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Interfacial debonding and fibre pull-out stresses 
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Following the development of an improved theoretical analysis of fibre pull-out on the basis of the 
concept of fracture mechanics in Part II of this paper, the theory has been successfully used to 
characterize the debonding and frictional pull-out behaviour in cement mortar matrix composites 
reinforced with steel and glass fibres. It is shown from the plots of partial debond stress, ~ ,  versus 
debond length, f, that these composites are typical of mechanical bonds at the interface. For the 
steel fibre-cement matrix composites, the theory overestimates the post-debond frictional 
pull-out stress, oft, particularly for long embedded fibre length, L, otherwise the prediction agrees 
well with the experiments for the maximum debond stress, ~ ' .  This seems to be a direct result of 
decay of frictional bonds at the interface region after debonding due mainly to compaction of the 
porous cement mortar surrounding the fibre, effectively reducing the residual clamping stress, q0, 
arising from shrinkage of the cement matrix. Therefore, a correct theoretical prediction is made for 
O-fr using a lower value of q0 while other parameters are kept constant, which gives good 
agreement with experimental results. For glass fibre-cement matrix composites, an accelerated 
cure condition promotes rapid hydration of cement and densification of the matrix. This effectively 
improves the chemical as well as mechanical bonds at the fibre-matrix interface through the 
formation of CH crystals and large fibre-solid matrix contact area of the interface, and 
consequently ameliorating the interfacial properties, interfacial fracture toughness, Gic and q0 in 
particular. Predictions of ~ and (~fr taking into account these changes due to cure condition, 
results in good agreement with experimental results. 

1. i n t r o d u c t i o n  
The efficient design and appropriate use of fibre com- 
posites requires a fundamental understanding of how 
the fracture process initiates and progresses to final 
failure. In particular, the interface-related failure 
mechanisms play a decisive role in determining gross 
structural integrity and damage tolerance of the com- 
posite. The recognition of the importance of the inter- 
facial properties has led to an increased effort in both 
micromechanical and experimental characterization 
Of the fibre matrix interface in various loading config- 
urations, including fibre pull-out, as discussed in a re- 
cent review by the authors [1]. There are two distinct 
approaches to the theoretical analysis of fibre pull-out: 
one is based on a maximum shear stress criterion such 
that debonding occurs when the interracial shear 
stress exceeds the shear bond strength, %; and the 
other based on the concept of fracture mechanics 
where the debonded region is considered as an inter- 
facial crack and its propagation is dependent on the 
energy balance in terms of interfacial fracture tough- 
ness Gic. In Part II of this paper I-2] an improved 
analysis was developed on the basis of the concept of 
fracture mechanics, in which the differential total 
elastic energy stored in the composite constituents at 
both bonded and debonded regions are equated to the 

interfacial fracture toughness. Poisson contraction of 
the fibre when subjected to tension is considered, 
which results in a generalized non-uniform friction 
along the debonded region. The interfacial properties 
were determined by evaluating experimental results 
with regard to fibre pull-out parameters in a proced- 
ure proposed in Part I of this paper [3]. Excellent 
agreement was obtained for the maximum debond 
stress, cy*, and the initial frictional pull-out stress, ~fr, 
after complete debonding between theories and fibre 
pull-out experiments of several composite systems 
with epoxy and ceramic matrices. 

The principal aim of the present study was to char- 
acterize properly the interfacial properties of cement 
mortar  matrix composites by comparing the theory 
with published fibre pull-out experimental data, and 
thus the applicability of the theory to these composites 
is examined. Causes of any anomaly observed in the 
fibre pull-out experiments of these materials are clari- 
fied in terms of the relationship between microstruc- 
ture and failure mechanisms at the fibre-matrix inter- 
face region, and their effects are correctly reflected for 
the interfacial properties. Further, any differences in 
the interfacial properties arising from different curing 
conditions are identified, and their implications on the 
fibre pull-out parameters are discussed. Ultimately, 
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following the successful application of the improved 
fibre pull-out model to several epoxy and ceramic 
matrix composites in Part II of this paper [2], it is 
intended to prove here that the model, in general, can 
be applied to characterize the interfacial properties of 
brittle fibre brittle matrix composites, regardless of 
the nature of the bonding at the interface. 

2. T h e o r y  
This section summarizes the interfacial debond and 
fibre pull-out model developed in Part II of this paper 
[2]. A simple shear-lag model shown in Fig. 1 consists 
of a fibre (of radius a) which is embedded at the centre 
of a coaxial cylindrical shell of matrix (of an outer 
radius b). L is the total embedded fibre length with 
a partial debonded region f from the free fibre-end. 
The matrix is fixed at one end (z = L) and a tensile 
stress, ~, is applied to the other end (z = 0) of the 
embedded fibre. Shear-lag analyses for other bound- 
ary conditions including restrained matrix top, and 
fixed matrix and fibre bottom ends are given elsewhere 
[4]. The external stress, c~, is represented by cy0, ~P, 
c~* and cyf~ for frictionless (initial) debond stress, par- 
tial debond stress, maximum debond stress and initial 
frictional pull-out stress after complete debonding, 
respectively, at different stages of the fibre pull-out 
process. The solution for the partial debond stress 
during progressive debonding was formulated as 
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Figure 1 A schematic illustration of the fibre pull-out model. 
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a function of the debond length, {, and the crack-tip 
debond stress, ~,, which is the fibre axial stress acting 
at the boundary between bonded and debonded re- 
gion (z = #) 

m[exp0~E)- 1] 
1 + c0[exp()~f)- I] 

~ / +  (~ - ~/) [1 - exp( - ;~f)] (1) 

Therefore, using Equation 1 the initial debond stress, 
Go, can be determined for an infinitesimal debond 
length (i.e. ~ ~ 0) and the maximum debond stress, 
~*, determined at load instability [51. Further, the 
solution for the initial frictional pull-out stress, cyf,, 
after complete debonding is obtained when the de- 
bond length, ~', reaches the embedded length, L, and 
O / =  0 

me[exp( ;LL)-  11 
s 

1 + m[exp0~L ) - 11 

611 - exp( - XL)1 (2) 

k is the reciprocal length giving the effective friction 
shear stress transfer distance and ~ is the asymptotic 
debond stress for long embedded length, L. These 
parameters are related, respectively, to the coefficient 
of friction, g, and the residual clamping stress, 
qo (caused by the matrix shrinkage and differential 
thermal contraction between fibre and matrix) by 

2pk 
)~ - ( 3 )  

a 

q 0  
@ - k [1 +(y/~)(Vm/Vf) l  (4) 

where ~ = Em/E f (Young's modulus ratio of the 
matrix to the fibre), k = (0~vf -~- yVm)/[0~(1 -- Vf) + 1 
+ Vm + 27], 7 = a2/( b2 -- a2) (fibre volume ratio to 
the matrix) and m = ~vf/(~vf + 7Vm). Vf and Vm are the 
fibre and matrix Poisson's ratios. The partial debond 
stress, C~d p, in Equation 1 is composed of two com- 
ponents: (i) a crack-tip debond stress, c~, which is 
a function of the interracial fracture toughness, Gic, 
and the debond length, ~, relative to L; (ii) a friction 
stress component which is directly proportional to 
(6 - eye) and is also a function of )~. 

3. Results 
3.1. Fibre pu l l -out  experiments 
Published fibre pull-out experimental data for cement 
mortar (or paste) matrix composites with two different 
reinforcements, namely steel and glass fibres, are com- 
pared with theoretical predictions. Only those [6-111 
with both the maximum debond stress, c~*, and the 
post-debond frictional pull-out stress, ~f~, available 
(or at least can be derived from the information pro- 
vided if not directly measured) were selected. This is 
necessary to determine the fibre pull-out parameters 
C~o, X and ~ (and thus the interracial properties Gic, 
g and qo) simultaneously using the theory described in 
Section 2. To avoid any complications arising from 
experimental variations within a given data group 
taken from different sources, particularly the elastic 



TAB L E I Fibre pull-out experimental conditions 

Reference Fibre 

Material Effective fibre 
radius, a (ram) 

Embedded fibre 
length, L (mm) 

Matrix 

Mixture ratio by weight Effective matrix 
(sand : cement : water) radius, b (mm) 

Naaman and Music wire and 
Shah [6] brass-coated steel 

wire 
Maage [7] Steel wire 

Beaumont and Brass-coated 
Aleszka [8] steel wire 

Gray [9] Brass-coated 
steel wire 

Mandel et al. El0] Steel wire 

Li et al. [1 I] Alkali-resistant 
glass fibre 

0.076-0.2 12.7 

0.19 9.2 15.8 

0.25 6-31 

0.19 25-125 

0.25 20 

0.09 3-21 

(2.5 : 1 : 0.55) cured for 12.7 max. 
7-9 days 

(3:1:0.5) cured 11 max. 
for 28 days 
(2.3:1:0.3) cured for 5.0 
28 days and overnight 
dry at 105 ~ 
(3:1:0.5) cured in 12.7 
water for 28 days 
(1.5:1:0.43) 6.4 max. 

(?:I:0.35) cured for 3 
days in air or in lime- 
saturated water at 50 ~ 

7.15 

TAB L E I I Representative values for elastic properties and effective radii of constituents 

Composite Elastic properties Effective radii 
system 

E r (GPa) E (GPa) vf v a (mm) b (mm) 

Steel wire-cement matrix 207 30.4 0.27 0.17 0.19 12.7 
Glass fibre-cement matrix 72.0 30.4 0.22 0.17 0.09 7.15 

properties and radii of the fibre and matrix, only those 
data for composites with similar properties are chosen 
for evaluation. The details of experimental conditions 
for the fibre pull-out results and the representative 
properties for each data group used for prediction in 
the present study are summarized in Tables ! and II, 
respectively. For steel fibre-cement matrix com- 
posites, data were taken from five different sources 
and the elastic properties given in Table II were taken 
from the work of Gray [9] who measured the max- 
imum debond stress, cy*, and post-debond frictional 
stress, ~fr, for a wide range of embedded fibre length, 
L. For glass fibre-cement matrix composites, a large 
amount of information is available for the interracial 
properties, mainly the interfacial shear bond strength, 
%, determined from ~ '  for a given embedded fibre 
length, L. See, for example, Bartos [12] and Proctor 
et al. [13] for reviews on this topic, and de Vekey and 
Majumdar [14, 15] and Laws et al. [16] for some 
experimental data. However, data for ~fr are scarcely 
reported, probably due to the lack of clear-cut load 
drop at instability in the pull-out force versus dis- 
placement curve, particularly when multiple fibres are 
used in pull-out experiments as is the normal case for 
this composite system. Therefore, the initial frictional 
pull-out stresses, oft, after maximum load were cal- 
culated based on the data [11] of frictional shear force 
per unit length for different embedded fibre lengths. Li 
et al. [11] determined the frictional shear force by 
using a bundle of 204 individual fibres of radius 6 tam 
in multiple fibre pull-out experiments. For simplicity, 
the bundle fibre was regarded as a single fibre of 
approximately 90 lam in effective radius, calculated 

based on the cross-sectional area of the equivalent 
bundle for maximum packing density in hexagonal 
packing ( = 0.907 [17]). 

The interfacial properties are determined by evalu- 
ating experimental results with regard to C~o, X and 

in a procedure similar to that presented in Part I of 
this paper [3], and are summarized in Table III. Using 
these interfacial properties (including the uncorrected 
values O = 1.62GPa or qo = - 5 0 . 3  MPa for the 
steel fibre composite), and the properties given in 
Table II, theoretical results of the partial debond 
stress, o~, are calculated against debond length, f for 
different embedded fibre lengths as shown in Figs 2 
and 3 for steel fibre- and glass fibre-cement matrix 
composites, respectively. T h e  maximum debond 
stress, cy*, and the initial frictional pull-out stress, Crfr, 
are calculated based on the stresses just before and 
after load instability, respectively, in ~ versus 
{ curves (shown in Figs 2 and 3), and are compared 
with experimental results in Figs 4 and 5 for steel fibre- 
and glass fibre-cement mortar matrix composites, re- 
spectively. The interracial shear bond strength, %, and 
the frictional shear strength, ~f, given in Table III are 
determined using a fibre pull-out model [18, 19] de- 
veloped based on the shear strength criterion as in 
Part I of this paper [3] 

_ a Fd q 
2(1 + y/o 0 L dL AL~O (5) 

"c b 

and, similarly 

Tf 
2(1 + T/cQ L dL JL~O (6) 
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T A B L E  I I I  lnterfacial properties for cement mortar matrix composites 

Composite Cure 
system condition 

Fibre pull-out parameters Interfacial properties 

~0 t 6" z G{~ ~ qo ~'b "cf 
(GPa) (ram -1) (GPa) (mm) (Jm -2) (MPa) (MPa)  (MPa) 

Steel fibre-cement matrix 

Glass fibre-cement matrix 

See Table I 0.106 0.0269 0.78 1.2 2.50 0.082 - 24.2 8.47 1.95 
(l,62)" ( -- 50.3) ~ (4.07)" 

Normal cure ,0.01 0.193 0.325 0.14 0.03 0.14 - 20.14 2.95 2.73 
Accelerated cure 0.274 0.138 0.545 0.64 22.82 0.10 - 33.8 40.0 3.33 

a uncorrected values. 

1.5 

t7 
(a 

b 

1.0 

0.5 

0.0 
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Z m a x  

..-Y L = 50 mm 

, I , ~1 , I , I , 

10 20 30 40 50 
Debond length, / (mm) 

Figure 2 Plots of partial debond stress, o~, as a function of debond 
length, {, for steel fibre-cement mortar matrix composites. ( - - )  
Partial debond stress, cyaP; ( - - )  crack-tip debond stress, ~; (---) 
friction stress component. 

where the differential terms [do*/dL]L~o and 
[dc~fr/dL]L-0 are taken from the initial slope of the 
c~  versus L and (Yfr versus L curves, respectively. 
Therefore, they represent a maximum value for a very 
short embedded fibre length, L. It is noted that 
rf values given in Table I I I  are almost identical to 
those calculated based on the simple relation 
~f(m,,) ~ --/aq0 when neglecting the Poisson contrac- 
tion effect. 

3.2. Steel  f ib re  c e m e n t  mor ta r  mat r i x  

c o m p o s i t e s  
Fig. 2 clearly shows that the cement matrix composite 
is typical of frictional bonding at the f ibre-matrix 
interface as evinced by the major contribution of the 
friction stress component  to the partial debond stress, 
cy,~ (i.e. over 80% at instability for L = 50 ram), This is 
further manifested by the very small z .... ( = 1.2 mm) 
which is the maximum bond length for unstable de- 
bonding. The instability condition described in the 
authors'  previous paper [-5] requires that the derivat- 
ive of cy~ with respect to the remaining bond length 
(L -- : )  is equal to or less than zero. This implies that 
the debond process becomes unstable if L or (L - () is 
smaller than Zm,x where the maximum debond stress, 
cr*, is obtained. It is predicted that a two-fold increase 
in the interracial fracture toughness, Gic (and thus 
a corresponding increase in the frictionless initial de- 
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Figure 3 Plots of partial debond stress, cr], as a function of debond 
length, {, for glass fibre-cement mortar matrix composites with (a) 
normal cure and (b) accelerated cure: ( - - )  Partial debond stress, 
c~,~; ( - - - )  crack-tip debond stress, c~t; (---) friction stress component. 

bond stress, ~o, from 0.106 G P a  to 0.15 GPa), would 
result in only a negligible increase in the partial de- 
bond stress, cy~. This further implies that the chemical 
bond (which is represented either by the interfacial 
fracture toughness, Gic, or shear bond strength, %) 
makes up only an insignificant contribution to the 
total bond quality at the interface of this material 
while the frictional bond (which is a function of the 
residual clamping stress, qo, and the coefficient of 
friction, p) is a predominant source for the interracial 
bond strength in this composite material. 
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Figure 4 Comparison between experimental results and theoretical 
predictions of (a) maximum debond stress, c~*, and (b) initial fric- 
tional pull-out stress, cyfr, as a function of embedded fibre length, L, 
for the steel fibre-cement mortar matrix composites. Experimental 
data taken from (B) Naaman and Shah [6]; (O) Maage [7]; (D) 
Beaumont and Aleszka [8]; (O) Gray [9]; (A) Mandel et aL [10]. 
Predictions: ( ) with residual clamping stress, qo = - 50.3 MPa; 
(---)  with corrected qo = - 24.2 MPa. 
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Figure 5 Comparison between experimental results and theoretical 
predictions of (a) maximum debond stress, cy*, and (b) initial fric- 
tional pull-out stress, ~fr, as a function of embedded fibre length, L, 
for the glass fibre cement mortar matrix composites. Experimental 
data taken from Li et al. [11]: (O) normal cure in air; (O) acceler- 
ated cure in lime-saturated water. ( ) Prediction. 

The prediction for the maximum debond stress, c~ ,  
agrees well with the experiment over the whole range 
of embedded fibre length, L, within the experimental 
data  scatter due to different testing methods and ma- 
terials (Fig. 4a). However,  the theory overestimates the 
initial frictional pull-out stress, cyst, particularly for 
long L (Fig. 4b), if the same interracial parameters  are 
used for prediction. This discrepancy is considered to 
be a direct result of decay of the frictional bond  at the 
debonded region which effectively reduces the fric- 
tional pull-out stresses, CYfr, in the experiment. There 
are several reasons for the degradat ion of the frictional 
resistance: (i) the compac t ion  or densification of ce- 
ment mor ta r  near the fibre surface [ 2 0 - 2 2 ] ;  (ii) the 
microcracking and virtual b reakdown of the cement 
mor ta r  at the interface due to the high stiffness and 
hardness of the fibre relative to the matrix material 
[20, 21]; (iii) the permanent  plastic deformation of the 
ductile steel fibre after yielding, particularly at a high 
debond  stress for a long embedded fibre; (iv) instant- 

aneous relative slip between the fibre and matrix after 
the load instability which would slightly reduce the 
effective embedded fibre length. Among  these, the first 
is the most  likely and most  influential, which is related 
to the porous  nature of most  cement mortar.  Bentur 
et  al. [23] explained the microstructure of this mater- 
ial in terms of the transit ion zone which consists of 
a duplex film of cement, a CH-r ich layer, a porous  
CSH layer and the bulk material in the order  from the 
fibre surface. The weakest region of  the transition zone 
is not  necessarily at the actual interface, but  is the 
porous  layer as evinced by the low microhardness at 
a distance approximately 2 0 - 4 0  gm away from the 
interface [24]. The weak porous  layer is densified 
upon fibre 'slip after debonding, resulting in enlarge- 
ment of the matrix hole. Rough steel fibre surface, if 
any, even on a microscopiC scale, may  promote  the 
compact ion  of matrix material. 

Therefore, the gross effect turns out  to be a signific- 
ant reduction in the residual clamping stress, qo [20, 

3 9 2 7  



22] arising from the matrix shrinkage, rather than 
a reduction in  the coefficient of friction, ~t. Further, 
a significant portion of the relaxation of residual 
clamping stress appears to have occurred at the end of 
and/or just after the debonding process, as suggested 
by the progressive load drop (as opposed to the rapid 
unstable load drop in polymer and ceramic-based 
composite systems) after the maximum in the pull-out 
load versus displacement record for this material [9, 
10, 22]. Therefore, a correct theoretical prediction is 
made for the frictional pull-out stress, ~fr, using 
a lower value of qo (reduced from -50 .3  MPa to 
- 2 4 . 2  MPa) while other parameters are kept con- 

stant. The new prediction now gives excellent agree- 
ment with experimental results as shown in Fig. 4b. 
However, it has to be emphasized here that the correc- 
ted qo value applies only to the point of initial fric- 
tional pull-out and there may be further degradation 
of frictional properties as fibre pull-out continues. 

3.3. Glass fibre-cement mortar matrix 
composites 

The glass fibre-cement mortar matrix composite with 
normal cure displays an even more pronounced 
stability during the debond process (Fig. 3a) than the 
steel fibre-cement matrix composites (Fig..2), as 
evinced by the predominant (i.e. more than 95%) 
contribution of the friction stress component to the 
partial debond stress, cr p, at instability and a very 
small Zm,x ( = 0.14 ram) for an embedded fibre length 
L = 25 ram. Note the negligibly small interracial frac- 
ture toughness, Gi~ ( =  0.03Jm-2), and the corres- 
ponding cy0 ( = 0.01 GPa) for this composite system 
compared with those of steel fibre-cement matrix in- 
terface in Table III. Accelerated cure of the composite 
in a lime-saturated water at an elevated temperature 
significantly increases the interfacial properties (e.g. 
almost three orders of magnitude for Gic, in particu- 
lar). This consequently increases the contribution of 
crack-tip debond stress, cyt, to the partial debond 
stress, cy,~, outdoing that of the friction stress compon- 
ent over almost the whole debond process (Fig. 3b). 
However, as the crack tip approaches the embedded 
fibre end at the end of debonding, the crack-tip de- 
bond stress, ~ ,  decreases towards zero while the fric- 
tional stress component increases rapidly. Eventually, 
at instability where the maximum debond stress, ~ ' ,  
is obtained, these two stress components contribute 
roughly 50% each of the total for an embedded fibre 
length, L = 25 mm. This is followed by a small stress 
drop to a new value corresponding to the initial fric- 
tional pull-out stress, C~fr. Zmax is only marginally in- 
creased in real terms (i.e. from 0.14 mm to 0.64 mm) 
due to the accelerated cure, which is even smaller than 
the composite system containing steel fibres. On the 
whole, an accelerated cure does not much impair the 
stability of the debond process in this composite al- 
though substantial changes in the nature and quality 
of the interfacial bond are noted. 

For glass fibre-cement mortar matrix composites at 
the early stage of curing in the absence of substantial 
hydration of the cement, the bond at the fibre-matrix 
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interface is predominantly mechanical in nature [15]. 
In addition, because there is a number of pores present 
in the matrix material, gathering near the interface in 
particular, the interfacial bond strength may not be 
substantial. This is verified by the very small inter- 
facial fracture toughness (Gic = 0.03 J m-  2, Table III) 
for the composites with 3 day normal cure in air. With 
age, the CH layer forming at the interface when ce- 
ment is hydrated becomes progressively more crystal- 
line and less porous. Therefore, after a substantial 
period of cure, as for the composites with accelerated 
cure in a lime-saturated water bath at an elevated 
temperature, the composite can be considered as being 
completely mature and the interphase as being almost 
completely in solid contact between the fibre and the 
CH crystals in the matrix. (For example, according to 
the time-temperature equivalence procedure, 1 day of 
wet storage at 50~ corresponds approximately to 
100 days in water at 10 ~ [11].) The resulting inter- 
facial bond becomes stronger not only as a result of 
chemical reaction but also due to the increased effect- 
ive fibre-matrix contact area at the interface asso- 
ciated with densification of the matrix material [25]. 
Thus, the interfacial fracture toughness, Gic (which 
is a measure of chemical bond at the interface), is 
increased by almost three orders of magnitude (i.e. 
from 0.03 Jm -2 to 22.82 Jm-2).  There are also some 
changes in the residual clamping stress, q0 (65% in- 
crease) and the coefficient of friction, g (40% reduc- 
tion) with an overall increase in the maximum 
frictional shear strength, ~f~m,x)( ~ -- ~q0) by about 
20%. Clearly the improvement in the overall frictional 
bonding is attributed to the increase in the apparent 
contact area actually involved in frictional sliding at 
the debonded interface. However, it appears that the 
significantly lower Young's modulus and even smaller 
effective radius of the glass fibre (compared to the steel 
fibre) do not cause any appreciable degradation of 
interfacial properties during or after complete debond- 
ing. The predictions for the maximum debond stress, 
cy*, and initial frictional pull-out stress, CYfr, after com- 
plete debonding agree reasonably well with experi- 
ments over the range of embedded fibre length, L, 
studied (Fig. 5a and b), though only a limited number 
of data points are available. This result is considered 
to be remarkable, despite the uncertainties and ap- 
proximations of the actual values for elastic properties 
and radii of the constituents used for the calculations. 

4. Discussion 
It has been postulated in Section 3.2 that the degrada- 
tion of interfacial properties during frictional pull-out 
of rigid steel fibres from cement mortar matrix is 
responsible for the significant discrepancy between 
experiments and theoretical prediction, if the same 
interfacial properties were used for prediction of both 
the maximum debond stress, c~*, and post-debond 
frictional pull-out stress, ~fr. Because of this anomaly, 
early attempts used two completely different ap- 
proaches to fit the data for ~* and ~fr separately. For 
example, Beaumont and Aleszka [8] determined the 
interfacial shear bond strength, %, in a curve-fitting 



technique using early models developed based on 
a shear strength criterion including Greszczuk [26] 
and Takaku and Arridge [27], in which the effect of 
friction at the debonded region is not properly taken 
into account so that unstable debonding is assumed, 
regardless of the embedded fibre length, L, and the 
nature of the bond at the fibre matrix interface. They 
estimated qo and ~t using an expression similar to the 
simplified form of Equation 2. Therefore, no correla- 
tion has been established between these two stresses 
cyg and ~fr. Later, Gray [9] followed a similar proced- 
ure and added several other models including 
Lawrence [28], Bartos E29] and Laws [30] to estimate 
the interfacial properties. These models considered the 
friction but neglected completely the Poisson contrac- 
tion of the fibre subjected to tension, so that the 
interracial friction shear stress is constant along the 
debonded fibre length. As a result, and even worsened 
by the microstructural anomaly observed in the pre- 
sent study, these models inevitably gave the interfacial 
shear bond strength, %, overestimated by more than 
an order of magnitude compared to those estim- 
ated based on an earlier model [26, 27] (e.g. "~b = 

3.1-3.3 MPa to 38.4-94.7 MPa). It has been shown in 
Part I of this paper [3] that a simplified assumption of 
constant frictional shear stress results in a significant 
overestimate of the friction stress component of the 
partial debond stress, c~ g, during the debond process 
and thus the maximum debond stress, ~*, for a given 
embedded fibre length, L, leading to a premature 
debonding instability. It is only in recent years that the 
degradation of interfacial properties in steel fibre- 
cement matrix composites has been recognized and 
taken into account for a correct analytical model of 
fibre pull-out. Naaman et  al. [22, 31] assumed an 
exponential decay of the residual clamping stress, qo, 
during frictional pull-out after complete debonding, 
showing good agreement in the pull-out force versus 
slip displacement relationship between prediction and 
experiments. 

It is interesting to note that there are similarities, as 
well as differences, between the resultant property 
changes due to two different sources of microstruc- 
tural change as discussed in Section 3. Compaction or 
densification of cement mortar matrix, regardless of 
whether it is limited in the interphase region or it 
occurs in bulk, certainly increases the stiffness (or 
Young's modulus) of the matrix material. However, at 
the same time, it also increases or decreases the effect- 
ive radius of the matrix hole, depending on the source 
of the microstructural change which determine the 
direction of compaction relative to the fibre surface: 
i.e. frictional sliding of rigid fibres against the porous 
matrix wall for steel fibre-cement matrix composites 
or hardening of matrix material towards the fibre 
surface due to ageing as for the glass fibre-cement 
matrix composites. For the former system these two 
property changes balance each other reducing their 
individual effectiveness, while for the latter system 
they produce synergic effects. Without knowledge of 
the exact variation of Young's modulus or effective 
radius of the matrix hole, it is reasonable to regard the 
gross effect as a change in interracial properties. 

Because even a small difference in fibre surface 
condition, matrix composition, composite cure condi- 
tion, and testing configuration including single or 
multiple fibres, specimen geometry and loading 
method may influence the pull-out results, it is difficult 
to compare the estimated value of interfacial proper- 
ties obtained in the present study with those pre- 
viously predicted for similar fibre-matrix system. It is 
worth noting, however, that the properties determined 
in this study for the steel fibre-cement matrix com- 
posites (i.e. Gic = 2.5 j m - 2 ,  qo  = - -  24.2 MPa and 
la = 0.082 and ~fr = 1.95 MPa) compare most favour- 
ably with some selected values reported in the liter- 
ature (e.g. qo = - 2 4 . 6 M P a ,  ~t=0.09 [9]; ~fr 
=1.4-1.8 MPa [22]; Gic = 2.41 2.53 J m  - 2 ,  Tfr 

= 1.3 MPa [32]). In fact, in view of the variables and 
discontinuous nature of the interfacial bond at the 
microstructural level in cement matrix composites [9], 
unlike more homogeneous matrices including poly- 
mers, these interfacial properties as a whole may rep- 
resent only the actual average values along the whole 
interface rather than apparent material constants. 

5. Conclusion 
Using an improved theoretical analysis developed in 
Part II of this paper interfacial properties have been 
characterized with regard to the debond and frictional 
pull-out stresses in cement mortar matrix composites 
reinforced with steel fibres and glass fibres. The inter- 
facial properties, including the interfacial fracture 
toughness, G~c, residual clamping stress, qo, and the 
coefficient of friction, la, are determined in a procedure 
suggested in Part I of this paper. 

It is shown from the plots of partial debond stress, 
c~, versus debond length, E, that these composites are 
typical of principally mechanical bonding at the inter- 
face, as evinced by the very small Zmax (which is 
a measure of the maximum bond length for unstable 
debonding) even for those cured in an accelerated 
condition. The stability of the interracial property- 
dependent debond process in these cement matrix 
composites is also reflected sensibly by the negligible 
amount of stress (or load) drop after the maximum (i.e. 
from the maximum debond stress, cy*, to a lower value 
corresponding to the initial, frictional pull-out stress, 
O'fr ). 

It is identified that the gross effect of densification 
or compaction of cement mortar matrix is different in 
these composites containing two different reinforcing 
fibres due to completely different causes of the micro- 
structural change: densification of cement matrix 
during or after complete debonding degrades the 
interfacial properties, residual clamping stress, qo, in 
particular, for those with steel fibres; whereas densifi- 
cation and associated crystallization of cement matrix 
around the fibre occurring in accelerated cure improve 
the interfacial properties, both chemical and mechan- 
ical, for those with glass fibres. 

For the steel fibre-cement mortar matrix com- 
posites, the maximum debond stress, ~*, prediction 
agrees well with the experimental result over the 
whole range of embedded fibre length, L, studied. 
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However, the theory overestimates the post-debond 
frictional pull-out stress, cyfr, particularly for long L, if 
the same interfacial properties are used for prediction. 
This discrepancy is presumably a direct result of grad- 
ual degradation of the frictional bond at the interface 
due mainly to compaction of the porous cement mor- 
tar surrounding the fibre after interfacial debonding. 
This effectively reduces the residual clamping stress, 
q0, arising from shrinkage of the cement matrix. 
Therefore, a correct theoretical prediction is made for 
the initial frictional pull-out stress, ~fr, after complete 
debonding using a lower value of qo while other prop- 
erties are kept constant, which gives good agreement 
with experimental results. 

For glass fibre-cement mortar matrix composites, 
a cure in a lime-saturated water bath accelerates hy- 
dration of cement, eliminating pores and thus densify- 
ing the cement matrix. This results in a significant 
improvement in the interfacial bond quality due to the 
formation of CH crystals and an apparent increase in 
the actual contact area between the fibre and matrix. 
It is noted that the interfacial fracture toughness, 
Gic, is increased by almost three orders of magnitude 
while the maximum frictional bond strength, 
1 S f ( m a x ) (  ~'~ - -  laqo), is increased by about 20%. 

Therefore, following the successful application of 
the improved fibre pull-out model to several epoxy 
and ceramic matrix composites in Part II of this pa- 
per, it is demonstrated here in Part III that the model, 
in general, can be applied to characterize the inter- 
facial properties of brittle fibre-brittle matrix com- 
posites, regardless of the nature of bond at the inter- 
face. 
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