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N omendature
g; . acceleration
B, : configuration of the distributed body at time t
b, : body force per unit mass
C3A : 3Ca0.Aly0q
ClAF 4000 Al0g FE304
CH : Ca(OH)z
CsS : 2Ca0.S0;
CsS : 3Ca0.30,
CSH : calcium silicate hydrate
e : internal energy density per unit mass
£ Individual failure probability
F, : deformation gradient
G : failure probability
g’ : internal equilibrated force
h; : equilibrated stress vector
j : rank position
k : ratio of shear moduli between two materials (chapter 4)
k: equilibrated inertia (chapter 5)
Ly : velocity gradient
1 : equilibrated force per unit mass

m : W eibull or flaw density parameter

m : parameter equal to 4(1-v) for plane strain and to -1%-}— for generalized plane stress

(S8



N : number of tests

p :internal body force

g : heat flux

r: internal heal source per unit mass
S 1 survival probability

t; « stress tensor

y; : velocity vector

) M'm - mreml
o parameter defined by P ra——

pwim-2) - mu(m-2)
wm+ munl

g : parameter defined by

0y : Kronecker delta

0, : material-independent constant for Vickers-produced radial cracks
7 distributed mass function

v : Poisson’s Ratio (chapter 4)

v : Volume Distribution Function

w : shear modulus

p : dassical mass density

8 : temperature
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Chapter 1

INTRODUCTION

The purpose of this Thesis is to study same aspecis of the microstructure of con-

(l‘)

crete and its effect on the behavior of concrete. The author is fully aware of his Himi-
tations and no attempt for compleleness will be made. Kather, the main trust of this
study is to construct a basic framework of so selected topics that the author feels

relevant (o characlerize concrete as a multi-phased material

v}

pach

Comnsider a piece of concrete (Fig. 1.1). The malrix that involves the aggregates
is made of hydratuon products from the reaction between the cerment and water. Many
concrete properties are associated with the hvdration at early stages, therefore chapter
£ analyzes the portland cernent hydration using a new {echnique that permits the study
of a fractured surface of cement paste in a fully hydraled state under a low tempers
ture scanning electron microscope. 1L iz important to compare the structure of the
cement paste in the frozern-hydrated and frozer-dried stale since waler, en immportant
cormponenit of the cement paste, is almost completely removed during freeze drying.
This remmoval may alter the structures that can be seen in the scanning microscope. It
should be mentioned that at 110 K, the paste has a substantial increase in mechanical

strength, because waler is converted from a liquid to a solid stale and this permits the

use of bulk specimens at very early hydration

%! 2

In concrete, the importance and usefulness of a hydraulic cement is given by it
ability of producing hydration products that can bind discrete particdles of rock forming

a continuous and stable structural material. However, as il happens in many comp

site malerials, the interface between the two phases has 2 properies and quile

often is a weak zone. This is an unfortunate fact, because the interfacial zone will be
subjected to stress concenirations due o the elastic and thermal mismeaich between the

two phases (aggregate and malrix). Therefore, returning to the piece of concrete, it is



essential that the matrix should bond the agzregates to maintain the conarete integrity

under load and aggressive environment Chapler 2 discusses the mechanism of the

interface formation using scanni ctron microscope (SEM ) end X-ray diffractior
(XED). Five typss of rodk and over 250 rock ere polished down 1o

0.25 wm 1o characlerize the rock-cermnent paste interface as influenced by the ags,
o

mineralogical properties of the rock, cement type and levels of silica fume replace-

enit

Chapter 4, also, deals with the aggregate-cement paste interface, now trying to
determine the mechanical properties of this bond both a a micrestructural and
engineering levels. The strenglh resulls of the aggregale-cenent paste bond are sub-
jected to a great variability, so an analysis of the bond strength using a probabilistic
treatment of brittle strength was performed. The W eibull's statistical theory was used
to analyze over 150 results of the agoregate-cement paste bond strength results

So far, a fair amount of experimental analysis has been performed and it can
characterize the original plece of concrete fairly well. However, the available
rmathernatical descriptions of conicrete are lacking the imtroduction of the microstruc
ture in its formulation. Chapler 5 deals with this topic, deriving a generalized contin-
uwm thecry for concrete, in which two exira variables that are not included in the

1

traditional continuum mechanics: poresity of the matrix and gggresate conte

Besides the basic usefulness of considering the malrix a porous medium, the formule-
tion ellows for variation of porosity, which may model localized higher porosity zones
like the transition zone. The introduction of the aggregate content characterizes the
corrposite nalure of conarete,

The interaction of reinforcing steel and concrete is studied both in a migoscopic
and macroscopic level in chapter 8. One hundred steel specimens were polished down
to one micon in order to study the steel-cement paste morphology as affected by age

'

and level of silica fume. Also, the effects of chlorides were investigated in relation to

A



the corrosion of the reinforcing steel. The mechanical properties of the steel-concrete
bond was determined by pull-out tests using 16 concrete mix design and two types
reinforcing bar. The correlation between the micostructure and the miechanical
behavior was discussed.

Therefore, in summary, the study of the concrete microstructure was done step-
wise: starting with the hydration of the cement paste (chapter 2) followed by how and
how much it bonds with the sggregates (chapters 3 and 4), which gives bases for dis-
cussing aracking of concrete. Chapter 5 presents a generalized continuum theory for
concrete as a porous and composite material. Finally with this information gathered, it
is possible to discuss the mechanism of the steel-concrete bond as influenced by the

existing microstructure, in chapter 8.

1.1 Summary of the Chaplers
The chapters describing the work performed in this Thesis were divided in a form
to make themn as self-contained as possible. In order to help the reader to have an

overall picture of the topics covered, a summary of the chapters is presented:

Chapter 2

The use of the frozen hydrated scanning electron microscopy (FHSEM) in
the study of cement paste is described. This technique permta analysis of
the fractured surface of cement paste in a fully hydrated state with water
present as ice in a low temprature ::carﬂing electron microscope. At 110K
the peste has a substantial increase in mechanicsl stzengm, because walser is
converted from liquid to a solid state, and this permits the use of bulk spadi-
mens ab very early hydration. Some resulis for 1 hour h«:dr:mw are
presented and future applications of this technique are discusse

Chapler 3

The mechenism of the aggregate-cement paste formation is desaibed for
different types of rocks and cementitious meterials. For portland cement,
the formation of a film of calcium hydroxide aysisls with a preferential
orientation, c-axis perpendicular to the aggregate surface is desaribed. The
concentration of etiringite on the imlerface suggests a through-solution
mechanism of cement hydration.

The expansive cermnent paste-gggregate inters
tron microscope and X-ray dlﬁ‘racuon Ettringite 2l ’omwd
and 1t 1s precipitated in direct contact to the aggregate surface. This prevents

g e lac-

fee AL

W




the formation of a continuous film of calcium hydroxide with a pref@rﬂnu!
crientation on the interface, instead Mge arystals of calcium hydroxide with
a random orieniation are precipilaled there. The characteristics mav
explain the inarease of mechanical strength when expansive cement is used
instead of portlend cerment Type 1.

The carbonate-cernent peste transition zone is analyzed in detail. The
results show thet the formation of carboaluminates on the interface is que
tionable. RKather it seems thal a reaction between the calcite and the caldum
hydroxide filin forming a basic calcium carbonate hydrated occurs,

The saggrezate-mnortar interface is studied by scanning electron rmicroscope
end X-ray diffraction. The thickness of the transition phase depends on the
size and shape of the sand particles. These originate t.heg own surface

7,

effects which interfere with those caused by the large aggregate.

Chapler 4
The aggregate-cement paste research performed by scientists of the last cen-
tury which is nol included in most slate-of-the art reporis is reviewed and

many interesting resulls are analyzed in perspective.

M icrohardness measurerments were performed on the interfacial film and a
comprehernsive test program on the mechanical pmpemep of the bond was
conducted. The program included four types of rocks (basslt, amphibole-
gneiss, granite and limestone) with three surface conditions (bmooth sand-
blasted and rough) were tested at different ages. Sinice over 150 tests were
conducted, it was possible to perform an an "3 iz of the ab,:r cate-cerment
paste bond using a probabilistic treatment of britlle strength. The W eibull's
statistical theory was used with great success.

Chapter 5
A generslized continuumn theory for concrete thal includes the porosity of
the matrix and the cormnposite nature of conerete is developed. The funds-
mentals oonoept:a for this theory are reviewe d some details and the bal-
ance equations for concrete are, then, developed. The laws of motion and
the thenn@dynamic processes for fully sa sturated concrete are also studied.
A generdl formmulation of the constitutive postulates is discussed and the
linear theory is analyzed as a particular case.

S

Chapler 6
The morphology of the steel-cement paste as affected by age and by the
ammount of silica fume is analyzed. The use of silica furme produces a
remarkable densifying of the {ransition zone, which is responsible for the
improved mechanical properties.

The interface between corroding steel and cement paste containing chloride,
with and without mnxﬁ”ﬂd nhca fume, was §J’L§i‘3’i For spedmerns con
taining ordy porlland cement an interfacial film of large ¢ Ijm«;a of lime (C}
covered most of the sisel Sdﬁ&@a Even a 16% replacement of the p‘ﬂﬂa"‘
cement with silica fu*m did not ch is Teal: er} much. However,
only the specirmens with silica fume ¢ srrosion. This indicales that
the pore solution probably cond " ratio Tor a given total
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Chapter 2
CEMENT PASTE EARLY HYDRATION
2.1 Brief Keview of the Porlland Cement H ydration

The anhydrous compounds of portland cerment when in contact with water

decompose to form hydration products. There is a transitory period in which supersa-

[

turated sclutions develop, however, the hydration producis deposit thersafter. Le
Chatellier (2.1) was the first o sdentifically describe the hydration mechanism of the
portland cement paste. He proposed the following sequence:

1. Chermmical phenomena of dissolution of anhydrous cement compounds

2. Physical phenomena of aystalization of hydrates

3. Mechanical phenomena of hardening (interlacerment of fibrous crystals and their

adhesion to each other)

This mech:

anisin, by which the cement compounds dissolve to produce ions in
solution that will recomnbine to form precipitated hydrated products is thus believed to
be “through-solution”. Hansen (2.2) suggesied thet the reactions tske place without
the cerment compounds going into solution by a "topochemical” or "solid-state” reac-
tion. His argurmnents were based on the fact that alurnina and silice have very low con-
centrations in the liquid phese, therefore the through-solution mechanism could not
explain the observed fast rates of reaction.

Lea (2.3) suggesied that both through-solution and solid-stale type reactions
probably occur; the former predominating inn the early stages of hydration and the

latter during the later slages when the diffusion hes becorne more difficult. However,

the debate is not by all means over.



2.1.1 Hydration of the caldum silicates ( 35,025 )*

sl )

The hydration of the calcium silicates can be shown by the reactions:

0354‘(25"%“7&)1[{“’ Civ5+mf§’/ﬁ’3,~“mm+(i.5mmf) CH -
CoS+{1.5+n)H > Cl 0 14 mn +{0.5-m) CH

The product C5H is a poorly arystalline caldum silicale gel whose composition

changes during the period of hydr The CSH is & armorphous, therefore X-

ray diffraction gives litle information as to the structural composition. Diamond (2.4)
reportied a diffuse X-ray powder patiern at 2.6 1 A and a scmewhat sharper one at
18 & . The CSH haes a veriable composition and a C /S mole ratic ranging between 2
and 3, also the gel can incorporate Al, S, and F& iors. The gel hes a very high surface
area around 900 m*/y.

There are two basic assumptions about the CSH structure (2.5) :
1. It is a layer sbructure.
2. W hen the silicale ions polymerize, they do so in a way that produces chains.

According to Diamond (24) the CSH may be dassified in four morphological

L.

types:

CSH (I): poorly arystallized foils C /S ratio between 0.8 and 1.5

CSH (II): reticular network with C /S ratio between 1.5 and 2

CSH (I1I): small irregular equant or flattened particles no more than 0.3 um across
(2.6).

CSH (IV): inmer product.

continues more CH aystals are deposited and may encapsulate other regions of the

paste containing gel, and some of the precize hexagonal outline is lost

* See nomendature for notation



Skalny et al. (2.7) proposed the following sequence for €3S hydration.
Stage I O3S haes a rapid initisl hydration, and Ca®' is quickly released into solution.
Stage I Induction (or dorment) period develops. Slow increase of Co?* concentra-
tion occurs in this period.
Stage III  Ca{0FH); crystallizes from solution, and €3S hydrates generating heat.
Stage IV Intermediate stage approaches a diffusion controlled rate of €3S hydration.

Stage V. Hydretion is diffusion controlled.

2.1.2 Hydration of the Caldum Aluminates ( Cgd,C,AF )

The diffusion through the "hexagonal hydrates” ( C4,AH g and Co4Hg ) layer that
forms at the surface of the C34 grain controls its hydration. However, since these
hydrates converl rapidly to CzdHg the barrier does not persist and the Cs4 grain
hydrates completely.

To retard the C34 hydration, gypswm is normally added to the portland cement.
The gypsum ( CaS0.2H,0 ) reacts with the Cs4 to form celcium sulphoaluminates,
the trisulfoalumninate is often referred to as etiringite.

CaA+3CS+32H > C3A. 3CS Hyp

Moore and Taylor (2.8) reported that etiringite has a crystal structure based on
colummns of empirical composition, Cag Al{OH )g] 12H,0%", which run parallel to the o
axis. The sulfate ions and the remaining 17H,0 molecules lie between the charnels.

Mehta (2.9,2.10) studied the formation of ettringite using SEM. He proposed
that the needle-like morphology of ettringite could only be explained by a through-
solution reaction mechenistn. The precise details of the etiringite formation will be
discussed in Chapter 3 for expansive cement.

The hydration of the C,AF is not so well understood; the following reaction hes

been suggested (2.11):



4000 AlyOgFe, 05+ 200 OH Yot 10H,0 - 3Ca0. Aly0s 6H,0 +3000. Ft

2.2 Low-Temperature Scanning Eleclron Micosoope Analysis of the Portland
Cement Paste Early Hydralion -
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Kynaster and Peden (2.18), Echlin et al. (2.19), Pawley and Norton (2.20) reported
devices for maintaining sarnples at low temperatures while they were being analyzed in
the SEM . -

The use of low temperatures to prepare the sample produces a substantial
increase in the slrength of the paste as the waler iz converted from liquid to a solid
stale. A similar increase of strength has already been reported for moriar and con-
crete exposed to aryogenic temperatures by M onfore and Lentz (2.21), Tognon (2.22),
Rostasy et al. (2.23). This makes it possible to study the very early hydration of bulk
specmens, and it also permits the examination of large areas of the sample at low
ternperatures, redudng the contamination (2.24) and the rate of thermal damage to
the specimen (2.25).

The quenching of the sarnple at low termperatures (-196° C) arrests the cement
hydration, immobilizes the liquid water, and stops the movement of dissolved sub-
stances. Special care was taken to minimize the size of ice arystals in the frozen samr
ple because of the potential damnsgge they may produce to the sarmple structure during
exparnsion. It was also important to assure that the sample was really in the frozen-
hydrate state. For biological malerials a number of aileria have been proposed by
Moreton et al. (2.26), Saubermman and Echlin (227), Gupta et al. (2.28) and
Verriano-M arston et al. (2.29). One simple approach is to be certain that the ternpere
ture of the specimen throughout preparation and exarmination is below that at which
appreciable sublimation and melting occur. The reaystalization temperaiure of the
water is 143 K, and it is usually suggested (2.30) that 123 K is a safe temperature to
prevent significent ice arystal growth, sublirnation, or even melting in the frozen sarmr
ples.

The purpose of this research is to present the use of FHSEM to analyze cement

paste hydration and to show some results on early hydration.



FIGa3
STEREO PAIR SHOWING THE TOPOLOGY OF THE CEMENT PASTE.
SMALL RODS OF ETTRINGITE ON THE SURFACE OF THE CEMENT PARTI-
CLES CAN BE SEEN. PICTURE WIDTH = 27um.

FIG. 2.4
UNCOATED SAMPLE OF CEMENT
PASTE INSIDE THE MICROSCOPE AT
110K,
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FIG.LA
DETAIL OF A CEMENT PARTICLE
SURROUNDED BY SMALL ROD CRY-
STALS 1 HOUR HYDRATION.
UNCOATED SPECIMEN EXHIBITS
CHA?GING. PICTUéZ WIDTH = 34um.
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FIG#6
CONCENTRATION OF MATERIAL ON
THE TOP OF THE FRACTURE PLANE.

FIG.S
USEFUL FRACTURE OF THE
CEMENT PASTE.
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CHAPTER 3

MICROSTRUCTURE OF THE AGGREGATE-
CEMENT PASTE TRANSITION ZONE

3.1 Indroduction

The transition zone between the aggregate and the cement paste has been
analyzed by many researchers. Farran (3.1,3.2) observed that calcium hydroxide cry-
stals would grow preferentially in the contact zone between the cement paste and the
aggregate. Subsequently, M aso (3.3) set forth the hypothesis that there is a transition
zone due to the different diffusion of ions in the cement paste near the aggregate.
Interest in the interface increased after Hadley (3.4), using a scanning electron rmicro-
scope and X-ray spectrometer combination, was able to describe many interesting
processes that occur at the interface. His experimental results made it possible to
describe the interface formation by rthe following mechanisms: A layer of CH film is
predipitated with the c-axis perpendicular to the aggregate surface and over this film a
CSH layer is formed, creating a composite or “duplex” film. This film will be bound to
the bulk paste by the growth of large impure CH aystals as hydration continues.
Barnes (3.5) studied the morphology of the paste-aggregate interface using four
different portland cements (including a portland blast furnace slag) and confirmed
most of Hadley's conclusions. However, Struble and M indess (3.6) reported that the
layer of well-oriented calcium hydroxide crystals on the interface did not constitute a
duplex-film.

Iwasaki and Tomiyama (3.7) suggested the three following stages during the
mterface formation: predpitation of ettringite needles over the aggregate, predpitation

of caldurm hydroxide plates, densification of the contact film.

(S %



Parallel work done by French researchers showed the existence of an “auréole de
transition” {3.8) around the aggregate. Perrin (3.9), using a transmission electron
microscope showed that, in the auréole, the hydration crystals were different Trom the
ones formed in the bulk cemnent peaste. Grandet and Ollivier (3.10) were able to
analyze the change of hydration products from the very interface to the bulk cement

paste by using X-ray diffractionn and a process of successive abrasion of the interface.

This chapter describes an investigation on the the morphology of interface
between the cement paste and different types of rock (marble, limestone, quartz, gran-
ite, chert, opal, quartzite, agate, smoky quartz). The study includes the analysis of the
interface when different cementitious materials are used (portland cernent, silica fumme,
alite, expansive cement). The mechanical properties of the interface will be discussed
m chapter 4. The experimental analysis and the materials used are reported in section
3.2. The guartz-cement paste is studied first (section 3.3) because quartz is an inert
gggregate and therefore it enables the analysis of the interface without worring with
the effect of the aggregate mineralogy. The formation of calcdium hydroxide and
ettringite on the transition zone is desaribed. The effect of the aggregate mineralogy is
researched in detail (section 3.4) for marble and limestone because it is a well known
fact that carbonate rocks have a beneficial reaction with the cement paste hydration
products increasing the mechanical strength of the concrete, however the precise reac
tion mechanism is not fully understood. Finally, the mortar-aggregate transition zone
in which the sand particles are introduced as another parameter is discussed in section

3.5.
3.2 Experimental M ethods
3.2.1 M aterials

The type and nurmber of rock specimens are shown in Table 3.1 Some of their

basic characteristics are given below:



Table 3.1
Type of Rodk Used for the Interface Study

Aggrepale Type | Number of Polished Spedimens |
Quartz a1 R
M arble 65
Limestone 10
Granite 25
Opal 9
Quartizite 20
Apale 10
Smwoky Quartz 15
Chert 22

M arble: Consisted mainly of recrystallized calcite with some detrital quartz and
possibly pyroxene (See Figs. 3.1 and 3.2).

Limestone: Comnsisted mainly of very fine grained caldte (a calcite mud, micrite),
Fig.3.3. Poorly solidified sedirments were cernented by rearystallized calcite. Recrystal-
lized calcite are also present in voids. Minor detrital quartz grains are present and a
trace of microcrystalline quartz also fills the voids,

Quartz: Single arystal of S0, .
Chert: Consists almost entirely of microcrystalline quartz with some voids filled

with chalcedony or secondary quartz, Fig.3.4. Minor armnount of secondary dolomite

crystals were present and a trace amount of clay.
Opal: Almost cornpletely amorphous as shown in Fig. 3.5

ASTM type Il portland cement was used; its composition is shown in Table 2.1
Also alite and expansive cement type K were employed. The chernical analysis for the
alite is shown in Table 3.2.

Silica furme with a particle size distribution as shown in Fig. 3.6 was also used as a
pozzolanic admixture. A bout 82% of this material was finer than 1um and 36% finer
than 0.2um ,with 2.2g4m® density. The densities of the portland cement pastes {0.35

w/c) with 0%, 5% and 16% are 2.11, 1.98 and 1.79 g/om® respectively.
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FIG. 3,6
Particle Size Distribution Of Microsilica By X-Ray Sedimentation



Table 3.2
Chemical Properties of the Alile
Chermical A nalysis
Compound Percent B
silicon dioxide, S0, 23.33
A lurminuim oxide, AlaOs 0.44
Ferric oxide, F&.04 0.87
Calcium oxide, CaO 87.92
M agnesium oxide, ¥g0 2.14
Sulfur trioxide, S04 0.07
Sodium oxide, Na,0 0.02
Potassium oxide, K0 0.03
Free Lime, CaQ 1.89
Loss on lgnition 502

3.2.2 Spedmens and Test Procedure

The study of the interface microstructure was performed using a composite speci-
men, consisted of cement paste cast agaimst a polished surface of aggregate. For the
purposes of measuring accuralely the thickness of the hydration products formed at
the interface it was essential that the surface of the rock was polished down to 0.25
microns. At some specified ages, the specimen was broken at the very interface of the
two distinct materials (Fig. 3.7). The two halves obtained from the composite speci-
men were analyzed by a scanning electron microscope (SEM) attached to an energy
dispersive analysis (EDAX) and by X-Ray diffraction (XRD).

The aggregate surface was polished according to the following sequence:
1. The rock was cut by a slow speed saw to minimize the formation of microcracks.

2. Next, the rock was polished sequentially to 90 um and 15 um in a Planopal machine.

3. The rock was then mounted in an epoxy frame and placed in a Syntron machine
with diamond paste to polish progressively down to 6, 1, 0.25 um .

The micrographs in Figs. 3.8 and 3.9 show the difference of a granite just after
being sawed (Fig. 3.8) and after the polishing process (Fig. 3.9). As expected, the pol-
ishing process could not eliminate the natural flaws of the rock.
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R ‘ 2. 7
Fig. @ (above) and & shows the difference of the granite surface before and after the polishing
process (down 1o 0.25 nucrons). The whiie box zone is amplified 10 5000 X.



The aggregale had a cylindrical form and a diameter of 374" A PVC tube with
the same diameter was mounted on top of the polished face of the of the aggregate.

KTV 108 Silicone KEubber was used as a cement and sealant device.

Cement paste was cast (with 0.35 w/c) and the composite specimen was covered
with Saran wrap and stored in a fog room At specified ages the spedimens were
removed from the fog room and placed on a dessicator with drierite for drying. Due
to the drying shrinkage the cernent paste and the aggregate separated at the very inter-

face.

A cetone was used to stop hydration. The specimens were then stored in a dessi-

cator containing silica gel (556 % R.H.) and A scarite (to avoid carbonation).

The specimens for the SEM analysis were coated with a layer of gold and stored

in the dessicator containing silica gel and A scarite.

In some of the specdimens, the interface on the cement matrix side was analyzed
by XRD, and then this surface was removed by abrasion and the new surface was
reanalyzed. This iteration would stop when the results of XRD on consecutive sur-
faces was practically the same (Fig. 3.7). Silicon Carbide paper (400 and 600 grit) was
used as the abrasive medium to successive removal of material from the interface.
This material was weighed i1 a balance with 0.1 mg precision, so by knowing its den-
sity the distance from the interface could be determined. It was assumed, however,
that the density of the interface layers was the same as that of the bulk cement paste.
This is not true since the density of the interface should be smaller. The lack of accu-
rate density data for the interface layers does represent an inherent flaw of this pro-
cess, which prevent it from being fully quantitative; however it does show important

features when used for comparative purposes.

3.2.3 Equipment
The morphology study was performed using a Hitachi Scanning Electron M icro-

scope, model S5-415 A, which had a magnification power up to 150,000 X. An X-ray



detector was attached and that allowed various scanning modes nieeded for elernental
analysis.
The mineralogical composition of the interface was analyzed with a Rigaku X-ray

diffraction equipment attached to a computer terrminal.

3.3 Quartz-Cement Paste Interface

The surface effects produced by the aggregate face create a film of water or zones
of paste with a higher w/c ratio at the interface. This extra water permits the ions to
diffuse more easily and at the same tirme eliminates some of the geometrical constrains
that exists in the bulk cement paste, causing higher porosity and the formation of
larger crystals in the interfadal zone.

Fig. 3.10 shows the typical morphology of the hydration products over the aggre-
gate face. The flat dark zone is the polished aggregate; the reticular products can be
easily identified as CSH and we can see that the outer products of the cement grain
interlock with the CSH layer. The topology resembles a lake (aggregate), a valley
(CSH) and hills (hydrated cement grain). This picture is reversed on the cement paste
side, producing a plateau, a valley and a depression respectively. The plateau, as
shown in Fig.3.11, is formed by a film of CH oriented with the c-axis normal to the
aggregate face. The valley is again constituted by CSH and the depression is the
empty zone produced either by the natural porosity or the cement grains that
remained on the gggregate side. Fig. 3.12 shows the reticular morphology of the CSH,
that grows on the CH film deposited over the interface.

One of the most interesting phenomena in the transition phase is the presence of
many the "Hadley grains”, which are cement partidles that during hydration deposits a
shell around themselves and dissolve away partly or completely. This is seen in Fig.
3.13. The completely hollow shell on the bottom left consists of CSH gel. This type

of morphology suggests that the cement grains hydrated by a "through-sclution”
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Fig. € (above) shows a ppical morphology of the hydration products over the aggregate (dark

zones). Fig. 8 shows the interface morphology on the cemenr paste side.
314
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Fig. aps}wws a micrograph amplified 20,000 X of the CSH over the interfacial film. The
cement paste had 0.35 wic ratio and was cast against a granite. The specimen was 19 days old when
it was broken.




mechanism. These grains were originally reported by Hadley (3.4) while describing
the morphology of the interface; later on Barnes et al (3.11) showed that the presence
of such grains in the bulk paste. One may argue that the fracture and the subsequent
drying of the matrix for SEM analysis can be responsible for originating the morphol-
ogy of these grains. So far this is an open question and research using the low-
ternperature electron microscope (Chapter 2) which avoid drying the paste may pro-
vide useful information.

The morphological features are the same as described by Hadley (3.4) and Barnes
(3.5) who based most of their studies on the glass slide-cement paste interface, since
quartz is an inert ageregate and therefore the morphology of the interface is mainly
controlled by the geometrical constrains that the aggregate face produce on the kinetics
of the hydrating cement paste.

3.3.1 Formation of Caldum H ydroxide over the Interface

Being in direct contact with the aggregate face, the caldum hydroxide form
almost a continuous film with c-axes normal to the interface. This phenomenon was
observed by many researchers, among them: Schwiete et al. (3.12), Bertacchi (3.13),
Buck and D olch (3.14), Hardley (3.4), Barnes (3.5), Ollivier (3.15). However, there is
no agreement on how this film will affect the mechanical properties of the interface.
In this section, only the morphology of the CH film will be discussed; the research and

analysis of the mechanical properties of the filrn will be delayed to chapter 4.

Fig 3.14 shows a secondary calcium hydroxide crystal parallel to the aggregate
face. the crystal seems to be in contact with the CSH film In the same micrograph

many hydrating cement grains that attached to the CSH layer can be observed.
Ollivier (3.15) developed a procedure to determine the distance from the inter-

face where the caldum hydroxide starts to grow in a random manner. This distance
can give some information on the extension of the transition phase. In this study it is
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convenient to define an index of preferential orientation. Since the crystals tend to
grow parallel to the aggregate face the (001) is a natural plane to select. The other
plane chosen is {101) because there is not much interference with peaks of other

hydration products.

= £(001)

1(101)
The ratio R is 0.74 for random orientation of the calcium hydroxide. Therefore

if we want to know how rmuch the orientation deviates from the random one, the ratio

I is defined as:

R

=0
In this case I is 1 for a random orientation and approaches infinity for a perfect

orientation ( c-axis).

This is shown on the XRD chart of Fig. 3.15. As demonstrated in Fig 3.16, with
increasing distance from the aggregate face the degree of preferential orientation
decreases up to a point where random orientation of the crystals is achieved. In this

figure the change in preferential orientation for various ages is also shown.

3.3.2 BEtiningile Formation on the Interface

A's discussed in section 2.1, two theories are generally advanced to explain the
mechanisn of cement hydration. According to the "through-solution” theory the
cement compounds dissolve to produce ions in solution that will recornbine to form
hydration products which subsequently predipitate out from supersaturated solutions.
On the other hand, the "topochemical” or “solid-state’” theory suggests that the reac
tions take place without the cernent compounds going into solution.

Schwiete et al. (3.16) studied the Cs4 —~CS—CH system by transmission electron
microscopy and concluded that ettringite is formed topochemically on the Cgd surface.

The topochemnical theory is also supported by Bentur and Ish-Shalon (3.17-3.19), and

£el
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Hansen (3.20). On the other hand, Chatierji (3.21,3.22), and Mehta (3.23), after
studying the morphology of ettringite by scanning electron microscopy conduded that
ettringite is formed by a through-sclution mechanism. -

The investigations cited above were carried out with pastes; this section reports of
the etiringite distribution over the interface. Concentrations of different hydration
products with respect to their distance from the aggregate surface were determined at
regular intervals from 1-day to over a year. Here, the results for ettringite concentra-
tion alone are shown for 1 and 60-days age (Figs. 3.17 and 3.18). It should be noted
that the ettringite peak at 9.1° 280 ( Cu—Ko ) is not subject to preferred orientation,

therefore the intensity of this peak is directly proportional to ettringite concentration.

From the distribution of etiringite in the interfacial zone at both ages, it is evi-
dent that much larger quantities of ettringite are present immediately next to the
aggregate surface than farther away from it This can only be explained by the
"through-solution” mechanism according to which the caldum, sulfate, and alurminate
ions quickly migrate {o the water film at the aggregate surface and, therefore, more
etiringite gets precipitated there.

3.3.3 Effect of Silica Fume

The use of silica fume in fresh concrete introduces a series of beneficial effects:
increases cohesion, reduces bleeding and segregation. Some of these parameters have
a major influence in the development of the transition zone microstructure. In this
section, two levels of silica fume are used, 5% and 16%. The first level was used
because it was the meximum amount of silica furme that could be replaced and pro-
duce a workable paste of 0.30 w/c. The second level was selected because it
represents a cormmmon amount used in high-strength concrete and in order to produce

a workable mix, 1% of lignosulfonate was used.

It should be remembered that silica furme has an average particle size of less than

<

[N
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1/100 of that the cerment paste so its introduction in the matrix will affect the physical
arrangement of the systern and in particular near the aggregate surface where a higher
porosity exists. Also the pozzolanic nature of the silica fume is well reportad and it
will influence the microstructure of the transition zone, spedally when one considers
that in this region there is a concentration of calcium hydroxide near the aggregate
surface.

It is an interesting fact that the formation of large crystals of caldum hydroxide
with a preferential orientation on the interface happened for both levels of silica fume
and for all ages. Fig. 3.19 shows some particles of silica furme over the aggregate sur-
face. It is surprising to find thern after 1 month of casting, because they were sup-
posed to have been dissolved at early ages. One possible explanation is that because
of the high amount of microsilica replacement (16%), the equilibrium solution would
require that some of the particles to be only partially dissolved. The white box zone is
amplified five times in Fig. 3.20 and we can see that the silica fume partides with

approximately 0.4 um of diameter are partially dissolved on the aggregate face.

The observed effect of silica on the transition zone may be explained by the fol-

lowing mechanism:

1. Less accurnulation of free water at the interface.

2. Nucleation sites preventing a preferential orientation.
3. Pozzolanic reaction reducing the CH on the interface.

It should be also mentioned that for the cement paste with 5% silica furme no
superplasticizers or retarders were used and there was some premature stiffening,
because, as Grutzedk et al. (3.24) pointed out, a gels forms during the first minutes of
mixing and it can take up water and stiffen the mix. This process also decreases the

easy diffusion of Ca®' ions towards the aggregate surface.

In section 6.2, a complete series of CH preferential orientation and ettringite dis-



.@'Shows the distribution of silica fume near the aggregate, The white box is amplified in
87120,000 X) and we can see that the particles are partially dissolved. The specimen was 30
days old and a replacement of 16% of microsilica was used.
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tribution in the transition zone over a period of one year is reported for various level
of silica fume replacement. So the complete discussion of the effect of silica fume will

be delayed to that section.
3.3.4 The Expansive Cement Paste-Quartz Interface

Expansive cement has the attractive potential of putting concrete in compression
if adequate restrain is provided and therefore this may compensate the the tensile
stresses produced by shrinkage or may leave the concrete in a self-stressing state,
depending on the magnitude of the expansion.

Even though many reactions can produce expansion of the hardened cement
paste, three reactions have received most of the attention: hydration of Ca0 to
Ca(OH),, hydration of MgO to brucite and the development of caldum sul-
foaluminates hydrates. This research was focused on the later reaction and more par-

ticularly to the one produced by the use of the type K-cement.

Many theories have been proposed to explain the expansion. Chatterji and
Jeffery (3.25) suggested that it was due to the formation of the monosulfate hydrate,
however the new tendency is to attribute the expansion to the ettringite formation.
Nevertheless, the precise mechanism is not yet fully understood. Two main theories
are available: swelling theory and the arystal growth theory. The first theory suggests
that due to the high surface area and negative surface charge the ettringite imbibe
large amount of oriented water and swell by interparticle repulsion. This view is sup-
ported by Mehta (3.26,3.27), Mehta and Hu (3.28) and by Sivertzev as quoted by
Mikhailow (3.29). The crystal growth theory proposes that expansion is due to the
etlringite crystal growth which originates crystallization pressure and consequently
expansive force (3.17,3.18).

The size of ettringite arystals depend on the composition of the liquid phase. In
the presence of high concentrations of calcium sulfate and calcium hydroxide, the cry-

stals are submicroscopic. W hen the concentrations of the two compounds decrease
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needle-like crystals are formed. For the hydrated expansive cement composition,
M ehta (3.30) reported short prismatic ettringite crystals of about 1/4um and 1u length.

It is a documented fact that compressive strengths of shrinkage-compensating
concretes are often higher than those of portland cemnent concretes. Polivka and W ill-
son (3.31) reported that concretes with a w/c ratio lower than 0.85 the strength was
higher when a Type K expansive cement was used instead of Type | portland cement.
Hoff and M ather (3.32) confirmed this tendency by comparing the results of expansive
cement (Type K) concrete with those of Type II portland concrete. Once the
agpregate-cement paste is the weak zone in concrete, this strength improvement may
be due to a modification of the interface when expansive cernent is used. To darify
this matter, this research will analyze the interface between an expansive cernent and
quartz aggregate.

An expansive cernent, type K, obtained from a mixture of alite (5600 g), C,A455
(400 g), €S (720 g) and CH (280 g) wes used. The cemnent paste (0.40 w/c) was cast
on top of a polished surface of a rock, forming a composite specimen. The vertical
expansion of the cement paste (for the expansive cement) was restrained by applying a
force on top of the specimen. The specimens were stored in a fog room at 20 C. At
specified ages, the composite specimen was broken at the rock-cement paste interface.
Both the cement paste and the rock were analyzed by scanning electron microscope
(SEM) and X-ray diffraction analysis (XRD). W hen expansive cement is used, the
formation of a continuous film is eliminated by the precipitation of CH crystals with a
random orientation on the interface. This phenomenon is demonstrated in the low
magnification micrographs of the interface (cement paste side) shown in Figs. 3.20
and 3.21.

The differences between the interface using expansive and portland cement are

shown in Figs. 3.22 and 3.23. For portland cement, large CH aystals with a preferen-

tial orientation and no indication of individual crystal boundary form a continuous film
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in direct contact with the aggregate surface; while for expansive cement large CH ary-
stals (100um) are precipitated with a random orientation on the top of the CH film. A
detail of the interface with expansive cement is shown in Fig. 3.24, where t%le dense
formation of CH crystals on top of the CH film can be seen.

Somme unique points should be discussed at this stage. First, it seems that the cal-
cium hydroxide film was not in direct contact with the aggregate and second that the
ettringite formation is able to cause CH avstals to be formed in a random way in the
mmterface. For this to happen, it is reasonable to expect that ettringite was the first
hydration product to be formed and that it is precipitated directly on the aggregate sur-
face. These assumptions are confirmed with the micrographs shown in Figs. 3.25 and
3.26 where a bunch of ettringite is formed on top of the CH film and the ettringite
crystals are surrounded by CH crystals with a random orientation.

An analysis of the aggregate side can be made to verify the above assumptions.
A general view of the interface on the aggregate side shown in Fig. 3.27, where
etlringite crystals either in distinct arystals or together in bunches are in direct contact
with the aggrepate surface. Figs. 3.28%nd 3.29Bshow details of the ettringite formed in

direct contact with the interface.

Even though the formation of a continuous CH film was avoided with expansive
cement, some smaller CH crystals are still formed in a preferential way as shown in
Figs. 3.20, 3.21 and 3.24. To study the preferential orientation of the CH crystal by
XRD over the interfacial zone, let us use again the index of preferential orientation as
the ratio of the /() and the /{34,y intensity peaks. This ratio is normalized by divid-
ing by 0.74 to give the value 1 for random orientation and infinity for perfect orienta
tion {c-axis). Fig. 3.30 shows the distribution of the CH preferential orientation over

the interfacial zone for the expansive cement.

The determination of the ettringite concentration over the interfacial zone was

done by selecting the peak at 9.1° 20 ( Cu—K« ) because it is not subjected to
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preferential orientation and is not interfered by other peaks. Fig. 3.31 shows that
there is a great concentration of ettringite near the aggregate surface; this observation
supports the through-solution mechanism of cement hydration as discussed in section

3.3.2.

In summary, for the expansive cement, the precipitation of ettringite either in
individual crystals or in bunches over the aggregate surface prevents the formation of
a continuous CH film there. Smaller CH crystals still are precipitated with a preferen-
tial orientation, however the deposition of CH crystals with a random orientation on
top of themn probably reduces the fadlity of crack to propagate in this zone. Both the
concentration of ettringite and the CH aystal refinement on the interface may explain
the reported higher mechanical strength when expansive cement is used instead of

portland cement Type 1.

3.4 Carbonate-Cermnent Paste Interface

The carbonate-cement paste interface has been fascinating researchers ever since
Farran (3.1) in 1956 pointed out a reaction between this aggregate and the cement
paste. He reported an extensive aggregate-cemnent paste interface research and con-
cerning the carbonate rocks, some of his findings were:

1. The bond of calcite or dolomite to cement paste was better than that of other
minerals.

<. A "corrosion” of caldite surfaces in contact with cement paste was observed.

3. No epitactic bond between CH precipitated from the paste and aggregates other than
calcite was observed.

Buck and Dolch (3.14) reported that limestone aggregates reacted with concrete,
and these agpregates had thin, dark bands just within the surface. The limestone had
low absorption, low acid-insoluble residue and contained little or no dolomite; there-

fore, a dedolomitizationn was ruled out. [n their tests, the reaction occurred both with
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high or low-alkali cernent, however the reaction was more apparent in mixtures made
with low-alkali cement at 30-40 days, also no adid-insoluble meaterial was formed in the
rock by the reaction. They suggesied that alkalies are probably required for the reac-
tion 1o ocour because there was no reaction in a paste of tricaldurn silicate. The inten-
sity of the 3.04 A caldte peak was always less at the surface of the reacted rodk after
the reaction had occurred. The conclusion of their work was that a reaction between
the limestone and the alkaline solutions of the portland cement takes place at the
interface with some calcite reacting and small armount of highly oriented caldum
hydroxide is formed in its place.

Chatterji and Jeffery (3.33) reported similar etching of grains of limestone in
their aggregate-cernent paste interface research.

The other possibility of reaction on the concrete cermnent-paste interface when cal-
cite is present is the formation of a carboaluminate. Lyubimova and Pinus (3.34)
Schwiete et al. originally postulated this reaction. Later on Cussino and Pintor (3.35)
Cussino et al. showed a reaction between caldite, €34, or C,4F and water to produce
C3A.CaC0311H,0. More recently, Grandet and Ollivier (3.37) reported the formation
of C34.CaC0411H,0 by the resction between Cs4.1/2C0,12H,0 and carbonate ions
produced by dissolution of calcium carbonate. They also showed the “corrosion” of

the calcite surface in contact with cernent paste.

Hadley (3.4) did not attribute any spedal strong bond between the caldte and the
paste. He suggested that the tendency of caldte to fracture through the mineral rather
at the interface was due to the well developed planes of the calcite and he reported the
same behavior for other minerals such as dolomite, siderite, rmuscovite, biotite, pholo-
gopite, fluorite and galena.

In summary, most researchers agree that the carbonate aggregates are not inert
once they react with the hydration products in the transition zone. This chemical

interaction produces a better bond that improves the mechanical properties of



16

concrete. From this point on, the theories depart and none of them can fully desaribe
the mechanism. In this section, two carbonate rocks, a marble and a limestone with
the properties presented in section 3.2 were polished down to 0.25 microns. M ost of
the work, however, was concentrated in the marble and Fig 3.32 shows a nﬁ%:mgraph
of its crystal structure.

The early development of the transition zone follows the results presented in sec-
tion 3.3, and a typical interfacial zone is shown in Fig. 3.33, where the CH film with a
preferential orientation can be seen. At later ages manifestations of the development
of a chemical bond between the aggregate and the matrix can be felt. For instance, in
many portions of the CH film, calcite crystals that adhere to the film can be observed
as shown in Fig. 3.34. That may be attributed either to a better bond or to the weak
calcite cleavage planes. However, Figs. 3.35 and 3.36 show that during fracture, the
first layer of the CH film adhered to the calcite, a fact not seen by the author for any
of the rock type studied in this Thesis. This strongly suggests that the contact
between the CH film and the calcite developed a better bond.

On the aggregate side, the etching of the calcite can be observed as shown in Fig.
3.37. The imprint of this ethching can be seen on top of the CH film in Figs. 3.38 and
3.39.

These micrographs show without question that there is a chernical reaction
between the carbonate rock and the matrix. Now, concerning the mechanism, the
micrographs tend to show that the reaction is particularly intense in the direct contact
between the aggregate and the CH film and no particular reaction between the calcite
and the aluminates was observed by SEM. However to avoid making hasty conclu-
siong, particularly due to the rather localized nature of the SEM analysis, a detailed
XRD analysis of the transition zone from 1 day to over a year was performed. A typi-
cal XRD analysis of the interface is presented in Fig. 3.40. It should be noted the

peak at 11.2° 20 ( Cu—K«a ) Grandet and Ollivier (3.37) obtained a peak at 11.6° 20 (
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Cu—~Ko ) and proposed that was due the formation of calcium hydrocarboaluminate.

In this work, however, this peak was around 11.1° 20 ( Cu—Ko ) for all ages, also it

should be mentioned that in no case the peak referred to the C,;A.%COE. 12H,0 was

obtained.

Since now the major issue is related to the effect (or the lack of it) of aluminates
specially Cad, it was deceided to study the transition zone between alite and marble.
The chernical analysis of the alite is shown in table 3.2, the aluminates are present as a

minor compound and XKD analysis showed no trace of €4 or C,AF.

The first question to address is to check if the same reaction reported for port-
land cement develops when alite is used. The micrograph shown in Fig. 341 demon-
strates that the calcite etches in the same way when alite is used. On the CH film the
imprint of a reaction with a caldte crystal can be seen on Fig. 3.42 and a magnification
of this zone showing the presence of smaller crystals predpitated on top of the fihm is

shown in Fig. 3.43.

Of particular interest are the series of micrographs presented in Fig. 3.44. The
lower magnification micrograph (Fig. 3.44) shows in the left hand side the imprint of
the calcite decomposition and on the right hand side the precipitation of smaller cry-
stals which were formed after a reaction with the film EDAX analysis was performed
on the site of the caldte decormnposition and arystal precipitation of the miarograph in
Fig. 3.45 and no trace of Al was found. Likewise, EDAX analysis was performed on
the zones shown in Fig. 3.46.

This analysis seems to rule out the importarice of carboalurniantes in the transi-
tion zone. Nevertheless, an extensive XRD analysis was performed on the transition
zone from 1 day to 220 days. A typical XRD diggram is shown in Fig. 347 It is
important to note the presence of the same peak at 11.2° 20 ( Cu—Ka ) as when port-
land cement is used; therefore the traditional explanation of being a caldum hydrocar-

boalumninate is not satisfactory since there was no €34 and so the peak obtained by
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Cussino and Pintor (3.35) using a mixture of calcite and C34 does not apply. Now it
is necessary to identify the precipitated crystals on the CH film. From what was dis-
cussed it is natural to expect that the reaction involves the calcite and the CH film. It
is a well known fact that Mg forms the compounds Mg OH)C033H0 and
Mg OH),C05.3H,0 but the corresponding Ca compounds were difficult to find
because of experimental difficulties until Schimmel (3.38,3.39) was able to prove the
existenice of a basic calcium carbonate with 1.5 molecules of arystallized water,
Cag{ OH)o(COs)p. 1.5H,0. His work showed that the X-ray pattern is extremely sensi-
tive to the amount of crystallized water. 1t should be mentioned however that when
the crystallized water is evaporated the second highest peak is 11.4° 20 ( Cu—Ka )
which is very close to the one obtained in this research. The differences in XRD
diffraction can be attributed to different amounts of arystallized water. Therefore it is
proposed that the crystal development from the dissolution of calcite and reprecipi-
tated in the interfacial film is a basic celcium carbonate with a variable content of crys-
tallized water, Cag{ OH)x(C0g)e.zH0.

It is interesting to determine how far this reaction extends from the aggregate
surface. This can be determined by the method of successive abrasion of the inter-
face. Fig 3.48,’;hows the distribution of Cag(OH)s{(CO3s)s.zH,0. over the transition

Zone.

3.5 The M ortar-A gerepate Interface

In the previous sections, the transition zone was studied for pure cement paste.
In concrete, sand is an essential element and it is relevant to analyze how the sand
particles will affect the microstructure of the interface between the large aggregate and
the matrix. For mortars, Diamond et al. (3.40,3.41,3.42) they showed that the
minimum distance of separation between grains is, on aversge, less than 100um. Since

the ‘aggregate-cernent pasie interface is around 50um, one would expect that most of
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the concrete is affected by the interfacial zone, leaving very little room for the "bulk”
cement paste to develop. In order to study this topic further, the mortar-aggregate
interface was analyzed both by scanning electron microscope (SEM) and by X-ray
diffraction analysis (XRD).

3.6.1 M atenals and M ethods

The study of the interface was performed by casting mortar against rock forrming
a composite specimen. The reason for using a polished surface was to establish a
reference plane in order to determine the thickness of the interfadal zone. At some
specified ages, the specimen was broken at the interface of the two distinct materials.
The two halves obtained from the composite specimen were analyzed by SEM and
XRD.

ASTM Type II portland cement was used (table 1.1), and the mortar was cast
with 0.5 w/c and a sand to cement ratio of 2.25. The sand had a fineness modulus of

2.93 and the gradation is given in the table below.

Table 3.3
Particle Size A nalysis of the Sand
Sieve Size Cumulative % Retained
#4 0
#8 13
£ 16 40
# 30 64
# 50 83
# 100 93
£ 200 a7
3.6.2 Results and Discussion

Figure 3.49 shows the film of calcium hydroxide growing in contact to the aggre-
gate surface, on the mortar side. Figure 3.50 shows the preferential growth of calcium
hydroxide crystal influenced by the agegregate surface. It should be mentioned that
well-defined hexagonal crystal is rare on the interface and it is probably due to the ori-

ginal existence of a void at the interface. Figure 3.51 shows a detail of the develop-



FIG. 2350
Formation of weli-defined hexagonal crystal of
calcium hydroxide on the interface. Compare
this crystal with the calcium hydroxide flm
shown in FlG?’(ﬁ? where no distinct crystal mor-

phology can be seen.

FIG.#3 5©
Sand particle surrounded by the calcium hydrox-
ide film (dark zone) at the interface. The age of
this specimen was 30 days.

FIG. 4 2 V9

Calcium hydroxide film and CSH formed on the
mortar side of the interface . The age of this
specimen was 30 days.

FIG. 3. 51
Detail of the hexagongl rystal of calcium
hydroxide shown in FIG.[2}"The development of
platelets with a preferential plane (00.1) can be

seen.

- 7
FIG.§> 7~
Detail of the outlined area (magnified 5 times)
shown in FIG. 47.'-7"1"he sand grain creates sur-
face effects similar to those produced by the
large aggregate. There is precipitation of cal-
cium hydroxide with a preferential orientation
around the sand grain surface.
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ment of the preferential plane (00.1) of these crystals.

Figure 3.52 shows a partide of sand that was in contact with the aggregate and is
surrounded by the caldum hydroxide film with a preferential orientation. The sand
particle also causes surface effects originating caldum hydroxide crystals growing in a
preferential way as shown in Figure 5.3. This originates an interference between the
original surface effects produced by the large aggregate and those produced by the

sand.

As demonstrated in Fig 3.54, with increasing distance from the aggregate face the
degree of preferential orientation decreases up to a point where random orientation of
the arystals is achieved.

The technique of successive abrasion makes possible the determination of the
distribution of etiringite concentration over the interfadal zone. Figure 3.55 shows
that there is a great concentration of ettringite near the aggregate surface: This [act
supports the through-solution mechanism by which the calcium, sulfate and aluminate
ions can essily diffuse towards the aggregate surface so that more etiringite gets predip-
itated there. The same phenomenon has been reported for the aggregate-cernent paste
interface by Ollivier (3.11), M onteiro and M ehta (3.43).

In summary, the thickness of the "auréole de transition” is determined by the
intensity of the surface effects produced by the aggregate. The thickness is larger for
larger aggregates and it is also a function of the size and shape of the sand partides.
The surface effects originated by the sand partidles interfere with those caused by the
large aggregate and the intensity of this interference determines the the final thickness

of the transition zone.
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CHAPTER 4

MECHANICAL PROPERTIES OF
THE AGGREGATE-CEMENT PASTE BOND

4.1. Introduction
In Chapter 3, the microstructure and morphology of the aggregate-cement paste
interface was studied. In summary, the main characteristics of the interfacial zone for

portland cement are the following:
1. Development of a higher porosity than in the bulk cement paste.
2. Formation of larger crystal structure of the hydration products.

3. D eposition of calcium hydroxide crystals with a preferential orientation on the inter-

face.

W hile these facts are relevant, they do not provide quantitative information on
how much they influence the bond strength. In this chapter the mechanical properties

of the interface was studied both in a microscopic and macroscopic level.

The state of the art on the aggregate-cement paste interface up to 1965 was care-
fully reviewed by A lexander and al. (4.1) Struble et al. (4.2) completed the data up to
1980. Rather than repeating the information given in the above comprehensive
works, it would be more fruitful to reanalyze and discuss some of the research per-
formed before the 20 th century which was not presented in the mentioned state of
the art reports. It should be remembered that in the middle of the nineteen century
outstanding sdentists intensively researched cement and mortar. The work of Le

Chatellier, Vicat and M ichaelis on the cement hydration served as an advanced starting



point for modern researchers. Bauschinger made major contributions to the science of
the strength of materials and besides his well known research in metals ('Bauschinger
effect”) he performed extensive work on the strength of cements, mortars, artificial
and natural stones. In the United States, Johnson (4.3) and Gillmore (4.4) performed
detailed tests on the cements and mortar, the later researcher, a Brig. General of the
Enginner Bureau of the W ar D epartiment, combined research with a very prolific prac-
tical experience.

Amnother point that should be made is that during this tirme one of the main appli-
cations of mortar was for mansory work, therefore the adhesion between cement paste

{or mortar) and brick or stone was of major concerr.

One way of testing the adhesion was to cement bricks and blocks of stone
together in cruciform shape and afterwards drawing them apart by a force applied at
right angles to the plane of the joint. The blocks would be kept together under a pres-
sure of 500 lbs. until the mortar had set. The testing device, shown in Fig 4.1, con-
sisted of a bed piece and two upright posts, one foot apart, connected by a cross-piece
at the top. A scale beam was suspended at the center of the cross-piece. The lower
hook of the scale bearn was connected with a horizontal lever of equal arms. There-
fore, the weight indicated by the beam would be transmitted to the reverse end of the
lever, acting as a downward pressure. For compressive strength tests, the wedge-
shaped piece which acts on the prism would be replaced by another which would distri-
buted the pressure as shown in Figure 4.1. For the adhesion tests, the crudiformm
shaped specimen was placed directly under the hooks of the scale beamn. Of course,
the lower lever should have been removed in advance. The lower brick or stone was
confined to the bed piece by staples, while the upper part of the crudform was
emnbraced by the ends of a crescent-shaped iron, suspended from the hook of the
scale-bearn. In these tests, rupture was attained as quickly as possible, taking the

necessary care of avoiding shock waves, by pouring sand into the pan of the spring-



balanice suspended from some given point of the beamn.

An extensive program for the brick-cement peste (and mortar) bond was per-
formed for the Croton Point front bricks and tested after 320 days. Some of the
spedimens were wetled with a sponge every two or three days, while others were kept
dry. The real bond strength could not be satisfactory measured because in many tests
the adhesion to the brick overcarmne the cohesive strength either of the bricks themr
selves, or of the mortar composing joint between them The researcher experienced
first hand, what would become a somewhat frustrating tradition in measuring bond
resistance for over a century, that is, no matter how carefully the program was exe-
cuted, there would always be some unexpected problemn that would prevent to comr
pletely understand the bond behavior and mechanism. However, even though a cormr

plete understanding is not yet possible, some interesting partial deductions can always
be done with most lests. In the case of the Croton Point front bricks, the condusions

were the following:

1. Particles of unground cement particles exceeding 1/80 inch in diameter
may be allowed in the cement paste without sand to the extent of fifty per
cent of the whole, without detriment to its adhesive or cohesive properties,
while a corresponding proportion of sand injures the strength of the mortars
in these respects about forty per cent

2. W hen these unground partidles exist in the cement paste to the extent of
the sixty-six per cent of the whole, the adhesive strength is diminished
about twenty-eigth per cent. For a corresponding proportion of sand, the
diminution is sixty-eigth per cent

3. The addition of these sifting exerdses a less injurious effect upon the
oohesive than upon the adhesive property of cement. The converse is true
when sand, instead of sifting, is used...

4. At the age of 320 days (and perhaps considerably within this period), the
cohesive strength of pure cement mortar exceeds that of Croton front
bricks. (The converse is true when the mortar contains fifty per cent or
more of sand).

5. W hen cement is to be used without sand, as may be the case when grout-
ing is resorted to, or when old walls are to the repaired by injections of thin
paste, there is no advantage in having it ground to an impalpable powder.

A important issue was to study the effect of the sand on the adhesive properties

of the mortars. W heeler (4.5) showed that the trend that increasing amounts of sand

<}
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decreased the bond strength was confirmed (Fig 4.2).

Johnson (4.3) reported a standard test of adhesion, according to the recornrmen-
dations given by the French Commission. The adhesion specimen would be made of
a special form of briquette, moulded in two parts, these two parts consisting of the two
materials whose adhesion is to be tested, provided both can be molded or using a
prism of the solid material to which adhesion is to be determined (Fig. 4.3). W heeler
(4.5) using this type of briquette determined the adhesive strength of portland cement
mortar with various substances. Ag it can be seen in Fig 4.4, the adhesive strength
ranged from 300 psi on sawn brick to 85 psi on sandstone having a deavage surface.
This important result on the influence of the rock nature on the bond was somewhat

neglected until Farran wrote his dassical papers in 1955 (see chapter 3 for details).

In this chapter results for the agpregate-cement paste bond will be presented.
M icrohardeness tests were performed on the CH film A comprehensive test on the
mechanical properties of the bond was performed. The program induded four types
of rocks (basalt, amphibole-gneisse, granite and limestone) with three surface condi-
tions (stooth, sand-blasted and rough) tested at different ages. Over 150 tests were
performed to characterize the properties of the rock and cement paste and in order to
perform an analysis of the aggregate-cernent paste bond using probabilistic treatment

over 170 bond tests were conducted.

4 2 M icrohardness Tests on the Interfacdal Film

The micro-hardness measurements made by Lyubimova and Pinus (4.6) shown
in Fig 4.5 are a dassic reference found in many textbooks. A ccording to their results,
there is a considerable decrease in the microhardness in the transition zone as comnr
pared to the bulk paste. Even though the results have a very attractive interpretation,
it should be mentioned that recent research by Skalny and M indess (4.7) performing

several hundred microhardness measurements on the fransition zone was not able to
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make any statistically significant condusion. Also the idea of taking microhardness
measurermnents on the transition zone by successive abrasion of the interface was not

successful (4.8).

In this section, the analysis of microhardness will be limited to the interfadal
film. The film is fairly homogeneous and well arystallized while the transition zone is
porous and inhomogeneous, therefore the microhardness results for the film should
be more reproductible. A mmore ambitious goal is to develop some of the fundametals

for the fracture toughness of film using indentation techniques.

This research will use the Vickers pyramid and Fig. 4.6 shows a schematic
diagram of the load P and the “plastic” impression .I a and the radial /median crack I c
It can be shown that the hardness H and the toughness K, of the material are given by
(4.9):

P
0,
-_P
Boc™”

where o, and 8, are constants. For the Vickers indenters a,= 2 and 8, is a complex

H=

2

4

geometrical factor.

Let us start analyzing a 30-day old interfacial film obtained when cement paste
was cast against a quartz aggregate. Fig. 4.7 shows the impression of the Vickers
pyrarnid on the film and as it can be noted the impression was sharp and well defined,
however there was no development of radial/median crack pattern. To check the
reproducibility, different loads were applied in order to induce a range of values of I a
and as it can be seen in Fig. 4.8 the results were very good. The hardness of this film
was (8.34 + 0.17) 10Pkg #7°. It should be mentioned that no cracks were obtained for
any load level and beyond a threshold load (30 kg in this particular test) the displaced

material tended to pile up on the corners of the impression as shown in Fig. 4.9.

One reason why there was no formation of cracks could be because of the high
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flexibility of the film added to the existence of a less dense zone behind the film at
this age. It should be interesting to know if with increasing age as hydration continues
and the zone behind the film gets denser, and therefore decreasing the flexibility of
the film, the formation of the aracks on the film would cocur. This turned out to be
the case for a year old interfacial film as shown in Fig. 4.10. The hardness increased

about 25%, giving a value of (7.89 + 0.40) 10%g /mZ.

The development of a systemn of cracks due to the indentation motivates some
exploratory discussion on the fracture thoughness of the transition zone using the
indentation fracture technique. The word exploratory should be emphasized because
even though this technique is fairly well established for homogeneous ceramic materi-
als (4.10, 4.11) the trensition zone still have many unknown characteristics which
prevents the knowledge of the limitations in adopting such methods. Also the tech-
niques for measuring the interface toughness of thin films is still in the initial stages,
even though fast progress has been achieved (4.12). Anstis et al. (4.9) derived for the
indentation test the functional dependence of the thoughness X, and the pertinent
pararmeters (contact force P, material hardness H, elastic modulus E) by the following
equation:

K, =6, P(E/H) e
where 6, is a material-independent constant for the Vidkers-produced radial cracks,
and in this work it is adopted the value 0.0186.

Applying this equation for the indentation tests of the 1-year old transition zone
and assuming an elastic modulus of 50GNm™ the average value for the toughness is
0.07TMN /m3”. 1t should be mentioned that Hillemeier and Hilsdorf (4.13) obtained
an average value of 0.1MN /m* for the fracture toughness of the cement paste-rock
interface using a CT-spedmen. The fact that the toughness of the transition zone and
of the cement-rock interface yielded values of the same order of magnitude is very

encouraging. Nevertheless, the indentation techniques for measuring the fracture
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toughness of the transition zone should be analyzed in more details to understand its
limitations. As examples, Fig. 4.11 shows that the "south” crack did not developed,
probably because it was arrested in the void dose the the bottorn of the impression;
and Fig 4.12 shows thal sometimes the crack pattern can be more complicated than
the one predicted.

4.3 A Nole on Elastic M ismatch for Composite M aterials

W hen dealing with composite mmaterials, it is fundamental to realize the impor-
tance of the elastic mismatch in producing the final stress state in the material. In this
section, atiention will be given to the stress analysis of a body formed by two isotropic
materials. Considering linear elasticity, the stresses in such material will usually
depend on three parameters assodated to the elastic constants of each individual
material. However, Dundurs (4.14) showed that the number of parameters will
decrease to two if the plane theory of elasticity is used; and it is interesting to point
out that no restriction is made if the interfaces between the two materials are bonded
or srmooth, however if the body is multiply connected it is required that the vector

summs of tractions on holes vanish for every hole.

The choice of the two pararmeters to characterize the elastic response of the cormr

posite material is not unique, D undurs suggested the following:

o= [ 9mn_ um4
#1mu+Mn7n:
B: py(mv __2)__“u(m _.2)
I-Limi +p/(’m

where

i shear modidus

v. Misson's mafio
m = 4{1-v): for pane stroin
1jy: for generalized plane stress

The superscrits ' and ' are used to distinguish the two materials.

M=
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This choice of parameters permits to create useful geometric constructions in the
plane o,f. The range of Poisson’s ratio and shear modulus is:
OV, V< 12 O< ', p'< =
in the o—f plane, all the possible values of o and § are contained in parallelograms,
which are bounded by the lines (4.15, 4.16):

(ot 1)4  forpane stroin
a=+1 £ = (3ax 1)8 for generalized plane stress

The a—~pg plane has the following characteristics:
(I) The parallelogram corresponding to plane strain contain the one corresponding to
plane stress.
(II) M aterials with the same shear moduli will be represented in the line a=g. Identi-
cal materials will correspond to the origin (0,0).
(III) The inversion in labeling the two materials causes a change of the o,8 sign, as it
can be easily verified. This inversion corresponds to a reflection through the origin in
the o—f plane.
(IV) The Poisson’s ratio v increases upwardly from 0 to 0.5 while v increases down-.
wardly, as shown in Fig. 4.13. Note that this variation is not linear for plane strain,
however it is linear for generalized plane stress. M aterials with the same Poisson’'s
ratio will be represented by a line passing through the origin.
(V) Materials with a ratio of shear moduli k are represented by a quadrilateral “k-
poligon”, Bogy (4.17). When k and m are fixed the possible combination of « and g
are restricted to a line that passes through the point a=g=-1 (or a=g=1). Connecting
these points to the terminal points of the line a=(k-1)Ak+1) the "k-polygon’ is
formed. Note that it degenerates to a straight line for £=0,1,. Fig. 4.13 shows a "k-
poligon” for k= 0.27. The selection for this value of k was motivated because it is a

typical ratio for rock (u= 26 GN m™®) and cement paste (u= 7 GN m™?)
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4.4 Analysis of the Aggregate-Cement Paste Bond Using Probahilistic Treatment of

Brittle Strength

The aim of this section is to characterize the statistical properties of the
aggregate-cement paste bond as influenced by the age of the cement peste, the
mineralogy of the rock and its surface conditions. It is expected that the aggregate-
cement paste bond is influenced by the mechanical properties of the two materials
(rock and cement paste). Therefore the following test program to study the mechani-
cal behavior of the rock, cement paste and their interface was undertaken.

Fock

1. Specific Gravity and A bsorption
2. M odulus of Elasticity

3. Compressive Strength

4. Tensile Strength

Cement

1. Chemical A nalysis

2. Physical Tests

Cement Faste

1. Compressive Strength

2. Tensile Strength
Aggregote Cerrent- Paste Bord
1. Tensile Strength

Different authors used diverse tests for measuring the aggregate-cement paste
bond. Although pure tension tests are attractive, the problems with the griping on the
extremities induce a state of stresses which may be far from homogeneous. Flexure

tests are easy to perform and usually give reliable results. In this research a splitting
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test (“brazilian test’) along the interface was selected because of the interesting stress
distribution that originates in the specimen and presents no problem with grips in
order to originate tensile stresses on the interfacial plane.

In order to advance the knowledge on the concrete assessment it is necessary to
characterize the statistical analysis of strength data for the evaluation of the failure
probabilities. As it was ernphasized in this work, concrete is a complex material and
the traditional approach of modeling it as a two-phase material without considering the
mterfacial zone has severe limnitations. In this section, two important items on the sta

tistical analysis of the agpregate-cerment paste bond will be addressed:
1. Laboratory test to obtain reliable strength data.
2. Use of a statistical model to describe failure.

There are many statistical models to analyze failure of brittle materials. In this

work, the model proposed by W eibull will be used exclusevely.

4.4.1 W abull’s Statistical Theory for Brittle M aterials

In 1939 W eibull (4.18) developed a statistical formulation for the failure of brittle
solids. It was remarkable that he was able to tackle this problem before the tools of
the rigorous treatments of extreme value statistics were available. W eibull treated the
case in which brittle solid can be assumed to be homogeneous, isotropic and contain-
ing uniformly distributed randomly oriented flaws.

Let us start reviewing this treatment as applied to uniaxial stress states to later on
discuss the multiaxial stress states. In this formulation, it is assumed that brittle solids
can be approximated by a series model, that is, the strength is that of the weakest
urit. It is assumed that there is no interaction of flaws and failure occurs when the
strength of the worst flaw is reached. Only tensile stress is assumed to cause faillure.

Consider a chain of N links in which the individual failure probabilities (at a

given load) are Fy, Fo, ., - F - &, Denoting G and S the failure and survival
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probabilities of the chain as a whole, the probability that the chain survives is the pro-

duct of the individual survival probability.

N
S(o) = 1-G{g) = [ [(1-F,
and,

L4 N F2 FS
S = ¥n(i-F) = .__gi(;;;,x,..za,_{,ma_.{_ )
= f =4

3
N
In§ % ~L 1y
=i
if /7 is stnall. W e can generalize this result to a volurme V composed of elements dV
which may be under different tensile stresses ¢. It is reasonable to assume that F] for
each volume element dV is proportional {o its volume and sorne function of stress.
W eibull proposed the following expression:
a m
E{U)Z[;‘“} dv

g

Therefore, the failure probability is given by:

S
G=1-5=1-¢ ?

The parameter o,, which has the dimensions of stress is a scaling constant, while
the parameter m is often referred to as the Weibull parameter or the flaw density
pararneter.

It should be mentioned that this two parameter distribution predicts a small but
finite probability of failure at low stresses. To avoid that W eibull proposed a three

parameter distribution:

g 47
“4——{ W
Gl{og)=1~e °

G{o)=0 O< Oy
The term o, is sometimes referred to as the zero strength.

o> 0y

For the multiaxial case the one-dimension stress state is replaced by the normal

stress acting on a crack. The probability of failure is given by:
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~1K [ o mad jav
G=l-e 4

In the principal stress space, as shown in Fig. 4.14.
0 =cof {0 ;0o +0 LSinY) +0 asinsup 2y
dA = ifzrcosgp dydy

and the integration is carried out over the range for which o, is tensile. The brazilian
test was analyzed in detail by Vardar (4.19) and Vardar and Finnie (4.20). A general
treatment is given by Ratigan (4.21).

There are many methods available for determining the constants for a two
parameter model. In this work the cumulative probability of failure G iz obtained
alter ranking the experirnental data in ascending order:

_
¢ N+1
j = rank position

N = nurnber of tests

4.4 2 M aterials
The properties of the cement used is given in Table 4.2.

The following rocks were used to study the aggregate cement paste bond: granite,

amphibole-gneiss, basalt and limestone.

4.4.3 Test M ethods
The spedfic gravity and absorption for the rock with a saturated surface dry con-
dition was determined according to the ASTM method C127.

The compressive strength of the rock was determined according to the ASTM D
2938-79 method (7 Unconfined Cormnpressive Strength of Intact Rock Core Speci-

mens’), because the samples were obtained from cores for a dam foundation.

The rock elastic modulus was determined according to the ASTM D 3148-79



dA=cos ¢ dpdy

NA

%

Sugesd Geometric variables used to describe location on a unit sphere.
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Table 4.2
Properties of the Cement
Physical Properties
Fineness, No. 200 sieve 97.0 percent
Specific Surface, Blaine 3271 e/
Initial Set 4 hr. 40 min.
Specific D ensity 3.17 g/em’
A utodave Expansion 0.06
Hvdration Heat @ 7days 68.2 cal/o
Hyvdrationn Heat @ 28 days 83.5 cal/e
Chemical Properties
Chermical A nalvsis
Compound Percentage Present
Silicon dioxide, S0, 21.14
A lurninum oxide, Al,O4 537
Ferric oxide, Fe,04 2.65
Calcium oxide, a0 64.48
M agnesium oxide, Mg0 1.4
Sulfur trioxide, S04 1.45
Sodium oxide, Nao0 0.20
Potassium oxide, K,0 0.27
lgnition Loss 2.31
Calculated Compound Composition
Compound Percentage Present
Tricalcium Silicate, CaS 57.85
Dicalcium Silicate, C»S 18.97
Tricalcium A luminate, Ca4 9.75
T etracalcium A luminoferrite, C,AF B.06

method ("Elastic M odulus of Intact Rock Core Specimens in Uniaxial Compression').

The height/diameter ratio of the specimen was equal to 2.

The aggregate-cement paste research was performed using cylindrical rock cores
united by a cement paste along the diametral plane, as shown in Fig. 4.15. The
cement paste had a 0.35 water to cement ratio. To avoid bleeding 0.1% of Natrosol
(hidroxi-ethil cellulose) was used. It was expected that the surface conditions of the
rock would play an important rule on the bond results. Therefore, three surface con-
ditions were analyzed. The first condition was "polished surface’” in which the cores

were cut diametrally with a diamond sawn of 1.8 thickness; the second condition was
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“sand-blast surface” in which the sawn-cut diammetral surfaces were sand blasted to
increase the roughness; and the third condition was “rough surface” in which the cores
were failed by splitting test to originate the two diametral surfaces. A fter superficial
saturation of the half cores, the two parts were fixed with Scotch tape after the intro-
duction of a wood sheet 2mm thick, determining therefore the thickness of the bond-
ing paste. After the pasting, the specimens were introduced in a wood mold with the

original diarneter. The process of molding the bond specimens is shown in Figs. 4.16.
The specimens were stored in the fog room until tested (28 and 90 days).

4.4 4 Test Results

The rock properties are shown in Table 4.3. The bond strength results are
presented in Table 4.4. As expected, the bond strength was always smaller than the
cement paste the tensile strength for all types of rock and all ages.

The effect of the aggregate surface on the bond strength was not uniform for all
rocks, as shown in Fig. 4.17. For instance, for basalt the highest bond strength was
obtained with fractured surface, while the limestone bond strength markedly decreased
for the fracture surface as compared to the sand blast; Valenta (4.22) reported similar
behavior for limestone-aggregate bond tested under flexure. The reasons for that may
be the disruption of the rock surface by cracks or the creation of loose crystal grains of
rock originated by the surface preparation, spedially for the rough surface.

Fig 4.17 also shows that the results for the basalt-aggregate bond was in average
lower than the other rocks. One of the reasons is the extremely high elastic modulus
(987,000 kgf £m?) which causes a greater stress concentration due to the elastic
mismatch with the cement paste; one should note however the big dispersion of the
results on the elastic modulus of the rock, with adds to the uncertainity of the bond
strength.

At 28 days, the highest sggregate-cernent paste strength was achieved for the
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Table 4.3
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Summary of the Rock Properties
Rodk Type of Test # Spedmens Average S.D.*
armphi bol specific weight
< cw 10 2.714 0.110
(kg /dm®)
absorption 10 0.367% 0.29%
elastic modul
c us 5 748000 210000
. (kgf /om?)
gnetsse .
compressive strength
5 1151 548
{kgf som?)
tensile strength
€ 19 169.41 50.21
{kgf fom?)
specdific weight
cw 7 2.877 0.097
(kg /dm®
absorption 7 0.767% 0.467%
elastic modul
€ s 5 987000 | 373000
basalt {kgf /om?
cormpressive strength 5 a0 —
{kgf /em®
tensile strength
€ 18 164.17 39.21
{kgf Jam®)
spedific weight
cw 9 2 583 0.038
(kg ram®
absorption 9 1.14% 0.447%
elastic modut
€ Moctius 12 266000 | 76000
granite (kgf /em?
stve 12 791 170
(kgf /cm?
tensile strength
€ 6 94 19
(kgf /emP)
tensile strength
Hmestone © 20 6 10
{(kgf /em?)

*Standard Deviation




TABLE 4.4

Summary of the Strength Results
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Nurnber of
Specimens

Type of Test

(LR

(kar Don?)

15

B

15

15

21

21

16

16

18

COTTressive

ocorrpressive

splitting

bond

bond

bond

bond

bond

band

bond

bond

bond

bond

bond

bond

bond

289.15

438.53

28.37

31.24

24.25

18.62

2118

17.46

16.17

1949

21.68

19.20

80.62

83.14

7.17

3z

B8.14

8.86

4.05

4,07

541

B8.17

874

527

1.55

4.38

418

727

1.84

*Standard D evistion

limestone with sand blasted surface. This result would be expected according to the

reactions that occur on the carbonate rock-cement paste interface as described in

chapter 3.
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It should be noted that only tests with at least 16 results were included in the

analysis. The value for m for each set was obtained from the slope of the plot

log log (1”}\7%{)‘ For the bond test, it was assumed a volurmnetric distribution of flaws

on the cement paste zone. Figure 4.18 show the plot of the test results. As expected,
because of the assumption o,= 0, the test results depart from the curve at lower
stresses.

In this section, the aggregate-cement paste bond is assumned to have a brittle
behavior under load, that is, the release of strain energy occurs only during rupture or
fracture of the bond. In order to use extreme value statistics, it is assumed that flaws
are present in large nurnbers. It is also assumed that these flaws are isotropically dis-
tributed and that they do not interact with one another. For concrete, this last
assumption may be too restrictive because it is known that cracks may coalesce during
failure, therefore the work presented here may be considered as an analysis of the
local fajlure of the aggregate-cement paste interface; a global failure analysis for con-
crete will not be made because the complex crack interaction mechanism is not yet

established.

4.5 Overall Condusions

Combining the information in Chapters 3 and 4, it is now possible to discuss the
effects of the aggregate-cernent paste bond in concrete. Let us consider a typical
volume of concrele, in which the aggregates are dispersed in the cement paste matrix
as shown in Fig 4.19. The contact between the aggregate and the matrix may not be
perfect, particularly when bleeding water accumulates under the larger aggregates pro-
ducing localized zones of lower mechanical strength.

The surface effects of the aggregate originate zones of paste with a higher w/c
ratio in the transition zone, causing the development of a different arystal structure as
compared to the bulk matrix. The microstructure of the transition zone for a portland
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concrete at early ages is diagrarmmatically represented in Fig. 4.19. In chapter 3 it was
emphasized that the through-solution mechanism of hydration is the most logical
model to explain the crystal structure present in the transition zone. By this model,
the cement grains dissolve to originate ions that can easily migrate in the higher water
paste around the aggregale. These ions precipitate larger crystals with a better
developed morphology than the matrix because in the transition zone there is more
space available for their growth due to a higher porosity. The caldum hydroxide cry-
stals are formed with a preferential way, with the c-axis perpendicular to the aggregate
surface.

Now let us expose the concrete element to mechanical, thermal and hygrometri-
cal loads. The overall behavior will depend on the properties of the three phases
existing: the aggrepate, the matrix and the transition zone between them. Usually the
gggregate and the malrix have different mechanical and thermal properties which will
induce stress concentrations on the interface, which is unfortunately the weakest
phase; therefore most of the cracks will originate on the transition zone. This type of
crack is usually refered in the literature as microcracks, and Fig. 4.20 shows a
schernatic path of this crack for a non-reactive aggregate at early ages. The microcrack
will tend to propagate over the higher porosity zone at early ages. At later ages, how-
ever this zone is filled with hydration products and the fracture path will mostly pass
through the CH film Fig 4.21 shows that the crack plane for CH crystal on the inter-
face is perpendicular to the c-axes. W hen a carbonate rock is used there is a chernical
bonid between the aggregate and the matrix, improving the characteristics of the transi-
tion zone and consequently the mechanical properties of the concrete. Fig 4.22 shows
a microcrack path for such aggregate and it can be seen that the transition zone may
not be the weakest phase and the mineralogy of the aggregate such the existence of

cleavage planes may control the cracking patiern.

At this point it is interesting to speculate on how to improve the aggregate-
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cement paste bond. It was shown that the hydration products crystal size and concen-
tration have a major rule on the transition zone. M etalurgists have been improving
and controlling the quality of their products for years by having the knowledge of the
arystal size effect on the mechanical behavior. For the concrete technologist this is
still a farfetched ambition, however some important qualitative trends can already be
established. In the case of the expansive cement, for instance it was suggested that
the increase of mechanical strength of concrete was caused by a aystal refinemernt of
the caldum hydroxide in combination with a higher concentration of ettringite in the
transition zone. The use of silica fume besides reducing the bleeding acts as a activat-
ing site for hydration which causes an overall densification and crystal refinemnent in
the matrix and in particular in the transition zone. The bond improvemnent obtained
when carbonate rocks are can also be considered as a case of aystal refinement

because the dissolution and reprecipitation of caldum carboante originates a network
of smaller crystals.
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CHAPTER 5

A GENERALIZED CONTINUUM THEORY FOR CONCRETE

5.1. Introdudion

The composite nature of concrete has a very strong physical appeal because the
macroscopic phases (rock particles dispersed in a porous matrix) can be seen by direct
mnspection. This fact inspired many researchers to model concrete as a two phase
material. However, most of the available models oversimplified the reality, giving lirmr
ited and sometimes questionable overall information. For instance, the dassical
approach of idealizing concrete as an elastic infinite matrix with a stiff spherical inclu-
sion in order to explain the vertical cracks that develop during uniaxial compi”ession
does not model satisfactorily actual concrele, where particles interact with each other.
A more satisfying approach is given by Ortiz and Popov (5.1), who modeled concrete
as a two-phase interacting media and were able to derive general constitutive equations
with the aid of thermodynamic potentials.

In this chapter, an intuitive formulation will be used to model concrete as con-
sisted of granular partides dispersed in a porous matrix. This theory is based on for
mal arguments of continuum mechanics and it was originally proposed by Goodman
and Cowin (5.2) for granular materials.

We will follow Deresiewicz (5.3) in understanding a porous material as "consist-
ing of a continuous solid matrix which surrounds either isolated or interconnected
voids filled with gas, liquid or a solid binder " and a granular material as '’ consisting of
an aggregate of discrete, solid granules in contact ". The voids between the granules

may be filled with liquid or gas; if a binding element fills a part or all the voids, hold-

L0

-1



ing the granules in a fixed position as, for example, concrete and sandstone, we will
call the material " porous-granular .

The motivation of this work is to present an unified formulation which permits to
understand and predict the concrete behavior. The following research areas need a
fairly comprehensive understanding of the thermomechanics response of concrete:

1. The Fffect of the Microstructure on the Concrete Model

Most of the existing models for concrete are based exclusively on the
phenomenological approach. W hile they may give a fair overell prediction of a specific
behavior , much inforrnation on the internal behavior is lost.

The present model will introduce two extra variables that are not incdluded in the
traditional continuumn mechanics : porosity and aggregate content.

The reason for selecting porosity is that it can model many important properties:

a) aging effect: will produce a lower porosity due to hydration.

b) aggregate-matrix bond: will cause a localized higher porosity d.ue to the bleed-
ing water and the growth of larger crystals in the interface (as it shown in chapter 2)

¢) cracking propagation: will cause an assodiated higher porosity related to the
fracture process.

The introduction of the aggregate content will guarantee a granular behavior in

concrele.

2. Constitutive Fquations

Since the present model is based on the rational mechanics, it will produce an
entropy inequality which assodiated to the Coleman’s method permits to derive consti-
tutive equations in a natural way. Therefore, elasticty, viscoelasticity and plasticity

can be formulated from a very basic approach.



3. Fructure M echardes of Porows-Grorudar Maferiol

There is no acceptable fracture mechanics theory for concrete-like tnaterials.
G jorv, Sorensen, Amesen (5.4) showed that cement paste is notch sensitive, mortar is
less notch sensitive and concrete is very little notch sensitive. It is interesting to men-
tion that one of the main problem in using the traditional fracture mechanics for con-
crete is its granular nature, where the aggregate acts as a crack arrestor, either because
of the elastic mismnatch or by a G ordon interface crack arrest mechanism; also there is
not a defined crack tip for concrete, only a fracture zone where microcracks gradually
change into cracks. Even though no specific formulation for crack propagation will be
given, the present model is general enough to incorporate the fracture mechanics of

concrete.

This chapter presents in section 2 a brief literature review that shows the evolu-
tion of the understanding of granular and porous materials. In section 3 the theory of
generalized continuous media is discussed, in section 4 we derive the continuum

theory for concrete.

5.2. Brief Literature Review

Coulomb in 1773 presented a yield criteria for granular materials, which states
that slip on a plane happens when the shear acting on the plane is resisted by the
cohesion of the material (adhérence) and a constant (the coefficient of internal fric-
tion) times the normal stress on the plane.

Dilatancy, the property of a material by which it increases in volume when
sheared, was first scientifically studied by Reynolds in 1885, who cined the word.
The mathematical theory of dilatancy in a rodern tensor analysis was done by Reiner
(5.5). This paper has had great influence in many subsequent work in rational contin-
uurn mechanics and it presented the fluid constitutive equation for the now called

Reiner-Riviin fluid.

-
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Granular material was often modeled by representing the individual granules as
spheres or other convex shapes in contact in regular arrays. In earlier works,
Gassmnann (5.6), the relation between the contact force and the displacement of the
grains was based on Herlz's theory, with the development of the tangential componernt
ol the contact force theory due to Mindlin (5.7) and M indlin and D eresiewicz (5.8) it
was possible to incude the tangential components of the forces at the contact between
the grains. Dufly and Mindlin (5.9) give the stress-strain relations for the case of a
medium composed of elastic spheres arranged in a face-centered cubic array.

The effect of inclusions in an elestic infinite medium has been analyzed by
different approaches. For plane problems, the use of the theory of functions of a cormr
plex variable developed by M uskhelishvili (5.10) provides powerful methods for solv-
ing complex problemns. Goodier (5.11) presented the solution for cylindrical indusions

and Edwards (5.12) for spheroidal indusions.

Eshelby (5.13) studied the elastic field of an ellipsoidal inclusion that undergoes a
change of shape and size in an infinite homogeneous isotropic elastic medium He
developed a dever process of imaginary cutting, straining and welding operations to
solve the problemn. W e cut round the indusion and remove it from the matrix; next
we allow the unconstrained transformation to take place. Now we apply surface trac-
tions such thal restore the inclusion to its original form (note that the stress is zero in
the matrix and constant in the indusion). W e consider the applied surface tractions as
a layer of body force over the interface between the matrix and indusion; so ,finally,
we should remove this layer of body force ( this elestic field is found by integration

from the expression for the elastic field of a point force).

Biot's (3.14-3.17) deformation theory of a porous elastic solid that contains a
compressible fluid had a major influence in soil and rock mechanics. He considered
the skeleton as purely elastic and the fluid compressible viscous, so his theory may be

X oml

considered as a generalization of the theory of elasticity to porous materials. M acken-
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zie (5.18) studied a porous raterial with spherical voids and computed the effective
bulk and shear moduli of the material. Later on, Carrol and Helt (5.18) extended the
M ackenzie’'s model to include dynamic effects, geometric nonlinearity and plastic yield-
ing, they also developed a dynarnic pore-collapse relation for elastic-plastic materials.
The effect of cracks on the properties of a material has been studied by W alsh
(5.20-5.22). Defining the elastic constants of a body containing cracks and voids as
the effective elastic constants of the body and intrinsic elastic constants to the material
uninfluenced by these imperfections, Jaeger and Cook (5.23) give the following sumr
mary of such effects:
1. The effective Young's modulus of a body containing open cracks and cavities is less
than the intrinsic Young's modulus of a solid body.

2. The effective Young's modulus of a body containing closed cracks is less than its
intrinsic Young’'s modulus if the surfaces of the crack slide past one another.

3. The effective Poisson’s ratio of a body containing very flat open cracks is less than
its intrinsic Poisson’s ratio.

4. The effective Poisson’s ratio of a body containing dosed cracks is greater than its
intrinsic Poisson'’s ratio.

Green and Naghdi (5.24) give a dynamical theory of interacting continua whidh is
applicable to deforming porous media The theory is based on an energy equation and
an entropy production inequality, together with the use of invariance requirements
under superposed rigid body motions. Crochet and Naghdi (5.25) using this theory
give the constitutive equations appropriate 1o flow of Newtonian viscous fluids through
elastic media.

M anins and Roberts (5.26) dealtl with the initial deformation of a liquid filled
porous elastic medium in which the permeability is a function of the local deformation

of the medium They assumed for this problem the fluid as being incompressible



Newtonian Viscous and the medium material as incompressible. Goodman and Cowin
(5.2) formulated a continuum theory of granular materials; and their work weas
extended by Jenkins (5.27), Passman (5.28), A hmadi and Sohrabpour (5.29), A hmadi

(5.30, £.31). The details of this theory will be given in section 4.

3. Generalized Continuous M edia

We will refer to generalized continuum when the configuration of the model
representing a material may be fully described by a certain number of variables that
are not induded in those used for the dassical continuum of Cauchy.

There are many interesting situations in which we should use the generalized
models of materials. An important example is the continuum originally developed by
E. & LF. Cosserat in which each point of the continuous media has the six degrees of
freedom of a rigid body (in clessical elasticity a material point has only the three
degrees of freedom corresponding to its position in the Eudlidean space). Eriksen and
Truesdell (5.32) showed that the orientation of a given point of such media can be
represented by the values of three mutually perpendicular vectors called the directors
of an oriented medium and as Toupin (5.33) points out, now it is natural to consider
the generalization in which the three directors are stretchable and not constrained to
rernain mutually orthogonal (5.34).

The continuum of Cauchy assumes that the body can be divided into small sub-
bodies of the continuurn. Therefore, the configuration of the subbodies is described
by the position of their center of mass and which velocity (when smoothed out), form
the macroscopic velocity fleld of the continuum However, a body may have micros-
tructure, that is, the character of the body changes when the subbodies become
smaller than a minimum size; so the smoothing process must teke place at the level of
the minimal subbody that may be too large to be regarded as a simple particle. This

rminimal subbody may be considered es a microcontinuum with a velodity distribution

(AN}
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and the method of virtual power developed by Germain may be used to determined
the force system on the body as a whole, by integrating the foree acting on the velo-
city fleld within the microcontinuum, Lubliner (5.35). If the velodty distribution in
the microcontinuum is deterrined by derivatives of the macroscopic velodity field,
then the continuum is celled a simple multipolar continuum (dipolar if only first
derivatives appear).

Mindlin (5.36) presented the mechanics of elastic media with mmicrostructure. He
introduced the concept of unit cell which can be interpreted as a molecule of a poly-
mer, a crystal lattice or a grain of a granular material. The unit cell model yields the
sarne results of the deforrnable director for linear problemns and if the unit cell is rigid

the formulation reduce to those of a linear Cosserat continuum

We will show in section 4 that the continuum theory for granular materials may
be considered as a particular solution of the microstructure theory where only the diler
tion of the micromedium is considered. Green and Rivlin (5.37) develc?ped the theory
of mullipolar continuumn mechanics in which Mindlin's theory may be considered a
particular case.

The theory presented by G oodman and Cowin (5.2) for describing the mechanics
of granular materials will be the only generalized theory that will be discussed in detail
in the next section, because the present model for concrete can be considered as a
natural extension of the model. This formulation has been called "volume fraction
theory’ because it introduces the volume fraction of the material as an additional
independent kinematic variable.

This formulation has been used to mixtures of granular materials by Passman
(5.28), to the propagation of waves in granular materials by Nunziato and W alsh
(5.38), to the static equilibrium of a granular material by Jenkins (5.27); to flows of
granular materials by Passman et al. (5.39) and Nunziato et al. (5.40); to porous

materials by Nunziato and Cowin (5.41,542), Passman (543), Ahmadi and



Shahinpoor (5.28); to the bubbly fluid as a continuum with microstructure by Capriz

and Cohen (5.44).
5.4. The Goodman-Cowin Continuum Theory for Porous and Granular M aterials

Goodman and Cowin (5.2) introduced the concept of distributed body to analyze
the distribution of solid constituent in porous and granular materials.

Considering thal B, is the configuration of the distributed body at time t ; ¥, and
HM; are the distributed volume and distributed mass respectively, V is the Lebesque
volume measure. Assuming that V, is absolutely continuous with respect to the
Lebesque volume measure V, so by the Radon-Nikodym theorem, there exists a real

valued Lebesque integrable function v{z;,t) defined on 5 such that:

Vi(B)=fvdv (4.1)
P

i

v is called the volurmne distribution function ( v is related to the porosity n or the void

)

. 1
ti Vo=l =
ralo e by =11 Tro

Originally the model assumed that #; is absolutely continuous with respect to V;.
It implies that the mass of a distributed body is only assodated with the distributed
volume V; and not the void volurne V-V,. That means the void of a porous or granu-
lar material can be neglected. This is justified if we are only interested in the behavior
of the bulk material; because it excludes the possibility of studying the permeability
and fluid flow of porous and granular materials, once it neglects the void mess. A
natural extension of this theory would be consider the void mass; this work has been
done by A hrnadi (5.30).

Using the same arguments we define an integreble function on 2 such that:

M(P)= ! ydV, (4.2)

t

The function vy is called the distributed mass density. The mass ¥#,(£) can also



be expressed as:

Mz(ﬂ)"}[VVdV (4.3)

[3
where the function p{=vyv) is the dassical mass density function.

It should be mentioned that Bedford and Drumheller (5.45 - 5.48) presented a
theory for irmmiscible mixtures, which has been applied to liquids containing distribu-
tions of particles, bubbly liquids and fluid-saturated porous media In their theory
they used the local density of the constituents as independent kinematic variables.
The local density p' is related to the partial density p ( the mass of the constituent per

unit spatial volume ) by equation 4.4.

p=t (44)

One wonders if it makes any difference at all if we use the Goodman-Cowin
volume fraction v or the the Bedford-D rumheller local density p' , if they are related
by a simple expression as equation 4.4. In a recent paper, Bedford and Drumheller
(5.49) proved that the two formulations are not equivalent and ,even more important,
in the general case of studying the inertia assodated with the dilatational motion of
discretized material we need both v and p' ( or using equation 4.4, any two of the vari-

ables v,p.p' ). For this dass of continuum theory they define " volume fraction theory

fr

Bedford and Drumheller (5.49) showed that the inertia associated with the
expansion and contraction of the individual greins can be expressed in terms of p' .
The inertia associated with the dilatation motion of the grains relative to one another
cant be expressed in terms of p . Therefore, the tolal dilational inertia requires both o’
and p ( or v if we use equation 4.8). In that sense, both Goodman-Cowin and
Bedford-D runheller's theory should be considered as special cases of a general theory.
Bedford and Drunheller (5.49) generalized the G oodman-Cowin theory using the two

variables p' and p to express the dilatational inertia of the material. They showed that
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the general results yield the ones obtained by Goodman and Cowin when the grains

are considered to be incompressible ( p' constant ).

5.4.1 Kinemalics

The motion of a distributed body relative to the time £, is the mapping xf° from
the product set 5 x (—=,=) into Eudidean three space. The velodty y(X,.t} , and

the acceleration o;{Xy.¢) of the material point is given by:

%(XAJ)Z%X«;‘%XAJ) (45)
O ty=2 by t) (4.6)
T\ Ay "atg)(i A :

The deformation gradient 7, (X3.t) is given by :

4
83X, Xi (Xg,t) (4-7)

and the velocity gradient L;(X,.f) is defined by :

Fy(Xp.t)=

8 -
Ly(m )= 5—u(x8 (k. 0).t) (48)
£
Considering dV, an element of the total volume in the reference configuration
and dV its image under motion Xf" , their relationship is given by :

dV=Jdv, (4.9)

where:

J=|detFy | (4.10)
Using equations 4.1 and 4.14 the following transformations can be easily

obtained:
dy,=vdV (4.11)
di; =v,dV, (4.12)
dV, = <—Jd¥V, (4.13)
Vo 3

W hen the motion is isochoric J = 1 and the distributed body is non-dilatant, oth-

erwise, it is dilatant

o
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Using equation (4.13) we can see that the incompressible distributed volume con-

straint is given by:

=1 (4.14)

Yo
It should be noted that during a rigid-body motion, the generalized body model is
still described by six degrees of freedom In such motion, the number of additional
degrees of freedom is irrelevant. For instance, in a granular continuum where the
grains are permited to spin or deform independently, during a rigid-body motion, the

grains will deform and will remain attached to one another.

5.4.2 T hermodynamic Processes

Goodman and Cowin (5.2) postulated a conservation law for the higher order
forces assodated with the volumne distribution. They defined a stress tensor 7; , body
force &; ,spedfic energy ¢ , heat flux vector ¢; , heat supply r, specific entropy n,
entropy flux vector ¢ , temperature ® , equilibrated inertia k, equilibrated stress vec-

tor h; , external equilibrated body force | and intrinsic equilibrated body force g.

A process G for a distributed body § B, { with a motion x:" is defined as the set :

sza:u,‘)/. Tﬁ,bi,ﬁ,qi,r,?],@i,@,k,hi,l,g (415}
The process G is called a thermodynamic process if the elements of G satisfy the fol-

lowing balance relations:

Balarce of Frergy
d 1 1.
E{yu{ﬁ Suut —é—kw)cﬂ/- (4.18)
= [(Tyu+hyi—g;)ndA + [y +Litr)dV
ok £
Frtropy Inequalify

-(%fyunde - [omda+ [yvgav (4.17)
) 6%, ¥,



i2
Balance of Fquolbbraled Force

L vk idv= [hndi+ [ydi+g)ay (4.18)
&, 57, 5

Balance of Fguolbrated Inertio
d -
— [yukdV =0 (4.19)
s

One should note that the conservation of energy shows power terms associated
with v, that is so because v is kinematically independent of the motion x:" and the
ternperature. Similar terms appear in the theory of microstructure discussed in section
3.

In a later work, Nunziato and Cowin criticized the balance of equilibrated inertia,
equation (4.18) using the argument that one should expect physically that the equili-
brated inertia k should depend on the geometrical features of the voids because the

kinetic energy assodiated with the void volume change is %—pk i Therefore, it would

be more redlistic to assume that k is given by an equation in which it depends on the
volume fraction.
Invoking the principle of material objeclivity and arguments used by Noll we can

gel the balance relations for mass, linear momentum and angular momenturr.

7’7’*'7'1’%.1;:0 (420)

M anipulating the above equations and the balance relations we get:

yvkv=h +yu{l+g) (4.23)
yve=Ty Dy+h (1) ;—yvgi—g. s +yvr (4.24)
yup= —'@i‘ﬁ-')’l/é; (4.25)

Introducing the free energy

¥ =g—10 (4.26)
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And the extra entropy flux
I
D S o
W e have
: : . . 3.0 4
(¥ +p0)+ TﬁDﬁ‘km(u)i»yugw»@qi—"—é—*—é 0 (4.28)

5.5. Continuum Theory for Canarete

In this section, the balance equations for a porous-granular material are
developed. Ahmadi (5.29,5.30) developed a continuum theory for fully saturated
porous and granular materials (two phase systems). The extension for porous-granular
materials (three phase systems: granules, matrix and voids ) is easy. The analysis of a
fully saturated porous-granular is performed in section 5.1 by induding fluid in the
systemn

Let us decompose the volume distribution v , into +# and v™ referring to the
granules and matrix, respectively. '

v=i8 )" (5.1)

The mass densities of the granules and matrix will be denocted p° and p™ ,

respectively. The masses of the granules and matrix in a porous-granular body £ are

given by:
9= [18p9°dV (5.2)
]
Mm= fumpmay (5.3)
)

The total mass of F, is given by:

M=HI+H™ (5.4)

It is convernient to define;

pI=18p9" and pr=UTp™ (5.5)
W hich we interpret as the bulk densities of the granules and the matrix, respec
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tively. The tolal bulk density of the material is given by

p=pT+p™ (5.6)
A's discussed in seclion 4.2, the following balance equations apply:

Conservation of Mass

Find
Granules %w,(pgw:o

H )
M atrix ~£v—-+a (’3; , V {p™")=0
Balanice of Linear M omentum

Granules  pfY %z!ﬁ et bi+pd

m

Matrix  p™ — trtp oM p

Balance of Angular M omenturn
Granules =t
M atrix =t

Balance of Equilibrated Force

¥4
Granules pk9 %m:mqﬁpggg +g¥?

Matrix  p™™ %zm@+pmlm+gm
Conservation of Energy
Granules  p?ef=ff1f, +hfi§ +f . +p979 —g 917 —pif
M atrix preT =t ARV T g + o™ —g T —p T
Entropy Inequality
PO pd @98 —Q T _g..ﬁ;) L —09( _é;!é_ =P —p979= O

The balance of equilibrated force can be considered as a spedial case of an equer
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ohn

tion that arises for materials with microstructure, such as the ones described in section
3. Cowin and Nunzialo (5.42) pointed out that having the microstructure theory &s

framework, the terms ¢ and h,; of the balance of equilibrated force can be identified

with singularites in the dessical linear elasticity known as double foree systerns
without moments. W e may combine three double forces without moment along three
mutually perpendicular axes and the singularity may be described as a ‘center o
cormpression’” or "center of dilalalion”. Various singularities of this type are discuss

in section 132 of Love's book (5.50). An example of this singularity would be an
ellipsoidal inclusion that undergoes a change of size in an infinite homogeneous isotro-
pic elastic medium; a solution for this problemn was presented by Eshelby (5.13) as dis-
cussed in section 2. Both g and &;; can be related to centers of dilation, while the
equilibrated stress veclor A, may be related to a single double force systern without
moment For granular materials, Jenkins (5.27) mentioned that the term pl can have
the physical meaning of an externally controlled pore pressure, and the reason for that

in the general case is because pl can be related to a force systemn like a center of dila

tion, however one which is externally controllable.

The free energies are defined by:

,¢9:2§_779@§ (5?)
W:em_nmgm (58)

Combining with the entropy inequality we have:

(O™ + g /O A A g T P (59)
—pI(¥I+1707) +qf0 L B9+ df +hi§ —g O F —pg> 0
F&:é"{?lm*%ec) (5.10)
1 -
:'é’{%,k'{“%,l) (5.11)

The derivation is fairly generdal, it only neglecis the energy interaction between
yE £ =

the granules and the matrix.

[e])
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5.5.1 Laws of M olion and T hermodynarmic Processes for Fully Saturated Concrete.

Int the last section the basic laws of motion for concrete were derived.. However,
it should be mentioned that it was valid for the behavior of the bulk material and once
it neglects the void mass it excludes the possibility of studying the permeability and
fluid flow. This section shows how to take the fluid in account. Letl us decompose the
volurne distribution v , into ¥, v™ and /' referring to the granules, matrix and fluid,
respectively.

The mass densities of the granules, matrix and fluid will be denoted p9°, p™ and

p!’, respectively. The mass of the fluid in a saturated-concrete body F, are given by

M7= [V pftdv (5.12)
A

The total mass of £ is given by:
M=MI+M™+MT (5.13)

It is convenient o define:

pf =7 pl? (5.14)
The total bulk density of the malerial is given by:

p=p +p"+p’ (5.15)
The balance equation derived in the previous sections are valid and should be

added the corresponding contribution of the fluid.

The entropy inequality would be given by:

m : . %"
POMI 4+ p 0918 07 B 1 —B™( 6%)-“ (5.16)
ok g s o g forf >
—09(53) kO (G e =pt 18—l = 0
D efining,
Y =ef -7 07 (5.17;

W e have the inequality:

—p"(Y O™+ gI0 /O™ T RV g T (5.18)
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—? (47479 07) +qE0 £ B9 + i +hgi] ~g 7 ¥ ~pfuf -
~p! (¥ 40/ 07)+qf0 L B +tfdf + i -9 F —pluf= 0
Since we are dealing with a fully saturated media, we have the following con-
straint:
W+ =1 (5.19)
[t should be noted that we are dealing with regular tensor notation. We have

that:
=2 g (5.20)
= ?—a—”;——w;nuf,? (5.21)
il = %’;—ng,,{ (5.22)

Combining with the previous contraint (5.19), gives:
A+ + i g vl = (5.23)
The consequence of the constraint on the constitutive equation will be analyzed
by using the method of the Lagrangian multiplier, suggested by Truesdell and Noll
(5.51); Green, Naghdi and Trapp (5.52).
M ultiplying the Lagragian multiplier function A(z.t) by the contraints (5.23) and
adding to the inequality (5.18), it follows that:
—p™(¥ 7O ™) +gl'0 T TR R R (g ™ A ) U —p T (5.24)
~p? (¥ 9+1909)+qf0 % /B9 +t5dE +hEVS—(g9—A )i —puf-
~p! (¥7 +17 07 )+ {0 LB+t df +hfv]~(g 7 —A ) —pfuf ~A (Fr§ +vlvf+vFu)= 0
5.5.2 Constitutive Equations
The equations 5.1 to 5.11 apply for any mixture of two materials, where no
chemical interaction between them takes place. To spedalize the theory for concrete,
modeled as a mixture of porous and granular materials, adequate constitutive postu-
lates should be given. In this section, the bulk material (no fluid flow) will be

analyzed.

ey
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The following independent constitulive variables are postulated for the distri-
buted matrix:
fS™y= (v VR0 O CF OF
And for the aggregates:
(590= [ ()7 14, v i#, 09, 0% ., Cf. o §

The following constitutive equations (5.25) are postulated:

Yr=E ST, ) Y I=U2 ({594, u)
=R, uly) 0¥ =07 (1593, %)
=415, o) =159, %)
R=RI({S™, ) hE=Rg(157}, %)
PT=p S, (15 pE=pE(tS™, (1599)
g' =g TS™, (157 ) gE=g'g(tS™, (1599)
g =9 TS, (159) g f=q E1S™, (1599)

A thermodynarnic process is said io be admissible for concrete if the constitutive
equations (5.25) are satisfied.
Incorporating the functions! dependence of ¥™ and ¥9 expressed in (5.25) into

the inequality {5.9) we have:

av ‘ pY™ =m Y™ .. L™ o pym ) ~
—p =t B 0+ T 74 7+ 26
P {6@171 1 ] P [6@m : 6Cum e} ai" 6u‘qu (D )

o g By ™ m 0¥ 7 m OF ™ i AN
+{4—p¥ Oy +p™ v -pT + T 7Y ] 1 T
{sz £ acr P P 1 ac,d]d'g [ o 'ﬂ {hg m]l/‘k

maq/m TSI Iy T m
B e ~p' T+ gfInB™) ,

g - g .. Ve g
BV 57, 0 cg+5q’ g, OF
804 " acy 6if o
AR 22
P RCE TR
av e
§14

By
mpg[a@g +779

oa i
""‘6 (’T’ B +p7

o]

B+ —p™ a+

-1p? +g9 A —p i +gf(in07) .= 0

W here v, ) is the antisymmetric part of the velodty gradient tensor v, ;. The follow-

ing definition was used:

QY

oy
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vy
719 = e e D27
o(p?)7! (527)
Also the assumption of small displacement was used:
d .
U | (5.28)

Using the arguments given by Colernan and Noll (%), it follows that there exists
al least one admissible thermodynamic process in which the values of
e g i ag = can be spedified
07, Oy, VN VL VT O Ty o 09,05 14, 08,9, 48, C
independently of any other termn in the inequality. The entropy inequality then irrplies

the following restrictions:

S gg;’" (5.29)
moaem aum aum
-
PhI= pm 68‘1;; (5.31)
P | (5.32)
Ey %izg v,= 0 (5.33)
stg=07 %}% —p™ aai’; vi+p™ %\—%“ (5.34)
=— Z‘é;j (5.35)
o
ot a
ehi=p? Z@; (5.37)
g9= —p9 Z;\T:; (5.38)
Eg if/’; V=0 (5.39)
=t o™ St g S (5.40)
AP+ g InO™) 4 p RV T+ (5.41)

+p g df —pff +qf(in09) L+ phfig> 0O

It should be mentioned that the stress tensor ¢, and the equilibrated stress vector

[}
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h; were separated in the elastic ( gty and gh; ) and the dissipative ( pt, and phk ) cormr

ponents.

9.5.3 Linear Theory
A's shown in the previous section, the spedfic entropies ™ and 77, the elastic

equilibrated stresses gh™ and ghf, the elastic part of the stresses p#7 and z#§ and the

3

equilibrated body forces g™ and g9 are all derivable from the free energies ¥ ™ and ¥
Y 23

Originally, Goodman and Cowin proposed the following definite free energy func-

tion for gramular material;
PIVE=pIV 8(p9, 09)+a, P+ariri (5.42)
W here a, and « are material moduli, independent of v. Later on, Jenkins (*)
geested that it would be more adequate to assume o depending on the porosity, ie

a=alv).

In this work the free energy for the ageregates will be the Goodman-Cowin free
energy plus three extra terms to allow some coupling with the porous matrix. Of
course, more complex versions of the free energy can be easily done, however for the

present purposes the following equation is proposed:

PIVI=pI B9, B9 )+ %ﬂg(wv)é‘ms(ugmufu (5.43)
1 PR .
+ 'é“bguf?,k%?,k“‘“co%}?,k G+ E@vggcg
And for the matrix,
pmqj 7 é_xm C& CIF'& /um CQC&L‘*” _é_% 'Um)?_éw me< J":) V.ZLVE’%" (54“4}

1
+ “2“557” U e gy CF
In order to that the free energy functions rermain positive definite, the following
restrictions should be satisfied:

ad= 0 a9= 0 (c§)*< b (5.45)

oy

Ty
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A7 0 pm=0 a0 o= 0 (cIh%< pA™ (5.46)
The constitutive equations become:

pt=IO+ g+ (o + o] Vs Jog + (Wl ) 2 (VTR T (547)

e (5.48)
dam(, ) ~

Mo SO T gy m 5.49

gm=- BTy (5.49)

et =[=n9 (] + )i+ (64 0§11, 16, —209 (19 Juivg (550,

ghi=2a8 (19 )14 (550)

dod(19) .

Iz vivg—adif 552;

g a9 §-af ( J

CHECK
= pi= K{(y'—f) (5.53)

Fourier's law can be used as a first approximation for the heat fluxes, therefore:

=K g=KI6% (5.54)

The equations of motion for concrete modeled as elastic indlusions (aggregate) in

an elastic malrix are:

PTUT=(NT 4+ A5+ Vil + (S + STV o+ il (VWU o + (5.55)
+K (=) +p7 0"

=+ (e ) U (b U 2 (L)) (556
+E () +pbf

P20 T 4 —-—-<O‘ ") (e (557)

PTkIVI =209 Y, +p919 — —~—(—vin—)—{.ﬁ)u%u§; ~afv (5.58)

In some particular conditions, the aggregate in concrete may be considered as

incornpressible. In this case, the conservation of mass equation reduces to:

—afi-w (189)=0 (5.59)

which gives:
Dg:w}/,(:wgg (5‘60}
Now, the thermodynamical parameters can be found using the traditionel

approach for incornpressibility.

L
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The mnext step would be to prove the existence and uniqueness of these equa

tions. This topic will not be treated in the present work. It should be pointed out thet

Nunziato and Cowin (5.41) treated the boundedness of solutions and established both

uniqueness and weak stability of solutions to the mixed boundars-value problern for a

particular class of linear elastic materials with voids. This permited to analyze many

applications including response to homogeneous deformations, pure bending of a

bearn, pressure vessel problems and small-amplitude acoustic waves (5.53 - 5.55). In

principle the same could be done with concrete, including the effect of damage in

which v can be considered an integrity parameter ( v= 0 corresponds to a material with

no strength in extension or shear) as suggested by Passman (5.43).
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Chapter 6

Steel-Concrete Bond

6.1. Introdudtion

In the previous chapters the effect of the microstructure on the behavior of plain
concrete has been discussed and analyzed. However most of the application of con-
crete in avil engineering practice is for reinforced or prestressed concrete structures,
therefore this chapter will focus on the interaction between the concrete and the steel
both on a microscopic and macroscopic levels.

From a mechanical point of view, bond can be considered as the shearing stress
between the concrete and the reinforcing bar (6.1). It is the result of adhesion, fric-
tion, and support of the ribs. Plain bars rely mainly on adhesion and friction, while
deformed bars depend mainly on the support of the ribs. Strands derive their bond
resistance from adhesion, friction, and a mechanism called "lack of fit” which occurs if
the wires of a strand will not fit into the mark of the new position, resulting in a
wedge action and more friction (6.2).

The importance of the bond between the reinforcing bar and the concrete on the
cracking behavior of reinforced concrete, on the deflection behavior and on the
anchorage of reinforcing steel has been realized for a long time. In 1913, Abrams
(6.3) performed pull-out tests using plain bars to determine the effect of settlement
and shrinkage of concrete. His experiments showed that bars cast in a horizontal posi-
tion exhibited lower bond resistance than vertical bars. Later on, Menzel (6.4) esta
blished the fundamental importance of the depth of concrete under a horizontal bar.
He showed that as the depth of concrete under the bar increased, the bleeding water
accurnulated under the bar also increased, thereby weakening the bond resistance.
Also his experimental results showed that the best performance was observed for vert-
ical bars pulled against the direction of casting. This topic was further studied by Clark
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(6.5,6.6), Collier (6.7), Jirsa et al. (6.8) among others, and the main condusions were
the following;

1. The bond of deformed bars is affected by the type of deformation, the position of
anchorage, and the consistency of concrete. The ber size has little effect on the pat-
tern of strength reduction with height.

<. The bond ratic between the top-cast reinforcing bar and the bottormrcast bar
decreases as the casting height increases.

3. An increase in anchorage length does not produce a significance change in the bond
efficiency of the top bar.

4. An increase in slump reduces the bond capadty as the depth of concrete is
increased.

Initially research was concentrated on the global effidency of the bond, and later
it focused on the bond mechanisms, interface stresses, and relative displacements.
The work of the following researchers should be mentioned: M ains (6.9), Bresler and
Bertero (6.10), who measured the distribution of bond stress using electrical strain
gages; Broms (6.11) who analyzed the relationship of bond slip and crack spacing;
Lutz and Gergely (6.1) who studied the bond slip and bond splitting of deformed rein-
forced bars.

A great improvement in the modeling of the reinforcing concrete was achieved
with the development of the finite elemnent method, which permitted simulation of the
effects of cracks in the reinforcing concrete by analyzing either sharp cracks or distri-
buted cracks. The first condition of analysis, i.e., the sharp crack (6.12), can be imple-
mented by doubling the nodes through which the crack propagates or by varying the
stifiness of the linkage elements that connect the nodes of adjacent elements. One of
the shortcomnings of this approach is that the location and orientation of the cracks are
not known in advance. As pointed out by Cedolin and Bazant (6.13), unless the

nodes locations are considered as variables and unknown so that the nodes coordinates



are redefined, the crack propagation will necessarily coincide with the original element
boundaries. The alternative to the discrete cracks is the continuous smeared-cracking
model. In this approach, concrete becomes orthotropic after the first cracking has
occurred. It should be noted that cracking is treated as a change in the material pro-
perties and that this formulation easily allows the account of aggregate interlocking by
retaining a positive shear modulus, which means that secondary cracking does not
necessarily appears perpendicular to the first direction of the cracks (6.14).

The main restriction to the use of the traditional finite element method is the
lack of a precise criterion for crack propagation. The usual procedure of comparing
the stress state resulting from the analysis with the tensile strength of concrete may be
misleading: for example with a sharp arack, the stress concentration may be increas-
ingly higher as the mesh in front of the crack is refined, and this causes a lack of
objectivity since the concrete may or may not crack depending on the size of the ele-
ment grid in front of the crack. Since this limitation is related to the lack of criterion
for crack propegation, a natural source of inspiration is the fracture mechanics
approach. However, for a number of reasons, concrete researchers were reluctant to
use fracture mechanics prindiples. W hat they questioned was the simple use of the
linear fracture mechanics for such a heterogenous material. Recently, a series of
developments were obtained by means of the non-linear fracture mechanics, namely
the J-integral (6.15), COD (6.15, 6.16), R-curve analysis (6.15,6.17,6.18) and the
“fictitious” crack model (6.19,6.20,6.21), the last two being the most promising for
concrete. Returning to the corack propagation aiteria, Beazant and Cedolin
(6.22,6.23,6.24) proposed the use of an energy criterion based on fracture mechanics.
They showed that using this criterion, the results became independent of both the ele-
ment size and the type of element used.

The characlerization of the bond morphology attracted less attention, and little

effort was spent in trying to correlate the microstructure and the mechanical properties
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of the bond. One of the few exceptions is the work of Al Khalaf (6.25) and Page
(8.26) who studied the interface between mild steel and cement paste or mortar. Also
the cormprehensive work of Sakarmoto and Iwasaki (6.27) in describing the influence of
sodiurn chloride on the concrete-steel bond should be mentioned.

The study of reinforcing concrete is often done by considering it as a composite
material formed by the reinforcing bars and the surrounding concrete. In this
Chapter, reinforcing concrete will be considered as a multiphase material, in which the
microstructures of each phase and also their interfaces (steel-concrete, aggregate-
matrix) play an important role; therefore in this sense this study may be considered as
a corollary of several previous chapters in which each characteristic was studied
separately. W hile unnecessary duplication of material was avoided, some results that
may help to put the steel-concrete bond in perspective were emphasized. The analysis
of the morphology of the steel-cement paste as affected by age and by the amount of
silica furme is described in Section 6.2. Corrosion of the reinfording steel in concrete is
a major problem in engineering practice; and in Section 6.3, the effect of chlorides
with and without silica furne on the corrosion of the steel-cement paste is described.
The mechanical properties of the steel-concrete bond as influenced by position of the
bar, the type of bar (plain and deformed), concrete strength (4 levels), and amount of
silica fume (3 levels) are desaribed in Section 6.4.

6.2 M icrostructure Characterization of the Interface

The steel-cement paste interface was studied with the samme techniques described
in Section 3.2, Fig 6.1 summmnarizes the experimental procedure for casting the cerment
paste on top of the sieel surface and the subsequent breakage of the composite
material to analyze the interface either by SEM or by XRD using the method of suc
cessive abrasion. One hundred cylindrical specimens of rebar steel (19mm) were pol-

ished down to 1 micron for this study.
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The composition of the portland cement used in this research is presented in
Table 2.1. The waler-cement ratio of the cement paste was kept constant at 0.35.
Three levels of silica fume replacement were used (0, 5, and 16 percent) with the
objective of giving qualitative correlation with the performance of concrete using
approximately the same levels. In order to produce a workable mix when using 16-

percent silica fume replacernent, one percent of a water reducer agent was used.

6.2.1 M aphodlogy of the Interface

During the testing time (up to one year) and the temperature (70° F) used in the
present investigation, steel may be considered as an inert material Therefore, the mor-
phology of the transition zone is similar to the one described for quartz. Section 6.3
will analyze the case where steel cannot be regarded as an inert material due to the
presence of chloride ions that promote steel corrosion.

The surface effect produced by the steel surface, against whieh the cement paste
was cast, originates zones of matrix with high water-cement ratio near the interface.
The influence of this surface effect will extend from the interface and will have a great
influence on the steel-cement paste bonding mechanisrn A's mentioned in different
parts of this thesis, Sections 3.3, 3.4, and 3.5, one of the main characteristics of the
interface between cement paste and all the materials studied in this thesis is the precip-
itation of calcium hydroxide crystals with the c-axis perpendicular to the interface. As
before, we will refer to these arystals in direct contact with the steel surface as the CH
or interfacial film and to the region affected by the surface effect as the transition
zone. Fig. 6.2 shows the caldurn hydroxide film (cement paste side), and it is
interesting to note that the specimen contained 16-percent of silica fume replacement
which did not alter the global formation of the CH film Fig. 6.3 shows the calcium
hydroxide film in a 30-days old specimen without silica furme. The CH filin is srmooth

and even though the crystal structure behind it is dense, there is not a perfect union
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between the interfacial film and the interfacial zone. Compare now the features shown
in Figs. 6.4 and 6.5 for a specimen that contained 16 percent of silica fume replace-
ment at the same age (30 days). The CH film is partially covered with CSH due to the
pozzolanic reaction between the calcium hydroxide and the silica fume; also the CH
film is united to the matrix by a dense interlodkdng. The pozzolanic reaction happens
in localized zones and seems to introduce “welding points” on the steel-paste interface,
however the dominant effect that happens throughout the specimen is the
densification of the structure behind the film (Figs 6.6 and 6.7). This causes a reduc
tion in porosity that existed in the interfacial zone which explains the strengthing
effect when silica fume is used.

Figs. 6.8 and 6.9 show the distribution of silica fume partides on the steel sur-
face. It can be seen that they are partially dissolved. Some silica fume partides dis-
solve quickly during the early stages of hydration while others are only partialy dis-
solved when equilibriumn is reached. Some of them may take part later in the pozzo-
lanic reaction with the CH film, forming CSH on top of the film (Fig. 6.10 and 6.11).
However, some silica furmne particles, or their pseudomorphs, get engulfed in the CH
film The effect of these partides on the mechanical behavior of the film is not
known, nevertheless we may expect these particles to reinforce the film. Figs. 6.12
and 6.13 show these partides around a crack in the film (probably due to shrinkage).
It can be seen that the particdes are fairly well distributed in the film and that they
bridge the crack in various points. This process consumes energy, therefore these par-
ticles toughen the film However, it should be dear that we are referring to a local
toughening effect; the global toughness of the specirnen will depend on a variety of
other factors such as the size of the flaws, the microstructure of the crystals, ete. Figs.
6.14 and 6.15 show other cracks in the interfacial film with low and high
magnifications. Note the "kink” of the crack path due to the presence of one of these

inclusions.
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6.2.2 XRD Analysis df the Interfacial Z one

The method of successive abrasion of the interface and its analysis by XRD per-
mits the characterization of the hydration products over the interfacial zone. Once the
calcium hydroxide arystals are precipitated in a preferential orientation, it is not possi-
ble to perform a quantitative analysis of themn with this method. The index of pre-
ferential orientation, as defined in Sections 3.2 and 3.3, will be used. The ettringite is
not subjected to preferential orientation, and its peak at 9.1° 20 ( Cu—Ka ) was
selected because it is not interfered with by other peaks, therefore it is possible to esti-
mate the etlringite concentration over the interfacial zone.

The XRD method permits the analysis of the interfacial zone in a global way, as
cornpared to the localized analysis performed by SEM. However, as described in Sec-
tion 3.2, this method uses the value of the interfacial zone density which is not known
but which is assurmed to be equal to the bulk density of the paste (which is probably
higher). Also when fracturing the composite specimen, some of .the interfacial film
(and some hydration products bonded to it ) may adhere to the steel side, so that the
thickness of this attached film is difficult to access, creating problems in defining the
reference plane of the original interface. These uncertainities are particularly impor-
tant for analysis doser to the interface since as already shown, the surface effect
decays exponentially with distance from the interface. Therefore in fitting the data, in
addition to the traditional method of the least squares, two other linear models, one
minimizing the sum of the absolute residuals and the other using a robust criterion,
were used in a system for interactive data analysis. It should be mentioned that the
term “robustness” means relative insensitivity to moderate departures from assump-
tions.

The method of robust regression is used to analyze the behavior of least squares
estimation when the disturbances are not well behaved. Coleman et al (6.28)

developed the computational procedures for iteratively reweighted least squares.

6l1c¢



8

Comnsider the vector of observations b (mx1}, the data matrix A (mxn), the vector of

parameters x (nixl) and a vedtor r {mx1) to model the equation b= Ax + 1. The

m
least square solution consists in obtaining the minimum of ) ({r(z))/)?, where 1 is
i1

the residual vector of b-A x and s is a constant.

The weighted least square approach consists in finding the minimum of

b2
2 Wal{r{z))A)? where W is a diagonal matrix of weights that are functions of scaled

i=]

residuals. In the case of iteratively reweighted least squares, we have an optimization
in the sense that a function of scaled residuals is minimized. This function determines
the formula for the weight function used. The other method consists in solving the
linear ; data fitting problem. The motivation for using the I, approximation rather
than the i, (least squares) approximation or an i approximation is that the first one
is recommended for data that may contain inaccurate points compared to the overall
accuracy of the data The solution proposed by Barrodate and Roberts (6.29) was used
for this method.

Tables 6.1 and 6.2 show the thickness and the orientation of the interfacial zone
as aflected by age and amount of silica furme.

The analysis of the results should be made with special care. First one should
realize that the results reflect a partial description of the morphology of the interfacial
zone, and any hasty generalization of the microstructure description in the interfacial
phase and even worse direct correlation of it to the mechanical properties will be
bound to result in failure or incorrect predictions. One example would be the variation
of the interfacial phase thickness with time. For a pure portland cement paste the
thickness of the interface increases with time while the strength also increases with
tire, which may be a paradox. However, this paradox is eliminated when we under
stand that the physical meaning of the interfacial phase thickness is the measure of
how far the surface effect of the steel will influence the bulk matrix. The mechanical

[



TABLE 6.1
Thickness of the Transition Phase (M icrons)

AGE, days
AMOUNT OF
SILICA FUNME 1 7 30 QO 420
174 20.# 31.53 32.58 36.00% 43.11
5% 19.71 30.00* 14.09 19.44 8.71
167 16.61 17.36 B.58 18.59* N.A
TABLE 6.2
Orientation of the CH Film
AGE, days
AMOUNT OF
SILICA FUME i 7 30 0 420
07 154 | 402 3.10 2.66* 455
5% 2.3 | 216 1.77 2.90 1.64+
167 1267 | 7.22 585 2.31% N.A

*A ctual experimental points (not obtained from curve fitting).

behavior of the interface will be determined by the pararmneters discussed in Chapter 4.
The use of silica fume produces a rermarkable decrease of the interfacial zone

thickness as shown in Table 6.1 and Figs. 15A and B. The studies of Kurdowski and

Nocun-W czelik (8.30) showed that active silica powder accelerated the reaction of
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tricalcium silicate with waler. Increasing additions of silica cause the developrnent of
greater heat and a shorter dormant period. 1t was concluded that the €3S hydration is
controlled by the conditions governing the liquid phase and that the reaction rate is
controlled by the transportation process of calcium ions from the grains surface to the
solution. In this case, €35 hydration will be controlled by the consumption of Ca®
ions from the solution as a result of the CH and CSH predipitation. Therefore the
presence of a highly reactive silica lowers the caldum ions concentration in the solu-
tion forming CSH with low C /5 ratio and increases the rate of €3S hydration. Since
the Co® ions cannot eesily diffuse in great quantity towards the agpregate face, the
preferential orientation of the CH crystals is decreased, and due to the pozzolanic reac-
tion the porosity in the interfadal zone is remarkably decreased.

The observed effect of silica on the preferential orientation of CH may be
explained by the following mechanisms:

1. Less accurnulation of free water at the interface;

2. Nucleation sites preventing a preferential orientation;

3. Pozzolanic reaction reducing the CH on the interface.

Figs. 16A and B show that there is a great concentration of ettringite near the
aggregate surface for all ages and all levels of silica fume. This observation supports
the through-solution mechanism of cement hydration as the cement partides must dis-
solve to provide the caldum, sulfate, and alurminate ions which then diffuse towards

the aggregate surface where more etiringite get predpitated.

6.3 Effect of Chloride on the Interface
Until quite recently most studies on steel corrosion in reinforced and prestressed
concrete structures were quite empiric. The quality of concrete wes typically described

by compressive strength, w/c ratio, and cement content; and the results were mostly



(Ll 1o BEEC FRPSETY SauloF T

WV LI PRI B o

200

180

180

120

100

80

80

40

20

120

100

80

€0

40

20

ETTRINGITE DISTRIBUTION 1 DAY

F -3
o
& 20 N
o 8 o
<]
o]
3 i 1 [ i 3 1 1 i
) 10 15 20 25 30 35 40 45 50
DISTRANCE FROM THE INTERFACLE, WICRONS
ETTRINGITE DISTRIBUTION 7 DAYS
O
o
B
D
o (o]
- o]
& ¢ @ °
s a0 ry o
o & D
- &
A 1 | ] 4 i | { i
[ 5 10 15 20 25 30 35 40 45 50
DISTRNCL FRO®W THE INTERFACE, AICRONS
807 silico fume
D57 silice fyme
©18% sitics fure

WO el efow (I P TVI P o

W VEY s ofos (A I IV B o

200

180

160

140

120

100

80

80

40

20

200

180

180

140

120

100

80

60

40

20

’ 7%@»’7” L7?

ETTRINGITE DISTRIBUTIDN S0 DRYS

o
o
2
[P ©
- o]
&0 a 7 -y
L (e} & ry
o} 40 o D
s s
4 1 L ] i 1 1 |
0 5 10 15 20 25 30 35 40 45 50
DISTANCE FROM THE INTERFRCE, WICRONS
ETTRINGITE DISTRIBUTIDN 30 DRYS
D
o}
)
o]
A F-Y
2
o (o}
- o] o o
-3
- N N
i } A § 1 i i i i
[4] ) 10 15 20 25 30 35 40 45 50
DISTANCE FRDM THE INTERFRCE, MICRONS
AD/ silice fume
O?Z silico fume

evliee

") sl S




[520m Aen B Rl 00 Bl g R, Brdl ]

200

180

160

140

120

100

80

60

40

20

0 5 10 15

ETTRINGITE DISTRIBUTION 420 DARYS

20 25 30 35 40 45

DISTANCE FROM THE INTERFRCE, MICRONS

tlica fume
tlico fume

ob
no
NN
LX)

46168

74- 77, Tt 22 //) I
[é:m/‘ Lrut it wuﬂ,%/‘?‘”"ﬂ’ g

50



11

based on thickness of concrete cover and amount of chlorides in the environment
Basic information about the mechanisms of rebar corrosion was scarce, and experience
related to basic factors controlling corrosion hardly existed.

During recent years considerable basic research on steel corrosion in concrete has
been carried out, and information on concrete as an electrolytic systern is now avail-
able. M any reports and papers have been published, a recent review of which is given
by Slater (6.31).

However, it is interesting to note that comparatively little attention has been
gin'fen to the microstructure characterization of the steel-cement paste interface during
corrosion. It is well known that the interfacial zone between steel and cement paste
has quite unique characteristics in the form of higher porosity and larger crystals than
the bulk of the cement paste. Information about the micostructure of the interfacial
region must therefore be of importance to the corrosion of embedded steel.

Nicol (6.32) and Morea (6.33) provided the first evidence that the interfadal
zone separating concrete and embedded steel was composed largely of segregated lime
crystals. These observations were later on confirmed by Page (6.34) who used a scan-
ning electron microscope to show that the steel was in intimate contact with a lime-
rich layer over most of its surface. He proposed that the massive deposition of
Ca(OH), crystals over the steel surface during the cement hydration modifies the elec
trode characteristics of the steel. This lime will provide a continuous source of OH~
which will affect the steel anodic behavior and will also reduce the diffusion of oxygen
towards the steel surface.

In the following paragraphs some typical features of the interface between corrod-
ing steel and chloride-containing cement paste, with and without condensed silica

fume, are presented.
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6.3 1 Experimental
In order to study the interface between steel and cermnent paste, composite speci-

mens consisting of cement paste cast against a polished surface of rebar steel (19 mm)
were used. ASTM Type Il portland cement was employed, and the cement paste had
a w/c ratio of 0.35. In order to introduce corrosion, addition of 2-percent calcium
chloride (analytical reagent) by weight of cernent was used. For half of the spedimnens,
condensed silica fume in the form of 16-percent replacement by weight of the portland
cement paste plus a lignosulfonate type of plasticizer were employed. The steel sur-
face which was not in contact with the cement paste was protected against corrosion by
coating it with paraffin wax.

The composite specimens were covered with a plastic wrap and stored in a fog
room at 20° C. At specified ages up to 180 days, the specimens were removed from
the fog room and placed in a dessicator for drying. Due to differential drying shrink-
age the cement paste and steel became separated at the steel surface. The spedmens
were stored in a €0, free environment until examination. The interfacial zone was

examined by scanning electron microscopy.

6.3.2 Results and Discussion

It has been shown that addition of silica fume reduced the degree of orientation
of large CH crystals forming in the transition phase near the aggregate surface
Although the addition of silica fume produced more CSH gel in the cement paste, a
solid film of large CH crystals still formed over most of the steel surface in spite of as
much as 16-percent portland cement replacernent with silica fume.

A typical feature of the lime film formed over the interface can be seen on the
left-hand side of Fig. 17, which shows a scanning electron micrograph of the 180-days
old specimen with 16-percent silica fume replacement. Just below the interfadal film

the area covered by the rectangular mark in Fig. 17 was magnified for further

«t
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examination. The result is shown in Fig. 16. Two features which are noteworthy are
marked A and B. It is believed that the reticular small crystals on a large CH plate
(A) represent the evidence of the pozzolanic reaction between the condensed silica
furne and caldum hydroxide. The thin plate-like crystals (B) are probably of monosul-
fate hydrate. The possibility that large CH crystals are precipitated as small plate-like
crystals in the presence of chloride cannot be ruled out. For a definite identification of
the reaction products, X-ray energy dispersive analysis is required. Unfortunately, the
scanning electron microscope facility used by the authors did not have this equipment.
It 1s interesting to point out that of all specimens only those containing the silica fume
showed visual evidence of corrosion. It has been previously been observed that
increasing additions of silica furne both reduced the alkalinity and the ability of the
cement paste to bind the chloride (6.36). A higher C1"/0OH~ ratio in the pore solution
of the cement paste is probably the reason for the observed corrosion phenomenon.
For the spedimens which showed corrosion, the phenomenon was typically observed
after 3 months in the fog room. Fig. 19 shows bulk corrosion products formed on the
interfacial film.

The growth of corrosion products was typically dendritic as demonstrated in Fig.
20, while a general feature of the interfacial film with corrosion products is shown in
Fig. 21. At a more advanced stage of corrosion, large deposits of corrosion products

showed evidence of spalling of the interfacial film, as demonstrated in Fig. 22.

6.3.3 Condusions

A study of the interfacial zone between steel and portland cement paste contain-
ing calcium chloride showed that for specimens with portland cement alone, the inter-
facial film consisted of large CH arystals. For specimens in which a 16-percent replace-
ment of the portland cement was done with condensed silica fume, this feature of the

interfacial zone did not change too much. However, the specimens with silica furne



SCANNING  ELECTRON MICRO-
GRAPH OF THE BULK CORROSION
PRODUCTS ON THE INTERFACIAL

FILM. .

6.
FIG. #2722
SCANNING ELECTRON MICRO-
GRAPH OF CORROSION PRODUCTS
AT ADVANCED AGE SHOWING SPAL-
LING OF THE INTERFACIAL FILM.

nc.éc 21
SCANNING ELECTRON  MICRO-
GRAPH SHOWING THE GENERAL
FEATURES OF CORROSION PRO-
DUCTS ON THE INTERFACIAL FILM.

ricleo

DENDRITIC GROWTH OF CORRO-
SION PRODUCTS ON THE INTERFA-
CIAL FILM.



14

were found to be more sensitive to the chloride-induced corrosion. This observation
supports the findings of a previous investigation that higher concentrations of chloride

ions are present in the pore solution when silica furne is used.

6.4 The M echanical Behavior of the Canarete-Steel Bond

A's described in Section 6.1, the pull-out test has been used for a long time to
estimate the concrete-reinforcing steel bond, and much information was gathered.
However most of the tests were performed for normal strength concrete made with
pure portland cement (or sometimes in combination with a pozzolan as an adrmixture).
Presently the use of high-strength concrete has been increased intensively, and there
is no systernatic information on the bond strength for this type of concrete, espedially
when the levels of silica fume and water-reducing agents vary.

Afier the morphology of the steel-cement paste was analyzed in some detail in
Section 8.3, it is tempting to correlate or at least to establish some trends with the
macrostructure performance of the interface. Indeed, having this goal in mind, the
concrete mix will have three levels of silica fume as used in Section 6.3. In order to
understand the combined effect of compressive strength level and the amount of silica
fume used, a comprehensive programn using 16 different concrete mix designs was stu-
died.

6.4.1 Reinforcing Stedl-C oncrete Bond M echanism

The experimental program will use plain and deformed bars in the pull-out tests.
Since these bars have a major difference in the cracking formation in the concrete and
on the failure mode of the specimen, some basic principles on how these bars perform
should be reviewed.

A's stated in Section 8.1, the bond for deformed bars depends on the mechanical

action. For lower loads, chemical adhesion associated with mechanical interaction

S
o
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prevents slip. When adhesion is lost and consequently slip occurs, the ribs of a
deformed bar will restrain this movement This mechanism is different for a plain
bar, where fricion occurs when there is slip between bar and concrete. Lutz and
Gergely (6.1) proposed that slip of a deformed bar can occur in two ways: (a) the ribs
can push the concrete away from the bar by a wedging action, and (b) the ribs can
crush the concrete. They showed also that ribs with a face angle between 40° and
105° produce approximately the same movement. For these ribs, slip is produced
mainly due to the crushing of the concrete in front of the rib, once the existing fric-
tion between the face of the rib and the concrete is enough to avoid relative move-
ment at the interface. As concrete is being crushed, it is lodged in front of the rib in
such a way as to produce an effective face of the rib with angles of 30° and 40° (Fig.
6.23 from Tepfers).

Goto (6.37,6.38) developed a clever scheme to experimentally investigate the
bond mechanism by injecting ink in a loaded specimen. A fter the test, the spedmen
was split in half along planes that included the bar axes. By this process, it was possi-
ble to analyze the internal cracks existing in the concrete. Goto observed that when
deformed bars were used lateral cracks or “primary cracks’ were formed; and also
around the deformed bars just after the formation of primary cracks there develop-
mented small internal cracks which do not appear at the concrete surface. W hen the
steel stress becarmne high, new lateral cracks called “secondary cracks” formed near the
primary cracks. This caused the development of large hoop stresses in the concrete
close to the bar, resulting in possible localized longitudinal cracks. Tepfers (6.39,6.40)
analyzed the condition in which the splitting cracks spread across the whole concrete
cover of the bar. He considered that the radial components of the bond forces are
balanced agalnst “concrete rings” in tension, which resist the tensile hoop stresses (Fig

6.24).
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6.4.2 Test Program
The purpose of this investigation was to study the steel-concrete bond by per-

forming pull-out tests. The variables of this investigation were the concrete compres-
sive strength ( four levels), the amount of silica fume (three levels), the type of rein-
fordng bar (plain and deformed) and the position of the bar. In all the 16 mixes, an
ASTM Type I-II portland cement with the chemical analysis shown in Table 2.1, was
used. The fine aggregate used was a Kaiser radum top sand with 2.68 bulk specific
gravity, 0.9-percent absorption and 2.93 fineness modulus. The coarse aggregate was
rrushed limestone obtained from a local deposit with 2.69 bulk spedific gravity, 0.5
percent absorption and 7.06 fineness modulus. The fine and coarse aggregate had a
gradation as shown in Table 6.3.

The silica fume used was the same one used in Chapters 2 and 3, and in Sections
62 and 6.3 It consisted of 93-percent silica with a specific surface area of
20 — 25m* and an average particle diameter of .1 micron.

Twenty-four in. long plain and deformed bars of A-36 steel were used with a
minimum f, of 60 ksi.

One of the purposes of this experiment was to study if the use of silica fume
would improve the concrete-steel bond for a given concrete compressive strength.
The voncrete mixes were designed to produce a cohesive and workable concrete with
4-in. slump and compressive strength range of 3,000 to 12,000 psi. The mix designs
are shown in Tables 6.4, 8.5, and 6.6.

Pure portland concrete mix with compressive strength of 3000 and 6000 psi were
designed using the ACI method. Trial mixes were performed, and the necessary
adjustments were made. The higher compressive strength level (9,000 and 12,000 psi)
is not well covered by this method, and the final mix was obtained by extrapolating

(RS
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TABLE 6.3
Sieve Analysis
Sand Coarse Agpregate
Sieve Size
7% Relained 7% Relained
1 0 i
3/4” o e
172" 0 K
3/8" 0 30
# 4 0 g7
# 8 13 g7
# 16 40 100
# 30 64 100
§ 950 83 100
# 100 3 100
§ 200 av 100

the tables given by Neville (8.41) and by trial and error.

The cement equivalenice factor, K, was used for concrete with silica fume in
order to obtain the desired compressive strength level The value of K is variable,
being lower when the amount of silica fume or cement is high. For conarete with 8-
percent silica fume the value of K ranged from 4 for 3000-psi cornpressive strength to
2 for 12000-psi compressive strength. The oconcretes with 16-percent of silica fume
had K varying from 2 to 1.

As the water to cement ratio decreased, the amount of fine ageregale also

decreased because the silica fume and cement provided additional fines (Mark). A
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TABLE 6.4
CONCRETE MIX DESIGN
0% SILICA FUME CONCRETE
MIX NUMBER 6-3000 G-6000 0-9000 0-12000

Cement (g/101) 23 3729 4514 6339
W ater (g/101) 1800 1720 1571 1656
Fine A gprepate {(g/101) 9898 7496 6766 4442
Coarse A gpregate (g/101) 9906 11380 11611 11974
Plastidzer (ml/101) 13 19 31 64
Unit W eight (g/101) 21136 24344 24493 24493
W D717 D.464 0.3515 0.267
Shurap (in) a5 L7 37 4.0

lignosulfonate (Zeecon R40) with 1.2 spedific gravity was used.

6.4.3 Test Procedure

The concrete mix was batched in a pan mixer with rotating blades. ASTM

spedifications were followed for mixing (ASTM C192), for the slump test (ASTM

C143), for preparing the pull-out specimens (ASTM C234), and for the cylindrical

specimens for oorrg)ressive‘and splitting tests. Ten cylindrical spedimens and four hor-

izontal pull-out specimens were cast for each mix.

The specimens were kept in their molds for 24 hours and then they were stored

in a 100% hurnidity roomn at 23° C. The tests were performed at the age of 28 days.

Testing the concrete compressive strength for the range 9,000 to 12,000 psi

presented problems with the sulphur cap that under high loads would have a plastic
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TABLE 65
CONCRETE MIX DESIGN
8% SILICA FUME CONCRETE

MIX NUMBER 8-3000 8-6000 8-9000 8-12000
Cement (g/101) 2004 2984 36850 5481
Silica Fume (g/101) 160 23 309 438
W ater (2/101) 1760 1688 1569 1598
Fine A gpregate (g/101) 8930 6915 6484 4580
Coarse A ggregate (g/101) 10915 12294 12040 12322
Plastidzer (ml/101) 4 32 o4 99
Unit W eight (g7101) 23785 24152 24315 24518
WAC+S) 0.817 0.530 0.377 0.279
Shump (in) 15 4.0 425 4.0

flow causing a premature failure of concrete. To avoid this problem, the specimens
were polished with a grinding machine until the concrete surfaces met the ASTM
specifications. This was a laborious and time-consuming operation; however it paid off
because a higher compressive strength was obtained than when sulphur cap was used,

and the dispersion of the results was reduced.

6.4.4 Test Results and A nalysis
The compressive strength results for the mixes are given in Table 68.7. It should

be noted that the pull-out specimens were made with limestone concrete. The results
for the quartz concrete are given for completeness (see Chapter 5). As can be seemn,
the compressive strength results for the limestone concrete were dose to the target

S8
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TABLE 6.6
CONCRETE MIX DESIGN
16% SILICA FUME CONCRETE
MIX NUMBER 16-3000 §6-6000 16-9000 16-12000

Cement (g/101) 1678 2489 3383 14732
Silica Fume (g/101) 269 398 541 766
W ater (g/101) 1757 1676 1590 1639
Fine Agprepate (g/101) 8606 6805 5989 4631
Coarse Aggregate (g/101) 11409 12636 12725 12519
Plasticizer (ml /101) 2 43 76 113
Unit W eight (g/101) 23750 24048 24304 24460
W AC+5) 0.911 0:588 0.415 0.306
Slurmnp (in) 35 425 37 37

strength levels, with the exception of the concrete mix with no silica furne that failed
o get the aimed strength of 12,000 psi.

The tensile-to-cornpressive strength ratio was approximately 0.14 for the lower
strength of the limestone concrete (for all the three levels of silica fumne), and it was
reduced to 0.08 for the higher strength concrete. This decrease is typical, and the
interesting point is that the ratio was not very dependent on the level of silica fume
for a given compressive strength level.

Fig. 6.25 shows the failure mode of a pull-out specimen using a deformed bar.
As can be seen, the concrete failed by splitting in two orthogonal planes as discussed
in Seclion 6.4.1. Fig. 8.26 shows a detail of the concrete, in which the imprint of the

reinforcing bar can be seen.
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The results show the major influence of the bar position on the bond strength,
the "upper” bars showing in most ceses a lower strength because they had much higher
concrete bleeding which resulted in the accumulation of water and air beneath the lugs
with consequent loss of bond strength. For plain bars, as the concrete strength
increases the difference of the two bars tends to decrease because the higher amount
of cementitious material that is used tends to diminish the concrete bleeding, thus
producing a more uniform material.

The results of the pull-out tests are summmarized in Tables 6.8, 6.9, 6.10.

Fig. 8.27 shows the graph of the pull-out strength versus the concrete compres-
sive strength for each bar The results were fitted with the expression
Sos-oe = K Jf 2 where fpy_m¢ is the pull-out strength, f, the concrete compressive
strength, and K; K are constants. The results for plain bar with the concrete mix 0-
6000 were not included in the regression because they were notl reliable. As can be
seen and has been reported before, the concrete cormpressive strength plays a major
role in the pull-out strength. The level of silica fume also has an effect on the pull-out
strength, especially in the high compressive strength range of the concrete.

Al first glance, these results showing the effect of silica fume on the improve-
ment of the steel-concrete bond seem to be a perfect consequence of the improvement
of the steel-cement paste interface, as discussed in Section 6.3. The interface mor-
phology has a major influence on the mechanism of debonding and slip for plain bars.
However, we must be cautious and not make general conclusions; first of all some of
the characteristics of the interface discussed in Section 6.3 are related to the chemical

adhesion, which is mostly gone before failure occurs (especially with deformed bars) .



—t ISEP PTG MO Ty

— T THOZEMIAN SO

PLAIN BRARS/UPPER PDSITION
DEFORMED BARS/UPPER POSITION

15000
30000 |
13500
27000
ot P 12000 ~
24000 u P
L L 10500
21000 4 o //
i T  go00
18000 VA 4 ”
e 3 / pd
/ P I 7soo v
15000 /l A £ / N
e s § 8000 +
12000 - . T / 1
R H o 4500 ..
A .- //1'3/
8000 P g2
& . ) /" <
1. 1 3000 /,- )
6000 - = . "",,a’
’ 1500 ~+=
3000 —
)
[
3000 5000 7000 8000 11000 13000
3000 5000 7000 8000 11000 13000 .
COMPRESSIVE STRENGTH, PSI
COMPRESSIVE STRENGTH, P51
30000 20000
27000 . 18000
,//4¢ﬂ L
24000 v P 18000 £
- /
21000 ’// - L 14000 £
'/// 47 D
// v e
18000 — - T 32000 4
A AT s // v
15000 > — - g 10000 L
A / V4
/ // £ y y:
12000 i ¥ eo00 <
A v pZ —T
ey 1 / At
. N e
800D 8000 o
[ d '_'v’
6000 ? 4000 -‘/4 /4/
)t
4//,
3000 2000
14 D
3000 5060 7000 8000 11000 13000 3000 £000 7000 8000 11000 13000
COMPRLSSIVE STRENGTH, P5I CDWPRESSIVE STRENGTH, PSI
%t silice {ume %— " % 71/6 ﬂ ' 1 sils ¢
""" vl u 4 e oo gilico (ume
——8% eilica ¢ P - Z/ iz 2% 8L el
*’*—-15‘/..:;{::0 g::o 2 @"’ L% - :7/ A "—"lél.:%t“::af:::.
& g

LN 7/;4? A 71//7 a2 X S



22

TABLE 8.7
CONCRETE STRENGTH (PSI)

QUARTZ AGGREGATE LIMESTCNE AGGREGATE
MIXH Caoampressive Tensile Compressive Tensile
0-3000 3166 449 332 446
0-6000 6263 681 5564 673
G-9000 Kg: 34) 788 B035 713
0-12000 8298 8940 9828 860
8-3000 3268 468 3447 508
8-6000 6592 715 5784 07
8-8000 857 845 9398 837
8-12000 8411 1009 11692 896
16-3000 2988 427 38 472
16-8000 5128 626 5349 629
16-9000 8787 75 g9 778
16-12000 g714 a70 12163 912

The reason why the silica fume increases the pull-out strength for a given

cormpressive strength is that it produces a more uniform material, decreasing the
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TABLE 6.8
PULL-OUT STRENGTH (PSI)
0% SILICA FUME CONCRETE

Plain Bar Deformed Bar
MIX § Criteria*

Upper Lower Upper Lower
0.01 — —— 4500 9600

2-3000
Max 1690 3360 18630 18260
0m — — 8650 12250

G-6000
Max 1000 1535 17640 24200
0.01 4950 B750 18900 16300

G-8000
Max 4950 5850 20500 18100
0.01 5520 8500 19800 24400

0-12000
Max 7600 14600 28000 25200

general porosity and produding a densifying of the interfaces (steel-concrete and
aggregate-matrix) resulting in a better material to resist the splitting forces for
deformed bars.

Figs. 6.27A and B show isometric projections for the pull-out strength as a func-
tion of the compressive strength of concrete and the amount of silica furmne. The pro-
jections were obtained from interpolation of the results and not from a mathernatical
expression. [t can be seen that the surface increases as the compressive strength or
the amount of silica furne increases.

The dependence of the pull-out strength on the tensile and compressive strength

of concrete is shown in the isometric projections of Figs. 6.29A and B.
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TABLE 6.9
PULL-OUT STRENGTH (PSI)
8% SILICA FUME CONCRETE

Plain Bar Ddormed Bar
MIX # Criteria*
Upper Lower Upper Lower
001 — —_— 5830 9000
8-3000
M ax 1000 2530 13680 15200
0.01 — — 14700 18200
8-8000
Max 20860 3050 18200 22300
0.01 6430 8070 19000 22800
8-9000
M ax 10350 9400 24300 25700
0.01 9400 18200 25000 24843
B8-12000
Max 10400 19000 33500 33000
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TABLE 6.10
PULL-OUT STRENGTH (PSI)
167 SILICA FUME CONCRETE

Plain Bar Deformed Bar
MIX # Criteria*
Upper Lower Upper Lower
0.01 R 2540 grs0 11400
16-3000
Max 1650 4200 14400 15850
’ 0.01 —_— 4430 15000 21000
16-6000
M ax 2470 6110 17050 25500
0.01 7600 11800 21615 23000
16-9000
M ax 10680 12250 27700 - 29000
0.01 12800 17825 25700 27000
16-12000
M ax 17630 18200 30700 32500
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