Cement and Concrete Research, Vol. 28, No. 5, pp. 699-711, 1998
P Copyright © 1998 Elsevier Science Ltd
ergamon Printed in the USA. All rights reserved
0008-8846/98 $19.06- .00
PII SO008-8846(98)00037-4

RELATIONSHIP BETWEEN PORE STRUCTURE AND MECHANICAL
PROPERTIES OF ORDINARY CONCRETE UNDER BENDING FATIGUE

B. Zhang
Department of Civil Engineering, University of Glasgow, Glasgow G12 8LT,
Scotland, UK

(Received July 8, 1997; in final form March 5, 1998)

ABSTRACT
Progressive macro damage of concrete under fatigue loading is caused by the
change of its internal micro-meso properties such as pore structure. In this
study, porosity, pore size distribution, and specific surface area of ordinary
concrete at different fatigue stages were investigated using mercury intrusion,
helium flow, and nitrogen adsorption (BET) methods. These properties
changed with increasing loading cycles and could be taken as micro-meso
damage parameters to evaluate macro fatigue damage of concrete. Test results
showed that both porosity in mortar (mainly macro pores) and interface
between mortar and coarse aggregates (interfacial cracks) developed at a
similar rate. The corresponding residual bending fatigue strength and dynamic
bending Young’'s modulus were also obtained and their relationships with
these micro-meso properties were established. The “intrinsic bending
strength” and “intrinsic bending Young’'s modulus” were predicted from these
relationships. © 1998 Elsevier Science Ltd

Introduction

Concrete under repeated loading sustains a gradual fatigue damage. At macro level, strength
and Young’'s modulus decrease with increasing loading cycles (1-3); at micro-meso level,
internal structures degenerate and micro-defects (pores, cracks, etc.) develop. The investi-
gation on micro-meso properties of concrete helps to understand the mechanisms of macro
fatigue damage and possibly to find ways to improve the fatigue resistance of concrete. Pore
structure is an important micro-meso property which determines macro properties of concrete
such as strength (4-10), elasticity (4—6,10), shrinkage (11), durability (12-15), etc. Cement
paste, mortar, and concrete are all porous materials. Any change in pore structure may lead
to sharp changes in performance.

Concrete science classifies structural levels as misfbi{m), meso (um to 1 cm), and
macro (-1 cm). Internal structures of concrete imply those at micro and meso levels. At
micro level, structures are discontinuous and inhomogeneous such as molecular and crystal
structures, gels and pores; at meso level, structures are continuous but inhomogeneous such
as coarse and fine aggregates, cement hydrates, unhydrated cement particles, pores, and
interface; at macro level, concrete is continuous and homogenous. Pore structure is a
parameter which relates all three structural levels. It includes porosity, pore size distribution
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and specific surface area. Pores can be clarified as micro po2&sX), meso pores (25-500
A), macro pores (500 A-1Qm), and air voids ¥10 um) (14).

In the past 30 years, a lot of experimental work has been done to investigate the effects of
pore structure on macro properties of cement paste, mortar, and concrete (1-15). There are
good correlations between pore structure, mechanical properties (compressive and flexural
strength, elastic modulus, and toughness), and durability (permeability, frost resistance, etc.).
Typical strength-porosity relationships that have been widely used for concrete materials are:

f=1f(1—P) (ref. 16) (1)
f=1f,exp(—k,P) (ref. 17) (2)
f=k; IN(Py/P) (ref. 18) (3)
f=f,— kP (refs.19 and 20) (4)

wheref is strengthf, is strength at zero porosity or the intrinsic strend®his porosity,P,

is porosity at zero strength, argl, k,, k;, andk, are constants. Similar elastic modulus or
hardness versus porosity relations have been used (6,10) Actually, concrete strength depends
on not only porosity but also pore size distribution. Odler and@IRo (21) proposed a
multi-linear function:

f= f0 - k10P<lOnm - kZOploflOOnm - k30P>100nm (5)

whereP_;onm P1o—100nm @NAP-100nmare porosities for different pore size ranges, &npgl
koo andksg are constants. Atzeni et al. (22) introduced a mean distribution pore nadass

Inr,=CEP Inr)/(ZP) (6)

where P, is the porosity at pore radius. Equation 6 considers the “weighted” pore size
distribution of every pore class involved. They proposed a formula to relate strerig#misd
Iy as:

f=Kfo(1 — P)/\rn )

whereK is a constant. From Giriffith’s approach and subsequent modificationsr(28an
be regarded as a statistically equivalent size of macro defect, so it can be related to macro
mechanical properties of materials. Using Weibull's strength distribution theory (24), Ding
(25) obtained a relationship of the compressive strength of hardened cement paste with total
porosity and specific surface area as:
1-P
f=K,———— [Ky(1— P)]<s5" K4 8

17 1 op K1 = P)] (8)
whereK,, K,, K3, andK, are constants an8§ is specific surface area. Huang et al. (26)
rearranged the above equation as:

1-P
1+2P

f= A-B(P) - O(P) = [KKS K5~ (L — P (©)

whereA = K,K, ¥« stands for the internal strength at atom-molecule level which depends
on properties and arrangements of solid phases but is independent of poBgBity:=
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TABLE 1
Mix design of concrete.

Material Cement Water Fine Aggregate Coarse Aggregate
Type #525 OPC Tap water Natural river sand 15 mm graded gravel
Ratio 1 0.45 1.18 2.47
Content (kg/m) 456 205 538 1251

KK, S (1 — P)<sStKe expresses the effect of micro pores on stress distribution of
multi-phase materialSC(P) = (1 — P)/(1 + P) expresses the effect of micro-meso pores.

Very few papers have been published about the development of concrete porosity under
loading. Pons and Maso (27) measured porosity of cement paste after uniaxial compressive
loading cycles at low frequencies and found that these loading cycles were not liable to
damage or micro-crack concrete but to strengthen and consolidate it. So far no researchers
have dealt with porosity development under cyclic tensile or flexural loading.

In this paper, mercury intrusion, helium flow, and nitrogen adsorption (BET) methods are
used to measure porosity, pore size distribution, and specific surface area of ordinary concrete
at different bending fatigue stages. These properties can be used as micro-meso damage
parameters to help to understand the mechanisms of macro fatigue damage and failure and
to find possible ways to improve fatigue resistance of concrete. The relationships between
these micro-meso properties and the corresponding mechanical properties can be established.
Thus, the “intrinsic strength” and “intrinsic bending Young’'s modulus” can be predicted
using extrapolation.

Experimental Investigations

Test Specimens

Samples for micro-meso tests were cut from the maximum tensile zone of concrete beams of
500 X 100 X 100 mm which sustained cyclic bending. After certain loading cycles, they
were tested to determine the residual strength and stiffness. The mix design is listed in Table
1. Specimens were cured in the curing room for 28 days, at 20C and relative humidity

of 90%, before they were moved outdoors. At 90 days, these specimens were used for flexural
tests, because by then the strength and stiffness of concrete would change very little. Material
properties of concrete are listed in Table 2, including the compressive striehgtiodulus

of rupturef,, Young’s modulusE, and Poisson’s ratio at 28 and 90 days.

TABLE 2
Material properties of concrete.
28 days 90 days
f f f f E Ee Gy
(MPa (MPa) (MPa) (MPa) (GPa) (GPa) Y vy (GPa)

50.7 7.19 57.4 7.88 41.1 46.2 0.17 0.23 18.9
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A total of 40 specimens were subjected to third-point bending cyclic loading with an
effective span of 450 mm in a 250 kN Instron servo testing machine. Before these tests, all
specimens were non-destructively detected to determine the dynamic stiffness parameters say
the dynamic Young's moduluB,g, the dynamic Poisson’s ratig, and the dynamic shear
modulusGy (Table 2). In the cyclic tests, the stress level was 70(,G¥d the stress ratio was
0.2 with a sinusoidal waveform and a loading frequency of 20 Hz. Thus the corresponding
fatigue life N was calculated as & 10° (1). Thirty-two specimens were tested to determine
the residual fatigue strength and stiffness properties at different fatigue stages and the
remaining eight plus two undamaged beams were used to determine the micro-meso prop-
erties of concrete.

Mercury Intrusion

Porosity and pore size distribution of the damaged concrete under cyclic bending and the
undamaged concrete were measured using a high-pressure mercury intrusion porosimeter.
The maximum pressure of the porosimeter was 250 MPa. The measurable pore size (radius
r) was between 40A to 75000A. Values of 0.480 N/m and 140° were used for the surface
tension of mercury and the wetting angle.

After certain designed loading cyclég, a diamond saw was used to cut out 10 to 20 mm
high samples. Due to the limitation of sample size for the porosimeter, original concrete
could no longer be used so only the mortar without coarse aggregate was picked out to
measure the pore voluni®,. Seven out of the ten samples were taken during middle fatigue
stages, one at failure and the remaining two were from the undamaged concrete as references.
Typical pore size distribution resultsi,/d log r vs. logr) at different fatigue stages are
shown in Figure 1. The corresponding cumulative pore vol&ggvs. logr relationships are
shown in Figure 2.

Helium Flow

As mercury intrusion tests were conducted, helium flow method was used on larger samples
to measure the porosity from the corresponding specimens. Two concrete samples of 20
20 X 10 mm from the same specimen were used for each test. A total of ten sets of test data
were obtained.

Nitrogen Adsorption (BET)

Nitrogen adsorption method was used to measure specific surface area of concrete. Only the
mortar was picked out from the original damaged concrete for the BET tests due to the
limitation of sample size. Three samples were tested.

Residual Fatigue Properties

It is impossible to measure the residual strength and micro-meso properties on the same
specimen. The residual strendthis predicted using the previously proposed formula (1).
The residual dynamic Young’'s modulls,g was non-destructively measured using a dy-
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FIG. 1.

Pore size distribution of mortar (concrete) at different fatigue stages.

namic elastic parameter instrument based on resonance mechanism (1) before samples were
cut from the specimen. The calculated relative residual fatigue stréngtid the measured
relative dynamic Young’s modulug,g are the ratios of the values at different fatigue stages

to those from undamaged specimens.
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FIG. 2.
Cumulative pore volume of mortar (concrete) at different fatigue stages.
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FIG. 3.
Typical pore volumes of mortar (concrete) at different fatigue stages.

Development of Micro-Meso Parameters Under Bending Fatigue

Porosity of Mortar Using Mercury Intrusion P,

In micro-meso damage mechanics, porosity can be used as a damage parameter to evaluate
the fatigue damage state of concrete. Figure 3 shows that the porosity of mRQgtaery

linearly increased with increasing loading cychgN until final fatigue stage. WheN,/N

— 1, P, Started to increase more quickly. A regression relationship betRegandN,/N

can be obtained as:

Pro= 0.0534+ 0.0139N/N  (cmg) (10)

or

Pmo= 0.1150+ 0.0299N,/N (cm’cm®) (11)

with a regression coefficiel® = 0.970. The special gravity of mortar was 2.151 giémthis
study. At failure, the mortar porosity increased by 26%. Also, the volume ratio of mortar to
concrete is 0.546, sB,,,o is equivalent to a porosity in concreg,,'. Thus Eq. 11 becomes:

P = 0.0628+ 0.0163N,/N  (cm*/cnr’) (12)

Pore Size Distribution

From Figure 1, three obvious peaksd#, /d log r are located at = 40 A, 370 A, and 3600

A, respectively. At these radiR,,, changes sharply (Fig. 2). TheBg, values can be crucial
for finding the damage mechanisms under fatigue bending, At 370 A, the highest peak

of dP,/d log r occurred and thdP,,/d log r vs. logr curve became very spiky, which means
that a greater increment &,, happened here. With increasing loading cycles, this peak
height greatly increased. Whéi/N varied from 0 to 1dP,/d log r increased by 33%. The
width, however, did not change very much. At= 40 A, another sub-peak also increased
with N,/N but the peak height was always smaller than tha at 370 A. The width changed
very little even though the peak height increased by 105% vwihéN varied from 0O to 1.
These pores are meso pores.rjt= 3600 A, although the peak height was not very big, it
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Typical differential pore volume of mortar (concrete) at different fatigue stages.

increased by 219% at failure and the width also increased MjitN, which means that an
even greater increment 8, might have happened here. The pores with such size are macro
poresdP,/dlogr vs.N,/N regression relationships at different radii are obtained as (Fig. 4):

dpP,
1 —0.0266+ 0.0229N,/N  (R=0.964)
dlogr
dP,;
= 0.0684+ 0.0204N,/N  (R= 0.965)
dlogr
dP,
= 0.0104+ 0.0187N,/N  (R=0.982)
dlogr

(13)

P, vs. N,/N regression relations at threl,/d log r peaks can be obtained as (Fig. 3):

P.. = 0.0529+ 0.0141N,/N  (R= 0.977)
P, = 0.0335+ 0.0133N,/N  (R= 0.981)
P,s = 0.0084+ 0.0094N,/N (R = 0.980)

(14)

Corresponding to these three peaRs;(i = 1, 2, 3) increased by 31%, 44%, and 133% at
failure, respectively. This means that the volume of macro pores increased much more
quickly than meso pores during bending fatigue. Also the increméhiahre on average
100%, 95%, and 68% of the incremeni®l,, which means that the volume change of macro
pores contributed mostly to the total porosity change of mortar during bending fatigue.

Porosity of Concrete Using Helium Flow,P;,

Figure 5 shows that the porosity of concr&gfairly linearly increased with increasing,/N
until final fatigue stage. WheN,/N — 1, P, started to increase more quickly. A regression

relationship betweeR,, andN,/N can be obtained as:
P, = 0.1162+ 0.0298N,/N (cm®/cnr)
with R = 0.979. At failure,P,, increased by 30%.

(15)
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Porosity of concrete, mortar and interface at different fatigue stages.

Interface Cavity of Concrete

P,, measured using helium flow can actually be expressed as:
Ph = Pmor + Pca+ Pi + Ath (16)

whereP,, is porosity of coarse aggregate, is interface cavity between cement paste and
coarse aggregates, an®,,, is the porosity error between mercury intrusion and helium flow
methods. Beaudoin (28) found that mercury intrusion and helium flow could be used
interchangeably to measure porosity of cement paste if w/c ratio was equal to or greater than
0.40. Based on thisAP,,, = 0 can be reasonably assumed. Coarse aggregate used in this
study was very dense limestone with a very small porosity say 1%,.s& 0 can also be
reasonably assumed. From Eqgs. 12 andPlsan be approximately obtained as:

P,~ P, — P, = 0.0534+ 0.0135N,/N (cm¥cm? (17)

with R = 0.960. At failure,P; increased 25%. Comparison of this value with an increment

of 26% in P, shows that the mortar porosity and the interfacial cavity increasedNyith

at a similar rate. In other words, both made similar contributions to the degeneration of

concrete under bending fatigue. The latter stands for the propagation of interfacial cracks.
The above research indicates that improving these two phases may help raise fatigue

resistance of concrete, such as dense aggregate grading, polymer impregnation, strengthening

interface, etc.

Specific Surface AreaS Using Nitrogen Adsorption

The test data show that specific surface area of mortar from the damaged cdBdiatsy
linearly increased with increasing,/N (Fig. 6). A regression relationship betwe8rand
N,/N can be obtained as:

S=1.628+ 1.417N,/N (m?g) (18)

with R = 0.999. At fatigue failureSincreased by 85%. However, more tests need to be done
to further quantitatively confirm this.
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FIG. 6.
Specific surface area of mortar (concrete) at different fatigue stages.

Mean Distribution Pore Size,r,
Iy is defined as:
j P(logr)logrdlogr

logr, = (19)
f P(logr)dlogr

If no continuousP(log r) is availabler,, can still be numerically determined from:
E P(logr;) logr; Alog r,
logr, =
> P(log r,0) Alog

r., in A for mortar calculated from Figure 2 has a good regression relation WitK (Fig.
7) as

(20)

log r,, = 2.3808+ 0.0989N,/N (21)

or

350
325
m = 240.3 x 1.2557N/N (R = 0.962)
300

275

1m (A)

250

225

200 oI 0z 03 04 05 06 07 08 09 10
Ni/N

FIG. 7.
Mean distribution pore size of mortar (concrete) at different fatigue stages.
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Relationship between relative residual strength and porosity of concrete.

rm= 240.3-1.2557" (A) (22)

with R = 0.962. WherN,/N varied from 0 to 1y,, increased from 240 A to 310 A, up by
30%.

Relationship Between Macro and Micro-Meso Properties

The strength and stiffness obtained on macro-materigJsafd E;) have very good corre-
lations with the measured micro-meso parametersadr,,).

The Relationship Betweerf., and P,

An exponentialf,, — P,, relationship is assumed as:
fu:r = fcrO'(:I- - Ph)kF1 (23)

wheref,, is the relative bending strength at zero porosity or the relative intrinsic bending
strength, andks, is a constant. Using logarithmic regression on 10 sets of test fatand

ke, were determined a$;,, = 3.049 andk-; = 8.753 withR = 0.902. A natural exponential
expression can also be used here:

fcr = fcrO'eXp(_ sz'Ph) (24)

wheref_,, andk., were determined using linear regressionfgg:= 3.320 anckg, = 10.038
with R = 0.899. The intrinsic bending strength of concréig (P,, = 0) was at least three
times that of the measured modulus of ruptfjrer f., > 3f, = 23.6 MPa. The values of
foo Ke1 @andke, obtained in this study are quite close to those b3RRpet al. (6). Equations
23 and 24 are plotted with the test data in Figure 8.

The Relationship BetweenE,z and P,,

An exponentialE — P, relationship is assumed as:

EdB = I_Edao'(l - ph)kE1 (25)
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Relationship between relative Young’'s modulus and porosity of concrete.

whereE g, is the relative dynamic bending Young’s modulus at zero porosity or the relative
intrinsic bending Young’s modulus, akg, is a constant. Using logarithmic regressi@gg,

and kg, were determined a€s g, = 1.511 andkz; = 3.418 withR = 0.955. A natural
exponential expression can also be used here:

EdB = EdBO'eXp(_ KezPh) (26)

whereEg, and ks, were determined using linear regression Bg;, = 1.565 andkg, =

3.934 withR = 0.956. The intrinsic bending Young’s modulbgs, (P, = 0) was only about

50% greater than the obtained Young's moduliyg, or Eqgo ~ 1.5E45 = 69.3 GPa. The

fact thatE g, kg1, andkg, obtained in this study were smaller thig ke,, andkg, indicates

that the Young'’s modulus of concrete is less sensitive to porosity than strength. Equations 25
and 26 are plotted with the test data in Figure 9.

The Relationship Betweenf,, and r,,

A natural exponential,, — r,, relationship is assumed as:

fcr = fcrO'eXp(_ I(F3'rm) (27)
13
tar for =3.277 exp(-4.818 X 103 rm)
Ty (R =0.910)
1.0 o
,j 09 3
0.8 - 4
i \
[+
0.6 e
sl
200.0 225.0 250.0 275.0 300.0 325.0 350.0
m (A)
FIG. 10.

Relationship between relative residual strength and mean distribution pore size.
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FIG. 11.
Relationship between relative Young’'s modulus and mean distribution pore size.

Using logarithmic regressiorf,,s and ke; were determined ad., = 3.277 andke; =
4.818x 103 with R = 0.910. The intrinsic bending strengky (r,,, = 0) was still at least
three times larger than that of the measured modulus of rupture. Equation 27 is plotted with
the test data in Figure 10.

The Relationship BetweenE g and r,,,

A natural exponential expression is assumedHg — r,,, relationship:

EdB = I_EdBo‘eXp(_ Kealm) (28)

Using logarithmic regression on the same sets of test Haga,andkg; were determined as:
Eygo = 1.499 andkz; = 1.743% 10 2 with R = 0.892. Once again, the intrinsic Young’s
modulus of concret& g, (r,, = 0) was about 50% greater than the measured Young's
modulus. Similarly, the fact tha,z, andkg; obtained in this study were smaller thiag and
kes still indicates that the Young's modulus of concrete is less sensitive to porosity than is
the strength. As mentioned abovg, is a statistical parameter to reflect micro-meso defects
within concrete (pores and interface cracks). From Griffith’s classic fracture mechanics, it is
easily understood that the strength of concrete significantly depends on micro-defects (23).
The Young’s modulus of concrete, however, mainly depends on material composition of
concrete and individual elasticity and stiffness. Equation 28 is plotted with the test data in
Figure 11.

Finally, this study shows that the intrinsic strength and Young’s modulus of concrete can
also be predicted using damaged concrete with a single composition under different loading
cycles rather than using undamaged concrete with varied compositions and curing conditions.

Conclusions

1. This study has shown that the macro characteristics of concrete fatigue damage is the
decrease of residual strength and stiffness, but the micro-meso characteristics is the
degeneration of pore structure.

2. Porosity, pore size distribution (expressed by mean distribution pore size), and specific
surface area can be used as micro-meso damage parameters to evaluate macro damage
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of concrete under fatigue bending. The test results show that under bending all the
magnitudes of these parameters increased with increasing loading cycles.

Porosity of concrete mainly came from mortar pores and interface cavity (cracks). Under
bending fatigue, mortar porosity increased at a similar rate as interface cavity in
concrete. Development of macro pores=( 4000 A) contributes mostly to that of the
mortar porosity.

The experimental results also show good correlations between macro residual properties
(bending strength and Young’s modulus) and micro-meso parameters (porosity and
mean distribution pore size).
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