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Preface

This work is part of a European research project CONTECVET; A Validated Users Manual for
Assessing the Residual Service Life of Concrete Structures.

The project involves partners from U.K., Spain and Sweden:

U.K.:

British Cement Association (Coordinator)
Transport Research Laboratory

Nationa Car Parks

Soain:

Geocisa

Gengditat Vdenciana
Ingtituto Eduardo Torroja
Enresa SA.

Iberdrola S.A.

Sweden:

Swedish Cement and Concrete Research Indtitute
Lund Indtitute of Technology

Véagverket (Swedish Nationd Road Adminigtration)
Banverket (Swedish Nationd Raillway Adminitration)
Vattenfal Utveckling

SkanskaAB

The project islead by professor George Somerville, British Cement Association.

Three mgor destruction mechanisms are congdered in the project; dkdi dlicareaction (ASR), freeze-
thaw, and reinforcement corrosion. Some partners are dso interested in leaching. This report is meant to
be a condensad introduction to the subject. Unfortunately, there are rather few mechanigtic studies of
leaching performed. Therefore, this report is hardly at al supported by red facts on leaching. It only
gives a generd dructure for the manner in which a leaching problem might be solved and used in an

andyss of the sructurd gahility.

Lund, May 2000

Goran Fagerlund

(Research on leaching and its effect on the structural stability has also been published in the report:
T. Ekstrom: Leaching of concrete. Experiments and modelling. Div. of Building Materials, Lund Institute of
Technology. Report TVBM -3090, Lund, 2001)
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Abstract

The leaching process when water attacks concrete, and the effect of leaching on the strength and
durability of aconcrete structure, is andysed theoreticaly. Technique for prediction of the future leaching
and structural stability is outlined. The andysisisto a certain extent supported by data from literature.

Theleaching processis divided in five different types:

1. Pure surface leaching

2. Surface leaching involving eroson

3: Homogeneous leaching over the entire structure

4: Semi-homogeneous leaching over the entire structure
5: Leaching in defects within the Sructure

For each type, the physica leaching process is outlined. Condderation is taken to the increase in
permeability caused by leaching making it theoreticdly possble to predict the future leaching from an
andysis of the water flow and degree of leaching at the time of ingpection of the structure.

The effect of leaching on strength and EEmodulus of the concrete is analysed showing that the effect can
be subgtantial.

A ghort discussion is made on the effect of leaching on the structurd tability and on the changes in
sructural gtability in the future. Important mechanica factors discussed are changes in compressve
drength, tensile strength and bond strength between reinforcement and concrete. The increased risk of
reinforcement corroson and frost damage in leached concrete is discussed and found to be big. The
effect of changesin the interna uplift pressure in dams due to changed flow paths indde the dam and the
effect of these changes on the dam gtability are mentioned.

Finaly, in an APPENDIX, a smple method is outlined for how to assess the concrete strength from

information of the physica composition of the cement paste. By this theary it is also possible to assess
the effect of leaching on the concrete strength.
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|: The leaching process

|:1 The solubility of concrete

1:1.1 Solubility of " lime”

Water dissolves lime in concrete. The solubility depends on the hardness (acidity) of the water and on
the type of lime in the concrete. The more acid the water, the higher its ability to dissolve concrete.
Portlandite (Ca(OH)2) is more soluble than hydrated cdcium dlicate (CSH), which in turn is more
soluble than calcite in carbonated concrete (CaCQOs). Aluminate and ferrite compounds in cement gel
seem highly insoluble also in rather acid water!. The interrelation between water hardness expressed in
terms of German hardness degree and amount of aggressive carbon acid was determined dready in the
thirties” . A summary of thisinvestigation is shown in Teble1.1.

Table|.1: The aggressiveness of water to concrete.

Water type Water hardness Aggressive CO, Aggressveness
German degreel) in water [mg/l]
I >2.0 <15 Not aggressve
I >2.0 15-40 Inggnificant
2.0-0.2 <15
11 >2.0 40-90 Sgnificant
2.0-0.2 14-40
<0.2 <15
v >2.0 >90 High
2.0-0.2 >40
<20 >15

1) 1 German degree = 10 mg dissolved CaO per litre of water

Natura water, by which is meant ground water, or water in lakes and rivers, can have very different
chemical composition depending on the type of ground through which it has flown. It might be very hard
in areas where the ground is cacareous, or it might be rather acid in areas where the soil consists of pesat
and other materid rich in organic substances. In the northern parts of Scandinavia, and possibly dsoin
other mountainous areas, water can be very pure since it mainly emanates from melting snow.

! L. Rombén: Aspects on testing methods for acid attack on concrete - further experiments. Swedish Cement
and Concrete Research Institute, Research Fo2:79, 1979.

Zh. Granholm, D. Werner, S. Giertz-Hedstrom: Investigation of the suitability of using concrete for pipes.
Betong 1934:1. (In Swedish)
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Pure water has high ability to dissolve lime. Industrial water, such as waste water or water from indudtrial
processes, has highly varying chemicad compostion. It might have pH-vaues below 4.5 which means
that it is very aggressive. But, aso very pure water is produced in industria processes, such as water
from condensation of water vapour in heat exchangers, or in cooling towers, etc. Such water is rather
agoressive as seenin Table 1.

The solubility of lime decreaseswith increased temperature. Pure water (no dissolved CaO or CO,, and
pH=7) dissolves the following amount of calcium hydroxide (Ca(OH),):

0°C: 1.85 gllitre
20°C: 1.65 gllitre
100°C: 0.71 g/litre

[:1.2 Amount of solublelimein concrete

A concrete made with the portland cement content C kg/n? contains the following amount of CaQ in
different phases. It is assumed that the degree of hydration is 80%.

1: Thetotal amount of lime expressed as Ca0: 0.65-C kg/n?
2: The amount of CaO bound in hydration products (gel +portlandite): 0.53-C
3: Theamount of CaO bound in Ca(OH), (portlandite): 0.12.C
4: The amount of CaO bound in cement gd: 041-C
5: The amount of CaO bound in unreacted cement: 0.13.C

The total weight of cement paste is C(1+0.25a) where a is the degree of hydration. A norma degree
of hydration is 80%. This means that the totdl weight of cement paste is 1.2-C kg/n'’.

The tota weight of al soluble cacareous substances in cement paste (dl lime based products except
those in unhydrated cement) is about 1.25-a -C or 1.0-C when a=0.8. Thus, the weight fraction of dl
soluble substances in cement paste is about 1/1.2»85%.

The total weight of CSH-gel exclusive of reaction products from CzA and C,AF but including Ca(OH),
is aout 0.79-C (60% GS and 20% GS in the cement). Thus, the weight fraction of such essly

soluble reaction products in the cement paste is 0.79/1.2»65%.

The totd weight of more insoluble reaction products from C3A and C4AF is about 0.25-C (8% C3A,
12% C4AF). Thus, the weight fraction of the cement paste of such less soluble reaction products is

0.25/1.2»20%.

The tota weight of Ca(OH)2 in the cement gel is about 0.30-C. Thus, the weight fraction of very
soluble Ca(OH)2 in the cement paste is 0.30/1.2» 25%.

000527/CONTECVET.Leaching 6



The total volume of hydration products (including gd porosty) is 0.71-a-C; see the APPENDI X, Fig
A.l Thetotd volume of cement paste is (w+0.32-C) where w is the amount of mixing water. Thus, the
volume fraction of cement gd is 0.71-a/(w/c+0.32). For a w/c-ratio of 0.60 and a degree of hydration
of 80% the volume fraction of soluble substances in the cement paste is about 62%.

As a firgt gpproximation the dengty is supposed to be the same for dl hydration products. Thus,

dissolution of all CSH-gel reduces the solid volume of the cement paste by 47%. Dissolution of all

Ca(OH)2 reduces the volume by 18%.

1.2 Types of leaching

[:2.1 Introduction

The characteristics and time process of leaching depend on the permegbility of the concrete and on the
pressure gradient of water in the concrete structure. It also depends on whether erosion occurs or not.
Five different processes can be discerned. See Fig. 1.1 and Fig. 1.4-1.7.

In leaching of type 1 and 2 dl eesily dissolvable lime is dissolved in the leached zone. On a bigger depth
than thisthere is no leaching.

In leaching of type 3 and 4 the dissolvable lime is gradually reduced with time within the entire Structure.
In leaching of type 3 the removd of lime is the same in dl parts of the sructure. In leaching of type 4
more limeis removed from the upstream part of the structure than from the downstream part.

Leaching of type 5 is locdized to certain parts in the concrete, or to crack walls. Lime is gradudly
removed with time within these locdized areas.

|:2.2 Leaching of type 1. Surface leaching with no erosion and no water
pressure gradient (Fig. 1.1)

In dense concrete and with no water pressure gradient (like in a completely submerged concrete
member) the reaction between water and concrete only occurs at the outer surface of the structure. This
means that the dissolution process occurs as a moving boundary and is diffuson controlled. Water
diffusng further into the concrete than the dissolved zone will be saturated by lime and, therefore, it
cannot dissolve any more lime. The growth of the thickness of the dissolved zone is determined by the
amount of dissolvable lime, the diffusvity of dissolved lime and the gradient in lime concentration across

the dissolved zone as shown by the following derivatior?:

The trangport of dissolved matter in the dissolved layer is described by Fick’s law, assuming the gradient
being linear between the surrounding water and the leaching front; see Fig. 1.1:

dM={d, A (Co-C/x} it (1.1)

3G, Fagerlund: Calculation of the service life of concrete structures. Div. of Building Materials, Lund Institute
of Technology, Lund Institute of Technology. Report TVBM -3070, 1996 (In Swedish)
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where dM isthe amount of trangported dissolved lime [Kg]
d,.isthediffusvity of dissolved meterid in the dissolved zone [re/g

A isthe cross-section perpendicular to the flow [¥]
Co is the concentration of dissolved materid in the surrounding weter

(normally zero) [kg/mB]
Cs isthe duration concentration (the solubility) of materid in water

(=concentration at the leaching front) [kg/nd]
X isthe depth of the dissolved zone [m]
dtisthe exposuretime|[s|

Colmpletely leached zone

// >
X

Depth x (log-scale)

Cs T ’—

slope 1:2

Transport of
dissolved lime

A

The leaching front, x=x Time t (log-scale)

Figurel.l: Leaching of type 1; surface leaching with no erosion and no pressure
gradient.

The dissolved amount during thetime interva dt is

dM=M,,A-dx (1.2)
where M, isthe total amount of soluble material [kg/m3 of concrete]
Combining egn. (1.1) and egn. (1.2) gives

x={(2dm(cocadM 312112 = K s11/2 (13)

where K sisaconstant [m/sl/2]
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The thickness of the dissolved zone evidently is proportiond to the square-root of time, provided there is
no surface eroson. Concrete with high amount of lime, like concrete with limestone aggregate, will have
adower dissolution rate than concrete with acid aggregate since the vaue of M is higher. An example of
leaching of type 1 isshownin Fig. 1.2" .

The amount of lime leached after timet from 1 m? of exposed concrete surface is
Q=xM =K gM /2 (1.4)

where Qisthetota dissolved lime after timet [kg/n¥]

The leaching rate will increase if water outsde the concrete is moving, because then the ” counter-
concentration ” cq will gpproach zero. If the outer water is stagnant, its concentration of lime will

gradudly increase, whereby the dissolution rate will gradudly decrease. After some time dissolution
might even cometo a hdlt.

8
~~ 7 h
E ° @ wlc=0.70
i N[ =350 kg/m’
i%o 4 \§
£ A§\\ J| wie=0.50 :
3, % C=375 kg/m
1 jﬂ
% & 10 15 20

Exposure time (years)

Figure|.2: Example of leaching of type 1. The leaching depth of concrete exposed to water
containing 100 mg aggressive CO2 per litre and pH 5.6.

* FW. Locher & S. Sprung: Die Besténdigkeit von Beton gegenuber kalkldsender Kohlenséure.
Beton 7/75, 1975
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The diffuson-controlled dissolution occurs as long as lime is the only substance thet is leached. Also the
other compounds in cement paste, such as hydration products of duminate and ferrite, have a certain
solubility, dthough very much lower than that of the other cacium compounds like CSH gel and
Ca(OH)2. Sooner or later, however, when the dissolved zone has become thick enough, the rate of
dissolution of the less soluble substances will become just as high as the dissolution of the more eesly
soluble lime products. Then the leaching process will become linear with time. An example of the
beginning of such atransition from a square-root relation to alinear relationisseenin Fig. 1.3° .

100

3

Depth of attack (mm) (Log-scale

i
i 10 100d 1 10 50100200
Time (years) (Log-scale)

Figure 1.3: Example of leaching (in hydrochloric acid with pH 3.1) gradually going over to a
linear attack when the more insoluble componentsin cement paste are attacked. The

trangition is calculated theoretically.

1:2.3 Leaching of type 2: Surface leaching asin type 1, but with erosion
(Fig. 1.4)

If water is streaming aong the concrete surface by high speed, and if it brings with it sand and other
erosive particles, the dissolved and thereby weakened surface layer can be eroded by about the same
rate as leached concrete is formed. When this occurs, the leaching process will become more or less

linear. Concrete of good quality will not be significantly eroded by streaming water unless the surface is
weakened, for example by leaching.

> L. Rombén: Aspects on testing methodsfor acid attack on concrete-further experiments. Swedish Cement
and Concrete Research Institute, Research Fo2:79, 1979.
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Transport of dissolved lime

A . .
Erosive action Erosion depth
\ —
X \ Depth x (log-scale)
leached zone
Slope 1:1
X Lime concentration
profile x=x*+Ke (t-t*)

xX* | x=Kg /2

t* Time (log-scale)

Figurel.4: Leaching of type 2; surface leaching with erosion but no pressure gradient.
The eroson rate is supposed to be constant
dxddt=ke (1.5

where dxg/dt is the rate of erosion depth [nV/s]
keisacoefficient determined by the erosive effect [m/g]

Theleaching process will become linear when the rate of erosion is equal to the rate of penetration of the
leached front. Thisis found by derivation of egn. (1.3).

dx/dt=d{Cq-Co)/(M X) (1.6)
The leaching rate after thistime is described by
x=x" +kg(t-t") (1.7)
where X" isthe depth of the leaching front when the erosion rate is equd to the rate
of penetration of the leaching front [m]
t* isthe time when this happens[g]

X" and t* are obtained by putting the erosion rate according to egn. (1.5) equa to the rate of penetration
of the leaching according to egn. (1.6):

X" =dp(Co-CMyKe (1.8)
t* =d(Co-C9)/(2-Myked) (1.9
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Thetota amount of dissolved lime after timet is
Q=x-M y={x " +ke(t-t )M y (1.10)

where Qisthetotal amount of dissolved lime after timet [kg/n?]
My isthetota amount of soluble materid [kg/ne of concrete]

Another type of erosion is cavitation due to water streaming with very high speed, such asin aspillway
in aconcrete dam. This, however, is a phenomenon of its own which gives very big erosve damage dso
to unleached concrete. Therefore, it is not trested here.

|:2.4 Leaching of type 3: Homogeneous internal leaching with
water pressure gradient (Fig. 1.5)

[:2.4.1 Requirements for homogeneous leaching

In the case of highly permeable, uncracked and defect-free concrete exposed to a water pressure
gradient across its thickness, water can be assumed to flow homogeneoudy over the entire concrete
volume, which means that dl lime in the concrete member stays in direct contact with flowing water.
Water will of course become more saturated by lime the deeper it has peretrated into the structure.
Thus, dso in the case of a Structure exposed to penetrating water one might assume a sort of moving
boundary, athough less pronounced than in dense concrete not exposed to a water pressure gradient.
This” quas-homogeneous’ caseis treated as leaching of type 4.

It has been observed in red structures, however, that amogt dl parts of the structure is leached in cases
where leaching isared problem, viz. in highly permegble concrete with high w/c-ratio, exposed to water
penetrating the structure due a hydraulic head a one sde. Thisimplies that the rate of dissolution of lime
in such concrete is dower than the rate by which water flows through the structure. This means that one
might, as a first gpproximation, assume that every water unit has the same lime-soluble ability no matter
of where in the structure it is in contact with a pore wall; may it be a the upstream part of the structure
or at the downstream part.

Only convective leaching by which is meant lime remova by flowing water is consdered. A certan
diffusive leaching might also occur, but it ought to be negligible in highly permegble concrete,

000527/CONTECVET.Leaching 12
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Upstream
water level
Pressure gradient
5 Total amount of dissolvable lime
Dissolved\lime
\ Residual dissolvable lime
\ Downstream
— water level
P water flow
(b) (©
Z

A perpendicular Aparallel

Flow
Cs
74 \ Co
1m
L A

Figurel.5: (a) Leaching of type 3; homogeneous leaching. (b) Streamlines and

equipotential lines. (c) Definition of a” streamline tube” .
The rate of dissolution of lime from the pore wall is; see Fig. 1.5(b)°
dM’/dt=k(cs-Co) (1.12)

where dM’/dtt isthe rate of dissolution of lime [Kg/(n? pore area:s)]
Csisthe saturation concentration of dissolved lime (i.e. the lime concentra-

tion of pore water in contact with the pore wall)[kg/m3 pore water]
Co is the concentration of dissolved lime in Sreaming water indde the

pore [kg/m3 pore water]
k is a rate-determining constant [ pore water/(m?2 pore area:s)]

® This equation impliesthat all types of limein concrete is dissolved by the same rate. In reality, there are at |least three
different "time constants’ k; one rather high for dissolution of Ca(OH),, one smaller for CSH and one till smaller

for CaCOg3, aluminate and ferrite. This means that the requirement for homogeneous dissol ution over the entire

cross-section isdifferent for different types of dissolution. A higher water flow isrequired for homogeneous
leaching of Ca(OH),, than for homogeneous leaching of CSH; see egn. (1.18).
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The total rate of dissolution fom al pore walls in a concrete ”streamline tube’ with congtant cross-
section dretching through the entire structure with its axis in the centre of a streamline of water flow is
(seeFig. 1.5(c))

dM/dt=(dM"/ct)-Aparallel ‘A perpendicular L = K(Cs-Co) Aparald-AperpendicularL (1.12)

where dM/dt isthe rate of dissolution of lime from the entire streamline tube
considered [kg/g|
Apadld isthe tota exposed pore surface parallel to the water flow in 1 m3 of

the streamline tube [m&/m3]
Aperpendicular is the cross-section of the streamline tube perpendicular to the

water flow [n¥]
L isthelength of the sreamline tube [m]

This equation shows that no more lime is dissolved when the pore water is saturated. Therefore, new
non-saturated water has to flow to the site of dissolution if thisis to continue.

The velocity of water in dl parts of the structure (Steady state conditions) isv [nmVg]. The cross-section of

water flow in the greamline tube as fraction of the total cross-section of the tube is equd to the
"permeable’ porogty P. Thus, the volumetric water flow in the Streamline tube is

where Vw isthe volumetric water flow in the concrete [mB/]
P is the permeable porosity [m3 pore volume/m3 concrete volume]

Then, the flux of dissolved lime dM/dt [kg/s| becomes
dM/dt=Vy-Co= V-AperpendicularP-Co (1.14)
But, the pore surface Apgrgl|d isinversely proportiond to the hydrawlic radius of the pore
Apaald=P/rh (1.15)
where rhisthe hydraulic radius of the pore system (m=r/2 for cylinder pores) [m]

By comparing egn. (1.12) for the rate of dissolution of lime, and egn. (1.14) for the removd of lime, and
using egn. (1.15), a criterion is obtained for when the dissolution of lime is dower than the removad of
lime, i.e. the criterion for homogeneous leaching over the entire streamline volume.

v>k(cg/Co-1)(L/rh) (1.16)

000527/CONTECVET Leaching 14



The mass water flux per n? of the concrete area is proportiona to the volumetric water flux Viy which
in turn is proportional the water speed v. It is aso proportiona to the water density (1000 kg/m3).

where Ow isthe masswater flux per m2 concrete area [kg/ne-g]

Inserting this expresson in egn. (1.16) gives the following regquirement for homogeneous leaching in the
entire volume of a gtructure

Gw>P-1000k(cg/co-1)(L/rh) (1.18)

The equation shows that the condition for homogeneous leaching is more likely to be fulfilled the thinner
the structure (expressed by L) and the more dow the dissolution process (expressed by k). Besides the
coarser the pore structure (expressed by rp), the more likely it is that homogeneous leaching occurs. The

reason for this is that the surface/volume ratio of pores exposed to the water stream is reduced with
increased hydraulic radius.

Theoreticaly, according to egn.(1.18), infinite water flux is required when water is completely pure
(co=0). Thisis a consequence of the assumption behind egn. (1.14) in which the concentration of limein

the streaming water is assumed to have afinite vadue. The case co=0 istrivia, however, because then the
condition for homogeneous leaching is automaticaly fulfilled.

1:2.4.2 The amount of dissolved lime

Leaching of type 3 implies that the degree of leaching is the same over the entire cross-section and that it
only depends on the total water flow. Then, the following relation can be applied for the amount of
leached lime

Q=i (1.19)

Where Q isthetotd amount of dissolved lime [kg/m? of concrete area perendicular
to the flow]

Ow is the water flux [(kg/(m2-9)]

sisthe average concentration of dissolved lime in the water
[kg/kg of water]

tisthetotd time of water flow [g]

Note: Since the water flux q is different in different parts of the the Structure due to different pressure

gradients within different " streamline tubes’ -see Fig. 1.5(a)- the totd amount of dissolved lime will be
different in different parts of the structure.
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1:2.5 Leaching of type 4. Semi-homogeneous internal leaching with
water pressure gradient (Fig. |.6)

For moderately permeable concrete exposed to a pressure gradient it is reasonable to assume that the
water flow is so low that concrete located at the upstream face is dissolved at first while the interior part
of the concrete is more or less intact because water is dready more or less saturated by lime when it
arrives. Thus, leaching should occur as a sort of moving boundary process, but not a true moving
boundary process, because dissolution takes some time; see egn. (1.11). The leaching at a certain depth
from the up-stream surface will depend on the water flux, and on the rate of dissolution, as described by

egn. (1.14) and egn. (1.11).

Upstream
water pressure

Total dissolvable
lime

Dissolved
lime | Residual
_— . .
dissolvable lime

\ Downstream

water pressure
- p

Water flow

Figure1.6: Leaching of type 4; semi-homogeneous leaching.

Theoreticadly, the leaching rate a each exposure time t and depth x from the upstream surface, and
thereby the leached lime profile a a certain exposure time, could be determined by numericaly solving
the balance equation for total flow from t=0 to t=t

Xt t
(dM"/dt) x t-Aparalle“A perpendicular-dX-dt = @w(t) A perpendicularc®)- dt [ka]  (1.20)
(0] (6]

where (dM’/dt)x t isthe rate of dissolution of lime on the depth x at the timet

[kg/(m2 pore areas)]; cf. egn. (1.11)
au/(t) isthe water flux a time t [kg water/(m?2 concrete area:s)]
c(t) isthe concentretion of limein out-flowing water a timet [kg/kg water]
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The basic equations to be used for solving egn. (1.20) are the same as those used for leaching of type 3.
But for leaching of type 4 the concentration of lime in the streaming water, required for solving egn.
(1.20), is not the same in dl sections x of the streamline tube. The concentration of limein the sreaming
water a thedepth x is

found by integrating the leaching from x=0 to x=x. The result of the cdculation is a function expressng
the amount of leached lime at the depth x after timet.

Q=f(x,1) (1.21)

As for leaching of type 3 the amount of leached lime will be different in different parts of the structure
depending on different vaues of the water flux in different parts.

|:2.6 Leaching of type 5: Selective leaching in defects and cracks
under water pressure gradient (Fig.1.7)

In the previoudy described leaching types, attack has been assumed to occur over the entire cross
section perpendicular to the flow. It is often found, however, that the flow, and thereby the leaching, is
concentrated to certain discrete flow channels. The flow channels gppear where there is an initid
defect, such asinaregion of bad compaction, or a crack.

The flow channels become more and more accentuated the longer the exposure time, because the size of
the channels increase with increased leaching. The permeability of a cylindrical pore is proportiond to
the pore radius raised to the fourth power. The increase in the pore radius is directly proportiona to the
amount of leaching. The leaching is dso proportiona to the permeability. Thus, the loca leaching rate
increases progressively with time.

A specid type of sdlective leaching occurs at through cracks. Water flow in acrack can be assumed to
be 0 big tha the "crack water” dways has a concentration that is lower than the saturation
concentration. As afirg approximation it is assumed that the dissolution from the crack wall will occur as
a moving boundary perpendicular to the wall. Then, the penetration of the dissolution front in the crack
wall can be described by egn. (1.1) expressed

z={(2dy(Cco-cs)/M 1} 1/211/2 (1.1

where z isthe depth from the crack wall perpendicular to this on which totd
leaching has occurred [m]

dmisthe diffusivity of dissolved lime within the dissolved layer [mé/s]
Cg isthe saturation concentration of lime [kg/m3 of water]

Co is the concentration of limein the " crack water” [kg/m3 of water]
tistime[g
My is the mass of " dissolvable’ limein the concrete [kg/m3 of concrete]
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Measurements, however, indicate that leaching does not occur as a true moving boundary, but with a
gradualy decreasing dissolution from the crack wal inwards. An example is shown in Fig. 1.8". The
reason probably is that the diffuson of dissolved lime is a dow process compared with the dissolution
reaction itsdlf. This means that the dissolution might be described by the same type of equetion as the
diffuson of ionsin concrete, for example the diffusion of chloride ions, see section 111.3.

(Mz-My )/(My-My )=erf{ {{ 2dmt) 12} (1.22)

Where Mgz t isthe actud content of dissolvable lime a distance z and time't [kg/m3]
My isthe dissolvable lime content at equilibrium (normally My >0) [kg/m?]
My is the dissolvable lime content in unleached concrete [kg/n¥]

This equation is solved in exactly the same manner as, for example, the chloride transport equation.

Az Lime concentration
Upstream profile
water pressure L~
\ Leached concrete
/ zone
\\ /. flow i
Crack Water flow in a
\\ L > crack
Downstream
water pressure

Figure1.7: Leaching of type 5; selective leaching in defects.

" U.A.Halvorsen: Corrosion and leachi ng of limein cracked concrete structures. Div. of Building Technology,
Lund Institute of Technology. Bulletin No 1, 1966. (In Swedish)
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Figure1.8: Degree of leaching as function of the distance from the crack wall. 100%
corresponds to total leaching of all CaO in the cement.

In redity, dissolution seems to be the average between a moving boundary and a diffusive process. The
dominating process probably depends on the permeability of the concrete. According to Fig 1.8 theratio
My/M g seemsto be about 0,60 which means

that only about 40% of dl lime is dissolvable, which is aout 50% of dl lime tha emanates from
hydrated cement; see paragraph 1:1.2. The rest of the lime is located to unhydrated cement and,
therefore, it isamost completely insoluble.

It must be observed that the water flow in a crack (or other defect) is much higher than the flow in the
bulk concrete. The water flux in athrough crack with the length B and the width T in a Sructure with the
thicknessL pardld to thewater flow is

Q\=(T3-B/12:m)-(DP/L) (1.23)

where Qv isthe volumetric flow in the crack [m3/s]

T isthe width of the crack [m]
B isthe length of the crack [m]
L isthe thickness of the Structure [m]

mis the viscosity of water [»10-3 Ng/n?]
DP isthe pressure difference over the crack [Pa]

For a1 m long crack with the width 0.1 mm in a structure that is 1 m thick exposed to a pressure
difference of 10 m water head [10P P4 the annua water flow is 260 000 kg. This can be compared
with water flow through 1 n# of uncracked norma concrete, which is only 150 kg (assuming the
permesbility B= 5-10-12 [4]). Therefore leaching in cracks will be very rapid.

Besides, when the crack is widened due to leaching, the water flow is progressively increasing since the
flow is proportiond to the width in cube.
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|:3 Relation between water flow and dissolution

According to egn. (1.19) leaching is directly proportiond to the water flow through the concrete. Thisin
turn is determined by the permeghility of the concrete.

A concrete member with water pressure on one side and no water pressure on the other side is
congdered. It is assumed that equilibrium conditions prevail and that the pressure gradient is linear
across the thickness of the member. This means that the permesability coefficient is assumed to be
congtant. This assumption is reasonable since concrete that is sengtive to leaching is very permesble
which means that permestion (flow under over-pressure) dominates over diffusive flow.?

Water flow a steady state conditions is described by

qw=B-(DP/DX) (1.24)
where aqw is the mass water flux [kg/(m2-9)]
B isthe permeability [
DP/Dx isthe pressure gradient [Pa/m]

Liquid water flow is often expressed as a volumetric flow, and the pressure gradient is expressed in m
water head. Thus, the transport equation is

aw,v=K-(DP\/Dx) (1.24)
where aw,v is the volumetric water flow [m3/(mé-s)]
K isthe permeshility [n/g]
DR,/Dx isthe pressure gradient [m water head/m]
B=1[9] correspondsto K=10 [m/s]

The total lime leached from the concrete volume of a”streamline tube” with a given pressure gradient
andwith 1 m2 cross-section is

Q=q\\st=B-(DP/Dx)-st= K -(DP\/Dx)-st (1.25)

where Qisthetotal amount of lime leached [kg/m?]

sisthe average concentration of lime in the flowing weter; cf. egn. (1.19)
[kg/kg of water]

8 |n dense concrete diffusive flow and permeation occurs simultaneously. Permeation dominates at the upstream part
of the concrete and diffusion at the downstream part. This combined flow is sometimes called "wicking”. It can be
treated theoretically; see G.Fagerlund: Calculation of the servicelife of concrete structures. Div. of Building
Materials, Lund Institute of Technology. Report TVBM -3070. Lund 1996 (In Swedish)
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Relations between the permesbility and the water- cement ratio of un-leached concrete are shown in Fig.
1.9. The permeability is highly dependent of the aggregate size, probably because of the porous
interfaces between coarse aggregate and cement paste.

Data from Fig. 1.9 can be used for approximate caculations of water flow and leaching. For more
accurate caculations the permesbility of the actud concrete should be determined by forcing water
under pressure through a disc of the concrete. It is important to wait until steedy state conditions are
reached, which might take a very long time for dense concrete. Such concrete, however, is not sendtive
to leaching.

The water flux is different in different parts of the structure since the pressure gradient is different. In
order to caculate the amount of leaching it is therefore necessary to make a caculation of the pressure
field in the gructure. Also, the permesbility will normdly be different in different parts of the structure.
Therefore, ingtead of using the pressure field and permeshility in egn. (1.24) it is more rdligble to measure
the red water flux in different parts.

Because of leaching, the permesbility will gradudly increase. This will dgnificantly affect the future

leaching. Therefore, the increase in permegbility is of big importance for the prediction of the future
deterioration. Thisistreated in section 11.1
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Figurel.9: Relation between the w/c-ratio and the water permeability defined by
egn. (1.24). Effect of the aggregate size. Data from different authors® .

% Datafrom different sources collected in G. Fagerlund: Moisture mechanical properties of concrete. In Concrtete
Handbook, Stocholm 1980.

103, Crank: The Mathematics of Diffusion. Clarendon Press, Oxford, 1985.
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|1: Extrapolation of deterioration

I1:1 Extrapolation of water flow and dissolution

I1:1.1 Surface leaching of typel

Within the leached part of the concrete tota leaching can be supposed to have occurred. Thus, the loss
of lime can be as high as 85 weight-%, or 70 vol-% of the cement paste weight or volume (section I:1).
The actud amount of leaching can be determined experimentaly by chemicd andyss

Thetota leaching at the exposure timet is proportiona to the depth of penetration of the leaching front,
X

Q=x:My (1.2)
where Q isthe amount of leached lime [kg/n¥]
X is the penetration depth of the leaching front [m]
My isthe amount of dissolvable lime [kg/m3]

The leaching front islocated to the depth o from the surface a the time of inspection to
Therefore, the coefficient K ginegn. (1.3) is

K sXgltol/2 (11.2)
The location of the penetration front after timetis

X=X0(t/t0):U2 (1.3)
And, the total amount of leaching after timet is

Q=xo(ttg) V2M \=Qo(t/to)V/2 (1.4)
where Qg isthe amount of leaching &t the time of ingpection [kg/n¥]

t=ty+Dt (11.5)

where Dt isthe additiona time after inspection [
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Therefore, egn. (11.4) can also be expressed

Q=Qo(1+Dt/tx)2Mm,, (11.4)
This equation can be used for time extrapolation of leaching.
11.1.2 Surface leaching of type 2

Within the leached part dissolution is supposed to be totd. The leaching front is located to the depth xg
from the surface a the time of inspection ty

The totd amount of dissolved lime after timet is (see egn. (1.10))

Q=x-M\=E[x* +k g(t-t*)] My (1.10)

where Q isthetota amount of dissolved lime [kg/n12]
M,, isthetotal amount of dissolvable lime in the concrete [kg/m3]

x* is the dissolution depth when the erosion rate equals the penetration rate
of dissolution [m]
t* Thetime corresponding to x* [9]

This equation can aso be expressed in terms of the amount of dissolved lime a the time of ingpection,
Qo

Q=[x*+ke(t-t*)]/[x* +ke(tot*)] Qo (11.6)
Or, by inserting egn. (11.5)
Q=[x*+ke(tog+Dtt*)]/[x* +ke(tot*)] Qo (1.6

This equation can be used for time extrgpolation of leaching.

I1:1.3 Homogeneous leaching of type 3

In the redl case, water flow is not congtant. Leaching of the bulk concrete will increase its permegbility.
This means that the leaching rate is gradudly increased with time. Therefore, the gradua decrease in
srength loss will be even more rapid than if the leaching rate was congtant; Fig 11.3. In the most smple
case, leaching is not supposed to change the pore size distribution, but only the porosity. In this case, the
permeghility is directly proportiond © leaching. Probably, leaching will aso cause a coarsening of the
pore system. Therefore, the permegbility will increase progressvely with the amount of leaching. This
case can be treated theoreticaly provided the relation between the amount of leaching and the
permesbility is known. Some possbilities of consgdering the effect of leaching on permesbility are
presented below.
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[1:1.3.1 No changein permeability dueto leaching

The water flux is supposed to be uninfluenced by leaching. Then, the rate of leaching can be assumed to
be congtant and equa to the rate of leaching at the time of ingpection.

The average leaching rate until the time of inspectionis
dQ/dt=Qqlto (1.7)

where dQ/ct is the rate of leaching from the ” streamline tube’ [kg/(n2-s)]
Qo isthetota amount of lime leached from ”a dreamline tube’ with

the cross-section 1 m2 , during the exposure time t=0 until t=t
[kgym2]. Definition of a” sreamline tube’ is given in Fig. 1.5(c).
tp isthetime of ingpection

This means that the totdl leaching at timet, or a the additiond time I, is
Q=Qotx=Qo(1+Dt//tg) (11.8)

The totd leaching cannot be higher than the amount of lime in the concrete, When this condition is
reached no further leaching will occur.

Thetotd leaching expressed in volume of concreteis
Qy=Q/L (1.9

where Qyisthetota leaching in 1 B of the concrete [kg/m3]
L isthelength of the " streamline tube’ [m]

If the leaching in a unit volume somewhere inside the structure is determined experimentaly a the time of
ingpection, extragpolation can be made in the same way asfor tota leaching (egn. (11.8))

Qv=Qy o ttg=Qy o(1+Dt/tg) (11.8)

where Qv,oisthetotd leaching in the unit volume a the time of ingpection
[kg/m3]

Egn. (11.8) is used for extrapolation of the future leaching. The only information needed is the amount of
leeching &t the time of ingpection.

000527/CONTECVET.Leaching 25



The total leaching as function of time can aso be cdculated from measurements of the water flux and
lime concentration in the out-flowing water.

Q=B-(DP/Dx)-st (1.24)
where sisthe concentration of lime in the out-flowing water [kg/kg of water]
B isthe permesability defined by egn. (1.24) [4]
DP/Dx isthe pressure gradient [Pa/m]

The permesbility is obtained from the water flux a ingpection

B=qjy,o{DX/DP) (1.23)

Then, the leached lime per mB of concrete, Qy after the time t is found by inserting egn. (1.24°) in egn,
(1.25) and using the relation (11.9)

Qv'L=0w,ost=0w oS (to*Dt) (11.10)

where L isthelength of the ” dreamline tube’[m]
Ow,o0 isthe water flux a the time of inspection [kg/m2-9)]
sisthelime concentration in the outflowing water [kg/kg]

A prerequisite for the extrgpolation is that the there is no change in the pressure gradient due to leaching
and that the leaching rate from the pore wals is congtant.

[1:1.3.2 Gradual increasein permeability due to leaching

In the norma case, the permesability will not remain constant but will increase with increasing time
because of leaching. Exactly how leaching affects permesbility is unknown. A smplified anadlyssis made
below.

The virgin concrete has an average permeability B defined by egn. (1.24). After leaching the average
permegbility has increased to B.

(a) The permeability is directly proportional to leaching

The permesability is, as first approximation, supposed to be directly proportiona to the permeable
porogity. This means that the ratio between the permesbility B and B; is

B/B;=[1-(Xj-DX Q)I/(1-Xi)/=1+DXQ/(1-Xi) (11.12)
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where Xjistheinitia volumefraction of the non-permeable ("solid”) phasein the
cement paste [m3/m3]
DXQ isthe decreasein X caused by leaching [m3/m3]

Note: 1-Xj=Pj which istheinitid permesble porosty.
The dissolved volume is proportiond to the dissolved weight.
DXQ=VvsQv (11.12)

where Vg is the spedific volume of the dissolved solid material [m3/kg]
Qv isthetota amount of dissolved lime per m3 of concrete [kg/m3]

Inserting DX@Q from egn. (11.12) into egn. (11.11) gives the following coefficient of permesbility as
function of the total water flow

B=Bi[1+vsQv/(1-Xj)] (11.13)
Thewater flux is (see egn. (1.24))

=B DP/Dx=Bj[ 1+VsQy/(1-X{)] (DP/DX) (11,14)
where DP/Dx isthe pressure gradient in water [Pa/m]

Thetotd lime leached from 1 m? cross-section of the entire ” sreamline tube’ until time't is

t t
QyL=any, sAt=tBi[ 1+vs Q\(t)/(1-X;)]{ DP/DX)-sdlt (11.15)
0 (0]

where sisthe solubility of lime; cf. egn. (1.19) [kg/kg of water]
L isthe length of the streamline tube [m]

Qu(t) is a nortlinear time function of the amount of dissolved lime. The nontlinearity depends on the
gradudly increesed leaching. This equation must be solved numericaly.

Egn. (11.15) is used for cdculaion of the amount of lime dissolved until the time of ingpection

o
Qv o L=@Bj[1+vsQy(1)/(1-Xj)](DP/Dx) st (11.16)
o
where Qv o isthetota amount of lime dissolved a the time of inspection [kg/m3]
to isthetime of inspection [
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The water flux at thetime of ingpection is
Gw,0=Bil1+VsQy, o/ (1- Xj)]-(DP/DX) (1.17)
where Ow,o IS the water flux at the time of ingpection [kg/(Mm2-9)]

From this equation the initid permegbility, Bj can be expressed in terms of the water flow and degree of
leaching a the time of ingpection. This vadue of B is inserted in egn. (11.16). It is assumed that the
pressure gradient is uninfluenced by leaching (a somewhat questionable assumption, since leaching might
radicaly change the pressure field inside the structure, see section 111.5). Then, egn. (11.16) can be
rewritten

to

Qv,ol(1-Xj)+vsQy ol L=00y o{(1-Xj)+VsQy(t)] sdt (11.16")

0

The leaching Qy,o the concentration of dissolved lime s, and the water flux gy o a the time of

ingpection are determined by measurements on the structure. Then, egn. (11.16") can be used for
determination of the function Qy/(t), i.e. the time process of leaching.

Egn. (11.15) can then be used for estimating the future dissolution by inserting the function Qy(t) obtained

by eqn. (11.16"). Theinitia permegbility determined by egn. (11.14) is dso inserted in the equation. In this
way egn. (11,15) istransformed into

t
QL= 00y, o{[(1-Xj)+vs QuDI/[(1-X{)+VsQy l}-sdlt (11.15)
0

Information required for extrgpolation using egn. (11.15") is the lime concentration in the outflowing
weter, s, the water flux &t the time of ingpection, qw,0 and the initial porosity,
Pi=1-Xj. The extrgpolation principles areillustrated in Fig. 11.1.

Qv qw
} }
P ’
Extrapolation qwt ~ 4
egn. (157) Vs
N qw.o T
/
"History"
eqgn. (11.167)
t — } ——
to t to t

Fig I11.1: Time extrapolation of leaching -principles.
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(b) The permeability is progressively increasing with increased leaching
A linear relaion between leaching and permesbility might be too conservative. It is just as easy to
assume a permesbility that is progressvely increasing with increesng amount of leaching. A possble
relation between the actua permegbility and theinitid permeshiility is

B/Bi=(1-Xi+DX Q)K/[1- Xi]K=[1+DX /(1-X )| K (11.18)
In which the exponent k>1.

Thetotd limeleached is
t

QyL=aBi[1+vgQ(t)/(1-X{)]K (DP/Dx) st (11.19)
(0]

The equation is solved numericdly.

By w&ng information of the water flux, gy,o, and total amount of dissolved lime Qy g a the time of
ingpection, tg , egn. (11.19) istransformed into (cf. the derivation of egn. (11.167).)

to

Qu, ol (1-Xj)+vsQy oK L=00, o1(1-X)+vsQy (D]K sdt (11.20)
0

From this equation the time function Q(t) is derived and inserted in egn. (11.19)

t
QuL= 0y o{[(1X)) +Vs QuIN(L-X()+vs Qy, g} K sdt (11.19)
0

This equation can be used for extrapolation of the future leaching. Like in egn. (11.15") the pressure
gradient is assumed to be uninfluenced by leaching.
(c) The permeability is a function of time
A smplification isto assume that permesability increases linearly with time

B=Bi+at (11.21)
where aisacongdant [-]

Then thetotd lime leached after timetis
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t
QyL=¢(Bj+at).(DP/Dx)-sdt=[Bjt+at2/2]-(DP/Dx)s (11.22)
0

Thewater flux at thetime of ingpection is

dw,0=(Bj+atg)-(DP/Dx) (11.23)
From which theinitia permesbility can be solved

Bi=aw,o'(DX/DP)-atq (11.24)

Inserting thisin egn. (11.22) and usng the integration limit g gives

Qu,oL=[aw oto-0.5aty2-(DP/DX)]s (11.25)
From this equation the ”time factor” a can be solved

a=[qw, oto-Qv,o'L/s] (DPIDX)/(0,51p2) (11.26)
Thisequation used in egn. (11.22) gives

QuL =ty o St2/tt)+Qy oL [2(to)-(t/t)2] (11.22)
This equation is eadly solved andyticaly. 1t makes possble a cdculation of the future leaching. The
parameters gy o and Qy,o are obtained at the inspection a time to. Like in equations (11.10), (11.15")
and (11.19") the pressure gradient is supposed to be uninfluenced by leaching.
I1:1.4 Semi-homogeneous leaching of type 4
An approximate extragpolation can be made according to the same principles as for leaching of type 3.
The most smple extrapolation is to assume that leaching within each part of the structure will continue
with exactly the same rate as before the ingpection. This means that permesability is supposed to be
unchanged

In this case, the total leaching on the depth x from the upstream surface after the additiona time Dt is
Qv x=Qv,x,0t/to =Qv x,0(1+Dt/tp) (11.27)

where Q v x isthetota leaching on the depth x [kg/rrﬁ]

Quv;,x,o Istheleaching on depth x at the time at inspection, t [kg/mI]
to isthetime at ingpection

000527/CONTECVET.Leaching 30



I1.1.5 Selective leaching of type 5

The extrapolation will be different for different types of defects.

Probably, leaching of lime from crack walls will mainly be determined by diffuson within the dissolved
layer, and not by the rate of water flow in the crack itsdf. The crack width might gradudly increase with
time, however, which might cause a gradudly increased water flow. This might cause trouble
downstream not related to the concrete itsdf, such as corrosion of machinery in a generator hdl in a
water power station. Besides, an increased water flow might lead to a lower concentration of OH-ions
in the ”crack water” which might be detrimentad to reinforcement stedl crossing the crack; see section
[11.3 below.

(a) Moving boundary

Possibly egn. (1.3) can be used for extrapolation. This means that the total increase in the width of the
leached crack is described by

Dd=2zt1/2 = 2.z5(1+Dt/tg) 12 (11.28)

where Dd isthe increase in the crack width [m]
Zg isthe thickness of dissolved concrete in the crack wall & timet, [m]

z isthe the thickness of the dissolved concrete at timet [m]

Dt isthe additiond time after time of ingpection, t, [g]

The factor 2 expresses the fact that there are two walls
Thetotd amount of dissolved lime from the crack is

Qc=Ac2zMy (11.29)

where Acisthetotal surface area of one crack wall parald to the water flow [m3]
Qcisthetota amount of dissolved lime from the entire crack [kg]

My isthetotal amount of dissolvable lime in the concrete [kg/mS3]
The tota leaching can aso be expressed by
Qc=Qc,0(t/tgdV2=Q¢ (1 +Dt/t ) V2 (11.30)
where Qc,o isthetota amount of leached lime from the entire crack a the time of

ingpection [kg]
Dt isthe time after inspection
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Provided the water flow in the crack is constant the amount of lime can dso be calcdated from the
measured water flux and its content of lime

Qc=dow,05t=0cw,0'S(to DY) (11.31)

where Jow, o isthe water flux in the crack at the time of inspection, ty [kg/s]
sisthe amount of dissolved lime in the out-flowing water [kg/kg]

(b) Leaching of the crack wall by ” Fickian diffusion”

Fig. (1.8) indicates that the leaching from the crack wall does not follow a smple moving boundary
process, but merely a diffusive process according to Fick’s second law; see egn. (1.22). Then, the total
amount of dissolved lime from both crack walls fter time't is™

Qc=Ac4M My )(dmt/p) V2 =Ac4(M My )(d py{to+Dt)/p) 12 (11.32)

where My isthe totdl amount of dissolvable lime [kg/m3]
My isthe amount of dissolvable lime left in the concrete when equilibrium
between this and the lime concentration of the "crack water” is
reached after long time [kg/m3).
dmisthe diffusivity of dissolved lime [r#/s]

This equation can be used for extrapolation of the future total leaching from the crack wals. The spatial
distribution of the leaching is found by eqgn. (1.22).
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I1:2 Extrapolation of strength

I1.2.1 Effect of leaching on strength

It is assumed that only the cement paste phase is leached, which is a reasonable assumption when the
aggregate is non-calcareous.

Leaching causes strength loss. Concrete strength is mainly determined by the strength of the cement
paste phase. A certain relative loss in cement paste strength therefore gives the same relative loss in
concrete strength™ .

fC:k'fp (| I 33)
Dfd/fc=Dfp/fp (11.34)
where fc is concrete strength (compressive or tensile)

fp is cement paste strength (compressive or tensile)
Dfc and Dfp are lossesin strength

Approximately, the strength of the cement paste is
frfoX 3 (11.35)

where f isthe strength [Pe]
fo is the strength of the load- bearing phase in the cement paste [Pa)

X isthe volume fraction of load-bearing phase in the cement paste [m3/m3]
An gpplication of this smple relation to cement paste and concrete is shown inthe APPENDIX.

Leaching decreases the volume of load-bearing phase indde the cement paste. Thus, strength loss
caused by leaching might be described by

Dfffi=1-(1-DX/X;)3 (11.36)

where Df isthe grength loss [P
fi istheinitial strength of cement paste before leaching [Pe]

DX is the volume of leached |oad-bearing materia in cement paste [m3/m3]
Xijis the volume of load-bearing phase in unleached cement paste [m3/m3]

2 inrea ity, the relation between cement paste strength and concrete strength isabit different for different
strength levels. The cement paste strength is proportionally higher for low w/c-ratios and proportionally lower for
high w/cratios; seethe APPENDI X, Table A.2. The effect can however be neglected for the actual purpose.
Besides, bond at the interfaces between aggregate and cement paste modifies the strength ratio between the
cement paste and the concrete. The effect of interface bond islimited to about 20%, however.
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Thus, if 20% of the initial load-bearing phase is dissolved, strength is reduced by almost 50%.
The rdaion between the strength after leaching and theinitid strengthis
f/f;={1-DX/X}3 (11.37)

Examples of experimental determinations of the relation between the total amount of leaching of lime
expressed as leaching of CaO and strength loss is shown in Fig. [1.2".

100
S
% 80 . ‘
5 N\ ~° Ruettgers
§60 \ N < —Takemoto
% ++\1 NC Terzaghi
£ 40 b Tremper
S
2 AN PP
g 20 Séllstrom
o

0

0 20 40 60 80
Leached CaO (%)

Figurell.2: Strength loss as function of the degree of leaching. Different authors.
If al solid materid is supposed to carry load the parameter X will be

X=1-P (11.38)
where Pisthetotal porosity of the cement paste [m3/m3].

Thevdue of Pincreases with increased leaching. Theinitial porosity P isafunction of the w/c-ratio and
the degree of hydration'®

Pi=(w/c-0.19-a )/(w/c+0.32) (11.39)

where Pj istheinitia porosity of the cement paste before any leaching [m3/m3]

a isthe degree of hydration [-]
w/c is the water- cement retio [-]

12 U.A.Halvorsen: Corrosion and leaching of lime in cracked concrete structures. Div. of Building Technology,
Lund Institute of Technology. Bulletin No 1, 1966. (In Swedish)

13 Derived from equationsin T.C. Powers: Physical properties of cement paste. In " Chemistry of Cement”, Proc. 4th
Int. Symposium, Washington, 1960. National Bureau of Standards, Monograph 43, Vol 11, Washington D.C. 1962.
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However, according to measurements by Grudemo™ no, or only afraction, of the calcium hydroxide
contributes to strength. Therefore, part of the volume of Ca(OH)2 should not be included in X.

Therefore, the initid load-bearing phaseis

Xi»1-(F+b VcH i) (11.38)

where Pj istheinitid porosity of unleached cement pastefm3/n3]
VCH,j istheinitid volume of calcium hydroxide in unleached cement

paste{m3/m3]
b isthe volume fraction of calcium hydroxide not contributing to
strength
And, the loadbearing phase after leaching is
X=1-(Pi+VcH |1*VesH,) for Vel PbVeH; (11.39)

where VCsH,| is the volume of leached solid CSH-gel [3/m3]
VCH | isthe volume of leached Ca(OH)2 [m3/m3]

Ca(OH)2 is dissolved at firdt. Theregfter, when the residud amount of Ca(OH)2 has reached a certain
level, cement gdl is gradudly decomposed into Ca(OH)2 which is dissolved.

Therefore, it is reasonable to assume that no strength loss occurs until the gl starts to decompose. This
means that one might have a rather large lime dissolution without any accompanying strength loss. Thisis
verified by the measurements by Ruettgers shown in Fig I1.2. About 15% of the lime has to be

dissolved before strength is affected. This corresponds to about 10% of the cement weight, or dmogt dl
of the initidly formed Ca(OH)?2; i.e. the coefficient b seemsto be about 1 in that experiment.

Assuming that dl Ca(OH)2 has to be dissolved before CSH starts to dissolve and that no Ca(OH)2
takes |oad, the volume of load-bearing phase is

X=1-(Pi+VCH,i) for VcsH =0 (11.40a)
X=1-(Pi+VCH,i+VCSH,l) for VcgH >0 (11.40b)
Theinitid volumefraction of Ca(OH)2 in the cement pagteis

V CH,»VcH:0.3-a/(w/c+0.32) (11.41)

14 A. Grudemo: Strength versus structure in cement pastes. Swedish Cement and Concrete Research Institute, Report
1375, 1975.
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where VCH j istheinitia volume fraction of Ca(OH)2 [m3/m3of cement paste]
VCH isthe specific volume of Ca(OH)2 [litrelkg] (»0.4 litrelkg)
a isthe degree of hydration [-]

The initid volume fraction of solid cement gd in the cement paste (exclusive of gel pores and cacium
hydroxide) is

VCSH i=VCsH 0.95-a /(wic+0.32) (11.42)

where VCsH jis theinitid volume fraction of solid cement gel [m3/m3 cement paste]
VCSH is the spedific volume of solid cement gd [litre/kg] (»0.4 litre/kg)

11.2.2 Extrapolation of strength

Even if water flow, and therefore leaching, is congant with time, the strength loss will follow a non-linear
development; see egn. (11.35). At firgt there is dmost no strength decrease until dmogt dl Ca(OH)2 is

dissolved. Theredfter, the strength lossis progressively increasing with time asillustrated in Fg. 11.3.

Dissolved lime Relative strength loss

(@) @

Leaching not
causing strength
loss

Time Time
Dissolved lime Relative strength loss

(b) (b)

Time Time

Figure 11.3: Time functions of leaching and strength loss; principles.
(a) Permeability is constant.
(b) Permeability increases with increased leaching.
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The relation between the relaive strength and volume of leeched limeis, see
eqgn. (11.36))

Dfff=1-{1-(DX-DX")/Xj} 3 (11.43)

where DX isthe tota volume of dissolved lime [m3/m3]

DX isthe volume of dissolved lime not affecting strength [m3/m3]
Xj istheinitid volume fraction of |oad- bearing phase in the cement paste

[m3/m3]
DX" is approximately equd to the amount of Ca(OH)2 in the cement paste; see egn. (11.38).
The relation between the volume of dissolved lime and the weight of limeis

DX=vgQy (11.12)

where Qv istheweight of dissolved lime per nd of concrete [kg/md]

vs is the specific volume of dissolved lime [m3/kg]. It is assumed to be the
samefor dl typesof lime.

Then, egn. (11.43) can be written
Dfffi=1-{1-v5(Qy-Qy IXj}3 (11,44)

where Qyisthetota amount of leaching in 1 3 of concrete [kg/m3|
Qy/ isthe amount of lime not causing strength loss [kg/m?]

Theresdud grengthis
Ffi={1-vs(Qy-Qy IIX{}3 (11.45)

Qv asfunction of time is given by egn. (11.10), egn. (11.157), egn. (11.19°), or egn. (11.22") depending on
whether permesbility is supposed to be constant or increasing with the amount of leaching, or with time.
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11:3 Extrapolation of E-modulus

11:3.1 Effect of leaching on E-modulus

The effect of leaching on the E modulus can be estimated in about the sameway as for srength. In this
case there is not smple relation between the Emodulus of the cement paste and the Emodulus of the
concrete, however.

The following relation describes the E-modulus of the cement paste™.
Ep=Ep,0X3 (11.46)

where Ep is the E-modulus of the cement paste [Pe]
Ep,o isthe E:modulus of the solid phase [Pe]

X isthe volume fraction of solid phase [m3/m3]
This equation is Smilar to the equation for strength, egn. (11.35). However, X in the equation for E
modulus is no the same as X in the equation for strength. In egn. (11.46) all solid phaseisincluded in X.
In egn. (11.35) only the load-bearing solid phaseisincluded (cf. egn. (11.38)).
Theinitid vaueof X inegn. (11.46) is

Xi=1-P; (11.47)
where P; istheinitid total porosity of the cement paste [m3/m3]
The E-modulus of the concrete can be estimated by the Hashin formula for a composite neteria

(1-VaEp+(1+Va)Ea
(1+VaEp+(1-Va)Ea

where Ec isthe E-modulus of the concrete [Pa]
Eaisthe E-modulus of the concrete [Pa)

V aisthe volume fraction of aggregate [m3/m3]

Using this equation, and assuming that al solid phases have the same E-modulus, and that the fraction of
aggregate is 70%, the following relation for the effect of leaching on the Emodulus of the concrete is
obtained

> RA. Helmuth & D. Turk: Elastic moduli of hardened portland cement and tricalcium silicate pastes. Highway
Research Board, Special Report 90, 1966.
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[0.3(Xj-DX)3+1.7] [1.7X;3+0.3]
DE(/E¢j=1{1-DX/X;]3: (11.49)
[1.7(X;-DX)3+0.3] [0.3X{3+1.7]

where DE isthe change in the E-modulus of the concrete [Pa)
Ec, istheinitid Emodulus before leaching [Pa]

Xjistheinitia fraction of solid phasein the cement paste [m3/m3]
DX isthe lossin solid phase due to leaching [m3/m?3]

For anorma concrete (w/c=0.60) the initid porogity of the cement paste is about 50%. Therefore, also
Xj is about 0.50. A leaching of 20% of the initid solid phase in the cement paste therefore gives a

reduction in the E-modulus of about 35%. The reduction in Emodulus for a given leaching is evidently

smadler than the reduction in strength. The reason is that aggregate plays a more sgnificant role for the B
modulus of concrete than it does for strength.

11.3.2 Extrapolation of the E-modulus
The relaion between the volume of dissolved lime and the weight of limeis

DX=vsQy (11.12)

where DX is the volume of dissolved solid materia [m3/m?3]
Qv isthe weight of dissolved lime per nd of concrete [kg/mJ]

vg is the specific volume of dissolved lime [m3/kg]. It is assumed to be the
same for al types of lime.

Then, egn. (11.49) can be written
[0.3(Xj-vgQy)3+1.7] [1.7X;3+0.3]
DE¢/Ecj=1-[1-vsQu/X{]3- (11.50)
[1.7(Xj-vs-Qy)3+0.3] [0.3X{3+1.7]

where Qv isthetotad amount of leaching in 1 mB of concrete [kg/m3]

This equation is used for caculation of the future reduction in E modulus by inserting the time dependent
leaching Qy,.

Qv as functionof timeis given by egn. (11.10), egn. (11.157), egn. (11.19°), or egn. (11.22") depending on
whether permestiility is supposed to be congtant or increasing with the amount of leaching, or with time.
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|11: Effect of leaching on the structural
stability

[11:1 Introduction

The author is not aware of any sudy deding with the effect of leaching on the structurd stability of a
concrete structure. Therefore, only afew remarks are made below about the manner in which structural
gability of a leached structure might be consdered. The starting point is an investigation of the degree of
leaching and strength in crucid parts of the actua Structure. On the basis of this information the degree of
deterioration is estimated.

The future leaching and loss in strergth and tiffness are predicted according to the method described in
section I1.

Also the risk of future reinforcement corrosion and frost attack must be considered.

For a hydraulic structure the uplift due to water pressure is dso of extreme importance. The uplift might
change due to leaching and, therefore, it has to be consdered and used as input for the caculation of the
gability of the sructure.

By using extrgpolated vaues for the future leaching and strength degradation, and by estimating the effect
of leaching on the uplift forces, the future structurd stability is calculated; see Fig. 111.1.

In the andysis of the structurd stability a probabalistic approach must be used asindicated in Fig. 111.1.

Load/Resistance

A Resistance
&L A Hight probability of failure
Load
J >
0 to t Exposure time

Fig I11.1: Extrapolation of the structural stability-principles.
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[11:2 Concrete strength
[11:2.1 Compressive and tensile strength

The compressive and tensile strength is determined on cores taken from strategic parts of the structure a
the time of inspection. On the basis of these data, and extrapolated data, characteristic values for the
strength can be determined as function of the exposure time, and be used in a norma structura design.
Actud data for the load and structurd dimensions are used in the calculations. The caculations are made
according to a design code specified by the owner; ether the currently used national code, or the code
used when the structure was erected.

[11:2.2 Bond strength

The bond strength between reinforcement and concrete cannot be determined easily. Probably it is
related to the compressive and tensle strength. Some measurements of the effect of reduction in strength
due to interna frost damage and bond strength have been made™®. Some results are seen in Fig. 111.2
andl11.3.

The bond is very nuch influenced by dirrups. The datain Fig. 111.2 and 111.3 are valid for longitudind
reinforcement without stirrups. When stirrups are present the bond strength is considerably higher.
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FigureI11.2: Relation between the residual compressive strength after internal frost
damage, and the residual bond strength.

166, Fagerlund, M. Janz, B. Johannesson: Effect of frost damage on the bond between reinforcement and
concrete. Div. Building Materials, Lund Institute of Technology, Report TVBM -9016, 1994.
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Figure I11.3: Relation between the residual split tensile strength after internal frost
damage, and the residual bond strength.

The data from Fig. 111.2 and 111.3 can possibly aso be used for a caculation of the structurd stability of
aleached concrete. Probably the vaues in the figures can be used for defining alower bound for bond

srength. Therefore, by extrgpolating tensile and compressive strength, one aso obtains an extrapolation
of the bond strength.
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[11:3 Rainforcement corrosion

[11:3.1 Introduction

Reinforcement corroson garts when the passive conditions around the sted disgppears due to
carbonation, or dueto the influx of chloride ions.

Carbonation is extremely dow in water saturated concrete. Therefore, corroson due to carbonation
should be a minor problem in most hydraulic structures. There are unsaturated parts in such sructures,
however, where corroson might be a problem. In such parts leaching should normdly be of less
importance, however. If leaching has occurred, for example at the downstream face of alamellae dam, it
will increase the carbonation rate, thereby reducing the service life.

Chloride induced corrosion is not relevant for structures placed in norma water. In structures exposed
to sea water, that is penetrating the structure, chloride ions will enter the concrete both by convection
and diffuson. Leaching will have two negative effects with regard to chloride induced corrosion:

1: It increases the permesabiility to chloride ions

2: It reduces the threshold chloride concentration for onset of corrosion

Corrosion of reinforcement stedl, that is crossing a crack, has turned out to be aminor problem in
hydraulic structures exposed to normal water'’. Leaching will increase the crack width, however, which
might make the problem more important.

When corroson garts, it will affect the structurd stability because of reduced cross-section of the
reinforcement bars and spalling of the concrete cover 8.

[11:3.2 Carbonation

The carbonation rate in a given environment is determined by two factors that are highly influenced by
leeching:

1: The amount of lime that is able to carbonate
2: The permesgbility of the concrete cover to penetrating carbon dioxide

The carbonation process can be described by the following equation *°

" U.A Halvorsen: Corrosion and leachi ng of limein cracked concrete structures. Div. of Building Technology,
Lund Institute of Technology. Bulletin No 1, 1966. (In Swedish)

18 The relation between reinforcement corrosion and structural stabil ity has been studied by J. Rodriguez,
J. Casal, L.M. Ortegaand J.M. Diez at the company Geocisa, Spain within aBRITE/EURAM project " The Residual
Service Life of Concrete Structures’. References to their work can be found in areport on the project edited at the
Division of Building Materials, Lund Institute of Technology, Report TVBM -7117, 1997.
e} Fagerlund: Calculation of the servicelife of concrete structures. Div. of Building Materials, Lund Institute
of Technology, Lund Institute of Technology. Report TVBM -3070, 1996 (In Swedish)
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x=[2-dcco/CIY2.41/2 (1.1

where X isthe depth of the carbonation front [m]
d¢isthe diffusivity of carbon dioxide in the concrete cover [n2/s]

cc is the concentration of COp in air surrounding the structure [mole/m3]

Cisamount of materia ableto carbonate [mole/m3]
tisthe exposure time 9

The carbonation rate is found by derivation of egn. (111.1)

dx/dt= [de-cd(C-2)]V2+-1/2 (111.2)
Therefore, the relation between the amount of leached lime and carbonetion rate is

(dx/dit) /(dx/dt)o=[1/(1-g)] /2 (111.3)

where (dx/dt)] is the carbonation rate of the leached concrete [m/s)]
(dx/dt)o is the carbonation rate of the unleached concrete [m/s]
gisthefraction of totd limethat is leached [-]

This means that the carbonation rate is increased by a factor 1.3 when 40% of the lime is leached, and
by afactor 1.85 when 70% of the limeis leached.

Egn. (111.3) implies that the entire cover is leached to the same extent and that the diffusivity of COp is
unaffected by leaching.

The effect of leaching on the diffugvity of COp is not known. One smplification is to assume that the

diffusivity is directly proportiond to the cement paste porosity. Thisincreases in direct proportion to the
leeching. Thus the diffusvity is

dc=dc,o(1+DP/Py) (I11.4)

where  dg| isthediffusivity after leaching [m2/g
dc,o0 isthe diffusivity before leaching [mé/]
DPistheincreasein porosity due to leaching [m3/m3)
Pg is the porosity before leaching [m3/m?3]

The volume of leached meterid is directly proportiond to itsweight

DP=v5Qy (1.12")
where vsis the specific volume of leached lime [m3/kg]
Qv istheweight of dissolved lime [kg/mS]
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The leaching processis assessed by equations given in section I1.1.

According to egn. (111.2) the relation between the carbonation rates of the leached and un-leached
concreteis

(dx/dt)/(dx/dt)g={ (1+DP/Pg)/(1-g)} L2 (111.5)

Leaching of dl Ca(OH)2 from the concrete with a w/c-ratio of 0.60 corresponds to an increase in the
porosity of about 25%, i.e DP/Po»0.25. The fraction of leaching g is about 40%. Thus, the carbonation

rate is increased by afactor of about 1.45 ingteed of 1.3, avaue that is vdid if the diffusivity was kept
constant; see above.

The increased rate of carbonation means that the time until start of corrosion is reduced in the same
proportion. Thus, one can conclude that leaching causes a congderable reduction in the service life with
regard to carbonation induced corrosion.

The effect of leaching on carbonation and time to onset of corrosonisillustrated in Fig. 111.4.
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Fig. I11.4: Effect of leaching on corrosion induced by carbonation - principles.
(a) Before leaching. (b) After leaching.
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[11:3.3 Chloride induced corrosion

The sarvice life with regard to chloride induced corrosion can be described by the following equation
provided the outer chloride concentration is constant and that the inflow of chloride ions is determined
by diffusion with a diffusivity that is unchanged with time*

Cthr/co=er fo{X/[4d gff 1] 12 (111.6)

where Ctry isthe threshold concentration of free chloride ions [molé/]
Co isthe chloride ion concentration at the surface [mole/l]
X isthe concrete cover [m]
def is the effective chloride diffusivity conddering chemicd ard
physica binding of chlorides[?/9]
tisthe exposuretime[9
erfc is the complementary error function (erfc=1-ef)
The effective diffugvity is
dgf= d/(cy/c+1)=d/(R+1) (11.7)
where d isthe diffusivity not congdering chloride binding
(i.e. the” steadly tate diffusivity”) [m2/g)
Cp is the bound (immohbilized) chloride ion concentration [mole/l]
c isthe concentration of chloride that isfree to move [mole/l]
R istheratio between bound and free chloride [-]
Chloride diffusvity is defined by Fick's law

qc=d-d[c]/dt (111.8)

where qcistheflux of free chloride [mole/(m2-9)]

d isthe diffusivity of chloride [m2/g
d[c]/dx isthe gradient in free chloride concentration [mole/(m3-m)]

An gpproximate relation for the threshold concentration is given by the Hausmann criterion 2
Cthr=0.6-[OH] (111.9)

where [OH"] isthe concentration of OH-ionsin the pore solution [mole/l]

20 J. Crank: The Mathematics of Diffusion. Clarendon Press, Oxford, 1985.
21 D.A. Hausmann: Steel corrosion in concrete. M aterials Protection, Nov. 1967.
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The initid OH-concentration before any leaching has occurred depends on the alkdinity of the cement,
and on the amount of cement and pore water. It can be caculated by the following equation under the
assumption thet &l pore water dissolves the alkali*®

[OH-]=1000-(Nat/23+K +/39)/(w/c-0.19-a) (111.10)

where Nat isthe amount of water soluble Narionsin the cement [kg/kg cement]
K+ ditto for water soluble K -ions [kg/kg cement]
a isthe degree of hydration [-]

Leaching will have many negdtive effects:

1: 1t will increase the steady state diffusivity d

2: It might decrease the amount of bound chloride, thereby increasing the effective
chloridediffusvity deff

3: 1t will decrease the dkalinity of the concrete, thereby decreasing the threshold chloride concentration
Cthr

The effect of leaching on chloride penetration isillugtrated in Fg. 111.5.

The effect of leaching on the diffusivity and binding of chloride is unknown as far as the author knows.
The effect of leaching on the pH-vaue can be sudied by investigations on red structures. An example
from the field of the effect of sea water leaching on the pH-vaue of the concrete cover is shown in Fg.
[1.6.
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Fig. 111.5: Effect of leaching on corrosion induced by chloride - principles
(a) Before leaching. (b) After leaching

22 K. Tuutti: Corrosion of steel in concrete. Swedish Cement and Concrete Institute, Report Fo 4.82, 1982
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Fig 111.6: pH-profilesin a Danish 36 year old quay in sea water

The effect of leaching on the service life with regard to chloride induced corrosion is shown by an
example:

A concrete with w/c-ratio 0,5 is considered. The degree of hydration is 0.8. The concrete cover is 45
mm and the concrete structure is placed in the splash zone in sea water.

The cement has a chemical composition that gives Nat=1.5-10"3 kg/kg and K+=9-10-3 kg/kg. a=0.80.
The effective chloride diffusivity is deff=6-10-12 m2/s.

Before leaching:
According to egn.(111.10) the OH-concentration before leaching is

[ OH-]=1000(1.5-10-3/23+9-10-3/39)(0.5-0.19-0.8)=0.85 mol/litre

Then, according to egn. (l11.9) the threshold concentration of chloride causing corrosion is
0.6-0.85=0.51 mole/litre.

The sea water has a chloride concentration of 0.46 mole/litre. This means that the chloride
concentration in sea water is not high enough to cause corrosion. However, accumulation of chloride a

the surface due to repeated splash and drying increases the concentration at the surface by a factor of
1510 0.69 malelitre.

B p, Sandberg: Unpublished results from afield study of a36 year old concrete quay in Esbjerg, Denmark. Div. of
Building Materials, Lund Institute of Technology, 1997.
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The exposure time before start of corrosion can now be calculated by egn. (111.6)
0.51/0.69=0.74=erfc{ 0.045/(4-6-10"12.) /2y

The value 0.74 corresponds to erfc(0.28). Thusthetimet is calculated by
0.28=0.045/(4-6-10-12.t)1/2

which gives
t=1.07-109s= 34 years

After leaching:
Leaching reduces the pH-value to 12.3 corresponding to pH of saturated Ca(OH) 2-solution; see Fig.

[11.6. This corresponds to [OH~]=0.020 mol€/litre. Thus, the threshold concentration
Cthr=0.6-0.020=0.012 molelitre.

The time before corrosion is
0.012/0.69=0.017=erfc{ 0.045/(4-6-10-12) 2}

The value 0.017 corresponds to erfc(1.7). Thus, thetimet is calculated by
1.7=0.045/(4-6-1012.t)1/2

which gives
t=2.9-107 s= 0.9 years

The example shows that leaching in saline water will have a very negative effect on the service life with
regard to reinforcement corrosion. In normal cases, however, the corrosve amaosphere is not o high
since the oxygen concentration is low in saturated concrete. Therefore, the corrosion rate is low, and in

many cases negligible.
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[11.3.4 Corrosion in cracks

Reinforcement bars transverse a crack might corrode, provided the pH-vaue a the bar is below the
threshold value causing corrosion, or provided the chloride content in water in the crack is above the
threshold value. Leaching will gradudly increese the crack width, thereby incressng the risk of
corroson. However, the crack is normaly saturated by flowing water, and normdly this is saturated by
lime from the leached concrete, i.e. the pH-vaue is 0 high that corroson cannot occur. Thus,
reinforcement corroson in saturated cracks free of chloride is not very likely. This has dso been
observed in fidd studies™,

For structures in sea water corrosion in cracks is more likely since it can occur adso when the pH-vdue
ishigh. Therisk of chloride induced corroson increases with the crack width. For cracks below 0.2 mm
therisk issmall. Leaching will however increase the crack width so that corroson might start. As shown
by egn. (1.23) the leaching rate in cracks is much more rapid than in the bulk concrete. Therefore,
corrosion in cracks in leeched concrete, placed in sdline environment, must be considered in andyses of
the Structural stability. The future rate of corrosion must dso be considered in such andyses.

24 U.A.Halvorsen: Corrosion and leachi ng of limein cracked concrete structures. Div. of Building Technology,
Lund Institute of Technology. Bulletin No 1, 1966. (In Swedish)
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I11:4 Frost attack
[11:4.1 Different types of frost attack

There are two types of frost attack® :

1: Internd frost attack leading to lossin cohesion of the concrete.
2. Surface scaling due to a combined effect of frost and sdt solution from de-icing sdt or seaweter.

For hydraulic sructures only interna frost damage is significant. For some structures, like concrete pillars
in ssawater, ds0 sdt-frost attack can be aproblem.

[11:4.2 Internal frost attack
Theinternd frost resistance of concreteis determined by two factors® :

1: Thecritical water content which is mainly afunction of materid properties.

2. The actual water content which is a function both of the materid structure (mainly the ar-pore
volume and the ar-pore sructure) and environmental properties, mainly the "wetness’ of the
environment.

Therisk of frost damage is calculated by”

Wsaturated
R=G~(Wit) f(W ) -dW (111.12)
0

where Ristherisk of frost damage (0£RE1)
HW ¢rit) is the digtribution function of the critical water content

f(Wact) isthe frequency function of the actudly occurring water content
Wasaturated iSthe water content at total saturation of the concrete

Inegn. (111.11) it is assumed that neither Wit nor Wact has adistinct, deterministic value, but that there
is acertain variation depending on variations in materia and environmen.

% G Fagerlund: Freeze-thaw resistance of concrete. Destruction mechanisms. Concrete technology. Test methods.
Quiality control. Div. of Building Materials, Lund Institute of Technology, Report TVBM -3060, 1995.

% G.Fagerlund: Internal frost attack - State of the art. In (Editors M. Setzer. R. Auberg) " Frost resistance of Concrete”.
RILEM Workshop in Essen Sept 22-23, 1997. E& F Spon 1997.

7 G, Fagerlund: Servicelife with regard to frost attack - a probabalistic approach. In ” Durability of Building Materials
and Components 8", Vancouver May 30-June 3, 1999. E& F Spon, 1999.
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Leaching will affect both Wit and Wact. The effect can be assumed to be such that the risk of frost
damage increases. Wit Will be reduced since leaching will cause a coarsening of the pore system,
thereby increasing the amount of freezable water. Wact will be increased since the concrete will absorb

water more reedily. Besides, the coarsening of the pore system will increase the diffusivity of dissolved
ar that emanates from erclosed ar-bubbles in ar-pores. Therefore, the air-pore system will become
more rapidly inactivated due to a gradua water absorptiorf®.,

The effect of leaching on the frogt resstance can be quantified by determining the vaues of Wit and
W gt on cores taken from different parts of the structure, unleached and leached. The technique for such
testing is known?®. Theresfter, the increased risk of frost damage can be calculated by egn. (111.11). A
method for extrapolation of the future frost deterioration has been suggested™ . The extrapolation
depends on the "wetness’ of the environment. As one extreme, in very moist conditions, destruction is
supposed to be linearly growing with time. As the other extreme, in more dry conditions, destruction is
supposed to be unchanged, and maintain the same leve as a it had a the time of ingpection.

The effect of leaching on therisk of internd frogt attack isillugtrated in Fig. 111,7.

Frequency of and W
(a) q Yy Wer act (b)
Wact
Wer Wac

Risk of frost
damage

Risk of frost

damage

W

Fig. I11.7: Effect of leaching on the risk of frost damage - principles.
(a) Before leaching. (b) After leaching.

8 G, Fagerlund: Predicting the service life of concrete exposed to frost action through a modelling of the water

absorption process in the air-pore system. In (Editors H. Jennings, J. Kropp, K. Scrivener), ” The Modelling of
Microstructure and its Potential for Studying Transport Properties and Durability”. Kluwer,1994.

e} Fagerlund” The Critical Degree of Saturation Method for Assessing the Freeze-Thaw Resistance of Concrete”,
Materials and Structures, Vol 10, No 58, 1977.

0. Fagerlund: Frost resistance of concrete. Estimation of the future deterioration. Div.of Building Materias, Lund
Institute of Technology, Report TVBM -3067, 1995.
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111:4.2 Salt-frost scaling

This type of frogt attack causes a gradua erosion of the concrete surface. The erosion rate is mainly
determined by the air-pore structure of the concrete. Concrete that has a high scaling resstance when
unleached might possibly obtain a reduced scaling resistance after leaching, since the amount of freezeble
water increases. The relaion between leaching and scaling resistance is unknown, however.

The scaling rate can be estimated by a laboratory freeze-thaw experiment in sdlt solution™ . On basis of
results from this test the future scaling rate in the red environment can be extrapol ated®™

3 Swedish standardized test method, SS 13 72 44, " Concrete Testing-Hardened Concrete-Frost Resistance”.
32 See footnote 30.
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[11:5 Uplift and overturning of the structure

A concrete dam normaly has a water pressure gradient across its volume. The pressure is higher at the
upstream face, and lower at the downstream face. This water pressure gives an uplift that must be
balanced by other forces, primarily the gravitationd force.

The digribution of the uplift forces (overturning forces) depends on the water flux in the dam. When the
dam is leeched the water flow lines will change causng a redigribution of the uplift forces. This is
visudized in Fig. I11.8. In order to estimate the risk of ingtability of the dam the new pressure (uplift
force) digtribution at the time of ingpection has to be determined. In order to etimate the future risk of
ingability the future pressure distribution has to be predicted. This means that ,usng the traditiond

technique for anadysing the pressure digribution, the future flow lines and equipotentid lines in the
sructure has to be predicted. But, these lines are determined by the degree of leaching in different parts
of the Structure. This means that a prediction of the future risk of instability requires a prediction of the
future leaching.

Distribution of uplift (b)
forces-schematically

Water @)
level

Gravitational
force

Resulting u\ /

uplift force Turning point

Figure111.8: Changes in the stability of a dam caused by changesin the inner pressure
profile due to leaching. (a) Before leaching. (b) After leaching
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APPENDIX

Relation between the materials structure and strength

33, %

The presentation below is based on previous work by the author

A:1 The cement paste strength

A volume of acement paste with its different phases are shown in Fig A.1% .

Volumes

Capillary pores Ww-0.39 ac
w-0.19 ac

Solid cement gel 0.71ac
0.51ac

w+0.32c

CUnhydrated cement) (1- a)0.32c

c=cement content (kg)

w= water content in the mix (kg)

a= degree of hydration

0.32=specific volume of cement (litres/kg)

Fig. A.1: Volume distribution of phasesin a volume of cement paste.

3 G.Fagerlund: Relations between porosity and mechanical properties of materials. Div. of Building Technology,
Lund Institute of Technology, Report 26, 1972. (In Swedish)

salic) Fagerlund: Relations between the strength and the degree of hydration or porosity of cement paste, cement
mortar and concrete. In (Editor P. Nepper-Christensen) ” Seminar on hydration of concrete”, Published by Aalborg
Portland, Aalborg, Denmark, February 1988.

® The expressions for different volumes are based on the Powers” investigations. T.C. Powers: Physical properties of

cement paste. In " Chemistry of Cement”, Proc. 4th Int. Symposium, Washington, 1960. National Bureau of
Standards, Monograph 43, Vol 11, Washington D.C. 1962.
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There are at least two possibilities to estimate the strength of the cement paste:

1: The” gel-spaceratio” concept™®
fo=fo XK (A.2)

where fp isthe cement paste strength [MPe]
fo isthe strength of the cement gel including gel pores[MPq]
X isthe gd-spaceratio[-]
k isan exponent (2.5<k<3). In the following, k=3 is used.

The gd spaceratio is defined
X= (ge volume)/(gel volumetcapillary pore volume) (A.2

or
X=0.71a/[0.71-a+(w/c-0.39-a)]=0.71-a/(0.32-a +w/c) (A.2)

Where a isthedegree of hydration [-]
wi/c is the water-cement retio [-]

Inserting egn. (A.2°) in egn. (A.1) and using k=3 gives
fp=fo [0.71a/(0.32:a +wic)]3 (A.3)

This equation has the big drawback that the strength reaches a maximum for the w/c-ratio 0.39. For
lower wicratios than 0.39 hydration cannot be complete due to lack of space for the gd. The
maximum hydration corresponds to zero volume of capillary pore, and to X=1. This consequence o the
gel-spaceratio is shown by the following example.

The maximum possible degree of hydration is a max=(w/c)/0.39.
1:w/c=0.39 a=amacl X=1, fp=fo’
2: w/c=0.30, a=amgx=0.77: X=1, fp=fg’
3:w/c=0.20, a=ama=0.51 X=1. fp=fo’

The reason behind this defect is that the strength contribution of the unhydrated cement is neglected in
the gel-space ratio concept. This problem is avoided by using the
"tota- porosity” concept described below.

% 1.C. Powers: Physical properties of cement paste. In” Chemistry of Cement”, Proc. 4th Int. Symposium,
Washington, 1960. National Bureau of Standards, Monograph 43, Vol 11, Washington D.C. 1962.
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2: The” total-porosity” concept:

The cement paste strength is described by
fy=fo(1-P)K (A.4)
where fo isthe strength of the solid (non-porous materid in the
cement paste [MPq]
Pisthetotd porosty of the cement paste[-]
k isan exponent (2.5<k<3). In the following k=3 is used.
fo>fo” Snce no pores areincluded in fg while gd poresareincluded in fg'.
Thetota porogty is(see Fig. A.1)
P=(w/c-0.19-a)/(w/c+0.32) (A.5)
Inserting egn. (A.5) in egn. (A.4) and using k=3 gives

fo=fol 1-(w/c-0.19-a)/(w/c+0.32)]3 (A.6)
or
fp=fol(0.32+0.19a )/(w/c+0.32)]3 (A6)

This equation predicts increased strength also when the w/c-ratio is lowered below 0.39 which is shown
by the following example, which is the same as above.

1. w/c=0.39 a=amacl P=0.282 fp=0.370¢
2: w/c=0.30, a=amg=0.77:  P=0.248 fp=0.425f¢
3: w/c=0.20, a=a max=0.51:  P=0.198 fp=0.516g

The two structural parameters for strength, X3, and (1-P)3 are compared in Table A.1. The degree of
hydration is assumed to be 0.80 for w/c® 0.50 and 0.65 for w/c=0.40.
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Table A.1: Comparison of the parameter X3 in the gel-space ratio concept and the parameter
(1-P)3 in the total porosity concept for calculation of the cement paste strength

wlc X3 (1-P)3
0.40 0.437 0.233
0.50 0.424 0.191
0.60 0.292 0.135
0.70 0.210 0.099
0.80 0.150 0.075
0.90 0.119 0.058
1 0.092 0.046

The parameter X 3 is considerably higher, which just reflects that fo <fo.

In order to find a relation between f” and fy the strength calculated by egn. (A.3) and the strength
caculated by egn. (A.6) are made equa for w/c=0.60. Then, for the degree of hydration 0.80 and
w/c=0.60 thefadllowing rdationisvdid

fo -0.292=f,-0.135 (A7)
which gives
fo =0.461 (A7)

Thus, the gd drength (induding gel pores) is about 45% of the strength of the solid materid in cement
paste, which seems reasonable considering that the gel porosity is 28%. A materid having the porosity

28% should have a strength that is about  (1-0.28)3 =37% or (1-0.28)2-5=44% of the strength of the
solid materid. The agreement with the theoreticd vadue 46% is far condgdering the very big
amplifications made in the theoretical andlyss.

A reasonable value of fy is380 MPa®’, which by egn. (A.7") givesfy = 175 MPa. Then, the strength of
cement paste can be caculated by one of the two equations

fp=175{0.71a/(0.32a +wic)|3 (A.3)

fp=380(0.32+0.19 )/(w/c+0.32)]3 (A6

) Fagerlund: Relations between the strength andthe degree of hydration or porosity of cement paste, cement

mortar and concrete. In (Editor P. Nepper-Christensen) ” Seminar on hydration of concrete”, Published by Aaborg
Portland, Aalborg, Denmark, February 1988.
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Strength values calculated by these equations are shown in Table A.2. The degree of hydration is 0.65
for w/c=0.40 and 0.8 for the other w/c-ratios (the same asin Table A.1).

Table A.2: Calculated strength of mature cement paste and
empirical strength values for Swedish ready-mix concrete®® (MPa)

wic Ge spaceratio Totd porogity Concrete strength *)
concept concept
Egn. (A.3) Egn. (A.67)

0.40 77 89 60

0.50 74 72 51

0.60 51 51 43

0.70 37 38 36

0.80 27 28 31

0.90 21 2 26

1 16 18 22

*) Average for Swedish ready-mix concrete.

Thus, the two ways of expressng the strength of cement paste give dmost the same result. Thereis a
certain deviation for the lowest wi/c-ratio, where the gel- space ratio gives alower vaue. But, this can be
explained by the fact that the gel- space ratio neglects the strength of unhydrated cement. Therefore, for
low degrees of hydration (65% for w/c=0.40) the gel- space ratio underestimates the real strength.

A:2 Concretestrength
Since aggregate normally is the strongest part of a concrete one might as a first gpproximation use the
"weakest link” concept, and assume that the concrete strength is equal to the strength of the cement
page

fc=fp (A.8)
where fc isthe concrete strength [MPe]

The following mean curve (Abram’s formula) is valid for Swedish ready- mix con-crete®

fc=118/5.4W/C (A.9)

B 6. Y sberg: Relation between the water-cement ratio/water-air-cement ratio and compressive strength. Swedish
Cement and Concrete Research Institute, Report Ra 3:79, 1979.

¥ 6. Y sberg: Relation between the water-cement ratio/water-air-cement ratio and compressive strength. Swedish
Cement and Concrete Research Institute, Report Ra 3:79, 1979.
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Strength values calculated by this equation are shown in Table A.2. The concrete strength is somewhat
lower than the cement paste strength for lower w/c-retios, and somewhat higher for higher w/c-ratios.
For w/c=0.70 the cement paste strength and the concrete strength are equal.

The reason for the fairly small deviation from the weskest link hypothesis probably is that crack arrest
caused by aggregate, and stress concentrations due to different Emodulus of aggregate and cement
paste are neglected®. The crack arrest effect increases when the amount of aggregate increases, which it
does when the w/c-ratio is increased. The stress concentration effect is certainly not higher at low w/c-
ratios, so0 that could not be the explanation to the lower concrete strength vaues. On the other hand, the
crack arrest effect is less effective for low wi/c-ratios due to the lower amount of aggregate. This effect
might be dominating for low w/c-ratios.

An dmost perfect correlaion between the cement paste strength and the concrete strength is obtained
by the following empirica equation based on the datain Table A.2 using the tota- porosity concept for
cement paste strength.

fC»15+O.5-fp (for fc>25 MPa) (A.10)

Egn. (A.10) is only empirica, however, and is only based on mean strength values for mature Swedish
ready-mix concrete produced with Swedish ajgregate and Swedish cement. It is quite clear that the
coefficients 15 and 0.5 are different for different concrete condtituents. It is dso questionable if egn.
(A.10) can be usad for estimating the effect on concrete strength of a reduction in the cement paste
srength. The cadculated effect usng egn. (A.10) will probably be smdler than the red strength lossin the
concrete.

Therefore, for practica purpose one can just as well use egn. (A.8). This means that a certain relative
changein gtrength of the concrete is the same as the rdative change in strength of the cement paste.

Dfg/fe=Dtp/fp (A.12)

where Df¢ is the reduction in the concrete strength [MPq]
Dfp isthe reduction in the cement paste strength [MPg]
fc isthe concrete strength before reduction [MPe]
fp isthe cement paste strength before reduction [MPa]

Thisreation was used above in estimating the effect of leaching on strength;
eqn. (11.34).

40 G.Fagerlund: Relations between porosity and mechanical properties of materials. Div. of Building Technology,
Lund Institute of Technology, Report 26, 1972. (In Swedish)
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