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Abstract:



Understanding the long-term behaviour of cement-treated base materials is a key factor to improve its design and obtain environmentally friendly pavement base materials. Their characterization requires manufacturing prismatic specimens. However, various authors highlight the absence of standardized test methods for fabricating beams in the field and laboratory, which is not an easy task because it depends on the qualification and experience of the testing team. The aim of this paper is to present a new device and procedure for compacting prismatic specimens of cement-treated base materials. In this research, it was used for compacting soil-cement to simulate its performance as a road base material. This device employs elements that are generally available in a concrete laboratory test, such as a vibrating table or prismatic moulds. Once the procedure was established, and in order to verify its suitability, flexural and compressive strength tests were carried out. Results showed that the values obtained were consistent with this material and, despite the heterogeneity of the material, specimens from the same batch provided similar results and, hence, validated the compaction process. This new compacting procedure can improve understanding of the long-term performance of cement-treated materials from flexural and fatigue tests.
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1. Introduction


Soil-cement is a mix of gravels, sands or soils with low plasticity, a small percentage of cement, water and additives, which is subsequently compacted and cured [1,2,3,4]. This mixture is applied as a road base/sub-base where the aggregates used can be found in the right-of-way of the road or can totally or partially come from a recycling method, such as crushed concrete and crushed masonry [3,4,5,6,7,8,9] in order to protect natural resources and reduce the environmental impact [5,10,11]. Additionally, this material is also deployed in railway infrastructures [12] and for building purposes, although in this case it tends to be reinforced with fibers [13,14,15].



With regard to the characteristics of soil-cement, these depend mainly on the quantity and type of fine aggregate of the soil, the amount of added cement and water, the mixing and compacting procedure, the curing process and the age of the compacted materials. The added cement reduces the plasticity and modifies the maximum dry density and the optimum moisture content of the mixture [1,16,17,18]. Additionally, the compressive strength of the soil-cement is directly proportional to the quantity of cement added to the mix. During its hydration, the cement covers the aggregate skeleton and adheres to it, filling the air cavities, reinforcing the union between particles and, consequently, improving the engineering properties and durability of the soil [19,20].



The first reference about adding cement to soil for improving its properties dates from 1915 in Sarasota, Florida, where a mixture of shells, sand and Portland cement was compacted, resulting in a soil stabilization for roads [16]. However, it was not until after World War II that this technique was used in France, Germany, Spain, Australia and South Africa for base and sub-base roads [16]. This procedure has the following advantages and disadvantages [2,16]:

	
Environmental and economical advantages associated with the employment of soils coming from areas close to the outline of the road, decreasing the consumption of quarry aggregates and the necessity of landfills and, hence, reducing emissions to the atmosphere.



	
Technical advantages related to the high resistance of the material, which allows the prolonging of pavement life and a reduction in maintenance costs.



	
As disadvantage, it must be underlined that this technique requires precision when carrying it out. Variations in the layer thickness, cement percentage or density modify its properties. Moreover, it needs a pre-cracking process to increase the material life.








Nevertheless, the main problem of this technique is knowing its long-term performance during its life cycle. From the review of literature about cement-treated materials, it can be concluded that the unconfined compressive strength (UCS) is a useful index for determining the initial quality of the cement-treated material. However, it is essential to determine the resistance to tensile stresses generated by cyclic loads in the base of the layer, which can fatigue the material [2,19,21,22,23,24].



The test that best represents the long-term performance of the cement-treated layers under traffic loads is the four points flexural beam test [25,26,27,28,29,30]. Nonetheless, the main problems of this test are the cost and the difficulty of manufacturing the required prismatic specimens with an acceptable density. Reeder, et al. [31] highlight that there is limited information available on the flexural strength of cement-treated base materials due to the difficulty of obtaining specimens from actual projects and because there is an absence of a standardized test method for the specimens’ fabrication. Moreover, the American Society for Testing and Materials (ASTM) standard for making and curing soil-cement compression and flexure test specimens in the laboratory [32] underlines that manufacturing prismatic specimens is not an easy task because it depends on the qualification and experience of the testing team. Therefore, in general, the flexural strength (FS) is estimated from other indirect tests, such as the UCS or the indirect tensile strength (ITS) [19,33,34,35].



This research shows a new procedure for manufacturing prismatic specimens to characterize their FS with the four points flexural beam test, by means of a process that can be implemented with various cement-treated materials. This technique was developed at the University of Burgos (Spain) in order to be specifically applied for testing cement treated bases such as road base/sub-base pavements [28,36,37,38,39]. Previous research proposed various alternatives for compacting this kind of specimen by applying different static loads or beating the material [27,32,40]. In this proposal, the material is vibrated to better simulate the work procedure in the field, where vibrator rollers are employed [41].



The article is organized as follows. Section 2 presents the new compacting procedure. The material employed and the proposed methodology for verifying the adequacy of the new procedure are described in Section 3. In Section 4, the results of compacting with the new procedure and of the validation are shown and discussed. Finally, conclusions are drawn in Section 5.




2. Description of the Device and New Methodology for Compacting Prismatic Specimens of Cement-Treated Base Materials


The device deployed for compacting prismatic specimens is shown in Figure 1.


Figure 1. New device for compacting prismatic specimens. Units: cm.
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It consists of a basic metal stand (element 5 and 6 of Figure 1), to which a varying number of metal sheets can be added (element 7 of Figure 1) to achieve the previously established maximum density.



The confinement of the specimens is carried out by a metal prismatic mould (element 2 of Figure 1). To this element, a collar is attached, in order to guide the metal stand during the compaction of the last layer of the material when manufacturing the specimen. The base of the prismatic mould (element 3 in Figure 1) is linked to a vibrating table (element 1) by means of a metal gripping element (element 8) and stiffeners (element 9). The vibrating table provides a vibration with a frequency of 40 Hz (2400 rpm).



One of the advantages of this procedure is that the majority of its elements are commonly employed in a concrete testing laboratory, such as a vibrating table (and its fixing elements) and the mould for manufacturing specimens. As non-standard elements, it needs the stand and the metal sheets. The stand is formed from a 20 mm-thick steel sheet to which 2 bars of 20 mm in diameter and 50 mm long are attached. Metal sheets can be obtained from a 10 mm thick sheet.



Seven steps are followed to manufacture prismatic specimens:

	
Fixing the entire device. It is necessary to fix the removable base of the metallic mould to the vibrating table by means of the metal gripping elements and stiffeners. The metal stand that takes the metal sheets is guided by means of a metallic collar.



	
Preparation of the mould, extension of the first layer of material, and compaction. In order to avoid adherence of the material to the mould, it is necessary to apply a mould-release agent in the interior faces of the mould. Depending on the maximum aggregate size, specimens can be manufactured in 2 or 3 layers, depending on the compaction of the material. As a general rule, the solution with the minimum number of layers that allow achieving the maximum dry density required in the standards will be selected. After spreading the first layer of material, the metal stand is placed above it with 3 or 4 metallic sheets. The vibration table is switched on and the vibration is transmitted for 15 or 20 s.



	
Extension and compaction of the second layer. After the first layer is vibrated, the metal stand and the metal sheets are extracted and the second layer is spread over the first one, which is already compacted. Once again, the stand and the sheets are placed over the material and this layer is vibrated for the same period as in the first layer.



	
Extension and compaction of the third layer. In case a third layer is needed in order to obtain the required compaction density, a third layer is spread over the previous ones and is vibrated for the same period as in step 2.



	
Extraction of the stand, dismantling the collar, and finishing the specimen. After the compaction of the last layer, the metal stand is extracted, the metallic collar is dismantled and excess material in the specimen is removed by means of a scraper.



	
Removing the mould from the vibrating table. The mould is uncoupled from the gripping elements and stiffeners and the metal mould is removed from the vibrating table.



	
Determination of the dry density of the manufactured specimen. The metal mould, containing the humid compacted mixture, is weighed and the dry density of the sample is calculated.








Finally, the compaction process is validated by means of the density obtained. If the required maximum dry density is not achieved, the specimen is discarded and a new specimen would be manufactured from the first step, increasing the weight of the stand by adding more sheets, increasing the vibration time by 5 s or carrying out these two actions together. The complete procedure for achieving the required density is shown in Figure 1. As can be observed, this procedure offers a standardized method for specimen fabrication where the qualification and experience of the testing team is not a critical factor.



Finally, and after 24 h of manufacturing the specimens, the perimeter formwork of the metal mould is removed, and the specimens are left on the metallic base for 7 days before retiring the base in order to avoid damage during manipulation at early age, when the resistance is low.



Hence, the proposed compacting procedure is iterative, where the number of sheets and the time of vibration that are needed are determined experimentally for each material.



When the required density is obtained, the UCS at 7 days is measured to verify that this requirement is fulfilled (step 4 of the Figure 2). The UCS test can be carried out in two ways: over the entire specimen (with dimensions 15 × 15 × 60 cm3) or after dividing it in two parts and conducting a UCS test over each part.


Figure 2. Diagram of the procedure to achieve the required density with the proposed compaction device.
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Lastly, it must be stated that the device and procedure can also be deployed with other prismatic dimensions and aggregate size, as long as the geometric dimensions of the standards are respected.




3. Material Employed and Proposed Methodology for Verification of the Procedure


3.1. Description of Material Employed


The soil comes from a borrow pit in the milestone 16 + 400 of the C-627 road, in the province of Burgos (Spain). Figure 3 shows the granulometry of the material according to the Spanish Association for Standardization and Certification (AENOR) [42] and the granulometry range for the soil-cement with a maximum aggregate size of 40 mm, designed as SC40, according to the Spanish regulations on soil-cement [43]. The material has not plasticity [44] and the sand equivalent test gives a value of 20 [45]. The material can be classified as SP-SM following the unified soil classification system (USCS) [46]. The soil has no organic material [47] or soluble sulphate [48]. The maximum aggregate size is limited to 40 mm.


Figure 3. Soil granulometry and granolumetry range for SC 40.
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The cement used is CEM IV B/V 32.5 N. It is Pozzolan cement, with a low quantity of clinker and a high quantity of additions, widely used in roads for soil stabilization and for soil-cement. This type was selected instead of others, like CEM II, because part of the clinker is substituted by fly ash, obtaining a cement that has a lower manufacturing energy and that employs industrial byproducts and hence, is an environmentally friendly material. Moreover, CEM II achieves a higher strength at 7 days, but at medium and long-term CEM II and CEM IV achieved similar strengths. Specifically, the main properties of the cement used in this research are displayed in Table 1.


Table 1. Properties of cement used.











	Main Standardized Component
	Value
	Cement Standardized Specifications
	Value





	Clinker (K)
	45–64%
	Sulphate
	≤3.5%



	Silica fumes (D) *
	--
	Initial setting time
	≥75 min



	Natural pozzolana (P) *
	--
	Final setting time
	≤720 min



	Calcined natural puzzolana (Q) *
	--
	Expansion
	≤10 mm



	Siliceous fly ash (V) *
	36–55%
	UCS at 7 days
	≥16 MPa



	Calcareous fly ash (W) *
	--
	UCS at 28 days
	32.5 ≤ R ≤ 52.5 MPa



	Minority components
	0–5%
	Puzzolanicity
	8 to 15 days



	Chlorides
	≤0.10%
	
	







* In general, in cements CEM IV, the sum of (D), (P), (Q), (V) and (W) must be 36–55%.








Determining the optimum amount of cement, the moisture content, the maximum dry density and the minimum compressive strength at 7 days are key factors of any soil-cement manufacturing process. This is a common step in any cement-treated base material production when an unknown material is employed, generally referred to as establishing the work formula for the soil employed.



The determination of the maximum dry density and the optimum moisture content was carried out with cylindrical samples following the modified Proctor test defined in the Spanish standard [49] whose prescriptions are very similar to those of the ASTM [50]. The amount of cement to be added must guarantee the minimum compressive strength at 7 days, according to the regulations of each country, as shown in Table 2.


Table 2. Requirements specified in various countries for the unconfined compressive strength (UCS) of soil-cement.





	Country
	UCS at 7 Days (MPa)





	Spain [43]
	2.5/2.1 1



	United Kingdom [51]
	CBM1: 2.5–4.5



	Australia [52]
	≤3



	New Zealand [53]
	≤3



	South Africa [54]
	C2: 2–4



	China [55]
	3–5







1 For cements with a large amount of additions.








For this research, a mixture containing 3.5% of cement was employed, which had a UCS at 7 days of 2.67 MPa, a maximum dry density of 2.18 g/cm3, and an optimum moisture content of 7.0%, as shown in Figure 4.


Figure 4. Modified Proctor density of the soil-cement with a 3.5% content of cement.
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3.2. Methodology for Verifying the Proposed Compacting Procedure


Two experiments will be conducted. Firstly, a trial-error test was carried out to obtain the procedure to manufacture prismatic specimens with the required quality, according to Figure 2. This part explains the iterative process that determines the configuration of the number of necessary metal sheets in the stand above the material for producing the sample and vibration time needed. Results obtained for the described soil-cement during this experiment are described in Section 4.1.



Secondly, with the aim of verifying the consistency of the proposed compaction procedure, a test program is established. The program comprises 10 batches of soil-cement with the characteristics described, called A to J, and from each batch, 2 prismatic samples (designed as 1 and 2) are obtained, with dimensions 60 × 15 × 15 cm. They are denoted as samples A1 to J2. The test program is shown in Figure 5.


Figure 5. Conducted test program for verifying the consistency of the proposed compaction procedure.
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The heterogeneity of the material leads to the appearence of small differences in the manufactured batches. Flexural strength (FS) tests at 90 days, with the four-point flexural beam test, are conducted for each of the 20 samples produced with the 10 batches. Additionally, UCS tests are applied to each of the parts in which the specimen previously tested is divided. These tests (FS at 90 days and UCS at 90 days) allow for checking of the homogeneity of the compaction process for both samples made in the same batch, as long as the differences between modified Proctor densities of those samples from the same batch is below 3%. Furthermore, it also allows for checking of the homogeneity of the compaction procedure in the specimen itself, observing if both parts, obtained after FS test, have similar compressive strength.



Briefly, the goal of the test program is to check that both specimens from the same batch provide the expected results, and also similar values, confirming the suitability of the prismatic sample compaction procedure.





4. Results and Discussion


4.1. Results from the Compaction Procedure (First Experiment)


The Spanish standard [56] for concrete is followed to determine the size of the prismatic samples. For a maximum aggregate size of 40 mm, as specified for SC40, prismatic specimens with dimension 60 × 15 × 15 cm are chosen.



As indicated in Figure 2, the process started with production of prismatic samples, without cement and the moisture content determined in the modified Proctor test. The maximum number of compaction layers is based on the maximum aggregate size and the height of the metallic mould. In this research, 3 compaction layers were selected.



Without previous experience, 3 metallic sheet and 15 s of vibration for each layer can be used. Taking account of experience in the procedure, 4 prismatic samples, denoted as P1–P4, with a moisture content of 7% (determined from previous modified Proctor tests) and 4 metal sheets over the metal stand and 20 s of load application per layer were produced.



These initial four samples were manufactured increasing each time, order, load application time and number of sheets over the stand for the compaction. Table 3 show the values of the number of metal sheets, load application time in each layer, the number of necessary sheets for vibrating load application, and the density obtained in each case.


Table 3. Dry density and UCS values of prismatic specimens with 7% moisture content.





	Sample
	% Cement
	Load Application Time (s)
	Number of Metallic Sheets
	Dry Density (g/cm3)
	Modified Proctor Density (%)
	UCS of Samples “A” (MPa)
	UCS of Samples “B” (MPa)
	Average UCS (MPa)





	P1
	0.0
	20
	4
	2.103
	96.48
	-
	-
	-



	P2
	0.0
	25
	4
	2.057
	94.38
	-
	-
	-



	P3
	0.0
	20
	5
	2.099
	96.28
	-
	-
	-



	P4
	0.0
	25
	5
	2.089
	95.84
	-
	-
	-



	P5
	3.5
	20
	5
	2.135
	97.94
	2.361
	2.451
	2.406



	P6
	3.5
	20
	5
	2.139
	98.13
	2.733
	2.655
	2.694









As observed in Table 3, in specimens P1–P4 the dry density values are below the required value (98% of the modified Proctor density, according to Spanish standards [43]). Moreover, from samples P2 and P4, it can be deducted that a higher vibrating time does not lead to a higher density, but to the decomposition of samples. Since the density of the specimen P3 is near the 98% of the modified Proctor density value, two more samples, P5 and P6 are manufactured with 3.5% of cement in weight so as to observe the influence on the density. In this case, obtained densities are regarded as valid and they are tested to know the UCS at 7 days.



Before performing the UCS tests [57], the samples are divided in two parts in order to have a contrast value for the UCS in each sample. Table 3 shows the results obtained.



Briefly, these specifications for the procedure with this material are adopted: three layers, with load applying time of 20 s and 5 metal sheets in the stand. With these specifications, UCS values are 15% greater than 2.1 MPa, the value required by the Spanish regulation [43].



Furthermore, densities obtained in the laboratory are similar to those required in real works. Therefore, laboratory conditions for this procedure do not imply manufacturing samples with better qualities. The proposed compacting procedure values achieved represented real compacting activities [41].




4.2. Results from Tests on the Manufactured Prismatic Samples


The 20 manufactured samples were stored in a curing room at 20 ± 2 °C and 35% relative humidity [58] for at least 90 days or longer until they are tested.



The properties that are compared to verify the characteristics similarity are the compaction density, the compaction grade difference between samples from the same batch, weight loss with regard to the manufacture, values in the four-point flexural beam test [59] with a load application velocity of 0.04 MPa/s [60], and CS with the two parts obtained after the FS test [57] with a load application velocity of 0.1 ± 0.001 MPa/s [61]. In the four-point flexural beam test, the Spanish standard [60] allows the choice of a constant increasing tension in the range 0.04–0.06 MPa/s. With the aim of avoiding the decomposition of the sample, 0.04 MPa/s is adopted, which guarantees that the load is applied in the slowest way and the final part of the test is programmed when a reduction of the strength of 5% is detected.



On the other hand, with regard to the two parts obtained after the FS test, the part with smaller dimensions was denoted as “A” and the one with bigger dimensions, “B”.



Any specimen couple with a difference over the 3% in the dry density will be discarded [39].



Table 4 shows the FS test results [59], dry density and for samples from the same batch, the density difference, for the 20 samples that composes the research.


Table 4. Flexural strength (FS) results on prismatic samples at 90 days.





	
Sample

	
Dry Density (g/cm3)

	
Modified Proctor Density (%)

	
FS (MPa)

	
Differences between Modified Proctor Densities in Samples of the Same Batch






	
A1 1

	
2.113

	
96.477

	
0.677

	
1.1




	
A2 1

	
2.089

	
95.402

	
0.684




	
B1

	
2.163

	
98.753

	
0.845

	
0.4




	
B2

	
2.172

	
99.195

	
0.835




	
C1

	
2.136

	
97.552

	
0.771

	
0.6




	
C2

	
2.150

	
98.184

	
0.765




	
D1

	
2.196

	
100.270

	
0.844

	
1.3




	
D2

	
2.225

	
101.598

	
0.879




	
E1

	
2.171

	
99.132

	
0.769

	
0.7




	
E2

	
2.156

	
98.437

	
0.823




	
F1

	
2.286

	
104.380

	
1.112

	
6.4




	
F2

	
2.146

	
97.994

	
0.940




	
G1

	
2.206

	
100.713

	
0.904

	
2.5




	
G2

	
2.152

	
98.247

	
0.820




	
H1

	
2.219

	
101.345

	
0.923

	
0.8




	
H2

	
2.203

	
100.586

	
0.872




	
I1

	
2.150

	
98.184

	
0.971

	
1.1




	
I2

	
2.175

	
99.322

	
0.924




	
J1

	
2.160

	
98.626

	
0.776

	
0.8




	
J2

	
2.142

	
97.804

	
0.729








1 Control samples: manufactured only with 2 compacting layers.








As observed in Table 4, samples A1 and A2 obtained density values below those required [43]. These samples were selected as control samples, and the compaction layers were reduced from 3 to 2. They can be used for checking the initial hypothesis of similarity between FS of the odd sample (sample 1 in the batch) and even sample (sample 2 in the batch).



On the other hand, it can be observed that samples F1 and F2 have a density difference over the 3% and, hence, they were discarded for calculating the relation between FSodd and FSeven. Table 5 shows the results of the statistical analysis of the FS results.


Table 5. Statistical analysis of the flexural strength of samples from the same batch.





	Statistical Parameter
	Value
	Statistical Parameter
	Value





	Number
	18
	Minimum value
	0.729



	Average
	0.861
	Maximum value
	1.112



	Median
	0.8445
	Inferior Quartile
	0.776



	Variance
	0.0086
	Superior Quartile
	0.923



	Standard deviation
	0.0927
	Interquartile range
	0.147



	Standard error
	0.02186
	Skewness
	1.050



	Range
	0.383
	Kurtosis
	1.781









As shown, samples have an average FS of 0.86 MPa, with a standard deviation of 0.09 MPa. Skewness and Kurtosis coefficients indicate that the result distribution follow a normal distribution. Therefore, despite the heterogeneity of the material, the compaction procedure allows similar values to be obtained.



Figure 6 represents the relationships between FS values in odd and even samples of the same batch, modeled by a simple linear regression forced to go through the origin (without intercept). Table 6 shows a direct relationship between the long-term FS of the odd and even specimens of the same batch. Since the p-value of the t-test of the estimation of the slope is lower than 0.05, the hypothesis of null slope can be refused with 95% significance, which would imply that there is no relationship between specimens from the same batch.


Figure 6. Relationships between flexural strength of samples of the same batch.
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Table 6. Statistical analysis of the relationship FSodd-FSeven.





	Statistical Parameter
	Value





	Independent term
	0



	Slope
	0.9773 (p-value < 0.05)



	Correlation coefficient
	0.9987



	R2
	0.9975



	Estimated standard error
	0.0436



	Mean error
	0.0352



	Variance analysis (Snedecor F-test)
	3164.74 (p-value < 0.05)



	p-value of the Kolmogorov–Smirnov test for residuals
	0.9348



	Durbin–Watson statistical test
	1.4281









As seen, the correlation coefficient is 0.99787, showing a strong relation between both variables, and, consequently, according to the determination coefficient, R2, the adjusted model would explain 99.75% of the variability of the FS. Analysis of variance (ANOVA) carried by the Fisher–Snedecor F-test reveals that FSodd influence FSeven with a 95% confidence level (p-value < 0.05). The estimated standard error shows that the standard deviation of the residuals is 0.0436 and the mean absolute error, which indicates the mean error value, is 0.0352. Since the lowest p-value of the Kolgomorov–Smirnov test is greater than 0.05, it can be assumed that the normal distribution of the residuals has a confidence level of 95%. The Durbin–Watson statistic reveals that there is no autocorrelation with residuals. In the residual graphs, no patterns have been observed.



Therefore, the analysis validates the proposed model of Figure 6, which points out that even samples have a very similar FS to odd ones.



Additionally, Table 7 shows the results of the UCS test [57] carried out on the parts obtained after performing the four-beam test, the dry density, the percentage of modified Proctor density, and, for each couple of parts from the same specimen, the average UCS.


Table 7. Long-term UCS test results on resulting prismatic parts.





	Sample
	Dry Density (g/cm3)
	Modified Proctor Density (%)
	UCS in “A” Parts (MPa)
	UCS in “B” Parts (MPa)
	Average UCS (MPa)





	A1 1
	2.113
	96.477
	2.806
	3.022
	2.914



	A2 1
	2.089
	95.402
	2.916
	2.834
	2.875



	B1
	2.163
	98.753
	4.330
	4.250
	4.290



	B2
	2.172
	99.195
	4.645
	4.308
	4.476



	C1
	2.136
	97.552
	4.224
	3.930
	4.077



	C2
	2.150
	98.184
	4.264
	4.336
	4.300



	D1
	2.196
	100.270
	5.030
	5.050
	5.040



	D2
	2.225
	101.598
	5.043
	4.878
	4.960



	E1
	2.171
	99.132
	4.028
	3.863
	3.946



	E2
	2.156
	98.437
	4.230
	4.275
	4.252



	F1
	2.286
	104.380
	4.715
	4.108
	4.411



	F2
	2.146
	97.994
	3.983
	3.904
	3.948



	G1
	2.206
	100.713
	4.469
	4.500
	4.484



	G2
	2.152
	98.247
	4.005
	4.348
	4.176



	H1
	2.219
	101.345
	4.186
	4.613
	4.399



	H2
	2.203
	100.586
	4.820
	4.640
	4.730



	I1
	2.150
	98.184
	5.262
	4.705
	4.984



	I2
	2.175
	99.322
	5.136
	4.635
	4.885



	J1
	2.160
	98.626
	3.640
	3.590
	3.615



	J2
	2.142
	97.804
	4.235
	3.693
	3.964







1 Control samples: manufactured only with 2 compacting layers.








As observed, the reduction of the density in specimens A1 and A2 also influences negatively the long-term UCS. Similar to the FS test, these samples were not considered when analyzing the UCS. However, they were taken into account in order to verify the initial hypothesis (similar characteristics in specimens manufactured from the same batch). There, since samples F1 and F2 have a difference in density of over 3%, they are not considered in the verification of the initial hypothesis. Nevertheless, they are taken into consideration when analyzing the stability of the UCS of the parts from the same specimen.



According to Table 8, the resulting parts have an average UCS of 4.38 MPa, with standard deviation of 0.43 MPa.


Table 8. UCS analysis of the resulting parts.





	Statistical Parameter
	Value
	Statistical Parameter
	Value





	Number
	36
	Minimum value
	3.590



	Average
	4.384
	Maximum value
	5.262



	Median
	4.319
	Inferior Quartile
	4.068



	Variance
	0.188
	Superior Quartile
	4.675



	Standard deviation
	0.434
	Interquartile range
	0.607



	Standard error
	0.072
	Skewness
	0.173



	Range
	1.607
	Kurtosis
	−0.618









Figure 7 shows the relationship between the UCS mean values of prismatic parts A and B from the same batch.


Figure 7. Relationships between mean UCS values from the same batch.
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As observed in Table 9, the p-value of the estimator of the slope indicates the existence of a direct and statistically significant relationship, with a 95% confidence level, for the long-term UCS between specimens from the same batch. The slope value shows that the even part has a greater UCS than the odd one.


Table 9. Statistical analysis of mean UCS values of parts A and B from the same batch at 90 days.





	Statistical Parameter
	Value





	Independent term
	0



	Slope
	1.0201 (p-value < 0.05)



	Correlation coefficient
	0.9986



	R2
	0.9973



	Estimated standard error
	0.2390



	Mean error
	0.2070



	Variance analysis (Snedecor F-test)
	2947.88 (p-value < 0.05)



	p-value of the Kolmogorov–Smirnov test for residuals
	0.8695



	Durbin–Watson statistical test
	3.3542









ANOVA confirms that the UCS of the odd specimen has an influence on the UCS of the even specimen with a 95% confidence level (p-value < 0.05). With regard to the residuals, their normality and negative autocorrelation can be assumed with a 95% confidence level, and patterns were not detected in their observation. Therefore, the validity of the model proposed in Figure 6 was checked.



Figure 8 shows the relationship between UCS values obtained in the resulting prismatic parts from the first specimen of the batch (odd specimens) and in the second specimen of the batch (even specimens), i.e., the A and B parts from the divided sample in odd and even specimens are analyzed separately to verify the compaction grade and the reliability of the results. They are modeled by means of a simple linear regression, forced to pass through the origin, and their statistical analysis is resumed in Table 10.


Figure 8. Relationships between UCS of prismatic parts from the same specimen: (a) odd specimens; (b) even specimens.
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Table 10. Statistical analysis of the relationship between UCS of the prismatic parts from the same specimen.





	Statistical Parameter
	Odd Specimens Value
	Even Specimens Value





	Independent term
	0
	0



	Slope
	0.970 (p-value < 0.05)
	0.9643 (p-value < 0.05



	Correlation coefficient
	0.9976
	0.9983



	R2
	0.9951
	0.9966



	Estimated standard error
	0.3098
	0.2609



	Mean error
	0.2374
	0.1894



	Variance analysis (Snedecor F-test)
	1829.74 (p-value < 0.05)
	2610.00 (p-value < 0.05)



	p-value of the Kolmogorov–Smirnov test
	0.9928
	0.9357



	Durbin–Watson statistical test
	2.4445
	1.3253









Table 10 shows the direct relationship between the long-term UCS of the prismatic parts from the same specimen. Since the p-value of the estimation of the parameter of the slope, in both cases, is below 0.05, the null hypothesis of null slope can be rejected with a 95% confidence level, validating the relatively strong relationship between both variables. The value of the slope is very near to 1 and, hence, as could be expected, the UCS values of the prismatic parts are practically similar, but values obtained from bigger prismatic parts (B parts) are slightly greater. ANOVA reveals that the UCS of the A prismatic part has an influence on the UCS of the B prismatic parts, with a 95% confidence level (p-value < 0.05). As the lowest p-value in the Kolmogorov–Smirnov test is over 0.05, the normality of the residuals can be assumed with a 95% confidence level. No autocorrelation was detected in any of the cases. In both cases, no patterns were observed in the residual plots.



From both FS and UCS test results, it can be concluded that despite the heterogeneity of the material the compaction process allows specimens to be obtained with similar characteristics for the same batch since the relationship models between odd and even specimens have slopes very close to 1. On the other hand, within an individual sample, the proposed procedure allows a homogeneous internal distribution of the aggregates to be obtained, since both parts obtained after the FS test have very similar UCS values.



Therefore, the homogeneity of the results obtained and the density achieved make this method a suitable procedure for manufacturing prismatic samples of cement-treated base materials.




4.3. Comparison of the Long-Term Flexural Strength (FS) and Long-Term Unconfined Compressive Strength (UCS) Results with those Proposed by Other Authors


As for other materials that employ Portland cement, such as concrete [62], in soil-cement it is usual to correlate the long-term FS and the long-term UCS. This research, based on experimental data, obtained a mean value for FS at 90 days of 0.86 MPa, and a mean value for UCS at 90 days of 4.38 MPa. In Table 11, these figures were compared with those obtained from formulae proposed by other authors (Equations (1)–(4)) in order to verify the suitability of the compaction procedure explained.


FS = 0.2 × UCS



(1)






FS = 0.25 × UCS



(2)






UCS(28) = 0.6947 × UCS(7) + 2.0354



(3)






UCS(t) = UCS(28) × t/(2.5 + 0.9 × t)



(4)






Table 11. FS and UCS values compared with other authors’ formulae 1.





	
Author

	
Equation

	
Introduced Value

	
Estimated Value






	
Kersten [33]

	
(1)

	
UCS = 4.38 MPa

	
FS = 0.88 MPa




	
IECA-CEDEX [2]

	
(1)

	
UCS = 4.38 MPa

	
FS = 0.88 MPa




	
(2)

	
FS = 1.10 MPa




	
Lim and Zollinger [35]

	
(1)

	
UCS = 4.38 MPa

	
FS = 0.88 MPa




	
(2)

	
FS = 1.10 MPa




	
Linares [39]

	
(3)

	
UCS(7) = 2.55 MPa

	
UCS(28) = 3.81 MPa




	
Lim and Zollinger [35]

	
(4)

	
UCS(28) = 3.81 MPa

	
UCS(90) = 4.11 MPa








1 Contrast values: FS at 90 days = 0.86 MPa; UCS at 90 days = 4.38 MPa.








The UCS(7) value of Table 3 was obtained by means of the UCS at 7 days of the samples P5 and P6 of Table 3. As observed, the FS estimations from the UCS values are very similar to those obtained experimentally. Therefore, as the modified Proctor densities, UCS at 7 days and long-term FS and UCS are adequate, the compaction device and procedure presented here are able to manufacture quality prismatic specimens. This iterative procedure is not only valid for the employed soil-cement mixture but for the flexural strength characterization by means of prismatic specimens of any cement-treated material.





5. Conclusions


The aim of this experimental research was to introduce a new compaction procedure of prismatic specimens for cement-treated materials (CTM). The study was performed with a soil-cement with 3.5% of cement in weight. In order to verify the suitability of the procedure, 10 batches were carried out and, from each one, an “odd” and an “even” sample were manufactured. Then, those specimens were tested with the FS test, associated with soil-cement performance to withstand the cyclic loads generated by traffic during their life-cycles, and with the UCS test, closely related to the quality of the produced soil-cement.



Based on the results, some conclusions for the material tested can be stated:

	
The percentage of the modified Proctor density achieved is equal to or above 98%, which is established as the minimum for this material by the Spanish standard [43]. The particularity of the proposed iterative procedure is that, apart from being effective for this type of mixing (for the soil-cement), it is also useful for any kind of prismatic sample of cement-treated material.



	
The improvement of the workability and compaction of the prismatic specimens could require the moisture content to be above that which the maximum dry density indicates, according to the modified Proctor compaction procedure. This conclusion could be extracted from the material employed but it would need a further analysis of the iterative process with a different material.



	
Differences over 3% on the modified Proctor densities in specimens from the same batch leads to differences in the FS and UCS, which means they can be considered as dissimilar. Therefore, they must be rejected for tests that compare their results. This percentage could be used as a reference value for other CTM.



	
The long-term FS and UCS results for this mixture were usual for this kind of base material (UCS around 4 MPa and FS around 0.9 MPa at 90 days). Hence, the validity of the experimental method presented here is confirmed.








Consequently, the suitability of a new procedure for manufacturing prismatic samples is verified and this could be adapted to different cement-treated base mixtures by varying the number of metallic sheets (over the stand) and vibrating time as a function of each material. Moreover, some devices like the vibrating table and moulds are commonly available in a typical testing laboratory. Non-standard elements, like the stand and sheets, do not require a high budget.



Initially, some trials must be performed to select the number of sheets and vibrating time. After a valid density is obtained, specimens are produced in a fast way.



Furthermore, the resulting samples are of high quality and, hence, the test results will be reliable and will improve knowledge of the CTM, especially in the long term, because this method facilitates the manufacture of specimens that can be tested in flexural and fatigue tests. This device and procedure offers a method suitable for introduction as a standard for the fabrication of specimens, where the qualification and experience of the testing team is not a critical factor.
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