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The present paper assesses the significance of shrinkage-induced 
clamping pressure in fiber-matrix bonding mechanisms in cemen- 
titious composite materials. The paper contains a description of an 
experimental setup that allows measurement of the clamping pres- 
sure, which develops on an elastic inhomogeneity embedded in a 
matrix consisting of a cementitious material undergoing shrinkage 
during hydration (autogenous shrinkage). Furthermore, the paper 
presents the analysis necessary to perform an interpretation of the 
experimental results and to determine the clamping pressure acting 
on any elastic inhomogeneity embedded in the same cementitious 
matrix material. Fiber-shaped inhomogeneities are of special interest 
in cementitious composite material systems, and results are pre- 
sented for the development of clamping pressure on three typical 
fiber types in two typical cement pastes used in high performance 
cementitious composite materials. Assuming a Coulomb type of fric- 
tion on the fiber-matrix interface and using typical values for the 
frictional coefficient, it is shown that the shrinkage-induced clamp- 
ing pressure could be one of the most important factors determining 
the frictional stresses observed on debonded fiber-matrix interfaces 
during pullout. ADVANCED CEMENT BASED MATERIALS 1996, 4, 
106--115 
KEY WORDS: Bond, Cement, Composite materials, Concrete, 
Eigenstress, Fiber reinforcement, Interface, Shrinkage 

i n fiber reinforced brittle matrix composites, the 
fiber-matrix interface properties are very im- 
portant factors in determining of the overall 

mechanical properties of the composite material. In 
short fiber composites interface properties play an im- 
portant role in governing the fiber debonding and pull- 
out process that controls the stress-crack opening rela- 
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tionship. This relationship is considered the key to de- 
scribing the nonlinear behavior of such materials [1]. 
Anything from a slight modification of the matrix prop- 
erties to the creation of very ductile pseudostrain hard- 
ening materials can be obtained by varying the interface 
parameters. In continuous fiber systems, the interface 
properties primarily control the crack width and first 
crack strength, and anything from ductile to perfectly 
brittle behavior in tension can be obtained by varying 
the interface parameters. These considerations hold for 
brittle matrix composites in general and for cement 
based composite materials in particular. 

Due to the importance of the fiber-matrix bond, a 
great number of analytical models and experimental 
results have been presented in the literature over the 
years in an attempt to quantify the bond between fiber 
and matrix in different fiber-matrix systems. In cemen- 
titious matrix composite systems, emphasis has been 
placed primarily on frictional effects on the debonded 
interface. Adhesive effects on the bonded interface have 
also been proposed as an important energy consuming 
mechanism active on the fiber-matrix interface during 
debonding. 

In ceramic matrix composite systems where the com- 
posite is manufactured under high temperature and 
where the service life is often characterized by large 
temperature variations, it is well known that eigen- 
stresses are introduced and a certain clamping effect on 
the fiber arises due to the different thermal expansion 
coefficients of the fiber and matrix material. Conse- 
quently, this clamping effect is often included in ana- 
lytical models and in interpretation of experimental re- 
sults [2]. Usually, this is done by assuming a Coulomb 
type of friction on the debonded interface: 

I ,vl = I~p (1) 

where • is the frictional shear stresses, ~ is the coeffi- 
cient of friction, and p is the magnitude of the compres- 
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sive contact stress--the clamping pressure--acting on 
the fiber-matrix interface. 

The same situation arises in cementitious materials 
due to the shrinkage of the matrix during the hydration 
process. Furthermore, there is presently some evidence 
that a Coulomb type of friction is governing the shear 
stresses on the debonded interface in cementitious com- 
posite systems (for example, refs. 3 and 4). However, 
rarely is shrinkage explicitly included in models for fi- 
ber-matrix bonding or debonding in cementitious ma- 
terials. This is due to the fact that even though the dif- 
ferent types of shrinkage, autogenous as well as drying 
out, can be measured fairly easily, the shrinkage takes 
place at the same time as significant changes in the 
elastic and viscoelastic properties of the matrix mate- 
rial. Thus, it is not at all evident how a calculation of the 
clamping pressure should be performed. 

The significance of the clamping pressure and related 
initial stress states in the overall behavior of concrete 
was pointed out by Acker et al. [5]. It is suggested by 
Acker et al. that aggregates in concrete may be used as 
pressure sensors in a suitable experimental approach, 
and measurements on a cylindrical sensor embedded in 
the middle of a disc of mortar are presented. Recently, 
linear elastic analytical solutions for eigenstresses 
caused by expanding or shrinking aggregates and 
pastes along with experimental observations of crack- 
ing patterns around aggregates caused by these eigen- 
stresses were presented by Goltermann [6] and [7]. Fur- 
thermore, an attempt to predict the magnitude of eigen- 
stresses around aggregates caused by matrix shrinkage 
was made by Dela [8] using linear elastic solutions and 
a stepwise calculation taking into account the change in 
stiffness but disregarding the relaxation. Finally, the 
work by Kim et al. and Zhou et al. should be mentioned 
[9-11]. In this work, the interfacial parameters - -  
including clamping pressure and coefficient of fric- 
t i on -a re  determined from available experimental fiber 
pullout data using a model for fiber pullout that takes 
clamping pressure into account. 

This paper presents a technique for measuring the 
clamping pressure acting on inhomogeneities and re- 
lated to autogenous shrinkage of the cementitious 
paste. This technique is based on the use of a mercury 
thermometer as a pressure sensor. The mercury con- 
tainer of an ordinary laboratory thermometer is shown 
to be a very simple and sufficiently accurate pressure 
sensor that can monitor the development of the contact 
stresses. 

In the interpretation of the test results, the pressure 
sensor is modeled as an equivalent homogeneous elas- 
tic ellipsoidal inhomogeneity and the surrounding ce- 
mentitious matrix is modeled as an infinite elastic me- 
dium. This modeling allows for the use of the well- 
known Eshelby solution [12] and introduces the 

definition of an effective shrinkage that can be used in 
the estimation of contact stresses on other inhomogene- 
ities than the pressure sensor, such as fibers or aggre- 
gates. This estimation is carried out and the results for 
clamping pressure on different typical fiber types used 
in cementitious composites are derived. Assuming that 
a Coulomb type of friction is governing the frictional 
shear stress acting on the debonded fiber-matrix inter- 
face in cementitious composites, the shrinkage-related 
frictional shear stress can be estimated and compared 
with typical values for frictional shear stress observed 
in, for example, pullout experiments. Thus, the signifi- 
cance of the shrinkage-related frictional shear stresses 
can be assessed. Preliminary results using the proposed 
method were first published in ref. 13. The present pa- 
per gives the complete background for the experimental 
work, and the theoretical analysis and supplementary 
data are presented. 

The Experimental Setup 
The basic idea is to use a laboratory mercury thermom- 
eter as a pressure sensor for the determination of 
shrinkage-related clamping pressure. A standard mer- 
cury thermometer consists of a glass container filled 
with mercury. The container is connected to a capillary 
class tube. Volume changes in the mercury due to tem- 
perature changes are then detectable as changes in po- 
sition of the mercury surface in the capillary tube. Ob- 
viously, volume changes of the glass container due to 
mechanical action, for example, external hydrostatic 
pressure, can also be detected as changes in mercury 
surface position. Simultaneous changes in pressure and 
temperature can be measured if a second pressure- 
independent temperature measuring device, such as an 
electrical thermocouple, is introduced in the system. 

For the present experiments, a laboratory thermom- 
eter with a temperature range of 50 °C and an accuracy 
of 1/10 °C was chosen. The outer glass tube that was 
connected to the mercury container and that was pro- 
tecting the capillary tube was removed by cutting close 
to the connection to the mercury container. Finally, the 
temperature scale that originally was connected to the 
outer protecting tube was fixed to the capillary tube. 
The different parts of the measuring device are shown 
in Figure 1. 

The measuring device was calibrated for hydrostatic 
pressure in pressurized air in a small pressure chamber 
designed for this purpose. This resulted in the calibra- 
tion factor oL (MPa/°C) relating apparent temperature 
change to hydrostat ic  pressure. Furthermore,  the 
amount of mercury in the capillary tube was measured 
by weighing the tube with and without mercury and 
the calibration factor [3 (g/°C) was determined relating 
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FIGURE 1. Photograph showing the different parts of the 
mercury thermometer used as a pressure sensor in the experi- 
mental investigations. 

apparent  tempera ture  change to mass of mercury.  After 
having de termined the total vo lume of the mercury  
container v (glass and mercury),  one can determine the 
equivalent compression modulus  (or bulk modulus)  K e 
from the formula 

2ESh 
I'¢'e*- 3bI (4) 

where I is a function of a/b and vL 
In the case of a spherical shell and an infinitely long 

cylindrical shell, I is given by 

I = (1 - v s) for a = b (5) 

and 

3 (5 ) a I~-G\~- 2vs f o r ~ .  (6) 

For the Poisson's ratio and aspect ratio considered here, 
I will be very  close to 1. 

After calibration, the sensor is cast into the center of 
a vo lume of cement paste contained in a cylindrical 
steel can. The volume has a diameter  of 100 m m  and a 
height of 60 mm. Next to the pressure sensor, two elec- 
trical thermocouples  are placed allowing for pressure- 
independent  temperature  measurements  dur ing the hy- 
drat ion process as well as dur ing long-term testing. Im- 
mediately after casting, the cement  paste is covered 
with a thin layer of oil protecting the paste f rom water  
evaporation.  Thus, the cementit ious matrix experiences 
only autogenous shrinkage and the tempera ture  varia- 
tion connected with the hydrat ion process. The experi- 
mental  setup is shown in Figure 2. 

The basic observations consist of observed tempera-  
ture differences AT between the modif ied mercury  ther- 

K e = O/"~h~ 19 (2) 

where ~/h~ is the density of mercury  and where  the bulk 
modulus  ,t according to the theory of elasticity is de- 
fined as 

(Y i i 
K - ( 3 )  

3e.ii 

The experimental ly determined equivalent compres- 
sion modulus  K e can be compared with a linear elastic 
solution for the equivalent compression modulus  K "*. 
Such a solution is obtained by model ing the mercury  
container as a thin axis-symmetric ellipsoidal elastic 
shell with wall thickness h, aspect ratio a/b (where a is 
the length of the half-axis in the direction of symmetry) ,  
Young's modulus  E s, and Poisson's ratio v s. It can be 
shown that [14] 

/I 1 
FIGURE 2. Photograph showing the experimental setup, the 
steel container, the stripped thermometer, and the thermo- 
couple module. 



Advn Cem Bas Mat Significance of Shrinkage-Induced Clamping Pressure 109 
1996;4:106-115 

mometer and the average of the two electrical thermo- 
couples observed over a period of time t where t = 0 
corresponds to the time of casting of the cement paste in 
the steel container (less than 1 hour after mixing). The 
observations of AT should, of course, be corrected for 
any difference in temperature between the thermom- 
eter and the thermocouple reading at t = 0. Through the 
calibration factor a, the observed AT can readily be 
translated to an equivalent hydrostatic stress state cr~y d 
in the equivalent elastic inhomogeneity: 

cr~,ya(t) = cffAT(t) - AT(t  = 0)). (7) 

The Analysis and Interpretation 
The analysis is based on the solution for an isotropic, 
linear elastic ellipsoidal inhomogeneity embedded in an 
isotropic, linear elastic infinite medium undergoing 
shrinkage. The solution for this problem can be ob- 
tained following Eshelby's original superposit ion 
scheme [12] with a homogeneous infinite medium and 
an inclusion undergoing a stress-free strain. The only 
difference between Eshelby's original and the present 
calculation is that instead of loading the infinite me- 
dium with a homogeneous stress and strain field re- 
lated by the stiffness of the infinite medium, the entire 
infinite medium is assumed to undergo a stress-free 
strain 8~j. 

It can be shown that using the standard index nota- 
tion the solution for the stress and strain in the inho- 
mogeneity takes the following form, 

8ij = Gijkl 8Skl ( 8 )  

(~ij = Hijkl 8Skl ( 9 )  

where ¢ij and ~ij is stress and strain in the inhomoge- 
neity and where e~j is the free matrix shrinkage strain 
state given by 

8~j = 8ij 8 s (10) 

where 8s is the free linear matrix shrinkage strain and 8ij 
is Kronecker's delta. 

The fourth-order tensors Gijkl and Hijkl are given by 
the following expressions: 

i i m -1  i 
Gijkl = [lijpq + Pijmn (gmnpq - Lmnpq)] ( I p q k l  - -  Spqkl) ( 1 1 )  

and 

i 
Hqkl = Lijmn Gmnkl 

with 

(12) 

Pijkl i m = S i j m n  Mmnkl (13) 

where Iijkl is the fourth-order unit tensor and Sijkl is the 
Eshelby S-tensor [12] for the inclusion. In ref. 12, the full 
analytical solution for the components of the S-tensor 
are available. The tensors Lijkl and Lij%t are the stiffness 
tensors for the inhomogeneity and the infinite medium, 
respectively, whereas the flexibility tensor for the infi- 
nite medium is denoted Mijmkt. Thus, the stress and strain 
fields in the infinite medium are related through: 

¢~j = L m m (14) ijkl ~'kl 

o r  

~ = M m m (15) qkl Crkl 

while the stress and strain in the inhomogeneity are 
related through equivalent relations with superscript m 
substituted with superscript i. The stiffness tensors can 
be expressed in terms of two independent elastic engi- 
neering constants, Young's modulus E and Poisson's 
ratio v or bulk modulus K and Poisson's ratio v. 

For any given stress state in the inhomogeneity ¢ij 
with the hydrostatic part (Yhyd,i the corresponding free 
shrinkage in the infinite medium can be determined 
according to 

8 s (yli /3 i O'h~ d 
- - - - - ~ -  h (16) 

where 

Hiikk 
h=--~--- (17) 

If, on the other hand, the shrinkage is known, the 
surface stress vector Pi on the surface of the inhomoge- 
neity can be determined according to 

i Pi =¢qnj  (18) 

where n i is the outward unit normal vector to the sur- 
face of the inhomogeneity. The vector Pi can easily be 
determined in every point on the surface, because the 
stress state o-lj, determined through eq 9, is homoge- 
neous in the inhomogeneity as shown by Eshelby ]12]. 

The equations derived above hold for any ellipsoidal 
inhomogeneity. However, two special cases are of in- 
terest here: the spherical inhomogeneity (corresponding 
to a rounded aggregate) and the cylindrical inhomoge- 
neity with a circular cross section (corresponding to a 
fiber with high aspect ratio). 

In the case of a spherical inhomogeneity, all the 
fourth-order tensors including the G- and H-tensors are 
isotropic. Therefore, the stress state o-lj is hydrostatic. 
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Thus, the vector Pi is always perpendicular  to the sur- 
face of the sphere, and the magni tude  p is given by 

p= Ipil = ICr~ll = 10-~21 = 10"~31 (19) 

which can be expressed as 

2E" 
p (S )=  I~Sl. (20) 

Em 
(1 + v m) + 2~- (1 -  2v i) 

E '  

In the case of a cylindrical inhomogenei ty  with cir- 
cular cross section, the G- and H-tensors  are trans- 
versely isotropic and (rlj is hydrostatic in planes perpen- 
dicular to the axis of symmet ry  with no shear stresses in 
the direction of the axis of symmetry.  Thus, Pi is always 
perpendicular  to the cylindrical surface of the inhomo- 
geneity. If the xB-axis is assumed to be parallel to the 
axis of symmetry,  we have 

p= Ipil = Io '~1 l  = 1(~21 (21) 

which through some lengthy calculations can be ex- 
pressed as 

Em 
p(~S) = I~Sl. (22) 

1 + u m E m 

1 + v i + ~ - ( 1  
2v i) 

To utilize the above analysis in the interpretation of 
the experimental  results described in the previous sec- 
tion, we define the concept of effective shrinkage s,e, 
which is a function of time defined by 

_ cr~yd(t) 
~s'e(t) -- h(t) (23) 

where  (r~yd(t) is obtained directly from the experiment.  
Calculation of h(t) requires knowledge of the elastic 
constants for the cement paste as functions of time as 
well as the equivalent elastic constants of the pressure 
sensor. As shown in the previous section, the equivalent 
bulk modulus  for the sensor can be determined,  but  the 
equivalent  Poisson's  ratio is not measured  directly. 
However ,  it is shown in the next section that h(t) is 
relatively insensitive to changes in equivalent Poisson's 
ratio; in fact, if the sensor is spherical in shape, then h is 
independent  of Poisson's ratio. Equation 23 defines the 
effective shrinkage as the shrinkage that in a linear elas- 
tic system, would  introduce the correct stress state in an 
e m b e d d e d  equiva len t  i nhomogene i t y  if the matr ix  
shrinkage took place momentar i ly  at t ime t. 

The effective shrinkage at t ime t can be used to esti- 
mate the clamping stress acting on different inhomoge- 

neities embedded  in the same cementit ious paste at the 
same time. This can be done through eq 20 and 22, 
using the appropriate  values for the elastic constants of 
the inhomogeneity.  Thus, the development  in clamping 
pressure can be evaluated through 

p(sS) = p(8S,e(t))" (24) 

Results and Discussion 
Four tests were carried out with two different cemen- 
titious matrices. One matrix consisted of cement paste 
with a water:cement (w:c) ratio of 0.3. The other mix 
contained 10% microsilica, also with a w:c ratio of 0.3. 
In both mixes, a super-plastizicer was used to allow 
easy casting of the mix in the container with the pres- 
sure sensor and the thermocouples  mounted.  The con- 
tents of the mixes are summarized  in Table 1. The mix- 
ing procedure  described in ref. 8 was used also in the 
present investigation. 

The mixes correspond well with typical paste mixes 
used in high quality concretes and cementit ious com- 
posites. Furthermore,  the mechanical properties of the 
two mixes- -Young 's  modulus,  tensile strength as well 
as fracture toughness - -were  investigated in detail as 
functions of time by Dela [8]. Young's modulus  as func- 
tion of time for the two mixes was determined from 
least square curve fitting using a logarithmic expres- 
sion. For the 0% microsilica mix, the following function 
was used 

t30 - 0.23 
E~ = 500 In ~3o ] + 24.6 [GPa] t30 > 8 h (25) 

while 

t30 - 0.20 t 
E'l~0 = 645 In ~3o / + 25.9 [GPa] t30 > 8 h (26) 

was used in the case of the 10% microsilica mix. In the 

TABLE 1. Composition of the two cement paste mixes inves- 
tigated 

0% 10% 
C o m p o n e n t  M i c r o s i l i c a  M i c r o s i l i c a  

White portland 
cement [g/l] 1606 1498 

Microsilica slurry 
(water 50.2%) [g/l] - -  300.9 

Super-plasticizer 
(water 70.0%) [g/l] 56.21 57.69 

Demineralized 
water [g/l] 442.5 258.1 

Note: The mixing procedure is described in detail in ref. 8. 
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above equations, t30 denotes time in hours at 30 °C. The 
current investigation was carried out at 20 °C, and the 
time scale was converted according to ref. 15 

t20  = 1 . 6 t 3 0 .  (27) 

The Poisson's  ratio was assumed to be constant (0.20) in 
time. 

The obtained results for calibration factors and effec- 
tive bulk modul i  for the four different thermometers  
used are summar ized  in Table 2. In Table 2, the mea- 
sured bulk modul i  are compared  with the values cal- 
culated from the linear elastic shell solution. As shown, 
the measured and calculated values for the bulk modu-  
lus, K e and Keg', a r e  in reasonably good agreement.  In all 
calculations presented here, K e is used. The sensors 1 
and 2 are used in the mix containing 10% microsilica, 
while the sensors 3 and 4 are used in the paste with no 
microsilica. 

In Figure 3, the development  in equivalent hydro-  
static stress o-~y a determined according to eq 7 is shown 
for the four different mixes. Figure 3 clearly shows that 
there is a significant difference between the two pastes. 
A much  higher hydrostatic stress develops in the sen- 
sors embedded  in microsilica paste. Furthermore,  the 
hydrostatic stress keeps rising in the microsilica paste 
while it rises and then after approximately 50 hours it 
drops to an almost constant level in the paste wi thout  
microsilica. The test with sensor 1 was carried out first, 
while the three other tests were carried out over the 
same period of time. Apparently,  there is some diffi- 
culty with reproducing the microsilica paste results, 
even though  the trend for sensor 1 and 2 is the same. 
This could be due either to influence from the labora- 
tory environment  or to difficulties related to dispersion 
of the microsilica. However ,  after 500 hours, the tests 
with sensor 1 and 2 produced  very similar results. Fur- 
thermore, it should be noted that when  tests are carried 
out with the same batch over the same period of time 
(sensor 3 and 4) the results are very reliable. 

~d .o 

o 

c~ 

0 100 200 300 400 500 600 

Time (h) 

FIGURE 3. Development in equivalent hydrostatic stress ¢~ye 
in the pressure sensors 1, 2, 3 and 4. 

Knowing Young's  modulus  for the paste as a func- 
tion of time and assuming a constant Poisson's ratio of 
0.2, and having determined the aspect ratio l = a/b (see 
Table 2) and the equivalent bulk modulus  of the pres- 
sure sensor, h(t) can be calculated. Only the equivalent 
Poisson's ratio ]; e for the pressure sensor is not known. 
A sensitivity analysis is carried out based on matrix 
properties corresponding to the microsilica matrix at t = 
500 hours.  The results of the sensitivity analysis is 
shown in Figure 4. The sensitivity analysis is carried out 
for three different aspect ratios l of the sensor. The 
spherical sensor 1 = 1.0 is unaffected by re; the typical 
sensor geometry,  l = 2.2, shows a 5% variation in h for 
all possible values of ve; and a very long sensor shows 
a 15% variation in the values of h. For all practical pur- 
poses, we can with sufficient accuracy assume v e = 0.2. 

Using eqs 23 and 24, we can calculate the effective 

TABLE 2. Calibration factors and dimensions for the pressure sensors along with the calculated equivalent compression moduli 
K e and K e* for the sensors used in the present investigation 

Factors D i m e n s i o n s  Sensor 1 Sensor 2 Sensor 3 Sensor 4 

cx MPa/°C 1.08 0.98 1.04 1.04 
[3 g/°C 8.0 10 -4 8.0 10 -4 8.0 10 -4 8.0 10 -4 
1; c m  3 0.52 0.51 0.50 0.60 
K e GPa 9.6 8.5 8.9 10.6 
a mm 8.5 7.7 8.4 8.5 
b mm 3.8 4.0 3.8 4.1 
h mm 0.7 0.7 0.7 0.7 
I 1.08 1.03 1.08 1.06 
K e* GPa 8.5 8.5 8.5 8.1 

Note: In all calculations,  the  fo l lowing  mate r i a l  cons tants  w e r e  used :  ~ag = 13.6 g / c m  3, E s = 75 GPa,  v s = 0.2. The sensors  1 a n d  2 are  u s e d  in the  mix  con ta in ing  10% 
microsi l ica,  wh i l e  the sensors  3 a n d  4 are  u s e d  in the  pas te  wi th  no microsi l ica.  
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FIGURE 4. The shrinkage factor h as function of the undeter- 
mined equivalent Poisson's ratio v ~ for the sensor. Three dif- 
ferent aspect ratios l are investigated: the typical sensor aspect 
ratio 2.2, the spherical sensor geometry (l = 1.0), and the very 
long sensor. 

shr inkage ~s'e(t) and the magn i tude  of the c lamping  
pressure  acting on different types of fibers (and a typi- 
cal aggregate)  as functions of time. In Figures 5 and 6, 
the results are shown  for the cement  mix containing 0% 
and 10% microsilica, respectively. In Table 3, the elastic 
constants for the fibers and aggregate  used in the cal- 
culations are shown together  wi th  values  for the coef- 
ficient of friction found in the literature. Typical values  

for steel and carbon fibers as well as aggregate  are used. 
With respect to the po lypropy lene  fibers, it should be 
noted that these are often very  anisotropic, especially 
the fibrillated fibers that are manufac tu red  by  cutting 
stretched po lypropy lene  sheets. Thus, usual ly  the trans- 
verse stiffness is low compared  to the axial (which can 
easily reach values of about  10 GPa). The value of I GPa 
used in the present  analysis should be considered a 
rough  estimate. In Table 4, the mean  value of the c lamp- 
ing pressure  at 500 hours  along with  est imations of the 
Cou lomb  shear stresses acting on the fiber interface 
dur ing  fiber pul lout  in the two different pastes  are 
shown  together  wi th  typical results repor ted in the lit- 
erature. 

Not  much  data on coefficients of friction be tween dif- 
ferent fibers and a cementi t ious  matr ix  is available. 
From the work  of Leung and Geng [4], a frictional co- 
efficient of 0.125 for steel fiber in mor ta r  can be de- 
duced,  relating unilateral clamping pressure  to average  
friction. From the work  of Pinchin and Tabor,  values of 
0.05-0.160 can be d e d u c e d - - a g a i n  for steel fibers in a 
cementi t ious paste. Finally, Kim et al. [11] de termine  
coefficients of friction in the order  of 0.08 for the same 
fiber-matrix systems. Consequent ly,  values f rom 0.05 to 
0.25 are used in Table 3 for steel fiber systems. No direct 
measu remen t s  of the frictional coefficient in carbon or 
po lypropy lene  fiber sys tems are available in the litera- 
ture. However ,  measu remen t s  of the friction be tween 
concrete and butyl  sheets have  been carried out [16] 
indicating values in the range of 0.45-0.75. Also, the 
frictional coefficient be tween  polymeric  materials  and 
steel is known  to be in the range of 0.3-0.5. Based on 
this knowledge,  we  assume the coefficient of friction 
be tween a soft po lypropy lene  fiber and a cementi t ious 
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FIGURE 5. Development in calculated clamping pres- 
sure (clamp, pres.) for different inhomogeneities along 
with the calculated effective shrinkage in cement paste 
with 0% microsilica. The elastic constants for the in- 
homogeneities used in the calculation are summarized 
in Table 3. The curves are calculated on the basis of 
results obtained from sensor 3. Pp. = polypropylene. 
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FIGURE 6. Development in calculated clamping pres- 
sure (clamp. pres.) for different inhomogeneities along 
with the calculated effective shrinkage in cement paste 
with 10% microsilica. The elastic constants for the in- 
homogeneities used in the calculation are summarized 
in Table 3. The curves are calculated on the basis of 
results obtained from sensor 2. Pp. = polypropylene. 

matrix to be in the range of 0.3-0.5, whereas we assume 
the coefficient of friction in a carbon fiber system taking 
the hardness of the fiber into consideration is in the 
range of 0.05-0.1. 

Looking at Figures 5 and 6, it is interesting to note 
that the effective shrinkage rises very quickly from t = 
0 and reaches values from 3. 10  -4  to 4. 10  -4  in the first 
25-40 hours depending on the paste (highest in the 
paste containing microsilica). After 50 hours, the effec- 
tive shrinkage in the paste without microsilica drops to 
an almost constant level of about 2.0 10-4-2.5 10 -4 . In 
the paste with microsilica, the effective shrinkage con- 
tinues to rise, however,  with a much lower rate. 
Roughly speaking, the effective shrinkage doubles in 
the next 500 hours and reaches approximately 7. 10 -4 . 
The free linear autogenous shrinkage has been mea- 
sured by using a special technique developed by Mejl- 
hede [17]. The free linear autogenous shrinkage for the 
mixes used in the present investigation was determined 
by Dela [8], using the technique developed by Mejl- 
hede. For the paste without microsilica, a very rapid 
increase (within the first 20 hours at 30 °C) to a value of 
about 2. 10 -3 is reported. After this time, practically no 

TABLE 3. Elastic constants assumed to be associated with 
typical inhomogeneities and the frictional coefficents of the 
fiber-matrix interfaces 

I n h o m o g e n e i t y  E i [ G P a l  v i 11 

Steel fiber 210 0.3 0.05-0.25 
Carbon fiber 240 0.2 0.05-0.1 
Polypropylene fiber 1 0.4 0.3-0.5 
Stone aggregate 54 0.2 --  

shrinkage takes place. For the paste with microsilica, 
the shrinkage reaches about 4. 10 -3 after the first 20 
hours, after which the shrinkage rate is significantly 
reduced. After about 500 hours at 30 °C, a shrinkage of 
6. 10 -3 is reached. It seems obvious from these obser- 
vations that the effective shrinkage is related to the free 
autogenous shrinkage. It is also clear that there is a vast 
difference (one order of magnitude) between the mag- 
nitude of the observed free shrinkage and the effective 
shrinkage. This can be explained by the fact that a large 
part of the autogenous shrinkage takes place when the 
stiffness of the paste can be neglected. Furthermore, the 
relaxation seems to play an important role resulting in 
a drop in the effective shrinkage when the free shrink- 
age becomes constant (mix with no microsilica). 

Furthermore, it is interesting to note that the calcu- 
lated range of values for the frictional shear stresses 
correspond extremely well to corresponding values for 
bend or frictional stresses observed by many indepen- 
dent sources and reported in the literature (see refs. 13 
and 18). Not only is the order of magnitude of the shear 
stresses correct but the variation of the magnitude of 
these from steel to carbon and polypropylene fibers is 
also correct. In ref. 13, frictional shear stresses in steel 
fiber systems from 0.43-4.9 MPa are reported, whereas 
average bond strength values (including adhesive as 
well as frictional stresses) in polypropylene fiber and 
carbon fibers systems of 0.45 MPa and 0.52-0.66 MPa, 
respectively, are reported. Finally, it should be noted 
that the prediction of clamping pressure developing 
around steel fibers corresponds very well with the (cor- 
rected) values for clamping pressure given in ref. 11. 
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TABLE 4. Predicted clamping pressure (mean of two predictions) and frictional shear stresses on fiber-matrix interfaces at t = 500 
h in the pastes containing 0 and 10% microsilica 

I n h o m o g e n e i t y  p (MPa) 0% ms  p (MPa) 10% ms  x (MPa) 0% ms  -r (MPa) 10% m s  x (MPa) ref. 13 

Steel fiber 6.4 19 0.3-1.6 1.0-4.8 0.43-4.9 
Carbon fiber 5.9 17 0.3--0.6 0.9-1.7 0.45 
Polypropylene fiber 1.1 3.1 0.3-0.6 0.9-1.6 0.52-0.66 
Stone aggregate 7.1 21 - -  - -  - -  

Note: The table also summarizes values for the frictional shear stress reported in the literature, ms = microsilica. 

It is also interesting that a clear distinction between 
microsilica paste and ordinary  cement  paste can be 
made  in terms of frictional stresses at the interface. The 
present work suggests that a higher  shear stress on 
debonded  fiber-matrix interfaces can be achieved by 
introducing microsilica in the paste. Furthermore,  a 
more  favorable deve lopment  of these shear stresses 
with time can be achieved. 

It should be noted that the present  analysis does not 
take into account the size effects that might  come into 
play when the fiber diameters are small compared  to 
the microstructure of the paste. Also, possible differ- 
ences in the microstructure of the interfacial layers of 
different fiber types are neglected in the present analy- 
sis. It is well known that different fiber or aggregate 
types give rise to different characteristics of the interfa- 
cial layer in the cement  paste (see ref. 19) depending on 
the chemical, physical, or geometrical characteristics of 
the inhomogeneity.  Thus, it must  be expected that the 
interfacial layer built a round the glass pressure sensor 
in the present investigation is different f rom the layer 
that will be formed around a steel fiber. If the layer has 
a different stiffness a n d / o r  a different thickness, the 
clamping pressure will be affected. 

Furthermore,  interaction effects between fibers in ce- 
ment  composites or between fibers and aggregates in 
fiber concretes and mortars have not been taken into 
account. It is expected that these interaction effects will 
reduce the effective shrinkage experienced by  each fiber 
or aggregate, because neighboring inhomogeneit ies will 
introduce constraints on the shrinkage deformation.  

The effective shrinkage includes relaxation effects, 
because it is based on direct  measurement s  of the 
clamping stresses. However ,  it is well known that long- 
term relaxation effects can be observed over  much  
longer time spans than those used in the present inves- 
tigation. Thus, care should be taken in extrapolating the 
present results over longer time spans. 

Finally, in the present analysis, the coefficient of fric- 
tion is considered a constant. This is probably a simpli- 
fication. Chemical reactions are known to take place 
over time on different fibers, causing changes in the 
geometry  of the fiber surface, typically increasing the 
roughness.  These changes are likely to produce  changes 
in (increase) the coefficient of friction. 

Conclusions 
The following conclusions can be drawn from the pre- 
sent work: 

• The shrinkage-induced clamping pressure acting 
on aggregates and different fiber types embedded  
in two different cement  pastes with and without  
microsilica has been est imated as a function of 
time over the first 500 hours. The estimation is 
based on direct measurement  of the pressure de- 
veloped in a simple pressure sensor embedded  in 
the same matrix and a subsequent  analysis based 
on Eshelby's solution for an ellipsoidal inhomoge-  
neity embedded  in an infinite matrix. 

• Assuming a Coulomb frictional law on the fiber- 
matrix interface and using standard values for the 
frictional coefficient, frictional shear stresses on the 
debonded  interface are estimated that are similar 
in magni tude  to values repor ted in the literature 
describing fiber pullout  tests. This suggests that 
matrix shrinkage and related clamping pressure 
might  be an impor tan t  mechanism to consider 
when  investigating fiber-matrix bonding  in ce- 
mentit ious composite systems. 

• The method described in the present work  pro- 
vides an easy way  of estimating clamping pressure 
and eigenstress states in cementit ious composites 
systems. More work needs to be done to clarify 
effects related to size; presence of interfacial layers; 
and interaction between fibers, aggregates, and 
other inhomogeneities.  
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