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Sulfate and chloride attack for underground R.C.nstauctions is an
important subject of many researchers. Chemicalcittoy aggressive waters
specially sewage is one of the factors causingridetgion and corrosion
damage of concrete in the underground R.C. element$he chemical
resistance of R.C. elements against chloride arthtsuattack induced by
sewage water is expressed by the percentage of tiethanical property
losses. Sulfate attack of concrete building fouiodat induced by sewage
water was studied in the field. Effect of the di#fu salts concentration by
sewage waters from multiple seepage pits througbndined porous media on
the load carrying capacity of underground R.C. cohs was analytically
studied. But, the influence of chloride and sodautifiate solutions diffused by
sewage water through unconfined porous media orexipected deterioration
and corrosion damage of underground R.C. elemefties a long period of
time, specially footings and necks of columns, rfeideen enough studied .

So, in this paper is developed an analytic modetHe effect of the induced
chloride and sodium sulfate salts by sewage wéteugh unconfined porous
media on the future corrosion damage and deterioratof concrete in
underground R.C. elements specially columns. T fiifference technique
is used and a computer program is developed antienrin a basic language
to compute the future mechanical properties los$€s.C. elements exposed to
sewage water for a long period of time.

Analysis of the numerical results shows that, tkgeeted deterioration and
corrosion damage of any underground R.C. elemerfosed to sodium
sulfate and chloride solutions flow induced by sgsvavater depend mainly on
the time of exposure to these salts, radial distaocthe concrete structure
from the sewage resources and their number, hesfjithe sewage water
solution and its relative concentration at that ustture. The difference
between the values of of “CFc” andc€t; “ for unconfined and confined
porous media decreases gradually and slowly witbraasing time until

reaching equal value ( CFc = 0.69&c; =5.48x10%) after 8 years. The
unconfined porous media propertiesgfk,and total relative concentration
"Cal/Co" of diffused chloride and sulfate salts laatt structure have not any
effect on its mechanical properties losses .
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INTRODUCTION

Sulfate and chloride attack for underground R.Onstaictions is an important
subject of many researchers. Chemical attack byeagiye waters, especially
sewage, is one of the factors causing damage togbé concrete in underground
R.C. elements. Concrete can be deteriorated in nweays. One of the typical
deterioration is caused by the corrosion of reiifay steel and subsequent spalling
of the concrete cover [1]. The use of seepageaqpitteep wells for the disposal of
partially treated sewage waters and waste prodbotsigh confined or unconfined
porous media are important aspects for sewage whsposal planning. These
seepage pits are recognized as the chloride anf@tesusources due to the
microorganism metabolism of sulfur and chloride poomds present in sewage.
Consequences of this attack were a very poor btedgih between cement paste
and aggregates, which reduce compressive strehgttnorete, a severe cracking of
the concrete cover around steel reinforcement andbsion damage of embedded
reinforcement. The degradation effects increask deicreasing the distance of R.C.
structures from these seepage pits or absorbin{s Wedated in courtyard of the
building [2].

The chemical resistance of R.C. elements agairstida and sulfate attack induced
by sewage water is expressed by the percentadgeiofrbechanical property losses.
These losses are the reduction of concrete conipeesisength and steel yield stress,
increase of concrete strain and corrosion rateteél swith time compared with
similar concrete not exposed to sewage waters3]J[2Sulfate attack of concrete
building foundations induced by sewage water waslisli by Negro and Mario
Collepardi [2]. They concluded that, the degratioh effects increased with
decreasing the distance of concrete structures &orabsorbing well located in the
courtyard of the building.

Some experimental studies were carried out to dheveffect of sulfate attack on the
damage of R.C. element [3]. Deterioration of cotergy sulfuric acid produced
from sewage is a long term process , but, pooitguaincrete deteriorates at a much
faster rate than good-quality ones [4]. In additietmen a sulfuric attack is active,
under a very low “pH”, all hydrated products, hyedhsilicate and aluminate phases
and calcium hydroxide can easily be decomposedirigao a severe disintegration
of the concrete matrix [5]. In fact, as previoudtated [2, 6], the etteringite
expansion phenomenon is in adequate to explaisutiate-generated deterioration
of the concrete. Also, the ferrous chloride phenoonein the presence of oxygen is
in adequate to explain the generated corrosion gambembedded steel bars.

Manu Santhanam, Menashi D. Cohen [7] investigatesl effects of different
concentrations of sodium and magnesium sulfatetieokl on expansion and
microstructure of different types of Portland cetnmortars. They indicated that, the
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ultimate of failure of the specimen occurs as alltesf the decalcification of the
calcium silicate hydrate (C-S-H), and its convansio magnesium silicate hydrate
(M-S-H), after prolonged exposure to the solution.

Adam Neville [8] studied the mechanisms of attagk @oncrete by different
sulfates—sodium, calcium and magnesium includirggifisue of topochemical and
through solution reactions including the effectolil properties.

The concentration of chloride and sulfate salt thohs in wastewater's disposal,
through unconfined porous media, is transportech filte sewage source to any point
in their flow in a radial direction depending oretboefficient of transmissibility of
the porous media. Field studies on dispersionodififion recharged by wells have
been performed by many authors [9,10,11]. In tiweirk, the chemical constituents
in wastewater were transported with recharged watdrom the well while miscible
was restrained and accumulated in voids of sotigles near the well.

The problem of unsteady radial flow to a well peaig an unconfined porous
media has been formulated mathematically by nundfedifferential equations.
Abdelsadek [12] proposed new trend for the solutidndifferential equation of
drawdown near a pumping well using the finite-diéfece technique. Recently, the
dispersion of concentration of waste-waters throoghfined or unconfined porous
media was studied by number of researchers amameg keere Abdelsadek , Ali and
Rashwan [12,13,14] , De Josselin [15] and Yih [16]

Some experimental studies were carried out to sheveffect of sulfate and chloride
attack on the damage of R.C. elements. Effect fitighd salt concentration by
sewage waters, from multiple seepage pits, thr@uginfined porous media on the
load carrying capacity of underground R.C. columm@s analytically studied [17].
But, the influence of chloride and sulfate saltBisons diffused by sewage water
through unconfined porous media on the expected deterioration and corrosion
damage of underground R.C. elements, speciallyifgetand necks of columns,
after along period of time have not been enougldietl. These researches need
more time to give us an expected relation betweerdtal relative concentration and
time of exposure to these salts and their futlai®mage effect on the properties of
underground R.C. elements at any service time .

So, in this paper is developed the analytic progcantaining new equations for the
determination of the effect of the induced chloréal sulfate salts by sewage water
through unconfined porous media on the future corrosion damage and
deterioration of concrete in underground R.C. elgsapecially necks of columns.
The finite difference technique is used and a cdempprogram is developed and
written in a basic language for the solution of gneblem in an unconfined porous
media . The correction or reduction factors of cet& compressive strength “CFc’
and steel yield stress “CFs” , longitudinal strainconcrete and corrosion rate of
steel bars are determined as a function of totative concentration of chloride and
sulfate salts "Ca/Cao", time level ,distance frore 8ource of sewage disposal and
soil properties and compared with the similar ceteeelements not exposed to these
sewage water.
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THEORY

I) Single Recharge Sewage Resource
The problem of unsteady radial flow of sulfate ardioride salt solutions from a

recharging sewage source penetrating an unconfipetbus media (as shown in
Fig.1) can be formulated mathematically by the followsygtem of equations [10,
12, 13, 14, 16] .

Building 4

Ground surface

Head of chloride and sulfate solution at ime level (741 )~ /T] | j

ﬁof chloride and sulfate solution at time level (/)

Unconfined
(Porous media)

R=N*Ar i

Fig. 1: Radial flow of sulfate and chloride salt solutions from a recharge sewage
source penetrating an unconfined porous media.

1) Equation of piezometric head of the salt solutio  ns

The piezometric head of induced sulfate and chéosialt solutions by sewage water
through unconfined porous media at any point in floev field of a recharging
sewage source can be given by the following padtfédrential equation:

Phlor+1r*ahPr=S/T*ahBt  .oeeen (1)

Where : "h" = piezometric head ," r" = radial diste from the center line of a

sewage source to the point at the chosen buildinghach required the piezometric
head "h" , "S" = storage coefficient,” T" = coeféint of transmissibility of the
porous media and "t "= time at which required giezometric head of the salt

solutions .

2) Equation of dispersion of concentration of salt solutions:  The
dispersion of concentration "C" of sulfate and clle salt solutions from sewage
water through an unconfined porous media at angt@ia radial distance "r" from
the sewage source may be expressed as [12, 13, 14]
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Ur*o/or(r.koClor)=1Ir*o/or (rU.C) =0CIot .................. (2)

In which: U = the pore velocity, which may be giviarthe form:
UzsKbh*Oh/0r e e, 3)
Where: k = coefficient of permeability, = porosity of the soil and, k= radial

dispersion coefficient which is a function of bqtbre velocity and the grain size of
the soil "ds" and it can be given in the form ; =§0.86 ds . U

At any point in the flow field of sewage source whéhe pore velocity and the
dispersion coefficient are constants, Eqn. (2) begxpressed as:

K¥ 0°CIOrP -U*AC/0r=0C 10t iooeieiiieee e, (4)
The initial and boundary conditions are:
h(r,0)=0,hé,t)=0 *0 for piezometric head equation
lime Z1.r.Toh/or =Q %0
Cr,0) =0, Ct)=Co ,Cf,1)=0 %0

ry = radius of the sewage source or well

The solution of the piezometric head or surfaceatign (Egn .1) of the salt solution
was obtained by Theis [10] for homogenous poroudiania the form:

R D) = (QFALT) * W (U)o oo (5)

Where: Q = recharge value of the sewage source ,

W (u) = - Ei (u) =]‘° (€“/u).du (5a)

U=P*h/(AT.0) e (5b)

Abdelsadek et al.[12, 14, 15] proposed the theamythe determination of the
drawdown and concentration of migrating salts reeegcharge well under unsteady
state conditions using the finite- difference teqhme. The theory was briefly
explained in the previous works and applied fohbminfined and unconfined porous
media. For the solution of the system of equatierigen at the nodes 1,2 ,3, N,
N-1, the values of a( 1, J), b( 1, J), f(I), 3hould be firstly determined from the
previous given values of. K1 ,J), U(I,J). Then: A(2,J), B(2+1) are
calculated by using equations , then A( 3, J] 3B J+1) , A4, J), B4, J+1),
...... A(N+1,J), B(N+!', J+1) can be determined .

Using the lower boundary condition [C(N+1 , J+1)0=] and the obtained

coefficients, the known values of C(N , J+1) , CKN-J+1) , ..... C@1 , J+1) at all

nodes in the backward direction at the level "Jedri be determined . Similarly, the
calculations are continued to find C(I, J+2) , Ci#3) , ..... C(l, J+M) at time levels

"J+2" , "J+3", ....and "J+M" respectively . A compuprogram was developed and
written to formulate the model.

I) Multiple Recharge Sewage Sources Penetrating An Unconfined
Porous Media

When a group of sewage sources situating near ether's are recharging, their

drawdown curves intersect within their radius dfiuance. The total piezometric
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head of salt solutions at any underground buildihg point "A" in their flow field
(as shown irFig. 2) is equaling to the sum of the piezometric headsed by each
sewage source individually . Thus:

Location of a building at point A
‘ Sewage water resource Sewage water resource ‘
N\ 7Y /

Q. C LQ ,C
‘ Ground surface ‘

|2r,

Final Piczomeftlq surface

Unconfined porous media%?

W |

Fig.(2) : Total piezometric head of diffused sodium sulfate & chloride salt solutions
flow from multiple sewage sources.

ha=h+h+h+.... M o (6)

In which "n" = number of interfered sewage sources.
Similarly, the concentration of diffused salt saas at point "A" in the flow field of

nn

n- sewage sources is:

From the foregoing, it is appeared that, the comagan of diffused salts at any
point in the flow field of interfered recharge s@&asources "€ is a function of the
initial concentration "¢’ , the soil permeability coefficient "k" , the spiorosity ‘"

, the diameter of the soil particless"d the radial distance from the source and the

time "t" . Therefore:

Ca =T (Cor KDy Ty 1y 1) oo 8)

3) Developed equations of the expected damage of R.C. columns in a
building at point "A" in the flow field of sewage w ater through
unconfined porous media .

After calculating the total concentration of sutfaind chloride salt solutions (G J)

at any block "I" and time level "J” or{Q, J+1) at time level "J+1" | the total relative
concentration "g'at a building at point "A" can be determined froine following
equation :
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Crl1,341) = G (1, 34L) TG oeeee e 9)

Where: G = initial concentration of sulfate & chloride salit each sewage source ,
Ci( I, J+1) = total concentration of diffused saitdlock "I" and time level "J+1"
The expected values of corrosion rate of embedded bars " C", reduction
factors of concrete compressive strength ;'Cénd steel yield stress "G¢Fand
longitudinal strain of concrete ";€for underground R.C. columns in the chosen
building at any service time " t " can be deterrdifiem the following developed
equations depending on the total relative conctotraf salt solutions and time of

exposure to these salts.

Cr(l, J+1) = [0.1V t*0.27G (I, J+1) ] +0.579 ovvveeeeeeeeeiee, (10)
CFc(l, J+1) =[1.0 = 0.129Cr(I, J+1) ] oo, (11)
CFs(1,J+1)=[1.0=0.062€r (1,J+1)] s oo (12)

€c (I, J+1) = [3.266xI0 + 6.92x10 * Cr( 1, I+1)Vt | coooeveeeee (13)

The actual expected compressive strength of canérel , J+1) and yield stress of
steel bars Fy (I, J+1) of underground R.C. colusinsated in the chosen building at
a point "A" at block "I" and distance "ri" from ntigle sewage sources can be
determined at any time level "J+1" from the follogyequations :

Fc(l,J+1) =[CFc(l,J+1)* FCU] viiiiiiiiiiiiee e e e e (14)
Fs(1,J+1) =[CFs(l,J+L) *Fy ] i e e, (15)

Where: Fcu = cubic compressive strength of concrete 2ftettays,
Fy= vyield stress of steel reinforcement of R.C. ouiu

COMPUTER IMPLEMENTATION
i) Computer program: A computer program was written for use with IBM
personal computerfigure 3 shows the flow chart of essential features of the
program containing the developed new equationghfofuture mechanical properties
losses of necks of R.C. columns damaged by sewatgr Wlow.

i) Range of variable parameters: The number of multiple sewage water
sources, surrounding a chosen building at poimrrefl to “A* changes from 1 to 5
(as shown irFig. 2). The sewage sources, that having recharge valu@s=2Q, =
4Q; =10 Q =20 Q = 200 m3/day are at a variable distancesZ50ms, § =204ms,

rs =160ms, § =113ms, ¢ =45ms) from the chosen building at point "A". The
diameter of the soil particles "ds" equals to 0.6mwith different values of soil
porosity “¢ " = 0.35, 0.40, 0.45. The permeability coeffitief soil "k" is changed
from 10 m/day to 150m/day. The storage coeffici&itis assumed to be constant at
0.007. The transmissibility coefficient [T(I , JJr unconfined porous media is taken
as a function of head value[h(l , J)] of chloridedasulfate salts solutions and
permeability coefficient at any point at a radi@tdnce "' from the sewage source.
The initial concentration “Co’ of the sulfate andllaride salt solutions at each
sewage source is assumed to be constant and &@8Is.p.m. The initial concrete
compressive strength was assumed to be 250 kcfomh steel yield stress to be
2800 kg/cr.
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€¢" = 3.27x10 +6.92x16C 1/

Fig. 3: Flow chart for computer program.
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RESULTS AND DISCUSSIONS

In the model, the time incremem €) and the number of divisions (N) have great
influence on the consistency of computation oftthtal head of salt solutions flow
and hence on their concentration values. After rermbf trials, the numeric
calculations are performed using = 0.5 days and "N" = 50 blocks which having an
accuracy for the computed total head values ditedecimal point.

1) Effect of time and soil properties (k &  ¢) on the total head of salt
solutions, induced by multiple sewage water resourc es through
unconfined porous media, at the suggested building

Effect of soil properties (k &) and time of exposure of any underground R.C.

building to sodium sulfate and chloride salt san§, induced by five multiple

sewage water resources penetrating an unconfinesugpamedia,on their total
piezometric head is analytically studied. The nuocatrresults are determined for
different values of soil properties (K=10, 25, 300 & 150 m/day¢= 0.35, 0.4, &

0.45), diameter of soil particles “ds"=0.6mm,and different times. The results are

plotted infigure 4 assuming the previous suggested data of the chmskling and

sewage sources.

Figure 4a shows that, the total head of diffused chloride anifate salt solutions d
by sewage waters at the chosen underground buildintparly affected by the soil
permeability at the same porosity of soil. It isgely increased by increasing soil
permeability to 25m/day and slowly decreased byeasing soil permeability to
150m/day at any time. It is necessary to noticg tha soil porosity ®” and time of
exposure to these salts “t” have a neglected inflaeon the value of total head of
salt solutions at the chosen building (as showRign5b). This may be explained
that, by increasing permeability coefficient, thargo velocity increases which leads
to the decrease of salt solutions head.

(a) (b)
25
; 2.25 Time = one year

1.75
1.25

0.75 +Time=200 days
0.5 “+-Time=400d
0.25 +#Time=600days

0.75 ~+porosity=0.35
0.5 -Lporosity=0.4
0.25 “#porosity=0.45

Head of diffused chloride salts, ms
-
(%))

Head of diffused Chloride salts, ms

25 50 75 100 125 150 25 50 75 100 125 150
Permeability Coefficient of Soil , m/d Permeability Coefficient of Soil , m/d

Fig. 4: Effect of soil properties and time on the total piezometric head “ h,"of
sulfate and chloride solutions at the chosen building at point “A”.

(a) “ h, “ versus soil permeability at different times (¢ =0.4),
(b) “h4 “ versus soil permeability at different values of soil porosity
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2) Influence of time and soil properties on the tot al relative
concentration “C A/Cy” of sulfate and chloride solutions, induced by
sewage water resources through unconfined porous me dia, at the
chosen R.C. building

The same suggested data are used to determinmtiierelative concentration

"Ca/C0" of the diffused salt solutions from five mpleé sewage resources through

unconfined porous media to the chosen building antp"A" in their flow field

taking the effect of soil properties and time ofpesure to these salts into

consideration. The numerical results are determametiplotted irfigure 5 .

(@) (b)

6+k=25m/d
“LK=50m/day
# K=100m/day
$k=150 m/day
6/K=10m/day

“+k=25m/d
ALK =50m/day

+K=100m/day
$k=150 m/day

Relative Concentration" Ca/Co"
w

Relative Concentration" Ca/Co"
w

(of..
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
TIME , days TIME , days
(©) d

5/(b=0.45,

'-!-Time=200day
- Time=400day:

=50m/day|
# K=100m/day
$ k=150 m/day
64HK=10m/da

0
100 200 300 400 500 600 700 800 900 10 25 40 55 70 85 100 115 130 145
TIME , days Permeability Coefficient, m/ days

Relative Concentration" Ca/Co"
w

Relative Concentration" Ca/Co"
w

Fig. 5: Effect of soil properties and time on the total relative concentration "C,/C,"
of sulfate and chloride solutions at the chosen underground building.

a) "CA/C," versus time at different permeability coefficients (¢ = 0.35),

b) "Ca/C," versus time at different permeability coefficients (¢ = 0.4),

c) "CalC," versus time at different permeability coefficients (¢ = 0.45), and
d) "CA/C," versus soil permeability at different times, (¢ = 0.4)

Figures 5a, b, ¢ show the total relative concentration of the et sulfate and
chloride solutions, from five sewage water resosiraé a building at point "A”,
versus time at different permeability coefficierasid porosity of soildf= 0.35, 0.4,
0.45) respectively. As expected, the total retatiencentration of the diffused salts
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at the chosen underground building increases ghgdaad rapidly with the time
approaching the unity or bigger than that valueradttime depending mainly on the
permeability coefficient, porosity of soil, radidistance from the sewage resource
and number of sewage resources.

Again, the numerical results of A(C,)" are plotted inFig. 5d against soil
permeability for different times and constant smkosity (= 0.4). Obviously, the
total relative concentration of the proposed saltsthe chosen building rapidly
increases ( from 1.19 to 4.97 ) by increasing peilmeability from 10m/day to
150 m/day at time level equals one year. But, &tgears, "G/C," increases from
3.41 to 5 for the same values of soil permeabilitys necessary to notice that, the
soil porosity has a small effect on the values Gf/C," compared to the soll
permeability. The relative concentration increabgsdecreasing the value of soil
porosity. At time =200 days, and k= 100m/day,/C," increases from 1.96 to 3.11
by decreasing porosity of soil from 0.45 to 0.35 ¢hown inTable 1). Obviously,
the total relative concentration at the chosendingl reaches the number of sewage
water resources after about 400 days for the stegygsoperties of the unconfined
porous media. This may be explained by the gooecefdf soil permeability and
porosity on increasing pore velocity and diffusiohsodium sulfate and chloride

salts from the suggested sewage water resourcestrgémg unconfined porous
media.

Table 1: effect of soil porosity “@® “ on the relative concentration of the diffused salts
from five sewage water resources through unconfined porous media (k =100m/day).

Soil Relative concentration “C/ C,” at time, days

porosity | 100 200 300 400 500 600 700 800
® =0.35]1.063 3.110 4.960 4.99 4.99 5.02 4.99 5.0(
® =0.40 ] 0.986 2.434 4.563 5.05 4.96 5.00 5.01 4.9
® =0.45 ] 0.830 1.960 3.990 5.01 5.00 5.00 5.00 5.0(

3) Prediction of the corrosion of steel bars and deter ioration of concrete
in the chosen R.C. building damaged by sodium sulfa  te and chloride
solutions
The chemical resistance of underground R.C. elesnenposed to sulfate and
chloride salt solutions, induced by sewage watsousces through unconfined
porous media, is expressed by the percentage ofrtleehanical properties losses.
These disadvantages are the increase of corrosi@en af embedded steel bars,
increase of strain and deformation of concreteredese of concrete compressive
strength &steel yield stress and cracking of thecoete cover.

3.a) Corrosion damage of embedded steel bars

3.a.1) Future corrosion rate of embedded steel bars Cr(1, J)

The same previous data are used and numericallat@as are extended to find the
effect of the unconfined porous media properties tane of exposure of the chosen
underground R.C. building to the suggested salliti®ois on the future corrosion rate
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of embedded steel bars of its columns. The resnéisdetermined at any time level,
depending on the development of some experimemsilits [3,18], from the
suggested equation (No.10) and plottetigare 6 .

(@) ) b)
5 8 > 8 QL
S 7| oto—% % % ' A% % d
5 5 °
o
FenS FenS FenS q 5 (el Qe FenS q
30 P 3 3 3B r 32 3 ;
B, i H # B, i 7 # #
5 1 i 5 n ll. 0
g 3 ~+Time=one year g 3 ~+Time=one year
o “LTime=2years % 5 Time=2years
.é 2 #Time=3years el ! # Time=3years
° 1 4 Time=4years S W/ (b=04 $ Time=4years
8 84Time=8years 8 B4 Time=8years
25 50 75 100 125 150 25 50 75 100 125 150
Per meability Coefficient of Soil, m/d Permeability Coefficient of Soil, m/d
. (© 3 (d)
S 8 > 8
© Top % 9Lo o7
(2] 2]
g ° g °
B 5§ $ g g o
g 4" n n 2 4
o) Q —+K=10m/day
3 . _ = 3 .
§ F_I!_MLIL E ‘LK=25m/day
é 2 —T|me:2years : é 2 H#K=50m/day
S 1| $Time=dyears (k=50m/day | £ 1 0.4 BK=100m/day
Q 4 Time=8years 5 )
© 0 o :3
0.35 0.4 0.45 3 4 5 6 7 8

Por osity of the unconfined porous media

Time of exposure to salt solutions, years

Fig. 6: Effect of soil properties and time on the corrosion rate “ Cr “of embedded
steel bars in R.C. columns damaged by sulfate and chloride salt solutions

a) “ Cr “ versus permeability coefficients at different times (¢ = 0.35),
b) “ Cr “ versus permeability coefficients at different times (¢ = 0.40),
c) “ Cr " versus porosity of soil at different times (k = 50 m/day), and
d) “ Cr “versus time at different soil permeability (¢ = 0.4)

Figures 6a, b show the corrosion rate of embedded steel barsobfmns, in
underground R.C. building damaged by the flow dffese and chloride salt solutions
from multiple sewage resources, versus soil peritigahat different times and for
soil porosity equals 0.35 & 0.40 respectively. Aspected, corrosion rate of
embedded steel bars of R.C. columns in the chosdarground building is clearly
affected by the total relative concentration of salutions "G/C,", time of exposure
to these salts “t”, and properties of the uncordiperous media until 2years. After
2 years, the effect of soil permeability is negbelctlt is necessary to notice that, the
time of exposure to these salts have a large effecincreasing future corrosion
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damage of steel bars especially after 2 yearsoihpeoperties (K= 100 m/dp = 0.4
and ds = 0.6 mm), future corrosion rate of embeddeel bars in R.C. columns will
be equal to 2.74 %, by weight, after one year. Biatwill be equal to 6.8% , by
weight, after 8 years for the proposed data irptioblem in this research.

Figure 6¢c shows the effect of soil porosityp“= 0.35, 0.4 & 0.45” on the future
corrosion rate of steel bars in the chosen undenglrobuilding and for soil
permeability = 50 m/day. Obviously, the soil potgshas a small effect on the
corrosion rate of embedded steel bars comparecheoeffect of permeability
coefficient at the same time and the same previtata of salts and building
situation. After one year, corrosion rate, by théuction of weight, slowly decreases
from 2.77 to 2.54 % by increasing soil porositynfir@.35 to 0.45 with constant k =
50 m/day. It is necessary to notice that, the efbéthe properties of the unconfined
porous media (kg) on the future corrosion rate of steel bars islewgd after
2 years of exposure of the chosen building to tlggested salt solutions flow from
sewage waters. But, the actual parameter affettiagcorrosion rate of steel is the
long time of exposure to these salts ( as showfigime 6.d). From which is clear
the effectiveness of long time on increasing coomsate of steel bars “Cr* and at
the same time, the effect of soil properties disappd. This may be explained as
previously stated, the ferrous chloride phenomeinatie presence of oxygen is in
adequate to explain the generated corrosion darmagebedded steel bars. This
consequently leads to the increase of corrosienaémbedded reinforcement.

3.a.2) Reduction factor of future steel yield stres s CFs(l, J) at the
chosen building at distance “r ; “ and time level “J”

The numerical results are determined, for the sdate of the chosen underground
building, to find the effect of the porous mediaperties (k,p) and time of its
exposure to the suggested salt solutions flow enfthure yield stress “Fy of
embedded steel bars in its R.C. columns. The sesué calculated at the chosen
building and plotted ifrig. 7 at any time level from the following equation:

Fy: (I, J) = CFs(l, J) * Fy , where: CFs(l, J) is tredluction factor of steel yield
stress of columns at a distance (l) from the sewsmyrce and time level (J). It is
determined from the following equation developexhf the expected corrosion rate:

CFs(l, J) = 1.0 — 0.06Cr (1,J)

Figures 7a, b show the reduction factor of future yield stregssteel “CFs*
embedded in R.C. columns in the chosen buildinmadged by the flow of suggested
salt solutions, versus soil permeability at différtimes and for soil porosityp =
0.35 & 0.40 respectively. Obviously, “ CFs * is dhafected by the porous media
properties (kg) until two years and the clearly effect occurswgbil

permeability. As the soil permeability increasemirlOm/day to 150m/day, “ CFs
decreases from 0.92 to 0.90 after one year ansoibporosity = 0.4. After 2 years ,
“ CFs “ decreases by about 12% for different valoksoil properties compared to
the same type of concrete not exposed to these Raft necessary to notice that, the
soil porosity has a neglected effect on this faetosiny time and for different values
of soil permeability (as shown Fig. 7c).
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Fig. 7: Effect of unconfined porous media properties and time of exposure of the
chosen underground building to sodium sulfate &chloride salt solutions flow on the
correction factor of future steel yield stress of its R.C. columns

a) “ CFs “ versus permeability coefficients at different times (¢ = 0.35),
b) “ CFs “ versus permeability coefficients at different times (¢ = 0.45),
c) “ CFs “versus porosity of soil at different times (k = 50 m/day), and
d) “ CFs “ versus time at different soil permeability coefficients (¢ = 0.4)

Figure 7d shows the influence of a long time of exposur¢hefchosen building to
the suggested salts on the reduction factor ofdystiess of its damage column
reinforcement. It is clear that the long time opesure to these salt solutions has a
clear and main influence on decreasing “ CFs “ canma@ to the effect of soll
properties, which are neglected after 2 years. s C#ecreases by about 16% (from
1.0 to 0.84) after 8 years compared to the same @fgoncrete (C250) not exposed
to these salts induced by sewage waters. This maxplained by the effect of the
long time of exposure to these salts on increasomgpsion rate and pitting corrosion
of embedded reinforcement, which decreases itsdyftield stress.
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3.b) Deterioration of concrete of the R.C. columns (C250) in the chosen
underground building damaged by sodium sulfate & ch loride
solutions

3.b.1) Reduction factor of concrete future compress ive strength “ CFc “

The numerical calculations were extended, for timaesprevious data of the chosen
underground building, to find the effect of the @as media properties (k) and
time of its exposure to the suggested salt solstitow on the future compressive
strength “Fe¢ ' of concrete of its R.C. columns. The numericabules were
determined at the chosen R.C. building and platiefig. 8 at any time level from
the following developed equation:

Fa (I, J) = CFc(l, J) * Fg& , where: CFc(l, J) = reduction factor of concrete
compressive strength at any distance from the sewegpurce and at any time. It is
determined from the following equation developeahfrthe expected corrosion rate:

CFc(l, J) = 1.0 — 0.12/Cr (1.9)

Figures 8a, b show the reduction factor of future compressiversjth of concrete*
CFc “ of R.C. columns in the chosen building, daethby the flow of suggested salt
solutions, versus soil permeability at differemeis and for soil porosity = 0.35 &
0.40 respectively. Obviously, “ CFc “ is clearlffesdted by the corrosion rate of steel
bars, which affected by the relative concentratbrdiffused salts and the porous
media properties (k) until two years. As the soil permeability increasfrom
10m/day to 150m/day, “ CFc “ decreases from 0.88.7@ after one year and for soil
porosity = 0.35.But, for soil porosity = 0.40, gateases from 0.85 to 0.80 after one
year. So, the effect of soil permeability is gezathan the soil porosity.. It is
necessary to notice that, the effect of soil priperis neglected after 2 years (as
shown inFig. 8c). From this figure it is clearly that the negliikeffect of the soil
porosity on the factor “ CFc “ at the same permiggtdoefficient.

Figure 8d shows the relation between “ CFc “ along periodimie of exposure to
these salts at different permeability coefficieatsd for soil porosityg = 0.40.
Obviously, the effectiveness of the long time gp@sure to these salt solutions on
decreasing “ CFc “ compared to the effect of poroeslia properties, which were
neglected after 2 years. After 8 years, “ CFc¢rdased by about 31.4% (from 1 to
0.686) for different values of soil properties qmared to the same type of concrete
(C250) not exposed to these salts. This may beamad by the effect of the long
time of exposure to these salts on increasing smmorate and pitting corrosion of
embedded reinforcement, internal cracks of concaeid deterioration of concrete
cover due to sulfuric acids and chloride ions, \Wwhtonsequently decrease its future
compressive strength.

3.b.2) Future longitudinal concrete strain “©  €c; “ of the R.C. columns
(C250)

The investigations were continued, for the samevipus data of the chosen

underground building, to find the effect of the as media properties (k) and

time of its exposure to the suggested salt solstitow on the future longitudinal

strain ‘€c“ of concrete of its R.C. columns. The numeriedults were determined

at the chosen R.C. building and plottedFig. 9 at any time level from the following
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equation developed from the expected corrosionafagteel bars and some previous
experimental data[3, 18]:
€ci (I, J) = 3.27x1d + 6.92x10' *Cr(l, ) * \/t , where: t = time in days.
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Fig. 8: Correction factor of future compressive strength “ CFc “ of R.C. columns in
the chosen underground building versus porous media properties and time of
exposure to sodium sulfate &chloride salt solutions

a) “ CFc “ versus permeability coefficients at different times (¢ = 0.35),
b) “ CFc “ versus permeability coefficients at different times (¢ = 0.40),
c) “ CFc “ versus porosity of soil at different times (k = 50 m/day), and
d) “ CFc" versus time at different soil permeability coefficients (¢ = 0.4)

Figures 9a, b show the future longitudinal strain of concrét€c; “of R.C. columns

in the chosen building, damaged by the flow of asgd salt solutions, versus soil
permeability at different times and for soil potgsh = 0.35 & 0.40 respectively.
Obviously, ‘€c; “ is clearly affected by the corrosion rate of tears, which
affected by the relative concentration of diffusedlts and the porous media
properties (k) until two years. As the soil permeability increagrom 10m/day to
150 m/day, €c; “ increases from 3.47x10to 3.64x10" after one year and for soil
porosity = 0.40. After 2 years€¢ “ increases from 3.92x10-4 to 3.96x10-4 by



PREDICTION OF FUTURE EXPECTED DAMAGE OF.... 1149

increasing soil permeability from 10 to 150 m/d8y, the effect of soil permeability
decreases by increasing time of exposure of theserhduilding to these salt
solutions. But, as the soil porosity increases fror@5 to 0.40, €c “ slowly
decreases from 3.47x{0to 3.46x10 after two years for soil permeability k =
50 m/day. So, the effect of soil permeability i®aer than the soil porosity. It is
necessary to notice that, the effect of soil prigeris neglected after 2 years (as
shown inFig. 9c). From this figure it is clearly that the neglitgheffect of the soil
porosity on the factor €c¢ “ at the same permeability coefficient. This may be
explained that, after 2 years the total relativecemtration of the diffused salt
solutions reaches the maximum value and becomestasdrand equals the number
of sewage water resources. This leads to the aangalue of corrosion rate at that
time and consequently constant values of conctetms
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Fig. 9: Effect of unconfined porous media properties and time of exposure of the
chosen underground building to sodium sulfate &chloride salt solutions flow on the
future longitudinal strain of concrete “€c¢* of its R.C. columns

a) “€c¢" versus permeability coefficients at different times (¢ = 0.35),
b) “€c:* versus permeability coefficients at different times (¢ = 0.45),
c) “€cq" versus porosity of soil at different times (k = 50 m/day), and
d) “Ec;“ versus time at different soil permeability coefficients (¢ = 0.4)
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Figure 9d shows the relation betweer€¢ “ along period of time of building
exposure to these salts at different permeabitifficients and for soil porosity =
0.40. Obviously, the effectiveness of the longetioh exposure to these salt solutions
on increasing €c; “ of R.C. columns compared to the effect of porouedia
properties, which were neglected after 2 yeats; “ increased by about 20% (from
3.27 to 3.92x10) after two years. But, after 8 year€c;“ increased by about 77 %
(from 3.27x10" to 5.8x10") for different values of soil properties compatecthe
same type of concrete (C250) not exposed to thakesslutions. This may be
explained by the effect of the long time of expestw these salts on generating
corrosion rate and pitting corrosion of embeddeadfoecement, internal cracks of
concrete and deterioration of concrete cover dusutfuric acids and chloride ions,
which consequently increased deformations of tieagged concrete.

4) Effect of confined and unconfined porous media on t he deterioration
of R.C. columns made from (NSC- C250) at the chose n underground
building

4.a) Corrosion of embedded steel bars of the damag ed R.C. columns

4.a.1) Expected Corrosion rate of embedded steel ba  rs Cr(l, J)

The same suggested previous data are used to detethe difference effect of
confined and unconfined porous media of the saropgsties (k = 100m/dayp =
0.4 and ds = 0.6mm) on the expected corrosion @x{e J) of the embedded
reinforcement in the R.C. columns damaged by tFesd#id salt solutions from five
multiple sewage resources to the chosen buildingoatt "A" taking the effect of
time of exposure to these salts into consideratibhe numerical results are
computed and plotted ifigure 10a. It is clear the effectiveness of the unconfined
porous media on increasing corrosion rate of diaed at any time compared to the
confined of the same properties. After one yegpeeted corrosion rate of damaged
bars reaches 2.7% for unconfined porous media dari¥d for the confined. So, the
unconfined porous media increases corrosion ratdesfl bars by about 238% than
the confined of the same properties after one y@awiously, expected corrosion
rate of damaged steel bars slowly increases wité tor confined porous media until
reaching the same value of corrosion (6.4%) for uheonfined after 8 years of
exposure of the chosen building to the suggestikdalations. This is explained by
the influence of the unconfined porous media oneasing the value of total relative
concentration at the chosen building at any tinaa tthe confined.

4.a.2) Reduction factor of future steel yield stres s “CFs” of damaged
columns
The future yield stress “Fyof embedded reinforcement can be determined, timm
previous equation, depending on calculating a ctime factor of steel yield stress
“CFs” at any time level. The numerical results eoenputed, for the same suggested
previous data of the chosen building and sewageuress, to determine the
difference effect between confined and unconfinesops media of the same
properties (k = 100m/dayh = 0.4 and ds = 0.6mm) on the reduction factoutdre
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yield stress CFs(l, J) of the embedded reinforcérrethe damaged R.C. columns
taking the effect of time of exposure to theséssato consideration. The results are
determined and plotted figure 10b .
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Fig. 10: Effect of confined and unconfined porous media on the mechanical
properties losses of R.C. columns damaged by sodium sulfate and chloride salt
solutions at the chosen building at point (k = 100m/day, ® = 0.4 and ds = 0.6mm).

a) corrosion rate of embedded reinforcement “Cr’ versus time(in years) ,

b) correction factor of steel yield stress “CFs” versus time(in years),

c¢) Correction factor of concrete compressive strength "CFc” versus time(in years),

d) Future longitudinal strain of concrete versus time (in years)

Obviously, the unconfined porous media has a @ffact on reducing the value of
the correction factor of steel yield stress “CFsaiy time compared to the confined.
The difference between the value of “CFs” for urfowed and confined porous
media is small and its value depends largely ortithe of exposure to the flow of
the suggested salt solutions. After one year, “Glireases by about 10.3% (from
1.0 to 0.897) for unconfined porous media, bulleitreases by about 6.6% (from 1.0
to 0.934) for the confined. After two years, “Cricreases by about 12% (from 1.0
to 0.88) for unconfined porous media, but, it dases by about 8.4% (from 1.0 to
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0.916) for the confined. It is necessary to noticd, the value of “CFs” decreases as
the time increases and the large decrease occtirgdhei unconfined porous media.
But, the difference between the values of of “CK&” unconfined and confined
porous media decreases gradually and slowely witheasing time untill reaching
equal value (“CFs” = 0.843) after 8 years. This lakxmwmd by the effect of the
unconfined porous media on increasing the amourtifeised salt solutions with
time, to the chosen building, and consequentlyeiasing corrosion , pitting &
longitudinal cracks of steel bars which decrealses stresses than the confined.

4.b) Deterioration of concrete of R.C. columns in the chosen building

4.b.1) Reduction factor of future compressive stren gth “CFc” of
concrete
The future compressive strength of concretg™fes the damaged R.C. columns can
be determined, from the previous equation, depgndm calculating a correction
factor of concrete compressive strength “CFc” ag #ime level. The numerical
results are computed, for the same suggested piedata of the chosen building
and sewage resources, to determine the differeffeet ebetween confined and
unconfined porous media of the same properties WG m/day® = 0.4 and ds =
0.6 mm) on the correction factor of future compiesstrength CFc(l, J) of normal
strength concrete (NSC) in the damaged R.C. cddutaking the effect of time of
exposure to these salts into consideration. Thatseare determined and plotted in
figure 10c .

Obviously, correction factor of concrete compresstrength "CFc” large decreases
with increasing time than the correction factor stéel yield stress "CFs” for
confined or unconfined porous media. The unconfipebus media has a clear and
large effect on reducing the value of the correctactor of concrete strength “CFc”
at any time compared to the confined of the sanapesties (k,®, ds). The
difference between the value of “CFc” for unconéirend confined porous media is
noticeable and depends largely on the time of mgléxposure to the flow of the
suggested salt solutions. After one year, “CFc’reases by about 20% (from 1.0 to
0.8) for unconfined porous media, but, it decredseabout 13% (from 1.0 to 0.87)
for the confined. After two years, “CFc” decreabgsabout 23% (from 1.0 to 0.77)
for unconfined porous media, but, it decreasesbdmutl6% (from 1.0 to 0.84) for
the confined. It is necessary to notice that, thieier of “CFc” decreases as the time
increases and the large decrease occurs with tenfined porous media. But, the
difference between the values of of “CFc” for uniweed and confined porous media
decreases gradually and slowly with increasing timéil reaching equal value
(“CFc” = 0.696) after 8 years. This explained bg #ffect of the unconfined porous
media on increasing the amount of diffused salitgmis with time, to the chosen
building, and consequently increasing corrosiotting & longitudinal cracks of
concrete cover which decreases its compressivegstréhan the confined.
4.b.2) Future longitudinal strain of concrete
R.C. columns
The future longitudinal strain of concret€c; “ for the damaged R.C. columns can
be determined, from the previous equations, depgnain calculating corrosion rate

€ci* of the damaged
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of steel bars and the initial value of strain bef@xposure to the suggested salt
solutions at any time level. The numerical resdte computed, for the same
suggested previous data of the chosen building smvehge resources taking the
effect of time of exposure to these salts into sadgration. The results are
determined and plotted figure 10d . The unconfined porous media has a clear and
large effect on increasing the value of the futargitudinal strain of concretect; “

at any time compared to the confined of the sanwpesties (k,®, ds). The
difference between the value df¢; “for unconfined and confined porous media is
noticeable and depends largely on the time of mglé&xposure to the flow of the
suggested salt solutions. After one yedarc™ increases by about 11% (from
3.27x10" to 3.63x10) for unconfined porous media, but, it increasesibyut 4.3%
(from 3.27x10" to 3.41x10 ) for the confined. After two yearsEt;“ increases by
about 20% (from 3.27x10to 3.93x1d) for unconfined porous media, but, it
decreases by about 10%(from3.27%163.61x10") for the confined. It is necessary
to notice that, the value of€t; “ increases as the time increases and the large
increase (about two times) occurs with the uncaufirporous media. But, the
difference between the values of of future longitad strain of concrete of R.C.
columns for unconfined and confined porous medibhigger in the first years of
exposure to these salt solutions. But, this diffeeedecreases gradually and slowly
with increasing time until reaching the same valfistrain (‘€ “=5.48x10") for the
case of confined and unconfined porous media 8ftgzars. This explained by the
effect of the unconfined porous media on increashmy amount of diffused salt
solutions with time, to the chosen building, andsemuently increasing corrosion of
steel, pitting corrosion, internal cracks of comereamount of macro pores and
longitudinal cracks of concrete cover which incesathe deformation of concrete
than the confined.

CONCLUSIONS

The main conclusions about the prediction of thelmaical properties losses of the

damaged R.C. columns by sodium sulfate and chl@adigtions induced by multiple

sewage water resources, penetrating an unconfinedup media, may be
summarized as follows:

1. Theoretical equations and a computer program wekeldped, depending on
experimental data, for predicting the mechanicapprties losses of underground
R.C. elements damaged by induced sewage watergthraonconfined porous
media after any service time of the building.

2. The total relative concentration of the diffusedissdCa/C," at the chosen
underground building increases gradually and rgpidth the time approaching
the unity or number of sewage resources dependiaiglynon the time, soil
properties , recharge value of each sewage resandteadial distance from the
chosen building to them. MC," at the chosen building reaches the number of
sewage resources at time equals two years. Afteryears, the soil properties
have no any influence on the total relative coregioin of diffused salts.

3. Future corrosion rate of embedded steel bars oRtke columns in the chosen
building is clearly affected by the total relatigencentration of salt solutions
"CalC,", time of exposure to these salts “t”, and prapsrof the unconfined
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porous media until 2 years. After 2 years, the atffef soil permeability is
neglected and the time of exposure to these lsa#ts main effect on increasing
corrosion damage of steel bars. Corrosion ratentbedded steel bars in R.C.
columns will be equal to 6.8% after 8 years for pheposed data of the problem
in this research.

4. Reduction factor of future steel yield stress “ Ciisthe R.C. columns damaged
by the flow of the suggested salt solutions is iieakiected by the unconfined
porous media properties (&) until two years and the clearly effect occurshwit
soil permeability. After 2 years , “ CFs “ reaclieg®o for different values of soil
properties compared to the same type of concratexpmsed to these salts. The
soil porosity has a neglected effect on this faatany time .

5. Reduction factor of future compressive strengticaficrete “ CFc “ of R.C.
columns in the chosen building, damaged by the Bibauggested salt solutions,
is clearly affected by the corrosion rate of steats, which affected by the
relative concentration of diffused salts and theope media properties (i)
until two years. After 2 years, “ CFc “ reache28% for different values of soil
properties compared to the same type of concratexpmsed to these salts .The
effect of soil properties on this factor is negietafter 2 years.

6. The effectiveness of the long time of exposure hesé salt solutions on
decreasing the values of “CFs” and“ CFc “ compat@dhe effect of porous
media properties, which was neglected after 2 yedter 8 years, “CFs & CFc “
will be equal to 16% & 31.4% respectively for diffat values of soil properties
compared to the same type of concrete (C250) nmised to these salts.

7. The future longitudinal strain of concretecct “of R.C. columns in the chosen
building, damaged by the flow of suggested saltitgmts is clearly increased by
the corrosion rate of steel bars, the relative eotration of diffused salts and
affected by the porous media propertiesd(kuntil two years. The effect of soil
permeability decreases by increasing time of exmostithe chosen building to
these salt solutions. But, the soil porosity haggiected influence on this factor.

8. The long time of building exposure to these sdiitsans has the main effect on
increasing €c¢; “ of R.C. columns compared to the effect of porouedia
properties, which are neglected after 2 yea€&: “ increases by about 20 %
after two years. But, after 8 year€,c; " increases by about 77 % for different
values of soil properties compared to the same tfpeoncrete (C250) not
exposed to these salt solutions.

9. The unconfined porous media has a clear and ldfget ®n reducing the value
of the correction factor of concrete strength “ CFmnd increasing the value of
the future longitudinal strain of concretect; “ at any time compared to the
confined of the same properties (i, ds). The difference between the values of
of “ CFc ” and “€c “ for unconfined and confined porous media decrease
gradually and slowly with increasing time until ceang equal value (“CFc” =
0.696, ‘€c;“ = 5.48x10" after 8 years.
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