and
frictional bond strengths are more or less of the same
magnitude for the aggregates with different surface
areas. Overall, it seems that these three parameters
generally reflect the nature of the aggregate/cement
interface properties, because all three variables re-
mained independent of the geometry of the specimen.

Specific surface energy is plotted against the bond
surface area in Figure 9. In this case, specimens with
increasing embedded length showed an increase in
specific surface energy while specimens with increas-
ing diameters stayed constant with specific surface en-
ergy. The observed influence of the embedment length
of the aggregate on fracture energy can perhaps be
explained by the R-curve concept. According to the
energy concept in fracture mechanics, a crack propa-
gates when the rate of change of strain energy release

FIGURE 7. The frictional bond strength as a func-
tion of aggregate surface area.

12

(G) is equal to the rate of energy consumption (R). G is
often called the crack driving force, and R is termed the
fracture resistance. The rate referred to is with respect
to crack extension. For the push-out specimen, crack
length is the length of the debonded zone, a, as shown
in Figure 5. For perfectly brittle materials, when G =
R, a crack catastrophically propagates. However, in
quasibrittle materials, the crack steadily propagates
until a second condition is also satisfied

=— (14)

For quasibrittle crack propagation, the fracture resis-
tance or R-curve is rising as depicted in Figure 10. It
was shown by Ouyang et al. [15] that specimens with
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FIGURE 8. The bond shear strength as a function
of aggregate surface area.
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different embedment lengths have different G curves.
Thus the critical point when eq 14 is satisfied is differ-
ent for different embedment lengths. This may explain
why the bond fracture energy calculated assuming a
perfectly brittle crack propagation gave different val-
ues for aggregates with different embedded lengths.

EFFECTS OF VARIATION IN CEMENT PASTE COMPOSITION. In this
phase of the study, the effects of three admixtures—
silica fume, latex, and latex with an antifoaming
agent—were examined. In addition, effects of fine ag-
gregate (sand with maximum size of 3 mm) and coarse
aggregate (four additional aggregate cores of the same
diameter of 12 mm) were also analyzed. Bond param-
eters were calculated using the theoretical model. The
results of these tests are listed in Table 2.

The variations to the cement paste were made
through the addition of coarse aggregates or sand to
the matrix. In the first group of push-out tests for this
set, coarse aggregates were added to the specimen to
model the interaction of large aggregates on the inter-
facial bond. The specimens were cast with one center
aggregate core surrounded symmetrically by four
other aggregate cores of the same material and geom-
etry. The shortest distance between the center aggre-
gate and the four surrounding aggregates was 6 mm.
This distance was found to be the average distance
separating the coarse aggregates in a typical structural
concrete mix. It can be seen from Table 2 that the in-
terfacial properties for these multiple aggregate speci-
mens are lower than those for the reference specimen.
Specifically, the specific surface energy decreased by
approximately 50%, whereas the shear and frictional
bond strengths decreased by about 30%. It appears
that additional coarse aggregates may influence the
specimen integrity by changing the continuity of the
paste. The specimen showed cracks from the push-out

Advn Cem Bas Mat
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FIGURE 9. The specific surface energy as a func-
tion of aggregate surface area.

loading that propagated through the interface of the
additional coarse aggregates. This, in effect, decreased
the confining pressure on the pushed aggregate, caus-
ing a reduction in interfacial frictional stress. In the
second group of push-out tests of this set, sand was
added to the cement paste with a sand:cement ratio by
weight of 1.5:1. Overall, the addition of sand to the
matrix had very little effect on the mechanical proper-
ties of the interfacial bond between cement and aggre-
gate. The values of specific surface energy, shear
strength, and frictional strength are very close to the
values of the reference matrix as shown in Table 2.
From these results, it appears that the addition of sand
has no effect on the aggregate/cement interfacial bond.

The second set of variations to the reference matrix
was made through the addition of admixtures. The
first admixture used in the present study was a carbox-
ylated styrene-butadiene copolymer latex. (Tylac ®
97314-00, Emulsion Polymers Division, Reichhold
Chemicals, Inc., Dover, DE, July 1989). It has been
shown that the addition of this latex to cement paste
improves adhesion, resistance to permeability, abra-
sion resistance, freeze-thaw resistance, flexural
strength, and tensile strength. When mixed with the

R.G ? Failure criteria
G=R
9G _ iR "
da " ¢a Quasi-brittle
materials
Gcurve 4 p . urve Perfecty brittie
: materials
______ I
_—
2 a a

FIGURE 10. R- and G-curves for brittle and quasibrittle ma-
terials. 2 = length of the debonded zone.
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TABLE 2. Test results for specimens with different additives

Mechanical Properties of the Aggregate and Cement Interface 219

Interface Interfacial Interfacial

Stiffness Interfacial Bond Frictional Specific

Parameter Strength Strength Surface Energy
Specimen Type (w [Um]) (r, [MPa)) (1, [MPa]) (' (N/m])
Reference (plain matrix) specimen 12.80 2.28 2.26 1.40
Coarse aggregate additive 10.20 1.62 1.60 0.70
Sand additive matrix 11.46 2.16 2.13 1.21
Latex additive matrix 10.71 2.70 2.67 2.08
Latex and antifoamer additive matrix 14.92 3.70 3.63 3.81
Silica fume additive matrix 13.19 4.79 4.71 6.59

portland cement, the latex forms a “comatrix”” com-
posed of hydrated portland cement paste and coa-
lesced polymer film. The comatrix effectively binds the
aggregates together and binds the mix to nonplastic,
nonoily, or nondusty surfaces. In addition, many of
the microcracks and pores formed in hydrated cement
paste are “bridged” by the coalesced polymer film. A
side effect of the addition of latex to the cement paste
is an increase of air entrainment in the cement matrix.
It has also been shown that the latex will act as a water-
reducing agent. This may be responsible for some of
the improved cement properties and characteristics.
The latex copolymer (emulsion) was added in a la-

tex:cement ratio of 1:2 (by mass) that was recom-
mended by the latex manufacturer. Overall, the results
obtained through the push-out test seemed to confirm
the improved aggregate-to-cement bonding properties
stated earlier. As shown in Table 2, increases in the
shear and frictional bond strengths were about 20%
over the reference cement. On the other hand, the
increase in specific surface energy of the interfacial
bond was in the range of 50%.

In addition to the latex-modified cement matrix, a
combination of latex plus an antifoaming agent (1% by
mass of cement) was added to the cement paste for the

FIGURE 11. SEM micrograph of the aggregate-cement inter-
face for reference specimen.

FIGURE 12. SEM micrograph of the aggregate-cement inter-
face for the specimen with sand additive.
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FIGURE 13. Porosity gradient plots for reference
specimen and sand-modified specimen.
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study. The antifoaming agent was added to decrease
the volume of voids produced by the latex addition.

Adding the antifoaming agent to the cement matrix
proved to be valuable in further improving the inter-
facial bond characteristics. An increase in the specific
surface energy was obtained with a magnitude of al-
most threefold over the reference specimen and with
an increase of 80% over the latex-modified specimen.
The increases in shear and frictional bond strengths
were observed to be in the range of 60% over the ref-
erence specimen and about 35% over the latex-
modified specimen as can be seen in Table 2.

The third admixture used in this study was silica
fume. In the tested silica fume-modified matrix, 10%
by weight of cement was replaced with silica fume. As
shown in Table 2, the specific surface energy was al-
most 5 times greater for the silica fume matrix speci-
men compared to the reference specimen. The fric-
tional and shear bond strengths were also over twice as
large as compared to the reference specimen.

These improvements in bond strength due to the
addition of silica fume can be attributed to several fac-
tors [16]. First of all, the smaller particle size of silica
fume as compared to cement results in a denser inter-
facial zone due to improved ‘“‘packing’ effect. Sec-
ondly, a pozzolanic reaction between the silica fume
and calcium hydroxide in cement increases the struc-
ture density. A large decrease in porosity at the inter-
face is also observed with the silica fume-modified ma-
trix as a result of the previously mentioned improve-

FIGURE 14. SEM micrograph of the aggregate-cement inter-
face for the specimen with latex and antifoaming agent ad-
ditive.
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FIGURE 16. SEM micrograph of the aggregate-cement inter-
face for the specimen with silica fume additive.

ments in interfacial density. It has been shown that a
more porous interfacial zone and microstructure leads
to lower bond strength and surface energy.

Microscopic Evaluation of the
Aggregate/Cement Interfacial Zone

Figures 11 and 12 depict SEM photographs of the ag-
gregate/cement interfacial zone. Figure 11 shows the
interface of a reference specimen with a clearly visible
transition zone. The specimens for which the matrix
was modified with sand (Figure 12) show a similar
interfacial zone to the reference specimen; this is con-
sistent with their similar mechanical bond properties.
The porosity gradient graph (Figure 13) confirms the
similarity of the interfacial zone in the sand and the
reference specimens.

On the other hand, the SEM photographs of the
specimens made with latex and antifoaming agent
(Figure 14) showed a decrease in interfacial zone po-
rosity. From the porosity gradient graph (Figure 15), it
can be observed that the addition of latex and anti-
foaming agent resulted in a decrease in porosity of
about 40% as compared to the reference specimen. The
noted decrease in interfacial porosity is consistent with
the separately observed improved mechanical bond
properties.

Figure 16 shows an aggregate/cement interface from
a specimen of silica fume-modified matrix. In this case,
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FIGURE 17. Porosity gradient plots for reference
specimen and silica fume-modified specimen.
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the porous region is almost eliminated. Figure 17 is a
porosity gradient graph taken from the results of the
image analysis study of SEM photographs of the ag-
gregate/cement interface. The graph shows an average
decrease in porosity for the silica fume specimen of
about 60% throughout the interface as compared to the
reference specimen. These results offer a likely expla-
nation for the improved mechanical bond properties
obtained from the push-out test results.

Conclusion

Using a newly developed push-out test method, a
load-slip relationship was obtained for the aggregate/
cement bond. Given the load-slip displacement curve,
the mechanical bond parameters such as interfacial
stiffness, shear bond strength, frictional strength, and
interfacial fracture energy can be obtained using a re-
cently proposed theoretical model.

The effect of aggregate surface area on the interfacial
bond properties was studied. The geometry of the cy-
lindrical aggregate was altered by either varying the
aggregate embedded length or by varying the aggre-
gate diameter. The interfacial stiffness, shear bond
strength, and frictional bond strength remained rela-
tively constant, because the physical and chemical
composition of the interface was not altered. However,
the specific surface energy showed an increase for the
longer embedded lengths. This may reflect the fact that

the interfacial crack propagates in a quasibrittle man-
ner with a rising R-curve rather than in a perfectly
brittle manner as was assumed in the theoretical
model.

The interfacial properties were varied with the addi-
tion of several admixtures. Substantial improvements
in bond properties were obtained by adding silica
fume, latex, and latex with an antifoaming agent to the
cement matrix. The addition of silica fume showed the
largest improvements, especially in the value of bond
fracture energy. The addition of fine aggregates to the
cement showed no changes in bond properties and
parameters. The addition of multiple coarse aggregates
to the matrix produced a small decrease in the bond
properties, due to the altered physical characteristics of
the cement matrix with the embedded aggregates.

The interfacial zone was examined using backscat-
tered electron imaging, and the porosity of the inter-
face was quantified using an image analysis system.
The addition of admixtures was seen to decrease the
porosity of the interfacial zone; specimens containing
silica fume or latex with an antifoaming agent showed
the most significant decrease in porosity of the inter-
facial zone. The addition of fine aggregates to the ce-
ment matrix had no effect on the interfacial porosity.

A relationship between the interfacial mechanical
properties and the microstructural investigation was
obtained. Comparison of the bond properties and in-
terfacial porosity gradients has shown a direct correla-
tion. It can be shown that the microstructure of the
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interface plays a substantial role in the mechanical be-
havior of the aggregate/cement bond.
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