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OPTIMUM DESIGNS OF INFLUENCE FACTORS FOR THE CORROSION RESISTANCE
OF CONCRETE LINING FOR UNDERGROUND TUNNELS
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Abstract: The influence factors for the corrosion resistance of concrete lining for underground tunnels is studied with a view to
improving the compactness and corrosion resistance of the concrete body and maintaining the chemical environment of rebar
passivation performance. With optimum designs of the components of binding materials and grain composition, as well as a
high-efficiency water reducers and a new type high-efficiency corrosion inhibitors, control and optimization of the phase and interface
structure of hydrated products have been achieved. The results show that, multi-component concrete with internal mixing of 5%—10%
fume and 30%-40% fly ash, and external mixing of 1.3% naphthalene-series or 1.25% polycarboxylic acid-series high-efficiency
water reducer and reducing iron powder of 8% or D-glucose sodium salt corrosion inhibitor of 0.05%, meet the high waterproofing
and corrosion resistance requirements including the impermeability grade>P20, chloride ion diffusion coefficient Drcy<1x10""2m%/s
and sulfate corrosion resistance coefficient K>0.80.
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Compared with structures in the atmospheric
environment, underground tunnels are mostly located
between high-temperature, moist or high-pressure and
water-rich rock strata, and multiple factors are in
integrated interaction, which accelerates the process of
corrosion and damage.!"’ The main body of a tunnel
structure, built with reinforced concrete lining made with
prefabricated duct pieces and the on-site pump concrete
pouring process, is the fundamental guarantee of the
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waterproofing and corrosion resistance of the tunnel. The
main influence factors for the corrosion resistance of
concrete lining for underground tunnels include: (1) the
impermeability and chloride and sulfur binding effects of
the concrete body; (2) degree of structural compactness,
controlling the transmission of harmful substances, and
cutting off the corrosion channel; and (3) maintaining the
chemical environment of rebar passivation performance,
and improving the long-term stability of the rebar in the
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concrete. In earlier stage research indicates, adopt
optimum designs of multiple material composition and
whole grain composition, that is dual mixing technique
with the internal compound mixing of silica fume and
Grade I fly ash, and the compound external mixing of
high-efficiency water reducer and corrosion inhibitor, is
the key technique of enhancing the corrosion resistance
of concrete lining for underground tunnels. On this basis,
further optimization design and experimental study to the
corrosion resistance of concrete lining for underground
tunnels are carried on.

1 Experimental procedure

1.1 Materials

The binding materials were “Jianfu”-brand grade 42.5
ordinary portland cement (P-O, specific surface area is
350 m?/kg), grade I fly ash from Xiamen Songyu Power
Plant (FAI specific surface area is 504 m%/kg), and silica
fume produced by Chengdu Donglanxing (SF, specific
surface area is 30 100 m*/kg). The chemical composition
is given in Table 1. The aggregates were medium sand
with a modulus of fineness M,=2.86, and crushed
granites of consecutive grades 5-25 mm. The
high-efficiency =~ water  reducers included: (1)
naphthalene-series water reducer: Point—500 slow-setting
high-efficiency water reducer (powder), produced by Fujian
Kezhijie = Company;  and(2)polycarboxylic  acid-series
high-efficiency water reducer: 8604-JSS polycarboxylic acid
superplasticizer (liquid, solid content 20%), produced by Henan
Gongyi Special Building Materials Plant. The corrosion
inhibitors included: a) Point-AC enhancer for concrete
resistance against chloride ion penetration, powder; b) reducing
iron: iron content 98%; and c) D-glucose sodium salt:
analytically-pure, white powder.

Table1 Chemical component of cement and mineral

admixtures w/%
Binding materials SiO, ALO; Fe,O; CaO MgO SO; R,O IL
Cement 21.68 5.74 396 5826 2.00 240 0.76 2.84
Fly ash 46.23 30.85 5.84 1483 0 0.60 2.21
Silica fume 9548 0.40 0.032 044 040 042 097 09

1.2 Testing methods

Concrete impermeability was tested with the hydraulic
method specified in the GBJ82-85. Each group contained
six samples. Pressure started from 0.2 MPa; after the
pressure had been maintained for 8 h , the water pressure
was increased by steps of 0.2 MPa and was gradually
increased to 2.4 MPa. After the pressure had been
maintained for 8 h, the machine was stopped. After the
mould was removed, the samples were cut and the actual
seepage height was measured, based on which the
impermeability of the concrete lining for tunnels under

high- pressure and water-rich conditions was assessed.

The Unsteady-state Chloride Ion Migration Test
Method (the RCM Method), recommended by the China
Civil Engineering Society Standard (CCESO1-2004),
was adopted for the test of the chloride ion penetration
resistance of the concrete in order to measure the
diffusion coefficient of the unsteady-state rapid migration
of chloride ion in concrete samples which had undergone
28 d and 90 d standard curing and to conduct a
quantitative assessment of the ability of the concrete to
resist chloride ion diffusion.

The sulfate resistance of concrete was tested with a
combination of methods in details.” Test samples,
sized 100 mm>100 mmx100mm, were made in mixing
ratio shown in Table 2. Each group contained three
samples. They were removed after 28 d of standard
curing, and then immersed in 2% (in mass), MgSO,
solution, natural seawater and freshwater; the immersion
periods were 56 d and 180 d. Upon the expiration of these
periods, the pressure resistance strength of the concrete
samples with the same immersion period and the same
mixing ratio in two corrosive solutions and clean water
was measured, in order to find out their corrosion
resistance coefficient. During the immersion period, the
corrosive solution was replaced every 28 d.

Corrosion resistance coefficient K=oi/0, (07 1is
pressure resistance strength of concrete in corrosive
solution; o, is pressure resistance strength of concrete in
clean water).

2 Optimum design of corrosion-resistant
concrete

(1) Design objectives: To achieve high corrosion
resistance and durability of more than 100 years while
satisfying strength and workability requirements
(concrete design strength level C50, mixing strength
59.87 MPa); Workability requirements: I. Site poured
concrete lining: large mobility, low slump loss over
elapsed time, pump incoming stump 7=(160+£60) mm, 2 h
slump loss<<50 mm,; II. Concrete lining for prefabricated duct
pieces: slump 7=(30-50) mm. Durability requirements:
Impermeability grade =P20; indicator of resistance against
chloride ion penetration—chloride ion diffusion coefficient Drcy
< 1x10"” m?; indicator of resistance against sulfate
corrosion—corrosion resistance coefficient K>0.80.

(2) Trial mixing schemes: Two series of trial mixing
schemes for two rounds of optimized selection have been
designed.

Two series: Naphthalene-series water reducers (N
series) and polycarboxylic acid-series water reducers (J
series).

Two rounds of trial mixing: I) 1st-round trial mixing,
the benchmark mixing ratio of binding materials, sand,
stone, water determined in prior tests is 500:690:
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1 050:m,; binding materials include cement, silica fume
and fly ash. On the precondition of maintaining the total
quantity of binding materials, sand and stone, the
orthogonal test design [Lo(3*)] method is used to
investigate the impact of the four factors, including water
to binder ratio, the amount of water reducer added, and
the amount of fly ash added, and the amount of silica
fume added, at different levels on the workability and
mechanical property of the concrete. In the initial-round
optimized selection, it was determined that the ratio of
cement, silica fume, fly ash is 50:10:40, the water to

binder ratio is 0.33 and the appropriate amount of
naphthalene-series and polycarboxylic acid-series water
reducers added is 1.3% and 1.25%, respectively. II)
2nd-round trial mixing: on the basis of the first-round
trial mixing and added the corrosion inhibitor, the
second-round mixing scheme was drawn up (see Table 2)
to investigate related corrosion resistance indicators, such
as concrete impermeability, resistance against chloride
ion penetration and sulfate resistance, in order to identify
a mixing scheme for concrete with high corrosion
resistance which satisfies the design objectives.

Table 2 Mixing ratio scheme for concrete corrosion resistance research

Binding material /(kg'm )

Mixing ratio/(kg'm )

Group Water reducer Corrosion inhibitor
Cement  Silica fume  fly ash Sand Stone Water

So 500 0 0 690 1050 185 0 0
So 250 50 200 690 1050 185 0 0
S 250 50 200 690 1050 165 1.3%naphthalene-series 0
S, 250 50 200 690 1050 165 1.25%polycarboxylic acid-series 0
S5 250 50 200 690 1050 165 1.3%naphthalene-series 15%point-AC (inner add)
S4 250 50 200 690 1050 165 1.3%naphthalene-series 0.05%D-gluconate sodium
Ss 250 50 200 690 1050 165 1.3%naphthalene-series 0.10%D-gluconate sodium
Se 250 50 200 690 1050 165 1.3%naphthalene-series 8%reducing iron powder
S; 250 50 200 690 1050 165 1.3%naphthalene-series 10%reducing iron powder
Sg 250 50 200 690 1050 165 1.25%polycarboxylic acid-series 8%reducing iron powder
So 250 50 200 690 1050 165 1.25%polycarboxylic acid-series 0.05%D-gluconate sodium

3 Concrete corrosion resistance

3.1 Impermeability analysis

The durability performances of all concrete is closely
related to its impermeability and reflects the concrete
compactness and internal porosity structure. Better
impermeability means lower overall porosity, smaller
most probable pore diameters, and smaller aperture
connection, which make it more difficult for corrosive
substances to penetrate . This results in higher corrosion
resistance. Ten groups of impermeability test samples were
made based on the mixing ratio designed according to Table 2
and subject to standard curing for 28 d; then, the impermeability
of groups S-Sy was tested according to the modified hydraulic
method. The testing results are shownin ~ Fig.1.

Under effect of the 2.4 MPa hydraulic pressure, none
of the 60 samples in the 10 groups were permeated by
water, exhibiting much higher impermeability than ordinary
concrete. Judging from the height of water seepage, after
high-efficiency water reducer was added, polycarboxylic
acid-series water reducers exhibited better water reduction and
impermeability results. After the corrosion
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Fig.1 Testing results of concrete impermeability

inhibitor was added, the height of water seepage continued
to drop while the impermeability performance continued to
improve, showing that the corrosion inhibitor and water
reducer have good compatibility, and indicating that the
double compound technique of dually mixed silica fume and
fly ash and dually mixed water reducer and corrosion
inhibitor is feasible. The testing results of concrete
impermeability suggest that the concrete has
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high corrosion resistance.
3.2 Resistance against chloride ion penetration
Chloride salt abounds in groundwater and seawater.
Table 3 shows the test results of chemical composition of
the coastal sea water in the Xiamen. According to the
data, CI is the primary component in seawater, followed
by SO~ and Mg*". Chloride salt is an extremely
powerful electrolyte, capable of seeping into the concrete
through the pores in an ion state, which not only
improves the solubility of calcium hydroxide and
increases the “dissolving” corrosion of the concrete, but
also facilitates freezing and thawing damage to the
concrete and in some cases gives rise to crystalline
corrosion. Nevertheless, the essential damaging effect of
chloride salt is the corrosion of rebar wrapped in concrete,
which has been generally recognized as the primary
cause to the damage to the reinforced concrete structure.
For this reason, concrete lining for underground tunnels
must have high resistance against chloride ion
penetration.

Table 3 Chemical composition of the coastal sea water in

Xiamen g/L
S0.> Mg** Ccr ca* Total salt amount
2.140 1.172 16.600 0.385 27.800

Note: The pH of sea water is 8.16.

The RCM method was adopted to measure the
chloride ion diffusion coefficient Dycy of concrete test
samples in groups Syo’—Sy, which had been placed under
standard curing for 28 d and 90 d. Its assessment criteria
were then used to assess the resistance of concrete
against chloride ion penetration. The test results are
shown in Table 4 and Fig.2.

Table 4 Test results of resistance against chloride ion
penetration

28d 90d

Group Dremx10'%/(m*s™") Assessment  Dyeyx10'%/(m*s™) Assessment

Sy’ 7.65 Good 7.62 Good

So 1.35 Very good 1.05 Very good
S 0.95 Very good 0.74 Very good
S, 1.02 Very good 0.70 Very good
S5 0.38 Very good 0.18 Very good
S4 1.04 Very good 0.41 Very good
Ss 0.82 Very good 0.28 Very good
Se 0.51 Very good 0.14 Very good
S; 0.41 Very good 0.24 Very good
Ss 0.57 Very good 0.30 Very good
Sy 0.80 Very good 0.34 Very good

The test results show that dually mixed silica fume and fly
ash play a significant role in improving the resistance of
concrete against chloride ion penetration, and
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Fig.2 Diffusion coefficient of chloride ion of test samples in
each group

that, the high-efficiency water reducer, which enhances
the corrosion resistance of concrete as a result of water
reduction, can produce even better corrosion resistance
results after it is further mixed with the corrosion
inhibitor. With the extension of the curing period, the
diffusion coefficient of chloride ion exhibits a noticeable
downward tendency, indicating it is important to
strengthen on-site curing. With the exception of group Sy’,
which was not mixed with any mineral admixture, in all
concrete test samples in groups So’—Sg, Drewms, 28) 1 less
than 2x10 > m%s and Drems 90) 1s less than 1x10 "2 m%s,
indicating that the resistance against chloride ion
penetration had reached the “very good” assessment
criteria, suitable for the harsh underground environment
and completely up to design target requirements. A
comparison of corrosion results among the three kinds of
corrosion inhibitors shows that iron powder and
Point-AC are about the same and both are slightly
superior to D-glucose sodium. The combined results of
the corrosion inhibitor and water reducer indicates that
there is little difference between the naphthalene series
and polycarboxylic acid series, and that the corrosion
inhibitor can be combined and mixed with any one of the
water reducers.

Adding rebar corrosion inhibitor to concrete serves
two purposes: on one hand, it allows more ClI” to enter
into the concrete and raises the “critical value” of rebar
corrosion caused by CI', thereby delaying the occurrence
of rusting on the rebar; on the other hand, it slows down
the development of rebar corrosion. Point-AC itself is a
multi-functional additive comprising multiple organic
and inorganic combined ingredients, including various
ultra-fine mineral admixtures, high-efficiency water
reducers, and nanometer ultra-fine organic fibers, and
achieves high corrosion resistance results through the
filling and compacting effects of various ultra-fine
mineral powders and ultra-fine fibers and through water
reducing and compactness enhancing effects of water
reducers. As to the reducing iron powder in the chloride
salt environment, Fe atoms scattered throughout the
concrete and CI” that has diffused into the inside of the
concrete react with Fe first, thus solidifying or holding
part of the CI” which would otherwise possibly have
reached the rebar surface. This delays the occurrence of rebar
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rusting, thus reducing the risks of CIl- reacting
directly with electrochemical corrosion. The rust
inhibiting effects of D-glucose sodium mainly take place
through the adhesion of D-glucose acid radical to the
rebar surface by competing with corrosive CIl', thereby
forming a depositional membrane layer on the rebar
surface, which strengthens the passivation effects,
increasing resistance in the mass transfer process, and
slows the development of rebar corrosion."
3.3 Resistance against sulfate corrosion

In addition to chloride salt, there are also considerable
amounts of sulfates and magnesium salts in underground
river water, seawater and the water between rock strata.
Sulfate corrosion is a common type of corrosion in tunnel
projects. Of all sulfates, magnesium sulfate causes the
strongest corrosion, as both Mg®* and SO,* are sources

of corrosion and their superposition not only produce
sulfate corrosion with expansive corrosion characteristics,
but also causes magnesium corrosion with dissolving
corrosion characteristics. For this reason, 2% (in mass)
MgSO, water solution and Xiamen’s natural seawater
were used as corrosive solutions while clean water was
taken as the reference solution, and concrete test samples
that had been placed under standard curing for 28 d were
immersed in the above three kinds of solutions for 56 d
and 180d, respectively. The strength of the test samples
immersed in the solutions was measured at the end of the
immersion periods, and the corrosion resistance
coefficient K value was calculated. If K>0.8, it means
that the resistance against sulfate corrosion is
conforming.” The test results are shown in Table 5.

Table 5 Test results of sulfate resistance

Immersed for 56 d

Immersed for 180 d

Group Immersion solution Standard cubic strength/ Corrosion resistance Standard cubic strength/ Corrosion resistance
MPa coefficient K s¢ MPa coefficient K g
Sy’ Clean water 50.6 1 63.2 1
2%MgSO0; solution 50.1 0.99 60.9 0.96
Natural seawater 48.2 0.95 57.4 0.91
So Clean water 51.3 1 66.3 1
2%MgSO0; solution 51.0 0.99 63.6 0.96
Natural seawater 49.6 0.97 64.5 0.97
Sy Clean water 67.3 1 80.9 1
2%MgSO; solution 68.7 1.02 72.3 0.89
Natural seawater 64.9 0.96 82.1 1.01
S Clean water 62.0 1 71.6 1
2%MgSO0; solution 61.4 0.99 69.9 0.98
Natural seawater 59.7 0.96 72.8 1.02
Ss3 Clean water 38.8 1 54.9 1
2%MgSO0; solution 42.8 1.10 45.1 0.82
Natural seawater 39.1 1.01 50.4 0.92
S4 Clean water 57.0 1 66.9 1
2%MgSO; solution 57.1 1.00 53.5 0.81
Natural seawater 62.1 1.09 69.8 1.04
Ss Clean water 62.9 1 73.6 1
2%MgSO0; solution 76.0 1.21 74.9 1.02
Natural seawater 57.8 0.92 61.7 0.83
S Clean water 69.0 1 70.1 1
2%MgSO0; solution 59.2 0.86 74.8 1.07
Natural seawater 80.9 1.17 77.3 1.10
S; Clean water 60.8 1 74.2 1
2%MgSO; solution 70.0 1.15 66.2 0.89
Natural seawater 71.2 1.17 72.3 0.97
Ss Clean water 68.1 1 73.1 1
2%MgSO0; solution 68.9 1.01 70.4 0.96
Natural seawater 59.3 0.87 64.4 0.88
Sy Clean water 62.4 1 63.4 1
2%MgSO; solution 50.6 0.81 73.1 1.15
Natural seawater 60.8 0.97 66.6 1.05
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After being immersed in the two kinds of solutions for
56 d and 180 d, respectively, all groups had a K value
exceeding 0.8, and some were even larger than 1,
indicating that the resistance against sulfate corrosion
was up to standards. Judging from the absolute value of
strength, only the 56 d and the 180d concrete strength in
Group S; failed to reach the level of Group Sy’ while the
strength of all other groups was higher than that of Group
So’. Research also shows that the 56 d strengths of
concrete test samples in all groups are basically on the
same level, with the exception of groups Ssand S¢, where
the differences are large, and that, the strength of some
test samples subject to corrosion is even higher than that
of samples immersed in clean water. Analysis indicates
that this is attributable to the effective action of active
mineral admixtures. Due to their pozzolanic effects and
filling and compacting effects, free Ca(OH), and C;AH;
are consumed, the molar ratio of calcium to silica and the
calcium to aluminum of the hydrated calcium silicate and
hydrated calcium aluminate are reduced. More
importantly, due to the extremely strong concrete
impermeability, SO, and Mg can hardly penetrate the
concrete; even if a small amount has penetrated the
concrete, due to the shortage or lack of Ca(OH), and
C;AHg, it is hard for form sufficiently damaging
substances such as gypsum, ettringite, and magnesium
hydrate to be formed. These primary intrusive substances
or reaction products in limited quantities are not enough
to do harm; instead, they may fill up the capillary pores
in the concrete to make it more compact, which leads to
the improvement of strength.!*)

4  Conclusions

(1) Through the optimum design of the components of
binding materials, additives and grain composition, the
control and optimization of the composition and structure
of cement hydrated products and interface transitional
zone can be accomplished, thus providing a fundamental
solution to the thorny issue of providing waterproofing
and corrosion resistance of underground tunnel lining.

(2) Silica fume and high quality fly ash can
remarkably improve the corrosion resistance of concrete.
Naphthalene-series ~ water reducers offer stable
performance and moderate price, while polycarboxylic
acid-series water reducers provide good slumping
protection, and these two kinds of water reducers show
no big differences in water reduction, strength and
corrosion resistance. Reducing iron powder and
D-glucose sodium have good compatibility with water
reducers, and provide strength, rust inhibition,
environmental protection effects and no toxicity.
Reducing iron powder facilitates setting, suitable for

prefabricated duct piece lining, whereas D-glucose
sodium slows setting, suitable for pump-deli- vered
site-poured lining.

(3) Mixing ratio tests and research, the following
optimized formulating scheme has been obtained: highly
corrosion resistant tunnel concrete lining suitable for
prefabricated duct piece or pump-delivery site pouring
construction, with C50 grade, impermeability grade>20,
chloride ion diffusion coefficient Dgey<1x10"?m*/s and
sulfate corrosion resistance coefficient K>0.80, can be
formulated by adopting Grade 42.5 ordinary cement,
medium sand particles and 5-25 mm crushed stones and
by internally mixing them with 5%—-10% silica fume and
30%-40% fly ash and externally mixing them with
naphthalene-series or polycarboxylic acid-series water
reducers and reducing iron powder in a modest amount
(8%) or D-glucose sodium corrosion inhibitor in a trace
amount (0.05%).
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