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Abstract. This article reviews the effect of static and dynamic
compressive stresses on the durability of reinforced concrete
structures in aggressive environments. Based on the analysis of
previous work and research on this issue, the author describes the
main activities to be implemented in the course of works to ensure
the durability of concrete and safety of reinforcement. He outlines
the necessary measures to reduce the magnitude of dynamic
stresses in pile driving and to ensure the healing of microdamage
incurred therein. It is proved in the article that the implementation
of the proposed set of measures will allow using reinforced
concrete piles as supporting structures of quays in harsh climatic
conditions.

1 Introduction

Research on durability of loaded concrete over the past 50 years [1,2,3] has convincingly
proved that compressive stresses acting in concrete during the entire period of operation of
a structure have a significant impact on the durability of concrete and the safety of
reinforcement in adverse effects of the environment. The most destructive effect on
concrete is caused by alternate freezing and thawing of concrete saturated with salt
solutions, or freezing of concrete in salt solutions (seawater). Along with possible reduction
in the strength of concrete, the corrosion of reinforcement and the development of creep
deformations are accelerated. For example, in the variable water level zone in the Barents
Sea (fluctuation amplitude = 2 m twice a day) concrete berthing structures annually
experience more than 300 cycles of alternate freezing and thawing with saturation with sea
water. This fact still prevents the use of reinforced concrete piles in the construction of
quays.

The impact of the magnitude of stress on the resistance of concrete to external factors is
conditional on changes in the pore structure of concrete induced by load. On this basis, O.
Berg has proposed the calculation of structures in terms of combined action of the load and
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adverse environmental factors [1]. He determined the microcracking boundary R°t under
compressive stresses for various types of concrete.

Studies of the permeability of concrete by the electrical conductivity method [4] under
compressive loading have shown that in the direction perpendicular to the action of the
force, the permeability decreases as the stresses increase to the boundary R°t. With further
growth of stress the permeability increases and at values ¢ = 0.4-0.6 Rb becomes higher
than its initial value. Similar results have been obtained in the studies of water resistance of
concrete [3].

Research on frost resistance of concrete loaded with compression has shown that the
frost resistance of concrete changes similarly to the change in its permeability, increasing
with the growing stress up to the boundary R°t and decreasing with further growth in stress

[2].
2 Materials and methods

The role of changes in the permeability of concrete in terms of its durability was also tested
when concrete was exposed to an aggressive sulfate solution, as well as in the studies of the
preservation of reinforcement in concrete. After hardening in normal conditions, 4x4x16
cm samples were saturated with fresh water or a 5% Na, SO, solution and placed in
loading devices in polyethylene bags. At a constant load ranging from 0.2 to 0.7 Rb, the
samples were kept for 3 years. Some of the samples had a reinforcing bar in the middle
part. After curing and unloading, the change in weight and dynamic modulus of elasticity
were measured in the samples and then the prism strength was determined. In addition, the
chemical analysis determined the content of SO; in relation to the amount of cement. The
tests performed showed that the strength of concrete kept in fresh water under load was
stable up to the value of o = 0.4 Rb, while at 6 = 0.5 Rb it became somewhat higher and at
o = 0.7 Rb it decreased considerably. It can be assumed that when concrete is kept in fresh
water, the load of up to 6 = 0.6 Rb does not cause any decrease in the strength of concrete,
despite the occurrence of microfractures, which obviously cause additional hydration of
cement in the presence of water.

The strength of concrete stored under load in a Na, SO, solution was the highest at 6 =
0.2-0.3 RD. In unstressed concrete and at ¢ > 0.4 Rb the strength of concrete decreased.

Comparison of the strength of loaded concrete samples kept in a Na, SO, solution and
in water showed that at 6 = 0.2-0.3 Rb the concrete has the highest sulfate resistance. At
stresses less or greater than these values, sulfate resistance is much lower.

Data on the accumulation of SO; in concrete show that with increasing loads up to ¢ =
0.4 Rb the content of SO; decreases, and increases with further growth in load and reaches
its maximum at ¢ = 0.6-0.7 Rb.

Data on weight change of samples kept under load show that the weight gain when
concrete is kept in fresh water is independent of the load level and is markedly inferior to
the weight gain when it is kept in a Na, SO, solution. When concrete was kept in this
solution, the smallest weight gain was in samples with a load of ¢ = 0.3-0.5 Rb, while the
largest weight gain was in samples without any load. The observed slight weight gains at ¢
= 0.6 Rb and especially at ¢ = 0.7 Rb were found to be unreliable, since these samples
exhibited a partial crumbling of concrete in their ribs.

The conducted studies showed that sulfate resistance of concrete was at its maximum at
the optimum compressive load in the range of ¢ = 0.2-0.4 Rb. More significant loads lead
to a lower sulfate resistance.

The impact of the stress state on the safety of reinforcement was studied using the same
loading devices. The prisms were reinforced along the axis by a 5 mm @ rod of class A240
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steel (st.3). When kept under load, the prisms were immersed in a 3% NaCL solution for
one-third of their height.

The rods were removed from the prisms 6 and 12 months after being kept under loads
ranging from 0 to 0.8 Rb, and their degree of corrosion was determined. After a 6-month
test, the least corrosion of the rods was detected in the samples loaded at 0.4 - 0.5 Rb, while
the greatest corrosion was at ¢ = 0-0.2 and 0.8 Rb. After 12 months, the best preservation of
rods was observed in the samples at 6 = 0.4 Rb.

Some samples after short-term loading at 0.6 Rb were unloaded to 0.3 Rb and kept
under load for 12 months. The degree of corrosion in this case was much lower than at a
constant load of 0.6 Rb. This indicates that the degree of concrete softening is most
important for the corrosion process, depending on the size and duration of the load.

The conducted experiments confirmed that the impact of the concrete stress state on the
rate of corrosion of reinforcement was similar to its effect on freeze-thaw resistance and
corrosion of concrete under the influence of corrosive environment. Minimum corrosion is
observed at loads close to R?. When loads exceed 0.5-0.6 Rb, the corrosion of
reinforcement is more intense than in unloaded concrete.

3 Results and discussion

Previous studies [2] showed that the effect of stress state on concrete freeze-thaw resistance
depended on the initial concrete structure, in particular, on the presence of special additives
that change the pore structure.

To check whether these additives influence the rate of reinforcement corrosion in loaded
concrete, additional studies were carried out according to the above method. 3 sample
batches were simultaneously tested. The concretes in these batches were quite similar in
strength, but different in pore structure. The concrete from batch 1 did not contain
additives. The concrete from batch 2 contained a complex additive SNV + SDB (air
entrainment + plasticization), the concrete from batch 3 — a complex additive GKZH-94 +
SDB (gas formation + plasticization). The samples were loaded to stresses of 0.25-0.3 Rb
and 0.7 Rb. The corrosion rate in rods was determined by weight loss after they had been
removed from the concrete and the corrosion products had been eliminated. The results of
studies are specified in tables 1 and 2.

Table 1. Loss of weight in rods after testing in a corrosive environment.

Concrete additives Weight loss

=0 06=0,25-0,3 Rb c=0,7 Rb
_ 0,04 0,03 0,07
SNV+SDB 0,03 0,02 0,03
GKZH-94+SDB 0,01 0,01 0,06

Table 2. Concrete strength after testing in a corrosive environment.
Concrete Concrete Concrete strength after load tests:
additives strength before
testing, MPa

6=0 6=0,25-0,3 Rb 6=0,7Rb
- 29,5 30,6 32,9 30,6
SNV+SDB 272 31,6 32,7 30,6
GKZH-94+SDB | 32,2 33,2 334 26,5
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It can be seen that the type of dependence of corrosion rate on the stress rate in all three
batches is similar to the type obtained in the first test. The minimum corrosion is observed
at stresses close to RY.

The use of complex additive SNV + SDB with sufficient air entrainment in the concrete
mixture reduced the effect of stress rate on the corrosion rate. The use of gas-forming agent
GKZH-94 significantly increased the protective properties of concrete in the area with low
stresses (up to RY). This means that the additives used to increase the freeze-thaw resistance
of concrete reduce the sensitivity of concrete to compressive stress and improve concrete
protective properties in relation to reinforcement.

Since the most severe requirements for concrete resistance during alternating freezing
and thawing in seawater are imposed on the supporting structures of quays in the northern
seas that are situated in the variable water level zone, the effect of dynamic stresses during
pile sinking by impact on the durability of these supporting structures was considered.

Dynamic stresses during pile driving sometimes exceed the ultimate strength of
concrete and may destroy the pile heads [5; 6; 7,8,9]

The performed calculations of values of dynamic stresses, that are present in piles when
modern hammers are used, show that these values remain close to the ultimate strength of
concrete, and on many construction sites the pile heads are destroyed during driving. The
performed ultrasonic measurements before and after pile driving show that in most cases
the concrete in piles gets significant microcracks, which subsequently leads to piles
damaging. [10; 11; 12; 13]

Currently, the single-acting hydraulic hammers are used more often. With them, it is
possible to flexibly change the drop height of the striking part and, therefore, regulate the
level of dynamic stresses that arise during driving. It became possible to use hammers with
a striking part that weighs 3-5 times more than the pile, with drop height significantly
limited (up to 400 mm). This makes it possible to significantly increase the duration of
impact pulse and ensure effective pile sinking with a decrease of dynamic stresses and a
fewer number of impacts (with a higher design final set). However, the existing possibilities
of reducing the stress level are hardly ever used.

The rate of reinforcement prestressing in driven piles and a higher compressive strength
grade of concrete are the reserve for reducing the damage rate of piles during driving.
When referring to the piles used abroad, the absolute concrete stresses arising from
reinforcement prestressing are slightly lower than in our country, but the design concrete
strength is 1.5-1.8 times higher, and, therefore, the relative concrete strength is much lower.
For example, in the US, the stresses in the concrete of piles that arise from reinforcement
prestressing do not exceed 0.227 of prism strength. For comparison, in the hydraulic piles
used in our Azov-Black Sea basin, these stresses are 0.35-0.6 from concrete prism strength.

The maximum value of dynamic stress arising during pile driving is also one of the key
factors that influence the reinforcement corrosion rate.

In [14, 15] the main factors influencing the reinforcement corrosion rate are listed and
the requirements for limiting the dynamic stresses arising during driving are specified.
However, when using piles for quays in the northern seas, additional measures are required
to ensure reliable protection of reinforcement against corrosion in the variable water level
zone.

It is known that an intensive process of healing of microdamages in concrete follows the
dynamic loadings if there is no corrosive environment [15], and the concrete structure is
restored within a period of max. 15 days. At the same time, the formation of concrete
structure with better protective properties compared to the original structure is possible.
During the construction of maritime hydraulics, the piles are driven in contact with
seawater, and the corrosion of reinforcement in the variable water level zone is sometimes
noticed immediately after pile driving.
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In this case, the most effective way to protect the reinforcement from corrosion is to
color (coat) the pile section that gets into the variable water level zone during driving, with
a waterproof compound. The compound must last min. 15 days. The total height of
protected area should be min. 3-4 meters with a constant water level (1.5 m above and 2 m
below the water level). In the intertidal zone, for example, in the Kola Bay (Barents Sea),
the height of protected area should be 5-6 m, respectively.

During the construction of quay in Korsakov (Sakhalin Island), the piles were coated
with bitumen, and this type of protection showed high efficiency. The performed
potentiometric measurements showed significantly less depassivation of the reinforcement
in the coated piles.

Based on the above, it is possible to determine the main requirements that must be
fulfilled during pile sinking by impact in contact with a corrosive environment:

- The compressive strength grade of concrete for driven piles must be not lower than B40

- It is necessary to exclude reinforcement prestressing

- When choosing a hammer for pile sinking, it is necessary to indicate the drop height of the
striking part (according to specifications) based on the condition of limiting the dynamic
stresses arising during driving

- The pile section that gets into the variable water level zone during driving must be
protected with a waterproof compound that can last min. 15 days

- The stresses appearing in the concrete of piles after the commissioning of structure must
not exceed the boundary of microcracking R2.

4 Conclusion

The fulfillment of the above requirements will ensure the integrity of piles during driving,
prevent reinforcement corrosion and significantly increase the durability of piles driven by
impact.

The possibility of using reinforced concrete piles during the construction of quays in the
Barents Sea was confirmed by field tests. 10x10x40 cm samples (material: concrete of high
freeze-thaw resistance, load range: from 0 to 0.4 Rb) spent 5 years in the variable water
level zone in the Kola Bay. At the same time, a slight increase in strength was noticed in
samples loaded up to 0.3 Rb.
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