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Theoretical Model and Experimental Research on Mortar Corrosion by Sulfuric Acid in
Laminar Flow

Weihang ZHANG, Zhigang SONG*

Abstract: Surfaces of concrete structure could suffer the corrosion of flowing sulfuric acid coming from acid rain or sewage water. This paper establishes an analytical
corrosion model and carries out experimental studies to investigate the corrosion rate of mortar in laminar flow of sulfuric acid with different flow velocities. The analytical
model was deduced from the relationship between Flow Boundary Layer and Concentration Boundary Layer, connected by Schmidt number, and the dissolution diffusion
process of mortar. The analytical model indicates that the corrosion rate will increase with flow velocity, but the increment effect will decrease with flow velocity in an
exponential relationship. Nine groups of cement mortar specimens were tested in flow-corrosion devices for 1440 hours. The corrosion rate was obtained for the cases of
the water cement ratio of mortar 0.5, the pH value of sulfuric acid 3.4 and the flow velocities ranging from 0.13 m/s to 1.57 m/s.
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1 INTRODUCTION

With the wide use of concrete and the development of
industrialization, the aging of concrete due to sulfuric acid,
which is produced by air pollution [1-4], industrial
production [5-8] and microbial activity [9-13], has become
a global issue. According to the ways of the sulfuric acid
acting on the structure, the acting modes can generally be
classified as static mode and flowing mode. Song et al. [14]
classified the corrosion zones on the surface of concrete
structure into three types, namely direct acting zone,
confluence acting zone and retention acting zone, through
field investigation. Thistlethwayte et al. [15] researched the
sulfuric acid corrosion caused by microbial activities in
concrete sewage pipe, and classified corrosion parts in
sewage pipe into gas phase region and gas-liquid junction
area. Both acid rain detention zone and gas phase region
suffered static sulfuric acid corrosion, which had been
widely studied through experimental and/or theoretical
approaches. Israel et al. [16] found different corrosion laws
among sulfuric acid, hydrochloric acid and nitric acid
based on immersion test. Zhou et al. [17] confirmed the
different corrosion mechanism between sulfuric acid and
sulfate. Hewayde et al. [18] studied the influences of
concrete mixture ratio and other additives, such as silica
fume, high ridge soil and organic anti-penetrating
materials, on anti-sulphate ability of concrete. Xie et al.
[19] found the growth of laws of the neutralization depth
of concrete over time. Bohm et al. [20] proposed a moving
boundary diffusion model to predict the corrosion rate, and
confirmed parameters that influence the corrosion rate. Liu
et al. [21] deduced the diffusion equation of sulfuric acid
solution in cylinder specimen, and suggested the
relationship between corrosion quantity and time based on
Fick's law. Song et al. [22] proposed a sulfuric acid
corrosion model about acid consumption rate based on
boundary layer theory. However, there are relatively fewer
studies focusing on concrete structure corroded by flowing
sulfuric acid and which, as mentioned above, is a typical
acting mode in direct acting zone, confluence acting zone
and gas-liquid junction area.

The paper studies the theoretical model of mortar
corrosion in flowing sulfuric acid under the laminar flow

conditions through the boundary layer theory. Firstly, the
thickness of flow boundary layer (FBL) near the cement
mortar surface was achieved by laminar flow theory and
based on which the thickness of concentration boundary
layer (CBL) of reactants could be deduced with the help of
Schmidt law. Thus, the concentration gradients of reactants
in concentration boundary layer could be determined and
furthermore, the corrosion rate could be deduced through
the two order homogeneous chemical reaction diffusion
equations. Finally, a theoretical relationship describing
corrosion rate of the mortar and flow velocity of sulfuric
acid is proposed. To verify the validities of the model, 9
groups of cement mortar specimens were tested in flow-
corrosion devices for 1440 hours. The corrosion rate was
obtained for the cases of water cement ratio of mortar 0.5,
the pH value of sulfuric acid 3.4 and the flow velocities
ranging from 0.13 m/s to 1.57 m/s.

2 MODEL OF MORTAR CORROSION IN FLOWING
SULFURIC ACID
2.1 FBL and CBL

When sulfuric acid flows over the mortar surface, there
exists a velocity gradient, namely FBL, in fluid thin layer
adjacent to the surface due to the viscous effect. According
to Blasius [23], the thickness d,(#) of FBL in laminar flow
could be expressed as:

S, u)=5WLlu 1

where v is coefficient of kinematic viscosity (m?/s), L is
feature size (m), u is fluid velocity (m/s).

Meanwhile, there is also a concentration gradient
vertical to flowing direction because of the chemical
reaction and mass transformation in the interface of the
mortar and sulfuric acid. Therefore, two boundary layers,
i.e. FBL and CBL, simultaneously exist on surface of
mortar as the dilute sulfuric acid flowing passes the mortar
surface (Fig. 1). According to Schmidt's law, the
relationship between the thickness of CBL J.(«) and the
thickness of FBL d,(u) in the laminar flow is [24]

8. (u)/ 8, (u)=Sc™" 2
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where, Sc is the Schmidt number. Combining Eq. (1) and
Eq. (2), we can have

-1/2
S.wy=5u  SvL 3)

From Eq. (3), it is found that the thickness of CBL will
decrease with the increase of flow velocity. And this, by
increase of the concentration gradient and diffusion flux of
sulfuric acid, can finally strengthen the corrosion of dilute
sulfuric acid.
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Figure 1 Concentration boundary layer and flow boundary layer
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2.2 Process of Dilute Sulfuric Acid Eroding Mortar

The chemical reaction of the corrosion is a process in
which the hydration products of cement mortar dissolve out
and then are continuously consumed by the acid. The CBL
near the mortar surface is shown in Fig. 2.

OH

Mortar

6(t)

Boundary layer

Figure 2 Concentration boundary layer between acid and mortar

The process can be modeled by a two order
homogeneous chemical reaction diffusion equation of OH™
in CBL:

2
ac. (x0) L N EX))

o o o - kCOlr (x, t)CH+ (x,0)(4)
where, x is the distance to the fresh surface(m),  is reaction
time (s), Con (x, #) and Cu" (x, f) are concentration of OH™
and H" at time t and location x respectively (mol/L), Don~
is the diffusion coefficient of OH™ in boundary layer (m?/s),
k is a reaction constant (mol's™).

Boundary condition:

x=0,C__(0,)=C__ ,C_,(0,/)=0
OH OH s H (5)
x=8(0),C. (SO0 =1%C, - C (50,0 = 99%C,

where Con s is the concentration of OH™ in saturated
solution of Ca(OH); and Cy" s is the concentration of H" in
dilute sulfuric acid. d(¢) (m) is the thickness of boundary
layer, and it can be defined as a distance where
concentration is reduced to one percent of initial
concentration.

2.3 Solution under Flowing Acid Conditions

We assume the concentration profile of H* and OH™
satisfies the following form:

Cop WD =Cy - exp(=Fx/8(1),C,, (x.0) =

6
= CHJr’S [1-exp(— Fx/5(1))] ©)

Combining Eq. (4) and Eq. (6), we can have

Fx ds@) _ F?

sof @ Pow gy G s BISO] D)

Integrating both sides of Eq. (7) from 0 to 6(¢) and by
rearrangement, we can have,

2
100 _p I g, 50+ 20 20 )
2dr OH™ §(t) ~ H'.S F F
or
2
do(t) _ _dr ©)
| MC . (Fret -
4D _F? - =
Integrating Eq. (9), we can have,
4kC , (F+ef =)o)
In(4p _F*-— 15 )=
OH F?
(10)
4C . (F+ el -1
=- S t+C

F2

According to initial condition, ¢t = 0 and J(¢) = 0, we
can obtain C = In(4Don—F?). Further, substituting C into
Eq. (10), we can have,

o) =
4kCH+ s (F+exp(=F)-1) (11)
= J4F?D _(1—exp(— ’ 1))
OH F?
The flux of acid over the corrosion area S is,
8CH+
VHJr (t,x) =DH+SF =
x (12)
Fx
=D, Xp(-——)
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According to Eq. (3), the thickness of CBL is d.(u) in
the laminar flow of acid. Thus, at x = J.(u), the
consumption rate Vy'(¢) of acid can be expressed as Eq.

(13),

oC

.
V. (6,5,)=D S——| =
H FH 6);:5 (13)
_p ¢, sT exp-EoW)

HY THTST 5(1) o)

Substituting Eq. (3) and Eq. (12) into Eq. (13), we can
have

-1/2
Uu

a exp(— c
JI—exp(-b1)) P J1—exp(~ht)

) (14

Vo (665,0)) =

where,

D, Cpi S

2./D

OH
4kCH+,S (F+exp(-F)-1)

a=

b= — (15)

o ssc‘1/3M
2\/ DOH_

From Eq. (14), V' (¢) will increase with u due to ¢ > 0.
Also from Eq. (14), the acid consumption rate Vy'(¢)
tended to 0 when u tended to 0. However, there is no d.(u)
in this case at all. Therefore, the Eq. (14) can merely be
applied to explain the law of corrosion rate under the
flowing acid condition.

2.3 Reaction Rates

It can be seen from Eq. (14), the acid consumption rate
at ¢ can be expressed as Eq. (16) and Eq. (17) when flowing
velocities are uy and u; respectively.

-1/2

a _cuy 16
\/1 —exp(—bt) exp( \/1 —exp(—bt) ) (18)

Vo (46, ) =

-1/2
cu,

a
J1—exp(—br) exp(- J1—exp(—br)

) (7

VH+ (t: 50 (ul )) =

The ratio R(f) between Eq. (17) and Eq. (16) can be
expressed as,

Vo (6,6, (u)) cuy " —cuy 2

V(6. A

As Eq. (18) shows, due to ¢ > 0, the ratio R(f) will be
bigger than one when u; > uo , i.e. the acid consumption
rate will increase with flow velocity. Further, it can be seen

R(?) ) (18)

from Eq. (11) and Eq. (13), for giving flow velocity, the
acid consumption rate Vyu*(¢) will approach to a certain
value (Eq. (19)), when reaction time approaches to infinity.

-1/2
ut CH+,SS 5u  Sc7V3 VL
V(6> 0) = exp(- )=
2Dy 2D, a9

-172
=aexp(—cu )

Eq. (19) indicates that the acid consumption rate V' (¢)
will tend to a positive constant when the reaction time
approaches to infinity. Further, the stable acid consumption
rate will increase with the flowing velocity, but, there
exists an upper limit value a. This value is determined by
concentration of sulfuric acid, diffusion coefficient of H*,
and corrosion area of mortar when reaction is stable.

2.4 Acid Consumption

Integrating both sides of Eq. (14) from 0 to 7, we can
obtain the acid consumption My*(7),

T
M (D)= V. (6,0, =

T a cu™? (20)

= - d
0 J1—exp(-br) expl \/l—exp(—bt)) :

Since the integral of Eq. (20) is difficult, a second-
order expansion of velocity influence item is introduced to
approximate the velocity influence item:

-1/2

V(1,96 (u)):éex (_Cu— ~
He e J1—exp(-br) P J—exp(—bt)

a

\/1 — exp(—bt) (21)
{1 —(cu’”z/«/l - exp(—bt))+%(cu’l/2/\/1 —exp(—bt) )2}

a acu™"? actu™

Ji—exp(—br) 1—exp(~br) " [1-exp(-bn)]"*

Substitute Eq. (21) into Eq. (20), and integrating both
sides of Eq. (20), we can obtain the total acid consumption
My (T) within T,

MH+ (T) = JT

0 VH+ (t,0,)dt =

acu™"? actu™!

T a
B d
Jo ot 1=expob 2[1-exp( b0
2 1n{l+m }_ acu"” (22)

b | 1= JI—exp(-bT) b

b

acu™

n([exp(~bT) ~1]/[exp(=bT)]) +

{elTesrm s ]t

= A(T)- BTy +Cc(Tyu™
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where,

A(T) = %lln{(l+1/1—exp(—bT))/(l—xll—exp(—bT))}

B(T)= %ln([exp(—bT) ~1]/[exp(-bT))) (23)

ln[(\/l —exp(—bT) +1/1—exp(-bT) - 1)] -

ac
C(T)=—
()b_ 2

\J1—exp(=bT)

As Eq. (22) shows, the acid consumption My*(7) will
tend to A(7) when flow velocity tends to infinite, i.e. the
corrosion amount would not always increase with flow
velocity , and there exists an upper limit.

3 EXPERIMENTS
3.1 Materials

Ten cylindrical cement mortar specimens (50 mm in
diameter x 100 mm in height) were manufactured
according to Ref [25]. Mixing materials include Portland
cement (Grade P.0.42.5), China ISO standard sand based
on ISO679&EN196-1, distilled water and the mix
proportion, see Tab. 1.

3.2 Flow-Corrosion Devices

A flow-corrosion device mainly composed by
electrical rotation engine, tank, energy dissipation mesh
and velocity controller was made to simulate the flow-
corrosion process, see Fig. 3.

<+ — —

Figure 3 Flow-corrosion device

With the controller, the device can provide a rotational
linear velocity range from 0 m/s to 3.66 m/s. The critical
Reynolds number (Re.) that fluid transits from laminar to
turbulent is 1.5 x 103~ 3.5 x 10°.

Re,=u,D/v (24)
where, the diameter of specimen D is 0.05m, the coefficient

of kinematic viscosity v of sulfuric acid is 1.00374 x 107
m?/s (at 20 °C, standard atmosphere), the critical flowing

velocity u. ranges from 3 m/s to 7 m/s. The rotation linear
velocity of specimen selected in this test is 0 m/s ~ 1.57
m/s, which belongs to laminar.

3.3 Experimental Arrangement

The experiment factors in consideration are listed in
Tab. 1. The mortar was cast in mould and then cured in
saturated solution of Ca(OH), for 28 days. After the curing
was finished, the specimens were dried indoor for 7 days.
Erase the surface laitance layer, coat the top and bottom
with the polyvinyl resin and only leave lateral side sides for
reaction, see Fig. 4. Corrosion solution (pH = 3.4) was
made up by distilled water and concentrated sulfuric acid.
The pH value of corrosion solution was measured by pH
meter (Model PHB-1 with an accuracy +0.01 pH unit) and
combined electrodes (Model E-201-C). Ten plastic boxes
(volume 20 L and size 467 mm X 363 mm x 215 mm) were
filled with corrosion solution. After the test begins, pH
meter was used to monitor the pH value. At the same time,
the titration dilute sulfuric acid with concentration of 0.125
mol/L was used to maintain the pH value. The average
reaction rate represented by titration volume can be
determined as below:

Vi =Vi (4, =1 )_l (25

where, #-; and ¢ is the time of the i—1™ and /™ titration
respectively. V; is volume consumption of titration acid
(concentration 0.125 mol/L) in the i titration. Vy; is the
average reaction rate between time ¢ and ¢.

=

35mm

100mm

60mm

Figure 4 Cement mortar specimen

Table 1 Linear velocity

Group Linear velocity / m/s
1 0.13

0.26

0.39

0.52

0.65

0.78

1.04

1.31

1.57

Nol [ BN Fo N [V, | B2NS JUSY | 9]
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3.4 Results and Discussion
3.4.1 Appearances of Specimens

After 1440 hours, the specimens were taken out and
dried indoor for 7 days. Immersed specimens have the
following features: (a) Sizes of all specimens decrease to
some extent and the immersed surfaces are caved in. But
there is no crack observed. (b) The yellow sand layer is
observed which is very loose and can be erased by a finger
touch.

3.4.2 Acid Consumption MH*(T)

The total acid consumptions after 600 h, 900 h, 1200 h
and 1440 h are listed in Tab. 2. The corresponding A(7),
B(T) and C(7) fittings according to Eq. (22) are listed in
Tab. 3. The fitting curves are plotted in Fig. 5. It is found
that Eq. (22) results in a very high degree of fitting. It
indicates that the experimental relationship between acid
consumption and flow velocity is identical to the theory
model perfectly.

Table 2 Acid consumption of the specimen at different times

Group u My (T) / mmol

/ m/s 600 h 900 h 1200 h 1440 h
1 0.13 7.02 8.02 8.92 9.74
2 0.26 7.18 8.26 9.16 9.97
3 0.39 7.96 9.27 10.28 11.15
4 0.52 7.99 9.51 10.51 11.39
5 0.65 8.14 9.67 10.68 11.58
6 0.78 8.25 9.91 10.88 11.78
7 1.04 8.85 10.61 11.60 12.53
8 1.31 9.27 10.65 12.09 12.90
9 1.57 9.60 11.35 12.34 13.08

Table 3 Regression results of experiment results according to Eq. (22)

. Correlation
Time A B am coefficient
600 h 12.92 5.324 1.258 0.950
900 h 14.10 4.385 0.748 0.951
1200 h 15.76 5.128 0.934 0.967
1440 h 15.99 4.153 0.583 0.971

My+H(T)( m'zan)
&
H

® Experimen]
—Eq.(22) —Eq(22)

T T
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18
u(m's) u(m/s)
=600h =900h
1304 1354

125
5 120
oF 154
= 1104

{105<
© Experimenf| 490
—Eq.(22) —Eq.(22)

™ ™ ™ ™ ™ ™ ™ ™ 19, ™ ™ ™ ™ ™ ™ ™ ™ J
00 02 04 06 08 10 12 14 16 18 00 02 04 06 08 10 12 14 16 18

It is found that Eq. (14) results in a very high degree of
fitting.

Table 4 Regression results of experiment results according to Eq. (14)
ax10°/ ¢x10*/ | Correlation

Group m’mol/h"?mL bx107/h'mL™ m'? coefficient
1 4.507 3.12 2.605 0.923
2 9.923 11.21 1.442 0.945
3 4.216 2.45 0.616 0.955
4 10.14 10.40 10.62 0.933
5 10.64 11.08 13.17 0.945
6 11.29 12.50 13.78 0.939
7 10.79 10.24 13.02 0.953
8 10.90 9.55 11.38 0.953
9 11.50 9.98 11.96 0.964

o Experiment]

|—Eq.(14,

21
—Eq.(14; 307 |—Eq.(14

o

+ % = .0+———==
0 500 1000 1000 1500 0 500 1000 1500

1[h] fh] ]
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© Experiment 351 © Experiment
—Eq.(14 30 —Eq.(14

ST TITD 0l 00l i =
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Figure 6 Acid consumption rate and fitting curves of different groups

The corrosion rates of groups are shown in Tab. 5 for
600 hours, 900 hours, 1200 hours and 1440 hours. The ratio
(R(?)) is calculated according to Eq. (17), and the results
are shown in Tab. 6.

Table 5 Acid consumption rate of the specimen at different times

Group u Vi'(£) / mmol/h

/ m/s 600 h 900 h 1200 h 1440 h
1 0.13 0.0117 0.0089 0.0074 0.0068
2 0.26 0.0120 0.0092 0.0076 0.0069
3 0.39 0.0133 0.0103 0.0086 0.0077
4 0.52 0.0133 0.0106 0.0088 0.0079
5 0.65 0.0136 0.0107 0.0089 0.0080
6 0.78 0.0138 0.0110 0.0091 0.0082
7 1.04 0.0148 0.0118 0.0097 0.0087
8 1.31 0.0155 0.0118 0.0101 0.0090
9 1.57 0.0159 0.0119 0.0104 0.0092

As Tab. 6 shows, the ratio is larger than 1 when u, >
up, which is consistent with the result calculated by Eq. (18).

Table 6 Acid consumption rate ratio of the specimen

u(mvs) u(mis)
. . 0 - Lo . . R() 600 h 900 h 1200 h 1440 h
Figure 5 Acid consumption and fitting curves of the specimen at different times /ity 1023 1030 1027 To2a
. . uyuz 1.109 1.122 1.122 1.118
3.4.3 Acid Consumption Rate VH+(t) s/ 1.004 1.026 1.022 1.022
ug/us 1.019 1.017 1.016 1.017
The rates obtained by experiment are fitted according uz/us 1.014 1.025 1.019 1.017
to Eq. (14) and the results of a, b and ¢ of different groups “8; 1 1'82 i'ggi i'gig i'ggg
. . . . . Ug/Ug . . . .
are listed in Tab. 4. The fitting curves are plotted in Fig. 6. ol 1036 1066 L0321 Tola
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4 CONCLUSIONS

A theoretical model for mortar corrosion by sulfuric
acid in laminar flow is proposed and is verified by
corresponding experimental study in this paper. The
conclusions may be drawn as below.

(1) The corrosion rate would increase with flow
velocity, but the increment effect would decrease with flow
velocity in an exponential relationship, i.e. there exists an
upper limit value for corrosion rate when flow velocity
increases. This upper limit value is determined by
concentration of sulfuric acid, diffusion coefficient of OH",
and corrosion area of mortar when reaction is stable.

(2) Both the theoretic and experimental results indicate
that the corrosion rate will quickly drop as the immersion
time is going on and at last it will tend to a positive
constant. The experimental relationship between corrosion
and flow velocity is perfectly identical to the analytical
model of corrosion rate and corrosion amount.
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