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Abstract

In order to study the behavior over time of roads where steel mill slag has been used, it is important that tests are carried out on them, by which
to be determined the characteristic deflection (by measurements using the Benkelman beam) and the deformation module (by tests performed
with the Lucas plate). This allows us to analyze the viability of using steel mill slag in road structures, by comparing the results obtained with the
values allowed in the regulations. The test with the Lucas plate is intended for use in earthworks and foundation engineering, as well as in road
construction. The method permits the relationship between load and settlement (load-settlement curve) to be determined, the aim being to assess
the deformation and strength characteristics in order to determine the deformation modulus.
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Introduction

This article shows the results of the tests carried out with the
Lucas plate in different areas of the national road DN 2B Galati -
Giurgiulesti, which was made using steel mill slag, in order to es-
tablish if the steel slag had an adequate behavior in exploitation
and could be an alternative for the natural aggregates [1]. Steel
slag is the main solid waste in steel industry, accounting for more
than 10% of the steel production [2]. According to the different
steelmaking processes, steel slag can be classified into three types:
electric arc furnace (EAF) slag, basic oxygen furnace (BOF) slag and
ladle furnace (BF) slag. The large capacity of steel slag can meet
the needs of aggregates for road construction, and it has good
mechanical properties and high alkalinity [3]. There are very few
published papers on the Lucas plate tests. An excellent report was
published in the Republic of Moldova by the company Universinj
- Design, Engineering, Consulting, having as its object the study of
the bearing capacity of the foundation land of the embankments
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and the determination of the physical-mechanical properties of the
soils in the composition of the road complex of the road R21 Or-
hei Bravicea- Caldrasi, sector km 21.20-34.20 [4]. Also, in “Revista
Constructiilor” from 04/05/2017 there is a brief reference to a test
carried out with Lucas plate type TESTING 30203 PDK-K, a test that
allowed the determination of the static modulus of deformation, as
well as the establishment of compression settlement curves, based
on to which the deformation and bearing capacity of the earth were
assessed [5]. DN2B is a national road in Romania that connects the
cities of Buzau and Galati. The road starts from DN2 in the town of
Spataru, 8 km from Buzau, passing through the industrial area of
this city and heading east. The road bypasses the town of Braila,
passes the Siret and reaches Galati. After leaving Galati, DN2B heads
towards the border with the Republic of Moldova, connecting in the
Giurgiulesti area to the R34 road from Moldova. The road layers are
as follows: 35 cm foundation layer of steel mill slag grade 0-63 mm
and 20 cm crushed stone layer. The study of the bearing capacity of
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the road complex is motivated by the fact that a long period of time
has passed since the construction of the road, and the condition of
the road surface has undergone changes both in terms of the state
of degradation and the thickness of the road layers.

Methods and Procedures

The equipment for carrying out the test consists of ballasting or
anchoring devices, reference frames, rigid circular plate, hydraulic
press, hydraulic pump with pressure gauge and a first-order lever
type device to which is attached a micro comparator with a mea-
surement accuracy of 0.01 mm. The device measures the settlement
of the rigid plate under the effect of an incrementally applied load
in steps [6]. The devices described before are shown in Figures 1-4.

The test consists in applying vertical loads, in steps of 101.4 kPa,
on a rigid plate with a diameter of 500 mm placed on the surface
to be loaded and measuring the settlements of this surface, after
each step of loading. Each load is maintained until the settlement is
stabilized [7]. Settlements are measured on the upper surface of the
slab in at least three points, arranged near the contour of the slab.
The differences between the readings on the settlement measur-
ing devices must not show deviations from the average settlement
(arithmetic mean of the readings) greater than 30%. Otherwise, the
test is considered inconclusive. The test is stopped after obtaining
an effective relative deformation greater than the calculation rela-
tive deformation [8]. The calculation values of the relative defor-
mation depending on the type of road system are shown in Table 1.

Table 1: Calculation values of the relative deformation depending on the type of road system.

Type of road system Calculation values of the relative deformation for different systems
Non-rigid road systems Non-rigid road systems 0.01
Semi-permanent clothing 0.02
Provisional clothing 0.03
Rigid road systems 0.001

Figure 1: Tests performed with Luca’s plate (source: Control Test Construction Laboratory).
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Figure 2: Calculation of the linear deformation module for Plate no. 1 (source: INCERC).
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Figure 3: Calculation of the linear deformation module for Plate no. 2 (source: INCERC).
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Figure 4: Loading the Lucas plate using a heavy truck (source: ILFA CON SRL).
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The effective relative deformations s’ corresponding to each
load step are calculated with the relation:

s’=s/d (1)

where: s is the average settlement and d is the diameter of load-
ing plate.

In the present case, the calculation relative deformation value
s’ is 0.001. The values obtained by the three determinations at the
same load level are compared. They must not differ from each other
by more than 10% in absolute value. Otherwise, the test is consid-
ered inconclusive. The test results are the arithmetic averages of
the values obtained through the three determinations. The stress
shall be plotted against the settlement, as shown in Figures 2-4. A
smooth curve shall be drawn through the measuring points for each
cycle. With the calculation values of the relative deformations, enter
the pressure - effective relative deformations diagram and establish
the pressures corresponding to these deformations.

The linear deformation modulus is calculated with the
relation:

E=p/s,kP (2)

Table 2: Test results for Plate no. 1.

where: p is the applied pressure and s’ is the effective relative
deformation.

Test No. 1
Location: km145+624; P 163 1m to the left of the road axis.

Test results for Plate no. 1 are shown in Table 2 and represent-
ed in Figure 2. The intersection points of the horizontal line cor-
responding to s’ = 0.001 with the diagram corresponds to a value
of the design pressure of 78 kPa, with the help of which the linear
deformation modulus is calculated: Ed =780 daN/cm?.

Test No. 2

Location: km145+638; P 163 + 14m 3.25 m to the left of the
road axis.

Test results for Plate no. 1 are shown in Table 3 and represent-
ed in Figure 3. The intersection points of the horizontal line corre-
sponding to s’ with the diagram corresponds to a value of the design
pressure of 78 kPa, with the help of which the linear deformation
modulus is calculated: Ed = 750 daN/cm?.

Load application Load The sum of the | Manometer | Deformation readings on the micro Average de- Effective relative
Test step time, steps, loads, pressure, comparator, 0,01mm formation /s, deformation
number minutes kPa kPa KkPa S1 S2 S3 0,01mm s’
1 1 101,4 101,4 11000 52 67 66
5 53 68 67 62,67 0,0012533
2 1 101,4 202,79 22000 89 110 99
5 90 112 101 101,00 0,00202
3 1 101,4 304,2 33000 123 155 140
5 125 158 142 141,67 0,0028333
4 1 101,4 405,6 44000 159 193 176
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5 161 195 178 178,00 0,00356
5 1 101,4 507,0 55000 195 228 212
5 197 231 214 214,00 0,00428
6 1 -202,8 304,2 33000 162 197 183
5 161 196 182 179,67 0,0035933
7 1 -202,8 101,4 11000 108 147 126
5 106 145 124 125,00 0,0025
Table 3: Test results for Plate no. 2.
Load application | Load The sum of | Manometer | Deformation readings on the micro compar- | Average de- Effective relative
Test step time, steps, | theloads, | pressure, ator, 0.001mm formation /s, deformation
number minutes kPa kPa kPa S1 S2 S3 0,01mm s’
1 1 101,4 101,4 11000 65 66 67
5 66 67 68 67,00 0,00134
2 1 101,4 202,79 22000 113 123 132
5 115 125 134 124,67 0,0024933
3 1 101,4 304,2 33000 158 169 180
5 160 171 182 171,00 0,00342
4 1 101,4 405,6 44000 199 213 225
5 201 215 227 214,33 0,0042867
5 1 101,4 507,0 55000 244 260 275
5 246 262 277 261,67 0,0052333
6 1 -202,8 304,2 33000 198 220 224
5 197 219 223 213,00 0,00426
7 1 -202,8 101,4 11000 120 138 146
5 118 136 144 1132,67 0,0026533
Test No. 3 ed in Figure 5. The intersection point of the horizontal line corre-

sponding to s’ = 0.001 with the diagram corresponds to a value of

Location: km145+652; P 164 1 m to the left of the road axis.

Test results for Plate no. 3 are shown in Table 4 and represent-

Table 4: Test results for Plate no. 3.

the design pressure of 78 kPa, with the help of which the linear de-

formation modulus is calculated: module Ed = 760 daN/cm?.

Load appli- Load The sum of | Manometer | Deformation readings on the micro | Average deformation | Effective relative defor-
Teststep | cation time, steps, the loads, pressure, comparator, 0.001mm /s, mation
number minutes kPa kPa kPa S1 S2 S3 0,01mm s’
1 1 101,4 101,4 11000 57 59 72
5 58 60 73 63,67 0,0012733
2 1 101,4 202,79 22000 93 97 116
5 95 99 118 104,00 0,00208
3 1 101,4 304,2 33000 144 150 161
5 146 152 163 153,67 0,0030733
4 1 101,4 405,6 44000 187 193 200
5 189 195 202 195,33 0,0039067
5 1 101,4 507,0 55000 231 240 248
5 233 242 250 241,67 0,0048333
6 1 -202,8 304,2 33000 188 195 202
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5 187 194 201 194,00 0,00388
1 -202,8 101,4 11000 119 123 137
5 117 121 135 124,33 0,0024867

Results and Discussion

In order to establish if the mill slag can properly replace the
natural aggregates in road layers [9], the above calculation values
of the deformation modulus must be compared with those corre-
sponding to the materials indicated in NP 081 - 2002 [10], accord-
ing to Table 5. It is found that the values obtained for the linear
deformation modulus for road layers consisting of steel mill slag
[11], according to the three tests performed (750 daN/cm? 760
daN/cm? and 780 daN/cm?), exceed the calculation values of the

Table 5: Calculation values of the deformation modulus.

deformation module for all types of ballast and are at least equal to
the value specified for the ballast - optimal mix for the foundation
(750 daN/cm?), which are shown in the previous table. The results
of the test are presented in a report that shall include the following
information: location of test site; diameter of loading plate; type of
settlement-measuring device used; weather conditions; time and
date of measurements; time of start and completion of test; any un-
usual observations made during the test; dial gauge readings and
corresponding normal stresses; load-settlement curves [12].

Name of the material in the road layer Calculation values of the deformation modulus for different materials, daN/cm2
Ballast (optimal mix) for the foundation 750
Ballast for the foundation type 1 550
type 2 600
type 3 700
type 4 600
type 5 500
type 6 450

Road construction involves large quantity of construction ma-
terials, most of them obtained from natural sources. To achieve a
sustainable development, using the steel slag as a substitute for
natural aggregates must be taken very seriously. More than 90% of
this is asphalt pavement, which has the advantages of low vibration,
low noise, short construction time and convenient maintenance.
Expressway need lots of construction and maintenance, and more
than 90% of the components of asphalt pavement are aggregates,
which causes the depletion of natural resources. Therefore, recy-
cling solid waste and industrial melting waste are becoming an ef-
fective option to relieve the supply pressure of natural aggregate
resources. The steel slag mixture has become an increasingly popu-
lar research topic in the field of environmental protection road ma-
terials in recent years and future researches will certify that using
of it is very advantageous [13].

There are also some disadvantages of using steel slag in road
layers, as follows:

a) The risk of heavy metals in the steel slag aggregates, which
could be washed away by rainwater, thus infesting the ground-
water [14]. To eliminate this risk, it is recommended that a
leaching test be performed by a specialized institute [15].

b) Possibility of volume change (increase or decrease in road
layer height) due to hydration of free calcium oxide [16]. To
eliminate this risk, the best possible waterproofing of the up-
per layers and appropriate drainage works are recommended,
in order to prevent the penetration of rainwater into the base
or foundation layers of the road system [17], as well as the
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maturation of the slag before use, by storage in outdoors and
periodic spraying with water [18].

Conclusions

Having in view the above presented tests and their results, we
can therefore conclude that steel slag can successfully replace the
natural aggregates in the layers of a road structure, showing a high
performance, if all the necessary conditions are met, with all the
advantages that come from it. By replacing the natural aggregates
in the foundation layer and the base layer of the road system with
steel mill slag, a significant decrease in the cost of the works was
achieved (slag, being an industrial waste, is much cheaper than
natural aggregate). Also, the use of slag aggregates results in the
protection of the environment, by eliminating slag storage spaces
and by preserving the natural environment (the extraction of
natural aggregates can disturb the ground water, can accentuate
erosion, etc.).
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