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Attempts were made to connect the change in interfacial properties during fibre pull-out in 
cementitious material to the microstructural features of the interface. The microstructural 
features of fibre (steel, nylon and polypropylene)/mortar interfaces were examined during the 
fibre debonding and pull-out process. Because fibre pull-out was found to be sensitive to 
lateral compression, microscopic studies were carried out on fibres pulled out with and 
without lateral compression. SEM and energy-dispersive X-ray (EDX) analyses were 
performed at four different stages: (a) before debonding; (b) immediately after debonding; (c) 
at small sliding distance; and (d) at large sliding distance. For the steel fibre/mortar interface, it 
was found that the mortar surface (interfacial transition zone) was subjected to abrasion, while 
the steel surface was subjected to plastic deformation. EDX analysis on the mortar interface 
showed that the ratio of calcium/silicon count first increases within a short sliding distance 
and decreases thereafter, indicating a process of CH layer abrasion and C-S-H layer exposure. 
The rapid post-peak drop of the pull-out force at the beginning of sliding is due to the 
"grinding" effect, which leads to crushing and abrasion of the CH crystals and a reduction of 
asperity on the mortar surface. The grinding and abrasion effect becomes more significant 
with the application of lateral compression, which results in more rapid drop of the pullout 
force. For the nylon and polypropylene fibre/mortar interfaces, the fibre surface peels and the 
mortar surface experiences very little damage. Nylon fibre surface swells and is peeled with 
short whiskers on the surface, leading to significant increase in interracial friction causing the 
post-debonding pull-out force to increase. The polypropylene fibre surface is peeled and 
plowed with long whiskers and long scratch lines which also leads to an increase in interfacial 
friction. On applying lateral compression to the mortar during fibre pull-out, the abrasion and 
peeling effects are more severe. With lateral compression, holes may form on the 
polypropylene surface over a longer sliding distance. The ratio of calcium/silicon count on the 
mortar surface by EDX does not show obvious trends with sliding distance indicating that the 
mortar surface experiences very little damage. 

1. Introduction 
The performance of fibre-reinforced concrete (FRC) is 
strongly affected by the fibre debonding/pull-out 
behaviour [1-3]. For different fibres, the pull-out 
curves may exhibit totally different trends. For 
example, the interfacial friction, which is very sensitive 
to interfacial microstructures, may either decrease 
rapidly (steel FRC [4,5]) or increase slightly 
(polymeric FRC [6]) after total debonding. In order to 
understand the variation of interfacial friction during 
fibre debonding and pull-out, it is necessary to investi- 
gate microstructural features at the interface, 
especially the damage evolution of the microstructure 
during fibre pull-out. 

1.1. Steel fibre/concrete interface 
It has been found that the microstructure near the ce- 
ment paste, mortar or concrete interface is considerably 

different from the bulk matrix [-7-11]. An SEM study 
by Bentur et al. [10] concluded that the interracial 
zone around steel fibres can be characterized by sev- 
eral layers (Fig. 1). The steel fibre surface is in contact 
with a thin duplex film layer (1 gm) consisting of 
a sub-layer of CH next to the steel and a C-S-H 
sub-layer. More than half of the area outside this 
duplex film is occupied by a thicker layer of dense CH 
crystals which is about 10-20 gm thick. The remaining 
area scattered among the dense CH crystals is a 
porous zone that contains some C-S-H gel and 
possibly some ettringite particles (AFt, calcium alumi- 
nium trisulphate). Around the thick CH layer is a 
distinct porous layer of C-S-H gel, and only beyond 
that porous layer is the bulk cement paste microstruc- 
ture observed. The region surrounding the fibre thus 
contains a very porous and weak layer parallel to the 
fibre which extends at least 10 gm from the fibre 
surface. 
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Figure 1 Microstructure of the steel fibre/cement interface [10]. 

Although the microstructure of the fibre/mortar 
interface is reasonably well understood, the micro- 
structural change of interface during the fibre pull-out 
process, due to interracial debonding and frictional 
wear, are known in considerably less detail. To the 
author's knowledge, only Pinchin and Tabor [12] 
have attempted to explain the decrease in interracial 
friction of steel fibre/mortar during the pull-out pro- 
cess based on the surface compaction of hydrated 
cement paste observed by Soroka and Sereda [13]. 

Pinchin and Tabor attributed the significant fric- 
tion decrease during a small amount of steel fibre 
pull-out to densification or compaction, but not to 
wear, on the mortar surface. They argued that the 
compaction during fibre pull-out occurs on a very fine 
scale of the order of 0.1~0.3 gm near the embedded 
steel fibre and is difficult to detect. Because their 
conclusions are based on the final stage of the pull-out 
test, i.e. at total fibre pull-out, it does not reflect the 
whole pull-out process. 

Figure 2 Shaving on polypropylene fibre (diameter d = 340 gin) 
[16]. 

Figure 3 Peeling and fibrillation on nylon fibre (d = 500 gm, 
s = slippage distance) [6]. 

1.2. Po lymer i c  f i b r e / conc re t e  in te r face  
A few researchers [6, 14-18] have studied polymeric 
FRCs. Polymeric fibres have high yield strength, but 
unlike steel fibre, they have lower elastic moduli and 
transverse strengths than cementitious materials. 
Therefore, the interracial damage mechanism of poly- 
meric fibre/mortar is different from that of steel 
fibre/mortar. PoIymeric fibres also have less corrosion 
in harsh environment, but high creeping effect. Based 
on these properties, polymeric fibres have been used to 
reinforce FRC in the early stage when the matrix is 
weak, and of low modulus, or to resist impact load 
and eliminate corrosion. 

Polypropylene fibre was the first polymeric fibre 
applied to concrete in forms of monofilament or fibril- 
lated film. Baggott and Gandhi [16] studied continu- 
ous monofilament polypropylene fibre (340gm) 
reinforced cement beam under tensile load. They 
observed defects of up to 10 gm in size on the poly- 
propylene fibre interface. One typical type of damage 
observed was the chiselling out of a long shaving of 
fibre by matrix particles (Fig. 2). 

The application and study of nylon FRC so far have 
not been as extensive as for polypropylene FRC, al- 
though nylon fibre exhibits good toughness and dura- 
bility. Wang et al. [6] investigated the nylon/cement 
interface and observed peeling and fibrillation at the 
fibre surface (Fig. 3). They concluded that the 
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increased interfacial friction during fibre pull-out was 
due to the increase in surface abrasion. 

In this study, the interracial microstructures and the 
damage evolution of steel, nylon and polypropylene 
FRCs were investigated microscopically with scanning 
electron microscopy (SEM) and energy dispersive 
X-ray analysis (EDX). Different interfacial damage 
mechanisms were observed by comparing the interracial 
microstructural evolution of the three types of FRC. 

2. Experimental procedure 
2.1. Specimen and materials 
The specimen was a mortar block with an embedded 
fibre (Fig. 4). Specimen preparation procedures can be 
found in Leung and Geng [5]. The fibres used in- 
cluded steel wire (low carbon and cold drawn steel), 
nylon monofilament (Nylon 66) and polypropylene 
monofilament (relaxed low draw). The steel fibre was 
0.5 mm in diameter. The nylon and polypropylene 
monofilaments (0.5 mm in diameter) were 2143 and 
1549 deniers, respectively. The clean surfaces of the 
virgin fibres are shown in Fig. 5. Mortar was made 
from Type III Portland cement and mortar sand with 
a water/cement/sand ratio of 0.5 : 1 : 2. Pull-out tests 
were performed with saturated surface dry (SSD) 
specimens at the age of 7 days. The material properties 
are listed in Table I. 
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Figure 4 Single-fibre pull-out specimen (embedded length 
L = 10 mm). 

2.2. Experimental apparatus 
A two-dimensional loading device was designed to 
perform the fibre pull-out test (Fig. 6). Loads could be 
applied in two orthogonal directions: the pull-out 
direction (along the fibre) and the lateral direction 
(perpendicular to the fibre). The part of the pulled 
specimen with the embedded fibre was glued to an 
L-shape specimen holder while the pull-out end of the 
fibre was held tightly by a grip. The holder and grip 
were connected to the load cells (Data Instruments) 
through hardened steel rods. A linear variable differ- 
ential transducer (LVDT, Lucas Schaevitz) was used 
to measure the fibre sliding history. The LVDT and its 
core were mounted on the L-shaped specimen holder 
and the fibre grip, respectively. 

Loading was applied by turning a nut against a re- 
action block on the end of each loading chain. In the 
pull-out direction, the nut behind the reaction block 
was driven by a motor  through gears and the loading 
was displacement-controlled to enable the measure- 
ment of post-peak softening behaviour. The loading 
rate was 0.159 mmmin-1 .  The friction caused by the 
ball bearing was very small (less than 1.4 N) and was 
deducted from the results of the pull-out load. In the 
lateral direction, the nut in front of the reaction block 
was turned manually to the prescribed lateral 
compression. 

2.3. Testing procedure 
Two sets of specimens were tested with zero lateral 
compression and a constant lateral compressive stress 
(~c -- 20 MPa). At different stages of pull-out (Fig. 7a), 
interfacial examinations were carried out (a) before 
debonding (sliding distance s = 0), no pulling is re- 
quired, (b) immediately after debonding (very small 
sliding distance), (c) pull-out 1 mm (s = 1 mm), (d) 
pull-out 10 mm (s = 10 m). To examine the interface 

Figure 5 Clean fibre surfaces: (a) steel, (b) nylon, (c) polypropylene. 

at a given stage, the test was stopped after reaching 
that particular stage. The tested specimen was then 
removed from the loading system and split by three- 
point bending (Fig. 7b) to expose fibre/mortar inter- 
faces. In order to identify the microstructural features 
of the fibre/mortar interfaces at each stage of pullout, 
the fibre and mortar  groove surfaces were gold-coated 
for SEM analysis. SEM and EDX were carried out 

TABLE I Coefficients of cement mortar and fibers 

Equivalent diameter Young's modulus Tensile strength Other strength 
(mm) (GPa) (MPa) (MPa) 

Cement mortar 
Steel 0.5 
Nylon 0.5 
Polypropylene 0.5 

22.3 3.6 (splitting) 40 (Compres.) 
200 1242 1040 (yield) 
6 [19, 20] 451 - 
4 [19] 391-462 - 
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Figure 6 The two-dimensional fibre pull-out device. 
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near the fibre embedded end and the mortar groove 
exit, because these locations generally experience the 
most interracial interactions (Fig. 7c). 

3. Results and discussion 
Fig. 8 shows the typical pull-out curves (fibre stress 
versus displacement at the pulling end of the fibre) for 
steel, nylon and polypropylene fibres. Compared with 
the tensile strengths of the fibres (Table I), the peak 
loads are much lower. Therefore, fibres can be con- 
sidered within their elastic ranges except that damage 
may occur at the fibre surface. The post-peak pull-out 
behaviour shows different trends for different fibres: 
(a) steel fibre pul l -out-  decreases rapidly; (b) nylon 
fibre pull-out-increases slowly; (c) polypropylene 
fibre pull-out - decreases slowly. With lateral 
compression, the peak pull-out load increases. 
However, for the steel fibre, the post-peak load drop 
also becomes more rapid. 

3.1. Steel f ibre /mortar  interface 
Fig. 9 shows the mortar surface when pull-out is under 
zero lateral compression. Each picture in the figures 
corresponds to one of the four pull-out stages. At stage 
(a), the interface is separated by tensile debonding. 

SEM at fibre 
embedded end 

racture surface by 
lree-point bending 

SEM and EDX 
near groove exit 

(c) 

Figure 7 Testing procedure: (a) load to a certain stage, (b) spiit the 
specimen after loading, (c) observe area of interest. 

Most of the mortar surface (Fig. 9a) follows the topol- 
ogy .of the steel surface (Fig. 10a). On a very small 
portion of the surface, cement mortar pieces (CH 
crystals and C - S H  fibrous blocks) are spalled from 
the matrix and adhered to the steel surface, similar to 
the observation of Bentur et al. [10] and Pinchin and 
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Figure 8 Typical pull-out curves, (--) ~ = 0; (...) ~ = 20 MPa. 
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Figure 9 Mortar  surface at the steel/mortar interface under no compression (c% = 0). (a) Tensile debonding, (b) shear debonding, (c) pull-out 
1 mm, (d) pull-out 10 mm. 

Figure 10 Steel surface at the steel/mortar interface under no compression (c~o = 0). (a) Tensile debonding, (b) shear debonding. 

Tabor [12]. The result indicates that interracial 
fracture usually occurs along the steel/mortar 
interface, but occasionally occurs within the inter- 
facial transition zone where the tensile strength 
of the mortar is less than the chemical bond at the 
interface. 

At stage (b), shear debonding can also result in some 
failure inside the matrix, leading to the presence of 
mortar particles on the steel surface (Fig. 10b), al- 
though most of the debonded surface is on the steel 
fibre/mortar interface. A small amount of sliding 
grinds the spalled mortar pieces to small particles of 
up to 2 gm in size (Figs 9b and 10b). 

The irregular spalled mortar pieces are ground to 
much smaller particles under further pull-out at stages 
(c) and (d) and become more regular in their shape 
(Fig. 9c and d). The decrease of particle size is more 
rapid in the early sliding stage, which agrees well with 
the rapid initial decrease of the post-peak pull-out 
curves. At the final stage (d), both the mortar surface 
and the steel surface (Figs 9d and l la)  are smoothed. 
On the mortar surface, cracks are filled with very fine 
particles and only the scratch lines can be observed. 
The steel surface experiences plastic yielding during 
fibre pull-out, similar to the observation of Banthia 
et al. [21]. 

1289 



(a) oc = 0 (b)  (~c = 2 0  M P a  

Figure l l  Steel surface at the steel/mortar interface at Stage (d), 10 mm pull-out. (a) crc = 0, (b) % = 20 MPa. 

Figure 12 Mortar surface at the steel/mortar interface under compression (cr c = 20 MPa). (a) Tensile debonding, (b) shear debonding, (c) 
pull-out 1 mm, (d) pull-out 10 mm. 

The  same observa t ion  is repeated  for the case with 
lateral  compress ion  (Fig. 12). At stage (a), surface com-  
pac t ion  due to compress ion  can be observed in a small 
por t ion  of the surface (white spots). By compar i son  of  
the m o r t a r  surface at  stages (b) and (c) for the cases 
with and  wi thout  compress ion  in Figs 9 and  12, one 
can observe  tha t  the particle size decreases m o r e  
rapidly when compress ion  is applied. The  lateral  
compress ion  accelerates the abras ion  process due to 
severe grinding. At stage (d), the steel surface exhibits 
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scratch lines (Fig. 11b) which indicates more  surface 
yielding. 

In order  to quantify the surface damage,  energy 
dispersive X-ray  analysis (EDX) was carried out. 
Because the m o r t a r  surface was relatively smoo th  and 
the analysed area  was roughly  0.06 m m  2, the E D X  
analysis could provide  reasonable  results. Fig. 13 
shows a typical X-ray  spectrum. F r o m  the ratio of  the 
area  under  the calcium and silicon peaks  on the X-ray  
spectrum, one can deduce the change in C H / C - S - H  
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Figure 1,5 Damage Evolution at the steel fibre/mortar interface: (a) 
before debonding, (b) debonding, (c) pull-out (short distance), (d) 
pull-out (long distance). 
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Figure 14 Ca/Si ratio at the mortar surface of steel/mortar inter- 
face, (a) c~ = 0, (b) cy~ = 20 MPa: (4') before debonding, (V1) after 
debonding, (0) pull-out 1 mm, ( x ) pull-out 10 mm. 

on the matrix surface during the fibre debonding/ 
pull-out process. The areas are calculated by first 
removing the effect of the background and the neigh- 
bouring peaks. Fig. 14 shows the Ca/Si ratio at t he  
four pull-out stages for mortar surface. The Ca/Si 
ratio at the steel/mortar interface increases in the first 
three stages and decreases at the last stage. Based on 
the SEM observations in Figs 9 and 12, there are two 
possible contributions to the increase and the de- 
crease: 

(a) debonding occurs preferentially in the weak area 
at the interface or in the matrix, where the brittle CH 
phase is rich. In the early pull-out stages, the brittle 
CH phase may be crushed when it interacts with the 
steel surface and is smeared over the matrix surface, 
leading to an increase in the Ca/Si ratio; 

Figure 16 Mortar surface at the nylon fibre/mortar interface. 

(b) the decrease of the Ca/Si ratio can be attributed 
to abrasion. On further fibre sliding, the crushed CH 
phase is ground into much finer particles and partly 
swept into the pores and cracks on the mortar surface, 
hence exposing the underlying C-S-H phase. This 
process can reduce the calcium count and increase the 
silicon count. 

One can see in Fig. 14 that debonding and an inevi- 
table small amount of sliding at stage (b) increases the 
Ca/Si ratio. Further sliding to stage (c) leads to crush- 
ing and smearing.of the CH phase, which increases the 
Ca/Si ratio. After very long sliding distance (stage d), 
sweeping and cleaning of the CH phase occurs, thus 
decreasing the Ca/Si ratio. 

The results of EDX cannot be explained' by the 
surface compaction mechanism proposed by Pinchin 
and Tabor [12]. In Fig. 14, the Ca/Si ratio remains the 
same for the cases both with and without compression 
at stage (a). Because the fibre is not pulled at stage (a) 
and no abrasion can take place, one can conclude that 
surface compaction will not alter the Ca/Si ratio. 
Nevertheless, the Ca/Si ratio during fibre sliding 
varies significantly for cases both with and without 
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Figure 11 Ca/Si ratio at the mor tar  surface of nylon/mortar  inter- 
face, (a) c~ = 0, (b) ~c = 20 MPa:  (~) before debonding, (rq) after 
debonding, (O) pull-out 1 mm,  ( x ) pull-out 10 mm.  

s 

(a) 

50 . . . .  I . . . .  

40 

30 �9 

20 

lO 

0 , , , 1 , ~ ,  

Stage  (a) 

' ' ' ' 1 ' . ' ' '  

[ ]  

[ ]  

t l l l i , , , ,  

(b) 

' ' ' ' 1 ' ' ' ' 1  . . . .  I ' ' '  

X 

�9 X 

�9 X 

, , , , I , , , , I , , , , I , , , ,  

(c) (d) 

70 

60 

50 

�9 - 40 
o9 

s 30 

20 

10 

(b) 

I n l n l l l n t  

$ 

0 , , , , I , , , ,  

S t a g e  (a) 

' ~ I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' -  

X 

O 

[] | 

(b) (c) 

X 

• 
, 1  , , J , , ,  

(d) 

Figure 18 Ca/Si ratio at the mortar  surface of polypropylene/mor- 
tar interface. (a) (~o = 0, (b) oo = 20 MPa:  (l~) before debonding, ([q) 
after debonding, (0)  pull-out 1 ram, ( x ) pull-out 10 ram. 

compression, which confirms that t'ne surface micro- 
structures changes significantly during fibre sliding. 
This microstructural evolution is caused by the sur- 
face grinding and abrasion. 

Based on microscopic observation and EDX analy- 
sis, the pull-out process can be characterized by 
a simple model in Fig. 15. Brittle CH crystal is first 
abraded followed by abrasion of C-S-H gel. This 
process results in a change of Ca/Si ratio on the 
surface due to the grinding and sweeping of CH phase 
into pores and cracks. 

3.2. Polymeric fibre/mortar interface 
Unlike the steel/mortar interface, the mortar surfaces 
at the nylon/mortar and polypropylene/mortar inter- 
faces show little damage (Fig. 16), similar to the obser- 
vation of Chart and Li [22]. The EDX analysis shows 
no trend of Ca/Si variation (Figs 17 and 18), which 
indicate that the interracial transition zone is intact. 
Similar to the observations of Pinchin and Tabor [6] 
and Baggott and Gandhi [16], the polymeric fibre 
surface experiences peeling, especially at the fibre em- 
bedded end or over a long sliding distance. The data 
scattering of the Ca/Si ratio for po!ypropylene fibre 
under compression at stage (d) (Fig. 18b) is consistent 
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with randomness of the pull-out curves at long sliding 
distance (Fig. 8). 

During mixing of nylon FRC, cement particles can 
penetrate into the rough surface of the nylon fibre to 
form a hydrogen bond. The hardened mortar can 
either tear away some of the nylon surface or spall 
from the matrix and adhere to the fibre. The low 
asperity polypropylene fibre has less peeling because 
of the weaker van der Waals bonds at the interface. 
After total debonding, the stiffer mortar surface causes 
surface peeling in both nylon fibre (Fig. 19a) and poly- 
propylene fibre (Fig. 20a). For both nylon and poly- 
propylege fibre FRCs, friction plays a dominant role 
in the interfacial resistance. 

Because nylon fibre is hydrophilic, water may pene- 
trate into the nylon surface and causes fibre swelling. 
The increase of the fibre radius due to peeling and 
swelling causes a significantly higher interfacial com- 
pression and increases the post-debonding load over 
sliding distance. On the other hand, the polypropylene 
fibre is hydrophobic. The surface is ploughed with 
long whiskers and the long scratch lines. The scratch 
lines (Fig. 20a) are similar to those on the steel fibre 
surface caused by surface hardening. The lower surface 
asperity of the polypropytene fibre results in the post- 
debonding decrease and randomness of pull-out load. 



Figure l9 Nylon surface (pull-out 10mm). (a) ~ c = 0 ,  (b) 
cyo = 20 MPa. 

Figure 20 Polypropylene surface (pull-out 
(b) ere = 20 MPa. 

10mm). (a) o0 = 0, 

When the fibre is pulled under compression over 
a long distance (10 mm), severe peeling and shaving 
are observed on the nylon fibre surface (Fig. 19b) and 
black holes are observed on the polypropylene surface 
(Fig. 20b). These black holes are similar to those ob- 
served on a thin polymer film failed in tension. The 
polypropylene fibre surface is subjected to shear load 
by the mortar matrix (surface stretch microscopically) 
during pull-out. Under the low pulling rate and the 
long pull-out distance, the fibre surface undergoes 
significant molecular alignment and creeping which 
results in a pseudo volumetric increase. In order to 
maintain a constant volume, small holes are generated 
by the Poisson's effect, i.e. the surface ligaments get 
thinner and break into small holes. 

4. Conclusions 
The microstructural features of the steel, nylon and 
polypropylene fibre/mortar interfaces during fibre 
debonding and pull-out have been studied. Mortar 
abrasion was found to be a major mechanism 
accounting for damage at the steel fibre/mortar inter- 
facial zone. The damage at the nylon and polypropy- 
lene fibre/mortar interfaces was mainly due to 
fibre surface peeling while the mortar surface 
experiences very little damage. On applying lateral 
compression to the mortar during fibre pull-out, the 
abrasion effect became more severe for steel fibres. In 
both nylon and polypropylene, peeling became more 

significant and holes could form on the polypropylene 
surface. 
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