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This paper investigates the effectiveness of transition zone densifi- 
cation on the fiber-cement paste system. By controlling the water: 
cement (w:c) ratio and the condensed silica fume content, environ- 
mental scanning electron microscopy studies confirm that transition 
zone densification can be achieved in all brass, steel, and polyethyl- 
ene fiber-cement systems. However, single fiber pullout tests indi- 
cate that densification only enhances the brass-cement paste inter- 
face bond strength and not the other systems. Further microscopy 
investigation of the surface of fibers peeled off from a composite 
fracture surface and of the groove left by the fiber on the cement 
paste suggests that bond failure for the brass-cement system is of a 
cohesive type, whereas bond failure for the other two systems is of an 
adhesive type. It is concluded that the transition zone densification 
technique should be effective in fiber-cement systems in which bond 
strength is controlled by cohesive failure of the transition zone ma- 
terial. © 1997 Elsevier Science Ltd. ADVANCED CEMENT BASED 
MATERIALS 1997; 5, 8--17 
KEY W O R D S :  Adhesion, Cohesion, Densification, Fiber 
bond, Interface, Transition zone 

~ iber reinforcement is an effective way of im- 
proving the strength, ductility, and toughness 
of brittle materials. The primary benefit of fiber 

reinforcement arises from the fiber-bridging effect 
across matrix cracks. The efficiency of fiber bridging 
depends on the material properties of the fiber, matrix, 
and the transition zone between fiber and matrix [1-3]. 
The latest concept on composite material design has 
proven that a composite material with specific desired 
mechanical properties can be produced by properly tai- 
loring the associate material parameters [4]. 

Among the various material parameters that influ- 
ence the composite properties, the interfacial bond be- 
tween cement paste and matrix is the most important 
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one. Due to the porous nature of the transition zone 
between fibers and matrix in cementitious composites, 
it is generally assumed that the transition zone repre- 
sents a weak link among constituents governing com- 
posite properties. Thus, it is expected that densification 
of the transition zone may serve to strengthen the tran- 
sition zone and enhance the fiber-cement interfacial 
bond strength [5,6]. Indeed, as a common microfiller in 
refining the cement paste microstructure, silica fume 
has been suggested to increase fiber-cement bond 
strength in cement matrix [7,8]. 

For some material systems, the transition zone micro- 
structure may not be the governing factor in interfacial 
bond strength. For example, the adhesion between fi- 
bers and matrix, if it is too low, could be responsible for 
the bond failure. It has been reported by Hild and 
Schwartz [9] that, for fibers and /o r  matrix made up of 
materials with low surface energy, such as polymer, the 
adhesion between fiber and matrix may be the control- 
ling parameter for fiber-matrix debonding. For such 
material systems, densification of the fiber-cement tran- 
sition zone may not be effective in bond improvement. 
Instead, fiber surface modification would be necessary 
to enhance the adhesion between fibers and cement ma- 
trix. 

The purpose of this study is to investigate the effect 
of transition zone densification on the improvement of 
the bond strength between fibers and cement matrix of 
various fiber reinforced cementitious composites. An 
attempt is made to densify the cement matrix and, 
hence, the pore structure of the fiber-matrix transition 
zone. This is achieved by controlling the packing den- 
sity of cement paste matrix through the reduction of w:c 
ratio and the use of silica fume. Bond strengths are 
measured based on single fiber pullout tests. Along 
with different cement matrices, various types of fibers 
are tested, including steel, brass, and polyethylene fi- 
bers. In addition to bond measurement using fiber pull- 
out tests, the microstructures of the transition zone of 
different material systems are observed using environ- 
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mental scanning electron microscopy. The purpose of 
investigating the interfacial microstructure is to provide 
evidence of densification by cementitious composition 
control and to infer the path of interfacial bond failure 
in peel-off tests of different fiber-matrix systems. The 
results of fiber pullout tests and the environmental 
scanning electron microscopy study are then combined 
to address the effectiveness of the transition zone den- 
sification on interface bond strength. 

From the environmental scanning electron micros- 
copy study, it is found that the compactness of the mi- 
crostructure of the transition zone is well improved by 
reducing w:c ratio and/or  using condensed silica fume, 
regardless of fiber type. However, improvement in fi- 
ber-cement bond strength does depend on fiber type. 
This indicates that transition zone densification does 
not always result in bond strength improvement. More- 
over, the environmental scanning electron microscopy 
observations reveal that bond failure between steel or 
polyethylene fibers and cement matrix is of the adhe- 
sive type, that is, debonding takes place at the contact 
surface between fiber and cement. On the other hand, 
the brass-cement bond strength increases with the den- 
sity of cement matrix and the corresponding fiber 
debonding takes place mainly in the heterogeneous 
transit ion zone. These f indings indicate that the 
debonding of the brass-cement system is related to fail- 
ure in the transition zone. This is most likely a result of 
the stronger adhesive strength between the cement 
paste and the brass fiber in comparison with the cohe- 
sive strength of the transition zone material. Therefore, 
the brass-cement bond strength, which depends on the 
strength of the transition zone, is sensitive to matrix 
packing density. In contrast, the steel-cement and p01y- 
ethylene-cement bond strengths apparently are domi- 
nated by the adhesion property between steel or poly- 
ethylene fibers and the adjacent cement material and 
are negligibly affected by the microstructure of the tran- 
sition zone. As a result, transition zone densification 
may not be effective for bond improvement in the case 
of steel and polyethylene fiber reinforced cementitious 
composites. 

Based on the present study, it is proposed that tran- 
sition zone densification is an effective means of fiber- 
cement paste bond strength improvement for material 
systems in which the transition zone is weak relative to 
the adhesive strength between fiber and paste material. 
In systems where the adhesive strength is weak  densi- 
fication of the transition zone may not increase the bond 
strength unless the adhesive strength is also improved 
in the same process of material modification. However, 
it should be noted that the slip-weakening effect ob- 
served in metal fiber-cement paste systems, which re- 
lates to damage of the cement paste material during 

fiber sliding, does appear to be alleviated by the densi- 
fication of the transition zone. 

Interfacial Microstructure 
The bond strength of a cementitious composite is as- 
sumed to be strongly affected by the fiber-matrix inter- 
facial zone. This transition zone consists of a phase dis- 
tinct from the fiber and the bulk cement matrix [10-13]. 
Formation of the transition zone is usually attributed to 
local bleeding around fibers and the consequence of the 
"wall" effect [14,15]. The wall effect results from the 
inability of the cement grains, having an average par- 
ticle size of typically 10 ~m, to fill the space 10 to 20 ~m 
from the fiber surface as densely as they do in the bulk 
matrix away from the fiber surface. Apart from the 
looser packing of matrix particles, the fiber surface pro- 
vides more spacious nucleation sites for CH crystals 
and causes changes in the composition of the hydration 
products. As a result, a unique microstructure forms in 
the annular region of fibers much different from the 
bulk matrix in both porosity and composition of hydra- 
tion product. Compared to the bulk matrix, the transi- 
tion zone is more porous and is rich in CH crystals. The 
porosity and the density vary along the distance from 
the fiber surface. 

Mechanical Properties of 
Transition Zone 
The mechanical properties of the transition zone have 
been studied through measurement of microhardness 
of the cement materials along radial lines in the annular 
region around the fibers [16]. The result indicates that 
the microhardness of the matrix far from fiber surface is 
nearly constant. As it gets closer to the fiber surface, 
within a distance of typically 50 ~m, the microhardness 
starts to decrease revealing a looser material structure. 
However, instead of monotonically decreasing, the mi- 
crohardness rises when it gets close to the fiber surface. 
This is probably due to the abundant deposit of CH 
crystals near the fiber surface. A conceptual definition 
of the interfacial transition zone is given in Figure 1 
based on a microhardness measurement. In general, mi- 
crohardness can be related to microstructure as well as 
mechanical properties of materials such as tensile 
strength [17-19]. For cement paste, porosity and 
strength have been correlated [20]. Low microhardness 
usually suggests high porosity and low strength. The 
spatial variation in the microhardness measurement de- 
scribed earlier implies the existence of a weak point in 
the transition zone at the location of the lowest hard- 
ness. This weak point can be responsible for fiber- 
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FIGURE 1. Schematic illustration of interfacial zone and mi- 
crohardness measurement (after Wei, et al. [16]). 

cement  bond failure when  debonding  occurs in the 
transition zone. 

In summary,  a less compact  material structure of hy- 
dration products  forms in the transition zone due  to the 
increase in nucleation sites for CH crystals as well as the 
bleeding and wall effects. According to microstructure 
observations and the microhardness measurements ,  the 
interfacial zone is a weak  phase in the composite struc- 
ture and may dominate  the failure mechanism of fiber 
debonding.  Therefore, it is generally expected that den- 
sification in matrix microstructure may  strengthen this 
t rans i t ion  zone  and  increase  the in ter fac ia l  bo n d  
strength. This hypothesis  is tested by an experimental  
program of single fiber pul lout  tests and environmental  
scanning electron microscopy observat ions of fiber- 
matrix interface microstructures. 

Test Program 
Conventional  single fiber pullout  tests were conducted 
in the test p rogram to measure  the bond strengths of 
various material systems. Steel, brass (both of 1.02-mm 
diameter), and two types of polyethylene fibers (Spec- 
tra, 38-p~m diameter,  and Snia, 20-1~m diameter) were 
included in the experimental  program. They were used 
in the "as received" condition. To alter the microstruc- 
ture of the transition zone, three different types of ce- 
ment  matrices with various w:c ratios and silica fume 
(SF) contents were  adopted,  including plain cement  
paste with w:c = 0.40 (matrix I), plain cement paste with 
w:c = 0.27 (matrix II), and cement  paste with silica fume 
(w:c = 0.27, SF:c = 0.20, and SP:c = 0.05, matrix III). In 
the case of polyethylene fiber, only matrices I and III 
were used. The fibers were arranged in the mold with 
an embedment  length of 20 mm and a p ro t ruded  por- 
tion to be held during the pullout  process. The fiber 

pullout  tests were conducted at the age of 28 days. At 
least three to six specimens were tested for each case. 
Pullout load and the corresponding fiber slip distance, 
the P - u curves, were recorded for each specimen. 
Details of the fiber pul lout  experimental  technique and 
data reduction procedure  can be found in [21]. 

Microstructure Studies 
Morphologies of microstructures of the transition zone 
material as well as the debonded  surfaces on both ma- 
trix side and fiber side were observed by ElectroScan 
envi ronmenta l  scanning electron microscopy.  Speci- 
mens  for microst ructure  observat ion were  p repared  
from fiber bundles cast in various cement  matrices (Fig- 
ure 2a). A saw cut was generated in the mid-surface of 
this specimen to create a notch. A fracture surface was 
created by extending a crack from the notch tip (Figure 
2b). The fracture surface exposed various situations of 
fibers along the bundles,  including partially exposed 

Fiber bl 

S a w  cu  
notch 

10 m m - - - - - ~  

(a) Specimen configuration 

Exposed fibers Fracture surface 

(b) After separation from extending notch 

FIGURE 2. Preparation of the specimen for microstructure ob- 
servation. 
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fiber surface, groove surface with fibers lifted away, 
and transition zone at the contact region of fiber to ce- 
ment  matrix. These features are desired for microstruc- 
ture observation. A schematic of material samples pre- 
pared fol lowing these procedures  for observat ion is 
shown in Figure 3. Specimens for microstructure stud- 
ies are prepared  this way  instead of using debonded  
surfaces f rom fiber pul lout  tests, because interfacial fea- 
tures are likely to be des t royed dur ing the pullout  pro- 
cess. 

The environmental  scanning electron microscopy ob- 
servations were  conducted at the same age, 28 days, as 
the fiber pul lout  tests. 

Results and Discussions 

Transition Zone Densification 
From the micros t ructure  observat ions,  we observed  
substantial differences, among the microstructures of 
the transition zones, of different matrix types. The mor- 
phologies of the microstructure  of matrices I-III are 
shown in Figures 4a-4c, correspondingly .  With the 
highest w:c ratio, matrix I results in a porous  structure 
as can be seen clearly f rom Figure 4a. Figure 4b indi- 
cates that matrix II, wi th  a slightly lower w:c ratio, has 
a less open microstructure than matrix I. On the other 
hand, due  to the fine particle size of condensed silica 
fume (submicron in compar ison to cement  grain size of 
several to 10 i~m) and the secondary pozzolanic reac- 
tion, matrix III gives the most  compact  microstructure,  
as shown in Figure 4c. The microstructure of matrix III 
is basically amorphous .  No specific hydrat ion product  
can be recognized. This is because the silica fume not 
only can fill in the originally open structure but  also 
changes the m o r p h o l o g y  of the hydra t ion  product .  
With the drastic contrast among the material  s tructure 
of different matrix types, the effects of reducing the w:c 

~ : i~ i~ ̧ 
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FIGURE 3. Schematic illustration of specimens for microstruc- 
ture observation. 
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FIGURE 4. Microstructure of (a) matrix I (w:c = 0.40); (b) ma- 
trix II (w:c = 0.27); and (c) matrix III (w:c = 0.27, SF:c = 0.20, 
SP:c = 0.05). Scale = 20 I~m. 

ratio and introducing microsilica fume on refining the 
matrix porosi ty are confirmed. 

Fiber-Matrix Bond Strength 
Typical steel-cement pul lout  curves are shown in Fig- 
ure 5. According to Leung and Li [22], this material 
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system may be categorized as stable debonding, that is, 
no abrupt load drop following the peak load in the 
pullout curves. It is found that for the different fiber 
types tested in this program, the bond failures are all 
stable debonding. For these material systems, the elastic 
bond strength is identical to the frictional stress. Thus, 
only the interfacial friction "r is required for bond char- 
acterization of this particular material system. It can be 
interpreted from the peak load Pmax using 

PFl ' l a X  

"r - (1) 
"rrdl 

where d and 1 are the fiber diameter and embedment 
length, respectively. 

It should be noted that "r in eq 1 measures only the 
initial frictional bond strength. In general, it has been 
found that "r is not constant during fiber pullout, but 
depends on slip distance. Slip-weakening is usually as- 
sociated with metal fiber-cement paste interface sys- 
tems, while slip-hardening is usually associated with 
polymeric fiber-cement paste interface systems [23]. 
The bond strength -r investigated here refers to the ini- 
tial value prior to any significant amount of slip and is 
therefore dependent only on the peak load Pmax and not 
on the subsequent slope of the descending branch of the 
pullout curve. The difference of this descending branch 
in the pullout curves (Figure 5) of the steel fiber derived 
for the three different matrices does suggest varying 
amount of slip-weakening during the sliding out pro- 
cess, presumably related to the different levels of dam- 
age of the matrices by the abrasive action of the fiber. 
Figure 5 indicates that the most dense matrix suffers 
the minimum damage and, therefore, the least slip- 
weakening effect. 

The interpreted bond strength of steel and brass fi- 
bers embedded in various cement matrices tested at the 
age of 28 days is summarized in Figure 6. Besides the 
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FIGURE 5. Typical steel-cement pullout curves. 
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FIGURE 6. Steel and brass bond strengths with respect to 
various cement matrices. 

bond strength results from individual pullout speci- 
mens, Figure 6 also shows the effect of matrix type by 
the lines linking the averaged bond strength groups. 
The influence of cement matrix density on the interfa- 
cial bond strength of the steel-cement seems to be neg- 
ligible. For various matrix types, the steel-cement bond 
strengths are about 4 MPa with only slight deviations. 
On the other hand, the bond strengths between brass 
fiber and cement matrix are noticeably affected by ma- 
trix types. The brass-cement bond strength apparently 
increases with the matrix packing density. Data scatter 
for the brass-cement system is probably due to the tran- 
sition zone material failure, as will be further discussed 
in the following section. As shown in Figure 6, matrix I 
(w:c = 0.40) gives the lowest brass-cement bond 
strength followed by matrix II (w:c = 0.27). For the most 
compact matrix III (w:c = 0.27 and SF:c = 0.20), the 
brass-cement bond strength achieves an average of 4.7 
MPa. In general, the bond strengths of brass-cement are 
higher than those of steel-cement. 

The bond strength measurement of polyethylene is 
shown in Figure 7 in which the bond strengths of poly- 
ethylene fiber with matrices I and III are determined. 
Apparently, the effect of transition zone densification 
does not translate to bond strength enhancement in 
polyethylene-cement systems. The trend on bond mea- 
surement of various matrices of polyethylene-cement is 
similar to that of steel-cement. 

In a study on the optimization on matrix packing 
density and its effect on the mechanical properties of 
cementitious composites, Glavind [24] conducted steel 
fiber pullout tests with various cement matrices. Silica 
fume or fine clay, with particle sizes on the order of 
submicron, was incorporated into the different matrices 
to densify the microstructure. The optimum dosages of 
silica fume and clay were 20% and 15% by weight of 
total cement content corresponding to maximum matrix 
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FIGURE 7. Effect of matrix type on polyethylene-cement 
bond strength. 

packing densities (based on a geometric packing 
model). Compared with ordinary nonoptimized matrix, 
no increase in interfacial bond strengths for the matrices 
containing silica fume and clay were found. Some were 
even lower than ordinary matrix. The results indicate 
no correlation between packing density and interface 
bond strength. The present findings for interface den- 
sification effect on steel-cement (and polyethylene- 
cement) bond properties are consistent with Glavind's 
findings. 

Microstructure Observation of Fiber 
Matrix Interface 
Microstructure observations on virgin and peel-off fiber 
samples indicate that interfacial bond failures of the 
material systems tested in this experimental program 
occur at different locations: For steel or polyethylene 
fibers, bond failure occurs at the fiber-cement interface, 
whereas bond failure is found to take place in the po- 
rous transition zone between brass fiber and cement 
matrix. 

Figure 8a-c shows the surface texture of virgin brass, 
steel, and polyethylene fibers. In general, the fiber sur- 
face is smooth except for some longitudinal markings 
caused by the manufacturing process. Figure 9a shows 
the surface morphology of the groove on the cement 
matrix left by peeling off a steel fiber. The groove sur- 
face is smooth, and the longitudinal markings resulting 
from contact with the steel fiber surface are well pre- 
served. As a coupled specimen, the peel-off steel fiber is 
also observed. Figure 9b shows the surface of the steel 
fiber peeled off from cement matrix; it is comparable to 
the surface of the virgin fiber surface as shown in Figure 
8b. This evidence indicates that, for the steel-cement 
system, bond failure during fiber peel-off occurs along 
the contact surface between steel fiber and cement ma- 
trix. 

As for polyethylene-cement system, (Figure 10a), the 

(a) 

(b) 

(c) 

FIGURE 8. Virgin surface of (a) brass fiber (scale = 50 p,m); (b) 
steel fiber (scale = 50 ~m), and (c) Spectra fiber (scale = 30 
~m). 

fiber-matrix surface is also well preserved without any 
evidence of transition zone material fracture due to fi- 
ber peel-off. The peel-off fiber surface (Figure 10b) is 
also found to be smooth and comparable to the virgin 
fiber. 

For the brass-cement case, on the other hand, fiber 
debonding seems to be associated with fracture failure 
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(a) 

(a) 

(b) 

FIGURE 9. (a) Matrix groove and (b) steel fiber surface after 
peel-off (scale = 50 p~m; matrix III). 

of the porous  transition zone. Figure 11a shows a frac- 
ture surface along the groove  on the matrix side left by 
peeling off the brass fiber. The separat ion be tween  brass 
fiber and  cement  matrix apparen t ly  follows a tor tuous  
pa th  a long the transi t ion zone  instead of the fiber- 
cement  interface. The rough  surface of the tor tuous  
pa th  suggests  that the brass-cement  bond  failure has 
gone through the transition zone. Observat ions  of the 
surface of the peel-off brass fibers also reveal  consistent 
features, as shown  in Figure 11b, where  a layer of ce- 
ment  remnant  can be recognized on the fiber surface. 

Mechanisms of Interface Bond Failure 
From the microst ructure  findings, two different pat- 
terns of bond  failure are identified for different material  
systems. It is inferred that the adhesion be tween brass 
and cement  is higher than that be tween steel and ce- 

(b) 

FIGURE 10. (a) Matrix groove and (b) Spectra fiber surface 
after peel-off (scale = 10 ~m). 

ment ,  because the bond  failure occurs in the transition 
zone for the case of brass-cement  but  occurs at the fiber- 
cement  contact surface for the case of steel-cement. This 
notion is suppor ted  by  work  of Khalaf  and Page [25], 
who  repor ted  that, based on both SEM observat ion and 
exper imenta l  m e a s u r e m e n t  of adhes ion  forces, brass 
possesses a much  higher adhesion with  cement  than 
with mild steel. The higher adhesion of brass wi th  ce- 
ment  is mainly  due  to the chemicophysical  proper t ies  of 
brass that  al lows chemical reactions to occur while in 
contact wi th  cement  material  [25]. 

With the scenario set forth by  the pul lout  tests and 
microstructure  studies described previously,  it becomes 



Advn Cem Bas Mat Effects of Transition Zone Densification 1 5 
1997;5:8-17 

(a) 

FIGURE 11. Matrix groove surface after brass fiber 
peeled off. Darker regions indicate transition zone ma- 
terials lifted off and attached to fiber surface. (b) Brass 
fiber surface after separation from the cement matrix. 
Darker regions indicate transition zone materials. 
Bright spot on left shows a partially exposed fiber sur- 
face (scale = 50 ~m; matrix III). 

(b) 

appa ren t  that  interface bond  s t rength  and debo n d  
mode  are governed by  the relative magni tude  between 
fiber-matrix adhesion strength and transition zone ma- 
terial strength. To illustrate, if the adhesion strength 
(e.g., point  B in Figure 12) is lower than the min imum 
strength (point C) in the transition zone, bond failure 
would  follow along the fiber-matrix contact surface. 
This bond failure type can be categorized as adhesive 
type (as shown schematically in Figure 13a). For the 
current  test result, the adhesion between steel or poly- 
ethylene fibers and cement  can be so low that debond-  
ing occurs at the steel-cement or polyethylene-cement  
contact surface. For such material systems, strengthen- 
ing the transition zone by  a densification technique is 

not expected to improve the interfacial bond strength. 
This is consistent with the pullout  test findings repor ted 
earlier. When  fiber-matrix adhesive strength is low, it 
may  be more  effective to achieve bond strength im- 
p rovement  by  fiber surface modification. A recent dem- 
onstration of this technique by  means of plasma treat- 
ment  on polyethylene fiber can be found in [26]. 

On the other hand,  if the adhesion strength is higher  
(e.g., point  A in Figure 12), fiber-cement bond failure 
would  take place in the transition zone. This failure 
type can be categorized as cohesive type  (Figure 13b). 
This scenario is consistent with the test results and mi- 
crostructure observations in the brass-cement system 
repor ted earlier. For such material systems, strengthen- 
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FIGURE 12. Schematic illustration of the conditions for dif- 
ferent types of bond failures. 

ing the transition zone by the densification technique 
should be effective in enhancing the interfacial bond 
strength. 

Conclusions 
Based on the measurement of bond strength as well as 
the microstructure observation in steel-cement, poly- 
ethylene-cement, and brass-cement systems, interface 
bond failure was found to occur either at the fiber- 
cement contact surface or in the heterogeneous transi- 
tion zone, depending on the relative magnitude be- 
tween fiber-cement adhesive strength and transition 
zone material strength. It is concluded that adhesive 
bond failure occurs in the steel-cement and polyethyl- 
ene-cement systems, and cohesive bond failure occurs 
in the brass-cement system studied. 

Different interface bond failure mechanisms suggest 
different strategies of controlling fiber-cement bond 
strength. Transition zone microstructure densification 
may not be effective when the bond failure is governed 
by adhesion. This is confirmed by bond property mea- 
surement of steel-cement and polyethylene-cement sys- 
tems, using different matrix types with controlled w:c 
and silica fume contents. On the other hand, when bond 
failure is governed by cohesive fracture in the transition 
zone, such as in the brass-cement system studied, bond 
strength improvement can indeed be achieved by the 
technique of transition zone densification. 

It should be noted that in certain material systems, 
densification by particle packing may result in enhance- 
ment of contact surface area between fiber and transi- 
tion zone material. This possible mechanism in improv- 
ing adhesion, and therefore interfacial bond strength, 
even though not observed by the specific fiber-matrix 
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FIGURE 13. Schematic illustration of different types of bond 
failures: (a) adhesive type and (b) cohesive type. 

material systems studied here, is not ruled out for other 
material systems. 

This investigation has assumed that bond failure re- 
vealed by fiber peel-off is similar to that occurring in 
fiber pullout. This assumption is necessitated by the 
desire to observe the microstructure on the fiber surface 
and on the groove left by the peel-off fiber. It is ex- 
pected that such microstructures will be masked by 
damage incurred in a fiber pullout process. While the 
previous conclusions are not entirely rested on this as- 
sumption, it should be pointed out that the details of 
interfacial failure may depend on the mode of loading 
(high shear in pullout, tensile opening in peel-off). 
Nonetheless, there is circumstantial evidence that in fi- 
ber pullout tests, cement remnants are more readily ob- 
served on brass fiber surfaces than on steel or polyeth- 
ylene fiber surfaces, thus lending credence to the con- 
clusions drawn from the present investigation. 
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