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Abstract

For over a hundred years, concrete has been a well-known building material and is widely used in construction.
Its properties have convinced construction engineers, architects, contractors and investors, which is why it is cur-
rently difficult to find a building completed without the use of this material. However, the influence of atmospheric
conditions and other environmental influences means that over time they leave more and more visible signs of
progressive destruction even on the best building material of the century. Taking into account the problems related
to aeration and surface hydrophobization, the aim of the work was to demonstrate that by using an admixture in
the form of an anionic bitumen emulsion and a superplasticizer based on polycarboxylate ethers, it is possible to
obtain hard-to-wet concretes with a favorable porosity structure and increased resistance to environmental influ-
ences. For static calculations and dimensioning, an original calculation model of the pavement made of concrete
with dispersed reinforcement in the form of fibers was used, which made it possible to eliminate the reinforcement
in the form of bars. Laboratory tests with the use of concrete samples taken during concreting carried out after 28
days of maturation confirmed the high compressive strength.
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1 Introduction
One of the problems concrete structures face in winter conditions is damage caused by freezing and thawing. When the
water-saturated concrete freezes, different pressures (hydraulic and osmotic) can build up in the pores of the cement
slurry and aggregates. These pressures are magnified by the freezing of additional water that enters the porous
structure as the temperature becomes positive. The alternating cycles of freezing and thawing can eventually lead to
significant deterioration of the material in the form of cracks, chipping and superficial flaking, and consequently to
the complete destruction of the element due to loss of weight and loss of strength. In this respect, Poland has the
most severe climate in Europe, because concrete is damaged not only by negative temperatures, but mainly by cyclic
freezing and thawing [1]. Therefore, the frost resistance of concrete in Polish projects is of particular importance.

Concrete resistance to cyclic freezing and thawing can be ensured by shaping the frost-resistant structure of
the cement slurry as a result of air entrainment or by limiting concrete saturation with water, e.g. as a result
of hydrophobization. According to the PN-EN 206 [26] standard, in frost corrosion conditions it is particularly
recommended to reduce the w / c and aerate the concrete. In practice, however, obtaining proper aeration takes
place at the expense of reducing tightness and a significant decrease in strength (20-30%) [3]. Adherence to the
principles set out in the standard should be sufficient for the structure to survive the designed period of use without
additional protective or repair measures. However, practice [5, 10, 11] shows that their fulfillment does not always
ensure resistance in real conditions. On the other hand, the disadvantage of surface hydrophobization is its limited
durability. In addition, it is not possible to make a perfectly tight coating on the entire surface of the concrete,
as some places are not accessible, e.g. to the interior of expansion joints. Silanes and siloxides, which are used to
perform hydrophobization, decompose and after approx. 7 years of direct exposure to sunlight, the surface loses its
hydrophobic properties [6].
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To achieve the assumed goal, a three-factor experiment with five levels of variability was planned and a statistical
evaluation of the influence of the examined factors on the physical properties of the mixture and hardened concrete was
performed [4]. Statistical analysis methods were also used to develop optimal concrete formulas with bitumen emulsion,
which were implemented on a large scale in industrial conditions. The presented work presents the comprehensive
construction of the surface of the maneuvering yard on the premises of the Innovative Multimodal Container Terminal
at WOC near Terespol, during which [16]:

• for static calculations and dimensioning, the original calculation model of the pavement made of concrete with
dispersed reinforcement in the form of fibers was used, which made it possible to eliminate the reinforcement in
the form of bars;

• an innovative solution of the structural system was used with a concrete slab placed on a layer of mechanically
stabilized crushed aggregate with the omission of base concrete, thanks to which it was not necessary to make
a sliding layer;

• innovative formulas of concretes with bitumen emulsion admixture were implemented, allowing to reduce the
absorption of concrete and increase frost resistance without reducing its strength, which is particularly important
as the axle loads of container cranes are 10 times higher than allowed on EU roads.

A 5-stage implementation was adopted (Fig. 1) to enable the terminal to operate simultaneously on 3/5 of the
surface and work on 2/5 of the surface (1/5 of the surface - works, 1/5 of the surface - care and maturation). In this
way, the surface of the container terminal was made of concrete modified with bituminous emulsion with an area of
11076 m2 [2].

Figure 1. Staging of works on the implementation of the Innovative Multimodal Container Terminal

2 Pavement construction
When designing the surface structure of the terminal, the load from the container crane (Reach Stacker) model SC
4531 TA 5 was assumed. the tire exerts on the pavement 1.0 N / mm 2 (1 MPa). The front axle load is transferred
to each of the 4 wheels, i.e. 101.5 t / 4 = 25.375 t (253 750 N). This load results from the dead weight of the Reach
Stacker vehicle equal to 71.1 t and the load of the container being lifted. In addition, loads from stacked 30-ton
containers were taken into account. Based on the publication [13], a weight reduction factor was applied depending
on the number of containers in a stack. The design weight of a stack with five containers 0.6 x 5 x 300 kN = 900.00
kN was assumed, transferred to the pavement via four corner feet with dimensions of 162 x 178 mm, with a contact
pressure of 7.8 N / mm2.
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For the calculations, load patterns from wheeled cranes and stacks with containers in several variants, illustrated
in Fig. 2, were adopted.

• for a single wheel P = 253 750 N, contact pressure p = 1.0 N / mm2,

• for twin wheels with an axial distance x = 560 mm, p = 1.0 N / mm2,

• from a single stack of containers P = 225 000 N per 162x178 mm foot,

• from 2 adjacent stacks of containers in a row with an axial distance x = 162 mm.

• from 4 adjacent stacks in two rows spaced 500 mm apart, axial distances x = 162 mm, y = 678 mm

Figure 2. Load patterns adopted for the calculation of the pavement: a) from a single wheel/bead; b) from a two
wheel/two feet; c) from a four feet

The preliminary calculations were based on the slab model developed by Westergaard, in which the concrete slab
with the modulus of elasticity Ecm and Poisson’s ratio v rests on a Winkler-type subsoil characterized by the subsoil
reaction coefficient k [30].

Taking into account the recommendations of the PN-EN 206 [26]standard related to aggressive environmental
impact, concrete pavements were classified as the most aggressive exposure class XF4 (cyclical freezing and thawing
with de-icing agents), which required the use of minimum class C30 / 37 concrete. , with a cement content of at least
340 kg / m3 with limitation of the amount of water (w / c≤ 0.45).

For the calculations, a slab with a thickness of h = 400 mm was adopted, based on a foundation characterized
by elastic deformation modules: primary Ev1 ≥100 and secondary Ev2 ≥180 MPa, while maintaining the ratio Ev2 /
Ev1 ≤2.2. The foundation was mechanically compacted crushed aggregate placed on a layer stabilized with cement.
Such a structure of the foundation allowed to verify its load capacity based on the actual measurements of the Ev2

module made with the VSS apparatus. Moreover, unlike the concrete substructure, there was no risk of scratching onto
the base plate. The concrete class C35 / 45 was assumed, for which the longitudinal modulus of elasticity calculated
according to Eurocode 2 [25] was 34545 N / mm2. The Poissons ratio v was assumed to be 0.15. The subsoil reaction
modulus k was determined according to TR 34 [32] from the dependence taking into account the values of the modulus
of elastic deformation of the mechanically stabilized broken aggregate foundation Ev1 ≥100 MPa and Ev2 ≥180 MPa.
The diagram of the layer system is shown in Fig. 3.

The modulus of the substrate reaction was calculated from the formula [32]

k =
Ev2

550 · Ev2/Ev1
= 0.182N/mm3 (1)

Then, the radius of the relative stiffness of the plate 1 was calculated

l = 4

√
Ecm · h3

12 · (1− v2) · k
= 1045mm (2)

At the same time, for each load variant, the equivalent radii of the loading surfaces a and the equivalent radii b
were determined, taking into account the distribution of loads over the plate thickness h. Using the recommendations
contained in the study [31], the equivalent radius calculated from formulas (3) was used to calculate the stresses from
vehicle loads. , (4) and (5) at a ≥ 1.25 h:
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Figure 3. Scheme of the pavement construction layers

a =

√
P

π · p
(3)

a =

√
P

π · p
+ 0.6 · h (4)

where:

P - concentrated load exerted by the wheel,

p - contact pressure caused by a concentrated force acting on the plate (pressure in the wheel),

h - plate thickness.

On the other hand, for the calculation of stresses from loads with stacked containers, the equivalent radius of the
support - container feet, calculated from the following formula [31] was adopted:

for a ≥ 1.75 · h:

a =

√
(
√
A+ 2.4 · h)2

π
(5)

where:

h – plate thickness,

A – container foot area.

for a < 1.734 · h:

b =
√

(1.6a2 + h2)− 0.675 · h (6)

for a > 1.734 · h
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b = a (7)

Using the equations of Westergaard, Kelley and Pickett [8, 30], the stresses from service loads in the form of
concentrated forces were calculated

- in the center of the disc:

σPM =
0.275 · P

h2
· (1 + v) ·

[
4ln

(
l

b

)
+ 1.069

]
(8)

- on the edge of the plate:

σPR =
0.529 · P

h2
· (1 + 0.54v) ·

[
4ln

(
l

b

)
+ lg

(
b

25.4

)]
(9)

- in the corner of the plate:

σPE =
4.2 · P
h2

·

[
1−

√
a
l

0.925 + 0.22 · al

]
(10)

The calculated values of equivalent radii of loading surfaces a and b as well as the components of stresses from
individual concentrated forces are presented in Table 1.

Table 1. Component stresses from concentrated loads as a result of the action of mobile cranes and stacked containers
on the plate

load type mobile crane container stacks
first
wheel

second
wheel 1 2 3 4

concentrated load Pk[N] 253 750 253 750 225 000 225 000 225 000 225 000

contact pressure p [N/mm2] 1.0 1.0 7.8 7.8 7.8 7.8

modulus of substrate reaction k[N/mm3] 0.182

radius of relative stiffness l [mm] 1045

spacing of concentrated forces s [mm] 560 162 678 697

equivalent radius a [mm] 524 524 638

equivalent radius b [mm] 504 504 631

tension in the middle σ1[N/mm2] 1.17 0.63 0.87 0.72 0.30 0.28

edge stress σ2[N/mm2] 2.32 1.26 1.83 1.54 0.63 0.60

corner stress σ3[N/mm2] 2.10 1.14 1.55 1.31 0.54 0.52

Normal stress resulting from the shrinkage of the slab was calculated as a function of the friction parameter µ, the
distance between the welds L and the slab weight g, from the following formula:

σs =
µLG

2h
= 0.094N/mm2 (11)

where:

L = 5000 mm – maximum distance between expansion joints,

µ = 1.5 – coefficient of friction between concrete and crushed aggregate foundation,
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g = 0.01 N/mm2 – plate weight.

The thermal stresses resulting from the temperature difference between the lower and upper surface of the slab
were calculated based on the following relationships [8, 30]:

- in the center of the disc:

σ1
∆t =

Ecm(t) · αt ·∆t
2

· Cx + v · Cy

1− v2
= 1.09N/mm2 (12)

- on its edge:

σ2
∆t =

Ecm(t) · αt ·∆t
2

· Cx = 0.90N/mm2 (13)

- in the corner of the plate:

σ2
∆t =

Ecm(t) · αt ·∆t
3 · (1− v2)

·

√
a ·
√

2

l
= 0.73N/mm2 (14)

where:

Ecm(t) - modulus of elasticity of concrete from temperature changes, Ecm(t) =(0.75 ÷ 0.85) Ecm [8],

For the calculations, Ecm(t) = 26,000 N/mm2,

αt - concrete thermal expansion coefficient equal to 10−5 [1/K], (0.01 [mm/m ·K ] [7]),

∆t - temperature difference equal to 10 K as for external surfaces exposed to weather conditions [8, 14, 32].

The total bending tensile stresses were calculated taking into account the combination of concentrated force loads,
the friction caused by shrinkage and the temperature difference between the lower and upper surface of the slab. The
results are presented in Table 2. The maximum stress in the center of the slab was obtained for a combination of
loads with the action of four concentrated forces from adjacent stacks of containers. They amounted respectively:

- in the center of the disc σ1max
fl,sum = 4.19 N/mm2

- on the edge σ2max
fl,sum = 4.93 N/mm2

- in the corner σ3max
fl,sum = 4.18 N/mm2

Table 2. Summary stresses from the combination of concentrated force loads, shrinkage friction and temperature
difference

Safety factors Correction
factors Correction factors Summary

stresses

γfQ γfs γf∆t KQ K∆t σP
[
N/mm2

]
σs
[
N/mm2

]
σ∆t

[
N/mm2

]
σsum

[
N/mm2

]
Mobile crane SC 4531 TA 5

σ1 - middle 1.6 1.1 1.1 1.0 0.7 1.80 0.09 1.09 3.82

σ2- edge 1.6 1.1 1.1 0.6 0.7 3.58 0.09 0.90 4.23

σ3 - corner 1.6 1.1 1.1 0.6 0.7 3.24 0.09 0.72 3.76

Container stacks in rows with spacing 50cm

σ1 - middle 1.5 1.1 1.1 1.0 0.7 2.17 0.09 1.09 4.19

σ2 - edge 1.5 1.1 1.1 0.6 0.7 4.60 0.09 0.90 4.93

σ3 - corner 1.5 1.1 1.1 0.6 0.7 3.92 0.09 0.72 4.18
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When calculating the maximum tensile stresses for load combinations, the safety factors were adopted in accordance
with TR 34 [32], ie 1.6 for the dynamic action (mobile cranes) and 1.5 for the static action (stacks with containers).
Moreover, when calculating the stresses from service loads on the edge and corner of the slab, a reduction factor of 0.6
was used due to the use of dowels enabling the transfer of loads at the joint location and a factor of 0.7 for thermal
stresses due to the limitation of warping of the slabs due to the lack of expansion slits [8, 31].

In order to redistribute loads in the places of expansion joints, dowels made of St3S steel with a diameter of 40
mm and a spacing of 400 mm were used. The dowel length was assumed to be equal to the calculated effective length
of 2 x 8d, 2 x 8 x 40 mm = 640 mm. The spacing was checked assuming the stress transfer through dowels at full
load capacity within 0.9 of the radius of relative stiffness of the slab on both sides of the load [32].

Then, in each case, i.e. in the center, edge and corner of the slab, the following condition was checked:

σfl,sum ≤ ffl,dop.beton =
5.5

1.2
= 4.58N/mm2 (15)

Maximum total stress from the combination of crane wheel loads, friction and the temperature did not exceed
the allowable bending stresses transferred by the concrete taking into account the safety factor. Stresses from a
single stack of containers and thermal influences also did not exceed the permissible stresses, while considering the
arrangement of the stacks touching in two rows, it was found that the stresses at the edge were exceeded (4.93 N
/ mm2). Therefore, a solution was adopted with a dispersed reinforcement in the form of synthetic fibers 54 mm
long in the amount of 2 kg/m3. Based on the data of the fiber manufacturer [9], taking into account the assumed
concrete class as well as the type and quantity of fibers, the equivalent strength index Re,3 = 0.30, was adopted based
on the JCI-SF4 standard [12]. This allowed the use of the plastic model to calculate the allowable stresses and thus
increase the allowable bending tensile strength. Based on the Meyerhof-Losberg theory [32], the allowable bending
tensile strength of fibrobeton was assumed to be equal to the product of the conventional tensile bending strength of
concrete and the coefficient taking into account the favorable effect of fibers:

ffl,dop.firbrobeton = fctm,fl(1 +Re,3) = 7.15N/mm2 (16)

where:

Re,3 - equivalent strength index characterizing fibrobeton [7],

fctm,fl = 5.50 N/mm2 – conventional average tensile strength for bending concrete C35/45 [7].

3 Surface realization
The system of construction layers presented in Fig. 4 was adopted for implementation.

The existing substrate, in the form of fine, medium-compacted sands (insensitive to frost and water), granulated
and compacted mechanically so that it has the compaction index Is≥1.00, primary and secondary deformation modules
Ev1 ≥ 60MPa, Ev2 ≥ 120MPa, and the deformation index Io = Ev2/Ev1 ≤ 2.2 [28]. Measurements were made with
a VSS probe. Due to the heterogeneous measurement results, 15 cm cement stabilization with compressive strength
was applied after 7 days of maturation fcm,7 = 1.0÷1.6MPa, and after 28 days of maturation fcm,28 = 1.5÷2.5MPa
[29]. The main foundation was made of mechanically stabilized crushed aggregate (Fig. 5). For fresh stabilization, a
layer of crushed stone with a fraction of 0 ÷ 31.5 mm was laid and compacted with the use of heavy rubber rollers.
After seven days, the tested deformation modules with reserve fulfilled the assumed requirements of Ev1 ≥ 100MPa,
Ev2 ≥ 180MPa, Ev2/Ev1 ≤ 2.2. Determination of the deformation modules of the foundation was carried out with a
VSS probe in accordance with Annex to the PN-ENS-02205 standard [27].

A class F 900 linear drainage system in the form of prefabricated concrete troughs and a coalescence separator with
a settling tank and a by-pass have been designed to drain rainwater. The surface was made with slight slopes, not
exceeding 0.5%, enabling rainwater to run off into the channels and safe maneuvering and stacking of the containers.
The assembly of prefabricated elements on a concrete bench is shown in Fig. 6.

On the basis of laboratory tests, three concrete compositions with w/c = 0.35 were specified for the execution of
the concrete pavement (Table 3). The compositions were selected due to the availability and prices of ingredients, as
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Figure 4. Cross-section of the pavement structure on the base of crushed aggregate

Figure 5. The main foundation is made of mechanically stabilized crushed aggregate

well as the value of the average daily temperature during the pavement construction and the place of incorporation
into the structure.

The consistency was checked each time at the construction site before laying the concrete mix. The mixture was
characterized by a homogeneous consistency of K4 (cone slump S≤ 110 mm). For design reasons and in order to
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Figure 6. Linear drainage class F 900 made of prefabricated concrete channels

Table 3. Specification of the three compositions of the recipe concrete with w / c = 0.35 used on the surface of the
Innovative Multimodal Reloading Terminal near Terespol

composition

The amount of ingredients, kg/m3

cement emulsion

admixtures
sand
rinsed

basalt grits granite grits

water
liquefying accelerating

2÷8 8÷16 2÷8 8÷16

mm mm mm mm

CC1-E

360 6.66

3.151)/2.452) - 690 488 728

125CC2-E 3.151)/2.452) - 649 464 743

CC3-E 3.853)/0 2.14) 665 506 702
1) plasticizer based on lingosulfonates
2) superplasticizer based on polycarboxylene ethers
3) superplasticizer that can be re-dosed at the construction site
4) chloride-free admixture accelerating hardening based on calcium nitrate

eliminate shrinkage cracks, 54 mm long synthetic fiber dispersed reinforcement was used, with an equivalent strength
index (resistance to cracking) Re,3 = 0.3 [18]. In order to improve the cooperation of the plates at the gaps and to
reduce keying, dowels made of St3S steel were used in the middle of the plate thickness, spaced every 40 cm, which
met the recommendations contained in the standard [23] (Fig. 7). The dowel diameter was 40 mm and the length was
640 mm. In accordance with the standard [24], the dowels were half covered with a bituminous coating, preventing
them from bonding with the concrete to one of the plates, and placed on racks made of 6 mm diameter St3S steel
rods.

The intervals between expansion joints did not exceed 5 m. The first 3 mm wide cut on 1/3 of the board thickness
was made, depending on the temperature, from 12 to 24 hours after concreting. The widening of the joints to a
minimum of 8 mm and a minimum depth of 8 mm was made after 28 days of concrete maturation. The edges of
the slots were chamfered (3 x 3 mm). A sealing cord made of synthetic material was used in the expansion joints.
The gaps were filled with a permanently elastic two-component polymer-based sealing compound, resistant to de-icing
agents, fuels and automotive oils. Before filling, the joints were carefully cleaned and primed.

The upper surface of the freshly laid and vibrated concrete mix was mechanically floated, and then treatments
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Figure 7. The arrangement of dowels during concreting

were carried out to give the surface appropriate roughness by brushing in the transverse direction - which will ensure
faster water drainage (Fig. 8). Then the concrete was systematically sprinkled with water through the geotextile
placed on it. The care period was 21 days. The pavement was put to use 28 days after concreting. Figure 9 shows
the stacking of containers.

Figure 8. Floating and texturing of concrete pavements
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Figure 9. Storing containers in stacks. Photo Author

4 Conclusions
Laboratory tests with the use of concrete samples taken during concreting carried out after 28 days of maturation
confirmed the high compressive strength fcm,28 = 49.74÷ 58.20 MPa and tensile strength fctm,fl = 5.55÷5.72 MPa
(in two-point load system). High frost resistance was found F200 according to [18] and FT2 according to [17, 23] and
low water permeability (penetration depth <30 mm) [23], and reduced water absorption to 3.62% as a result of the use
of bituminous admixture. The average depth of water penetration at a pressure of 0.8 MPa for concrete with granite
grit was 14.33 mm, and the maximum was 26 mm. However, for the composition with basalt grits, these values were
slightly lower and amounted to 13.1 mm and 25 mm, respectively. The test methods and results are listed in Table 4.

Table 4. Test results for cement composites modified with bituminous emulsion in industrial conditions

Lp. Properties tested Results Test method

1. Compressive strength class according to
PN-EN 206-1 [128], not lower than: C35/45 PN-EN 12390-3 [19]

2. Bending tensile strength [MPa] 5.55÷ 5.72 PN-EN 12390-5 [20]

3. Frost resistance category according to
PN-EN 13877-2 [115] FT2 PKN-CEN/TS 12390-9 [17]

4. Water absorption by weight [%] 3.62 PN-B-06250 [18]

5. Water penetration resistance [mm] 26 mm PN-EN 12390-8 [21]

6. Frost resistance when tested
by the direct method F 200 PN-B-06250 [18]

Moreover, the abrasion measurement performed on the Böhme disc showed higher resistance abrasion of cement
composite modified with bituminous emulsion compared to concrete with air-entraining admixture by more than 5%.
The test was carried out on samples cut from boreholes made in the surface of the container yard in the case of concrete
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with emulsion and from cubic cubes in the case of air-entrained concrete, in accordance with the requirements of the
regulations [12, 15, 26]. Additional bending tensile strength tests after 90 days gave a particularly satisfactory average
result 7,21 MPa.

The concrete tests carried out confirmed that a cement composite of minimum class C35 / 45 was obtained, meeting
the requirements for concrete used in the most severe exposure classes XF4, XD3, XC4, XA3, XM3 included in the
PN-EN 206 standard [26] and functional requirements for pavement concrete [15, 22, 23].

The 11,076 m2 concrete pavement made of concrete modified with bituminous emulsion as described above is used
as a maneuvering and storage yard and transfers the assumed loads from container cranes and stacked containers with
a weight of up to 120 tons.
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