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ABSTRACT: This paper elaborates the relation of roughness parameters and tension softening diagram of
concrete-to-concrete interface. Specimens with eight types of placing joints and three types of monolithic
ones were employed for the evaluation of tension softening diagram (TSD) followed by surface observations
of the ligament after fracture test. Roughness parameters were measured, which include the maximum height
on the fractured surfaces (Pt), with 3-dimensional roughness analyzer. The authors calculated the key factor @
which is the ratio of fractured part excluding detached part on the surface divided by the total ligament area.
The authors assumed one of the roughness parameters as a representative height of dowel, and proposed a
pull-out dowel model. The dowel model can describe some important aspects which appeared in TSDs of

specimens with placing joint.

1 INTORODUCTION

1.1 Concrete-to-concrete interfacial surfaces

Every concrete structure has inevitably concrete-to-
concrete interfacial surfaces such as placing joint
and casting of additional concrete for repair and re-
inforcement. In these days of heading towards ra-
tional structural design and economical construction,
there are lasting needs for making the enhancement
of the adhesion performance possible through com-
plete understanding of the adhesion mechanisms,
which is the main topic of this paper.

1.2 Previous studies

There are many literatures that studied the ways of
enhancing the strength of placing joint experimen-
tally, beginning at very early date (Kokubu 1950).
The essence of the results is compiled for constitut-
ing many rules for placing concrete and retrofitting
existing concrete structures (AlJ 2009). Though the
knowledge about practical treatment for the concrete
interface is prevailing, fundamental knowledge about
basic mechanism of the concrete-to-concrete inter-
face is little.

The authors have been conducting basic studies
of interface of concrete, chemically and mechani-
cally (Satoh et al. 2007, 2008a, 2008b). One of the
results is that the maximum height of the fractured
surface has an intimate relation with the fractured
area of the surface excluding the detached part
(Satoh et.al. 2008b). The mechanism producing the
relation is comparable to the one between the height
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of the summit and the extension area of the foot of
the mountain. As is known there are some types of
surface roughness parameters measurable with auto-
mated equipment other than the maximum height
(JIS B 0601 2001). Relationship between these rough-
ness parameters and mechanical performance of the
interface is not known, so far.

1.3 Purpose of the research

This paper focuses on integrating the knowledge of
surface roughness of concrete-to-concrete interfacial
surfaces with the mechanical properties achieved by
TSD (tension softening diagram) employing the lat-
est analysis equipments.

2 EXPERIMENT

2.1 Specimens

The authors prepared eight types of specimens with
varied types of placing joint made from different
roughening or cured with different mold on them.
Also three types of monolithic specimens with a var-
ied size of maximum aggregate were made for a ref-
erence. Table 1 shows the attributes of specimens,
and Table 2 the mix proportion of concrete.

The number of specimens was three for each
case, which have a section of 100 mm by 100 mm,
and a length of 400mm. After 24 hours from the Ist
cast of concrete in the half part of mold, the joint
surface was roughened in the case of R. Then con-
crete was cast in the remained half of mold as de-



picted in Figure 1. The specimens were cured in wa-
ter at 20°C for 28 days after the final cast of con-
crete. A 50mm depth notch was incised at the center
of the specimen before the fracture toughness test.

Table 1. Attributes of specimens.

Specimen  Surface condition
N Monolithic, Max. aggregate size : 20 (mm)
N950 WS, Max. aggregate size : 9.5 (mm)
N236 WS, Max. aggregate size : 2.36 (mm)
J Joint sheet
E Exposed aggregate
R Roughened with steel wire brush
SP As-cast with steel plate
PW As-cast with painted ply wood
A As-cast with acrylic resin board
G Sheet glass remained
['S-3528  Fractured surface

*1: Wet screening was done.

Table 2. Mix proportion of concrete.
W/C  s/a Weight of materials (kg/m’)
(%) (%) Water Cement Sand Gravel Ad

514 430 177 344 739 1010 1.72
Ad: Super plasticizer

le I =400mm
Y T
h=100mm i Ligament
Treatment =50mm
surface Notch

DI A

" Chst afterwdrd ©

Cast previously

Figure 1. Typical detail of specimen (top) and method for pro-
ducing specimen (bottom).

2.2 Tension softening diagram

Fracture toughness test was executed with observing
RILEM’s recommendation (RILEM 1985). Load
and crack mouth opening displacement (CMOD)
were measured continuously during the loading. To
cancel the dead weight of specimen and to obtain a
good and precise measurement, a counter weight
made of steel was glued at each end of specimens.
Servo type loading equipment was used to get high-
speed response with the help of feed-back system of
the equipment.

TSD was achieved from the load-CMOD curve of
specimen with employing multi-linear approxima-
tion method which was standardized by JCI (JCI
2004). Fracture energy is consumed energy during
the fracture of a ligament and displayed as an area
enclosed with x-axis, y-axis and TSD in the graph,
which is abbreviated as GF. The ft is tension soften-
ing initial stress which is the same as tensile strength,
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and Wer is a crack width when load becomes zero
(critical crack width).

2.3 Observations with analyzing equipments

After fracture toughness test, fractured area in liga-
ment was observed to detect characters of interfaces.
At first, the surface of fractured ligament was ob-
served with laser 3-D measuring machine at two lev-
els of interval; 200um and 1um. Figure 2 depicts a
typical example of the roughness parameters from
measured 3-D data which was standardized by JIS B
0601 (JIS B 0601 2001). From the measurement where
reference length (Lr) was 100mm (for 200um interval)
or Smm (for 1um interval), the data were processed
at three conditions, where cut off values of wave-
length (Ac) are 0.25mm, 0.80mm and 2.5mm. The
roughness parameters were evaluated within an above-
mentioned certain wavelength where the wave
height due to undulation was excluded. (Fig. 2) The
undulation is the long wave which exceeds the cer-
tain wavelength.

The authors cut a sample of 1 cm square from the
surface of each specimen. After platinum spattering
on it, SEM (scanning electron microscope) observa-
tion was done. In addition, the sample was placed
edgewise between slide glasses in resin. Quantitative
analysis of Ca and Si were done with using EPMA
(Electron probe micro analyzer).

B Evaluation length (Ln) -
A
M A [ N 'A Pt
f \
v
Figure 2. Typical roughness parameters of surfaces.
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Figure 3. Tension softening diagrams of specimens.
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Table 3. Mechanical properties of specimens.

Specimen ft GF Wer
(MPa) (MPa) (N/mm) (mm)
N-3 4.60 7.28 0.1160 0.2243
N950-2 3.66 470 0.0642 0.1769
N236-2 3.24 3.03 0.0331 0.0400
J-3 3.53 476 0.0501 0.1174
E-3 2.80 326 0.0372 0.0835
R-2 3.03 568 0.0296 0.0507
SP-1 2.00 3.65 00112 0.0282
PW-3 3.28 3.77 0.0543 0.1267
A-3 2.51 274  0.0148 0.0292
G-2 0.69 1.03 0.0015 0.0119
FS-3528-3 2.11 2.11 0.0288 0.1054
3 RESULTS

3.1 Resulted mechanical properties

Figure 3 and Table 3 show achieved TSDs and the
mechanical properties of specimens respectively. The
resulted GFs are ranging from 0.002N/mm (speci-
men G) to 0.05 N/mm (specimen J) with a reference

result of 0.IN/mm for specimen N. Compressive
strength is 42.7 MPa.

3.2 Roughness parameters

The authors classified the surface of fractured liga-
ment in two types after fracture toughness test. One
is a fractured part and the other is a detached part,
which are described black part and white part in Fig-
ure 4 respectively. The fractured part was character-

influenced by the conditions of treatment of the joint.

The parts of fractured ligament were classified in-
to five types, which are from (A) to (E) in Table 4.
Type (A) is the flattest surface of detached part like
the surface of specimen-G. Type (B) is interfacial
transient zone (ITZ) on the surface of aggregate. Type
(C) is detached part of specimens of placing joint other
than specimen-G. Type (D) is fractured surfaces exclud-
ing ITZ of joint specimens and (E) is that of monolithic
one. The data in Table 4 are the average values meas-
ured at 1 pm intervals with laser 3-D measuring ma-
chine.

(a) Specimen R
Figure 4. Samples of classified ligaments into fractured part
(black) and detached one (white).

(b) Specimen SP
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Figure 5. Distribution of height on the fractured surfaces.

ized by exposed aggregates or rough part where the t 80 ;
. . . C . = &N
height is greater than 0.2mm. Figure 5 shows distri- = x
- . £ EN950
bution of height on the fractured surfaces at the cen- 6.0 - N236
ter of the ligament which were measured at 200 pm % XJ
intervals with laser 3-D measuring machine. 4.0 - XE
Figure 6 represents relationship between Pt and @ X R
. . . : SP
where O is a ratio of fractured part excluding detached 20 -
.. . - PW
part on the surface divided by the total ligament area, G
and Pt is the maximum height on the fractured surface 00 FS-3528
within the measured region. The graph tells that ' 0'0 0'2 0'4 0'6 0'8 1'0
there is a correlation between Pt and ®. We can also : : ‘ ‘ : o
observe that the value @ is different from each other  Figure 6. Relationship between ® and Pt.
Table 4. Features of roughness parameters in typically classified surfaces.
Parameters unit standard length and cut off value (Ac) = 0.25mm
- (A) (B) (C) (D) (E) B/A___B/C __D/C___ED
maximum height (Rz) wum  13.02  29.30 19.85 38.14 3787 2.250 1.475 1.921 0.993
average height (Rc) pum  6.30 16.66 10.36 22.06 23.69 2.644 1.609 2.130 1.074
average wavelength (RSm) um 15.95 52.06 37.27 58.84 67.71 3.264 1.397 1.579 1.151
Parametors unit standard length and cut off value (iAc) = 0.80mm
- (A) (B) (©) (D) (E) B/A B/C D/C E/D
maximum height (Rz) um 27.94 5946 34.58 101.6 96.83 2.128 1.720 2937 0953
average height (Rc) wum 1290 34.60 18.30 63.37 5321 2.682 1.891 3.463 0.840
average wavelength (RSm) um 86.73 153.5 89.13 221.4 240.0 1.770 1.722 2.485 1.084
Parametors unit standard length and cut off value (Ac) = 2.50mm
- (A) (B) (C) (D) (E) B/A B/C D/C E/D
maximum height (Rz) wm 2489 123.8 37.18 2904 2356 4975 3.330 7.809 0811
average height (Rc) um 1289  59.10 16.85 140.1 1183 4.586 3.507 8312 0.845
average wavelength (RSm) um 8833 4225 181.0 7075 6499 4783 2334 3909 0919
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In Table 4, one can naturally realize that the av-
erage height (Rc) on detached parts ((A) - (C)) is
lower than the one on fractured parts ((D), (E)). It is
worthy to note that even in the case of (A), which is
the surface of joint made with sheet glass mold and
is considered to be almost flat, the roughness (Rc) is
6.3um (reference length is 0.25mm).

The value B/C for Rc and Rz in the table is about
1.5 (in the case that Ac is 0.25mm and 0.8mm) tell-
ing that the roughness is 1.5 times larger in the case
of (B) than the one in the case of (C) even for the
same detached parts. It may suggest that the part
(B), which is ITZ around coarse aggregates, can
contribute to mechanical performance even higher
than part (C). Then the detached part (C) may be
smoother than ITZ, where insufficient adhesion may
have occurred.

On the other hand, if we compare the roughness
parameters of both fractured parts (D) and (E), we
can see that Rc and Rz are almost the same as the
value E/D is almost 1.0 in all cases of Ac (from
0.25mm to 2.5mm). This fact is important because it
is related to the previous study (Satoh et. al. 2008b)
which told that fractured part in the ligament con-
tributed to fracture energy (GF) at the same rate as
monolithic one regardless of the joint types.

Interesting finding is that, while Rc and Rz of
both detached and fractured parts are getting larger
along with Ac, the tendency of the growing rates of
them are different. It means that the growing rate (in
all cases of Ac) of Rc for detached part is about 2.0,
whereas the one for fractured part is over 5.0, sug-
gesting the effect of undulation is dominant at the
fractured part compared to the detached part.

3.3 Observations by SEM and EPMA

Figure 7(a) shows the SEM photo of a sample from
specimen-N, where one can observe a rough surface
and many fine aggregates half-embedded in it. In the
case of specimen-G (Fig. 7(b)), one can observe
smooth membrane mainly made of Ca(OH)s.

Figure 8 depicts Ca/Si map which the authors
composed for analyzing the difference of phases
from constituent concrete (Satoh et. al. 2008a). The
map shows three colors representing the graded
mass ratio of Ca divided by Si from the results of
quantitative analysis of Ca and Si with EPMA. In
the map, gray zone represents CSH gel where the ra-
tio is between 1.0 and 3.0, black zone represents
Ca(OH); where the ratio is over 3.0, and white zone
represents aggregates mainly consists of SiO; or po-
rosity where the ratio is below 1.0.

In Figure 8, we can find specific distribution of
Ca(OH),. The detached part of specimen-A, -G has
thick black layers, meaning that these ones are made
of Ca(OH),. Fractured surface of specimen-R has no
such black layer, though Ca/Si is high around some
aggregates in Figure 8(c). In this map, almost all of
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the parts can be assumed to be CSH gel, because the
gray zone is abundant telling the effects of roughing.
It can be said that the Ca/Si map reveals the weak
layer of Ca(OH)2 which plays a primary role on the
crack path.

ﬁﬁ-‘ &
(b) Detached surface of specimen-G
Figure 7. SEM Observations on the surfaces.

i fi— 00 ) | % 100 um
(a) specimen-A (b) specimen-G (¢) specimen-R
Figure 8. Ca/Si maps from the side of the interface.

4 DISCUSSION

4.1 Influence of fine aggregate on fractured surface

The authors propose a model depicted in Figure 9,
where fine aggregates are assumed to be spheres
whose diameter is /c (/c is likened to fiber length),
based on the SEM photo (Fig. 7(a)).

Given there is some thin layer of cement paste
around aggregate by a wall effect, aggregates are mod-
eled to line at the same interval. The projection length
of the aggregate is assumed to be /c/4 which is ana-
logues to the average fiber length in fiber reinforcement
theory. Then, after fracture, there appears a fractured
surface that looks like the one depicted in Figure 9.

The term (D) in Table 4 tells Rsm is about 700
um when Ac is 2.5mm, then the diameter of aggre-
gate is calculated to be 0.39 mm and Rc is to be
194pum based on the relationship depicted in Figure
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9. This result (194um) is the medium value of Rz
and Rc in Table 4. The same relationship is observed
when Ac is 0.8 mm (where Rsm is 220um), the size
of aggregate is calculated to be 0.12mm and Rc is to
be 61um, which are consistent values with the model
predicted in Figure 9. Moreover, even when Ac is
0.25mm which is very small region compared to the
ordinarily imagined aggregate size, the consistency
of the model is recognized; i.e. as Rsm is 60um, the
aggregate size is 40um, and then Rc is 18um.
Though we can see small fine aggregate (about
100pum or smaller) in Figure 7, the model is consis-
tent within a certain region..

From the aggregate size and mix proportion used
in the study, the numbers of aggregates can be calcu-
lated. The numbers of aggregates in a certain volume
where one piece of maximum size aggregate
(20mm) occupies are vast (6,000pcs. for 0.6mm,
230,000pcs. for 0.3mm and 1,000,000pcs. for
0.15mm and below 0.15mm). These numbers are re-
alistic from the observation in Figure 7 and Figure 8.
As the surface roughness is deeply related to the
mechanical performance (Satoh et. al. 2008b), the
importance of very small-sized fine aggregate
should be emphasized.

On the contrary, in the case of detached part and
ITZ, the dependency of roughness on Ac is not clear.
For example, Rc of (A) and (C) in Table 4 is smaller
when Ac is 2.5 than when Ac is 0.25. The calculated
aggregate size is 40um or smaller on the detached
surfaces based on the same model depicted in Figure
9. These ‘small aggregate’ may not be aggregate but
some kind of mixture of Ca(OH), and aggregate
from the observation in Figure 8(b).

-

_|.-
AN
~
o
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or |. o

Rzy LS 4 Aggregate

>

Cement paste
Figure 9. Model for determining relation between aggregate
size and roughness parameters.

4.2  Pull-out dowel model

The above mentioned model can be easily evolved
to tensile dowel model which the authors proposed
in the literature (Satoh et. al. 2009). In this model,
extracting stress against crack propagation after
cracking is only made by many sizes of aggregates.
The aggregates act as dowels which have different
lengths. Before cracking, the tensile strength of the
interface is determined by the ratio of composition
of Ca(OH), and CSH. (Fig. 8)

In Figure 10, the fat and short fiber (dowel) is a
model of a given size of aggregate. Assuming that the
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extracting force of dowel follows the fiber rein-
forcement theory which Naaman proposed (Naaman
1989), following Equation are lead. The Naaman
Model describes a relationship between extracting
force and extracted displacement for steel fiber, as
follows.

2
pe=t a i/l/ ) —a (D)
A (A=Vr)(1+e " )+2Vfe

A PE (1—e)
A (+e?)

2)

where, Pc is the maximum extracting force, Ac is
the displacement at Pc, Vfis the ratio of area of fiber
divided by the total area, tyax is the shearing force
per length supported by a dowel (the multiplied
value of tyax (interfacial shearing stress) and circum-
ference length ) and / is the embedded length. The
constant A is determined by the extracting rigidity k,
which is the shearing stress per unit displacement.

The Equation (1) and (2) are the results for a sin-
gle fiber. Then the extracting force for multiple fi-
bers is described in equation (3).

Pa=Y NmPew 3)
7

where, Pc(/) is Pc for the given length / and N(/) is
the numbers of the fiber of given length /.

The numbers of dowel is linked to that of aggre-
gate in this model. Then, if the volume of aggregate
of each size is the same, N(/) is proportional to the
value . Naturally Pc(/) is the cross section area of
the fiber which is proportional to the value /. Then
finally P, is proportional to the value 7"

Figure 12(a) shows the load-displacement rela-
tionship of the dowel whose length is / or 2/ based
on above mentioned model. In the figure, PMA repre-
sents the strength of weak matrix and PmB is the
strength of the strong matrix. As is discussed in pre-
vious study (Satoh et al. 2009) which is displayed in
Figure 11, the strength of interface and the depth of
FPZ have close relationship. If the depth of FPZ of
matrix (A) is shallow, the depth of fractured matrix
tends to be shallow in which short dowels are in-
cluded. On the contrary, if the depth of FPZ of matrix
(B) is deep, the depth of fractured matrix tends to be
deep in which long dowels are included. This model
clearly shows the morphological feature of TSD as is
depicted in Figure 12(b). Moreover, the deep FPZ
tends to fracture wide region of matrix which makes
the fracture surface wide, then making ® large.

The model also expresses the reason why @ is re-
lated to tensile strength ft in TSD. The reason for it
is as follows. Tensile strength ft is the sum of
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strength of matrix and extraction force of dowel. At
the same time, both strength of matrix and the length
of dowel are related to @ as we discussed above.
Then @ is related to tensile strength ft.

Interface P pi
o o e Pull-out of
dine aggregate Fixed side
Fracture o ® Puu-out side
cement-paste e
e ® o o L o o

Cast
Afterwards

Cast
Previously:

Figure 11. Fracture region and depth influenced by the strength
of interface property: weak interface (left picture) and strong
one (right picture).

Ama Acwy AMB
(a) Tensile force of matrix and extraction force of dowel

[ AC(Z/’)

PA o
« Pup+Pmpoy+Puvse)
PMA'FPMA%’) N
E P
Pa PusykP MB(2/) -
(©2)]

AMA Acoy Ams [ Aca
(b) Combined force of matrix and dowel
Figure 12. Relationship between TSD and dowel model.
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The model also describes the reason why aggre-
gate influences Wcr in TSD. The reason for it is as
follows. The strong interface which has high ft frac-
tures the wide region where long dowels (large ag-
gregate) are included, which leads to large critical
width Wer in TSD, whereas weak interface which
has low ft fractures the narrow region where short
dowels (small aggregate) are included, which leads
to small Wer. So, strong interface brings both high ft

Proceedings of FraMCoS-7, May 23-28, 2010

and large Wer together resulting high fracture en-
ergy GF, because GF is influenced by both ft and Wer.

4.3 Relationship between mechanical performance
and roughness parameters

The relationship between mechanical properties and
roughness parameters of fracture surface is depicted
in Figure 13(a)-(c).

The relationship between Wer and Pt in Figure
13(a) reflects the size of maximum aggregate, which
is natural because Pt is linked to the length of dow-
els. As Figure 6 showed, Pt and ® are closely re-
lated. This is also natural, because Pt is comparable
to ‘height of mountain’ whereas @ is comparable to
‘range of the foot of the mountain’.

0.25
&N

BN950
AN236

Wer (mm)
o
o
S

0.10 -

0.05 A

FS-3528

0.00 T T .
0.0 2.0 4.0 6.0 8.0
Pt(mm)

(a) Relationship between Pt and Wer

oN
EN950
AN236
X1J
XE
O®R
SP
PW
A
G
FS-3528

Ratio of ft

00 02 04 06 08 1.0
D

(b) Relationship between © and ft
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oN
EN950
AN236

X

B! xE

oRrR

04 - SP

Xx | -PW

02 - A

G

FS-3528

Ratio of GF

00 v T T T T T
00 02 04 06 038 1.0
0]

(c) Relationship between ® and GF
Figure 13. Relationships between roughness parameter and
mechanical property.
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After all, @ is closely related to Pt. It is surely
supposed that Pt is closely related to Rc and Rz from
the well known fact that concrete has a nature of
fractal characteristics on its fractured surface (Mi-
hashi 1993). Then these four parameters (@, Pt, Rc
and Rz) have the same root: i.e. dowel action.

Figure 13(b) represents the relationship between
® and ft, which shows that ft is basically determined
by ®. But even detached part produces ft which ori-
ginates from chemical adhesion, which produces
some ft in specimen-G whose @ is zero.

As GF is the enclosed area within TSD, x-axis
and y-axis, then GF is strongly affected by ft and
Wer. So, finally GF and @ are proportional as Figure
13(c) shows. Then if @ grows, GF also grows.

5 CONCLUSIONS

The authors conducted fracture mechanics test of

eight different types of concrete prisms which have a

vertical placing joint in them, and three types of mono-

lithic ones which have different size of aggregate.
The findings are as follows.

1. There are three typical values of roughness pa-
rameters for fractured part, detached part and in-
terfacial transition zone.

2. Dowel model was proposed which can be used to
discuss the relationship between roughness pa-
rameters and morphological feature of TSD.

3. The mechanism which governs relationship be-
tween roughness parameters (Rc, Rz, Pt) and
mechanical properties (ft, GF, Wer) is revealed.
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