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(Referenced Document:  ASTM D 2435)Consolidation Test

Introduction

When structures are built on saturated soil, the load is presumed to be carried initially by incompressible water within the soil. Because of additional load on the soil, water will tend to be extruded from voids in the soil, causing a reduction in void volume and settlement of a structure. In soils of high permeability (coarse-grained soils), this process requires a short time interval for completion, with the result that almost all of the settlement has occurred by the time construction is complete. However, in soils of low permeability (fine-grained soils, particularly clayey soils), the process requires a long time interval for completion, with the result that strain occurs very slowly. Thus, settlement takes place slowly and continues over a long period of time.

The phenomenon of compression due to very slow extrusion of water from the voids in a fine-grained soil as a result of increased loading (such as the weight of a structure on a soil) is known as consolidation. Associated settlement is referred to as consolidation settlement. It is important to be able to predict both the rate and magnitude of the consolidation settlement of structures. Actual prediction (calculation) of consolidation settlement, however, is beyond the scope of this book; as this is a laboratory manual, its purpose is to cover laboratory procedures necessary to obtain results that are needed to estimate the rate and magnitude of settlement of structures on clayey soils.

The method presented in this chapter covers procedures for determining the magnitude and rate of consolidation of soil when it is restrained laterally and drained axially while subjected to incrementally applied, controlled-stress loading. Two alternative procedures are provided. Test Method A is performed with constant load increment duration of 24 h, or multiples thereof. Time-deformation readings are required on a minimum of two load increments. In Test Method B, time-deformation readings are required on all load increments. Successive load increments are applied after 100% primary consolidation is reached, or at constant time increments as described in Test Method A. The determination of the rate and magnitude of consolidation of soil when it is subjected to controlled-strain loading is covered by ASTM Test Method D 4186.

The test method is most commonly performed on undisturbed samples of fine-grained soils naturally sedimented in water; however, the basic test procedure is applicable as well to specimens of compacted soils and undisturbed samples of soils formed by other processes, such as weathering or chemical alteration. Evaluation techniques specified in this test method are generally applicable to soils naturally sedimented in water. Tests performed on other soils such as compacted and residual (weathered or chemically altered) soils may require special evaluation techniques.

It is the responsibility of the agency requesting this test to specify the magnitude and sequence of each load increment, including the location of a rebound cycle, if required and, for Test Method A, the load increments for which time-deformation readings are desired.

In this test method a soil specimen is restrained laterally and loaded axially with total stress increments. Each stress increment is maintained until excess pore water pressures are completely dissipated. During the consolidation process, measurements are made of change in the specimen height, and these data are used to determine the relationship between the effective stress and void ratio or strain and the rate at which consolidation can occur by evaluating the coefficient of consolidation. [1]

Load device: a suitable device for applying vertical loads to a specimen (see Figures 19–1 and 19–2)

Consolidometer: a standardized device to hold the sample in a ring that is either fixed to the base or floating. The consolidometer must also provide a means of submerging the sample, applying a vertical load, and measuring the change in thickness of the sample (Figures 19–1 and 19–2).

Porous stone

Moisture room

Specimen ring with cutting edge attached (minimum specimen diameter: 50 mm (2.00 in.); minimum initial specimen height: 12 mm (0.5 in.), but not less than ten times the maximum particle diameter; minimum specimen diameter-to-height ratio: 2.5; to minimize the effects of friction between the specimen’s sides and the ring, the use of greater diameter-to-height ratios is recommended, with ratios greater than four being preferable.)

Trimming equipment: wire saw, sharp-edged knife, etc.

Balance (with accuracy to 0.1 g)

Drying oven

Extensometer (with accuracy to 0.0001 in. or 0.0025 mm)

Miscellaneous equipment: containers, spatulas, knives, wire saw, etc.

(1) ASTM Practices D 1587 and D 3550 cover procedures and apparatus that may be used to obtain undisturbed samples generally satisfactory for testing. Specimens may also be trimmed from large undisturbed block samples fabricated and sealed in the field. Finally, remolded specimens may be prepared from bulk samples to density and moisture conditions stipulated by the agency requesting the test.

(2) Undisturbed samples destined for testing in accordance with this test method shall be preserved, handled, and transported in accordance with the practices for Group C and D samples in ASTM Practices D 4220. Bulk samples for remolded specimens should be handled and transported in accordance with the practice for Group B samples.

(3) Storage—Storage of sealed samples should be such that no moisture is lost during storage, that is, no evidence of partial drying of the ends of the samples or shrinkage. Time of storage should be minimized, particularly when the soil or soil moisture is expected to react with the sample tubes.

(4) The quality of consolidation test results diminishes greatly with sample disturbance. It should be recognized that no sampling procedure can ensure completely undisturbed samples. Therefore, careful examination of the sample is essential in selection of specimens for testing.

Note 1—Examination for sample disturbance, stones, or other inclusions, and selection of specimen location is greatly facilitated by x-ray radiography of the samples (see ASTM Methods D 4452).

(1) All possible precautions should be taken to minimize disturbance of the soil or changes in moisture and density during specimen preparation. Avoid vibration, distortion, and compression.

(2) Prepare test specimens in an environment where soil moisture change during preparation is minimized.

Note 2—A high humidity environment is usually used for this purpose.

(3) Trim the specimen and insert it into the consolidation ring. When specimens come from undisturbed soil collected using sample tubes, the inside diameter of the tube shall be at least 5 mm (0.25 in.) greater than the inside diameter of the consolidation ring, except as noted in (4) and (5). It is recommended that either a trimming turntable or cylindrical cutting ring be used to cut the soil to the proper diameter. When using a trimming turntable, make a complete perimeter cut, reducing the specimen diameter to the inside diameter of the consolidation ring. Carefully insert the specimen into the consolidation ring, by the width of the cut, with a minimum of force. Repeat until the specimen protrudes from the bottom of the ring. When using a cylindrical cutting ring, trim the soil to a gentle taper in front of the cutting edge. After the taper is formed, advance the cutter a small distance to form the final diameter. Repeat the process until the specimen protrudes from the ring.

(4) Fibrous soils, such as peat, and those soils that are easily damaged by trimming, may be transferred directly from the sampling tube to the ring, provided that the ring has the same diameter as the sample tube.

(5) Specimens obtained using a ring-lined sampler may be used without prior trimming, provided they comply with the requirements of ASTM Practice D 3550 and this test method.

(6) Trim the specimen flush with the plane ends of the ring. The specimen may be recessed slightly below the top of the ring to facilitate centering of the top stone by partial extrusion and trimming of the bottom surface. For soft to medium soils, a wire saw should be used for trimming the top and bottom of the specimen to minimize smearing. A straightedge with a sharp cutting edge may be used for the final trim after the excess soil has first been removed with a wire saw. For stiff soils, a sharpened straightedge alone may be used for trimming the top and bottom. If a small particle is encountered in any surface being trimmed, it should be removed and the resulting void filled with soil from the trimmings.

Note 3—If, at any stage of the test, the specimen swells beyond its initial height, the requirement of lateral restraint of the soil dictates the use of a recessed specimen or the use of a specimen ring equipped with an extension collar of the same inner diameter as the specimen ring. At no time should the specimen extend beyond the specimen ring or extension collar.

(7) Determine the initial wet mass of the specimen, MTo, in the consolidation ring by measuring the mass of the ring with specimen and subtracting the tare mass of the ring.

(8) Determine the initial height, Ho, of the specimen to the nearest 0.025 mm (0.001 in.) by taking the average of at least four evenly spaced measurements over the top and bottom surfaces of the specimen using a dial comparator or other suitable measuring device.

(9) Compute the initial volume, Vo, of the specimen to the nearest 0.25 cm3 (0.015 in.3) from the diameter of the ring and the initial specimen height.

(10) Obtain two or three natural water content determinations of the soil in accordance with ASTM Method D 2216 (Chapter 3) from material trimmed adjacent to the test specimen if sufficient material is available.

(11) When index properties are specified by the requesting agency, store the remaining trimmings taken from around the specimen and determined to be similar material in a sealed container for determination as described in the next section.

(1) The determination of index properties is an important adjunct to but not a requirement of the consolidation test. These determinations when specified by the requesting agency should be made on the most representative material possible. When testing uniform materials, all index tests may be performed on adjacent trimmings collected in (11) of the “Specimen Preparation” section. When samples are heterogeneous or trimmings are in short supply, index tests should be performed on material from the test specimen as obtained in (6) of the “Procedure” section, plus representative trimmings collected in (11) of the “Specimen Preparation” section.

(2) Specific Gravity—The specific gravity shall be determined in accordance with ASTM Test Method D 854 (Chapter 5) on material from the sample as specified in (1). The specific gravity from another sample judged to be similar to that of the test specimen may be used for calculation of volume of solid whenever an accurate void ratio is not needed.

(3) Atterberg Limits—The liquid limit, plastic limit, and plasticity index shall be determined in accordance with ASTM Test Method D 4318 (Chapters 6 and 7) using material from the sample as specified in (1). Determinations of the Atterberg limits are necessary for proper material classification but are not a requirement of this test method.

(4) Particle Size Distribution—The particle size distribution shall be determined in accordance with ASTM Method D 422 (Chapter 9) (except the minimum sample size requirement shall be waived) on a portion of the test specimen as obtained in (6) of the “Procedure” section. A particle size analysis may be helpful when visual inspection indicates that the specimen contains a substantial fraction of coarse-grained material but is not a requirement of this test method.

The first step is to place an undisturbed soil specimen in the consolidometer. One porous stone is placed above the specimen, another below it. The purpose of the porous stones is to allow water to flow into and out of the specimen. This assembly is immersed in water. As load is applied to the upper stone, the specimen is compressed, and deformation is measured by a dial gage.

To begin a particular test, a specific pressure (e.g., 500 lb/ft2) is applied to the specimen, and deformation dial readings with corresponding time observations are made and recorded until deformation has nearly ceased. Normally, this is done over a 24-h period. From these data, a graph known as the time curve is prepared on semilogarithmic graph paper, with time along the abscissa on the logarithmic scale and dial readings along the ordinate on the arithmetic scale.

The foregoing procedure is repeated after doubling the applied pressure, giving another graph of time versus deformation dial readings corresponding to the new pressure. The procedure is then repeated for additional doublings of applied pressure until the final applied pressure is in excess of the total pressure to which the compressible clay formation is expected to be subjected when the proposed structure 
is built.

Through careful evaluation of each graph of time versus deformation dial readings, it is possible to determine the void ratio e and coefficient of consolidation cv that correspond to the specific applied pressure or loading p for that graph. With these data, two additional graphs can be prepared: one of void ratio versus logarithm of pressure (e 2 log p curve), with pressure along the abscissa on the logarithmic scale and void ratio along the ordinate on the arithmetic scale, and another of coefficient of consolidation versus logarithm of pressure 
(cv 2 log p curve), with pressure along the abscissa on the logarithmic scale and coefficient of consolidation along the ordinate on the arithmetic scale. The e 2 log p curve is used to evaluate the magnitude of settlement, and the cv 2 log p curve is used to estimate the time rate of settlement.

The primary results of a laboratory consolidation test, therefore, are (1) e 2 log p curve, (2) cv 2 log p curve, and (3) initial void ratio e0 of the soil in situ.

The actual step-by-step procedure is as follows (ASTM D 2435-96 [1]):

(1) Preparation of the porous disks and other apparatus will depend on the specimen being tested. The consolidometer must be assembled in such a manner as to prevent a change in water content of the specimen. Dry porous disks and filters must be used with dry, highly expansive soils and may be used for all other soils. Damp disks may be used for partially saturated soils. Saturated disks may be used when the specimen is saturated and known to have a low affinity for water. Assemble the ring with specimen, porous disks, filter disks (when needed) and consolidometer. If the specimen will not be inundated shortly after application of the seating load [see (2)], enclose the consolidometer in a loose fitting plastic or rubber membrane to prevent change in specimen volume due to evaporation.

Note 4—In order to meet the stated objectives of this test method, the specimen must not be allowed to swell in excess of its initial height prior to being loaded beyond its preconsolidation pressure. Detailed procedures for the determination of one-dimensional swell or settlement potential of cohesive soils is covered by ASTM Test Method D 4546.

(2) Place the consolidometer in the loading device and apply a seating pressure of 5 kPa (100 lb/ft2). Immediately after application of the seating load, adjust the deformation indicator and record the initial zero reading, d0. If necessary, add additional load to keep the specimen from swelling. Conversely, if it is anticipated that a load of 5 kPa (100 lb/ft2) will cause significant consolidation of the specimen, reduce the seating pressure to 2 or 3 kPa (about 50 lb/ft2) or less.

(3) If the test is performed on an intact specimen that was either saturated under field conditions or obtained below the water table, inundate shortly after application of the seating load. As inundation and specimen wetting occur, increase the load as required to prevent swelling. Record the load required to prevent swelling and the resulting deformation reading. If specimen inundation is to be delayed to simulate specific conditions, then inundation must occur at a pressure that is sufficiently large to prevent swell. In such cases, apply the required load and inundate the specimen. Take time deformation readings during the inundation period as specified in (5). In such cases, note in the test report the pressure at inundation and the resulting changes in height.

(4) The specimen is to be subjected to increments of constant total stress. The duration of each increment shall conform to guidelines specified in (5). The specific loading schedule will depend on the purpose of the test, but should conform to the following guidelines. If the slope and shape of a virgin compression curve or determination of the preconsolidation pressure is required, the final pressure shall be equal to or greater than four times the preconsolidation pressure. In the case of overconsolidated clays, a better evaluation of recompression parameters may be obtained by imposing an unload-reload cycle after the preconsolidation pressure has been defined. Details regarding location and extent of an unload-reload cycle are the option of the agency requesting the test; however, unloading shall always span at least two decrements of pressure.

(4.1) The standard loading schedule shall consist of a load increment ratio (LIR) of one which is obtained by doubling the pressure on the soil to obtain values of approximately 12, 25, 50, 100, 200, etc. kPa (250, 500, 1000, 2000, 4000, etc. lb/ft2).

(4.2) The standard rebound or unloading schedule should be selected by halving the pressure on the soil (that is, use the same increments of (4.1), but in reverse order). However, if desired, each successive load can be only one-fourth as large as the preceding load; that is, skip a decrement.

(4.3) An alternative loading, unloading, or reloading schedule may be employed that reproduces the construction stress changes or obtains better definition of some part of the stress deformation (compression) curve, or aids in interpreting the field behavior of the soil.

Note 5—Small increments may be desirable on highly compressible specimens or when it is desirable to determine the preconsolidation pressure with more precision. It should be cautioned, however, that load increment ratios less than 0.7 and load increments very close to the preconsolidation pressure may preclude evaluation for the coefficient of consolidation, cv, and the end-of-primary consolidation.

(5) Before each pressure increment is applied, record the height or change in height, df, of the specimen. Two alternative procedures are available that specify the time sequence of readings and the required minimum load duration. Longer durations are often required during specific load increments to define the slope of the characteristic straight line secondary compression portion of the deformation versus log of time graph. For such increments, sufficient readings should be taken near the end of the pressure increment to define this straight-line portion. It is not necessary to increase the duration of other pressure increments during the test.

(5.1) Test Method A—The standard load increment duration shall be 24 h. For at least two load increments, including at least one load increment after the preconsolidation pressure has been exceeded, record the height or change in height, d, at time intervals of approximately 0.1, 0.25, 0.5, 1, 2, 4, 8, 15 and 30 min, and 1, 2, 4, 8, and 24 h, measured from the time of each incremental pressure application. Take sufficient readings near the end of the pressure increment period to verify that primary consolidation is completed. For some soils, a period of more than 24 h may be required to reach the end-of-primary consolidation. In such cases, load increment durations greater than 24 h are required. The load increment duration for these tests is usually taken at some multiple of 24 h and should be the standard duration for all load increments of the test. The decision to use a time interval greater than 24 h is usually based on experience with particular types of soils. If, however, there is a question as to whether a 24-h period is adequate, a record ofheight or change in height with time should be made for the initial load increments in order to verify the adequacy of a 24-h period. Load increment durations other than 24 h shall be noted in the report. For pressure increments where time-versus-
deformation data are not required, leave the load on the specimen for the same length of time as when time-versus-deformation readings are taken.

(5.2) Test Method B—For each increment, record the height or change in height, d, at time intervals of approximately 0.1, 0.25, 0.5, 1, 2, 4, 8, 15, 30 min, and 1, 2, 4, 8 and 24 h, measured from the time of each incremental pressure application. The standard load increment duration shall exceed the time required for completion of primary consolidation as determined by [B] of the “Calculations” section or a criterion set by the requesting agency. For each increment where it is impossible to verify the end of primary consolidation (for example, low LIR or rapid consolidation), the load increment duration shall be constant and exceed the time required for primary consolidation of an increment applied after the preconsolidation pressure and along the virgin compression curve. Where secondary compression must be evaluated, apply pressures for longer periods. The report shall contain the load increment duration for each increment.

Note 6—The suggested time intervals for recording height or change in height are for typical soils and load increments. It is often desirable to change the reading frequency to improve interpretation of the data. More rapid consolidation will require more frequent readings. For most soils, primary consolidation during the first load decrements will be complete in less time (typically one-tenth) than would be required for a load increment along the virgin compression curve. However, at very low stresses the rebound time can be longer.

(6) To minimize swell during disassembly, rebound the specimen back to the seating load (5 kPa). Once height changes have ceased (usually overnight), dismantle quickly after releasing the final small load on the specimen. Remove the specimen and the ring from the consolidometer and wipe any free water from the ring and specimen. Determine the mass of the specimen in the ring and subtract the tare mass of the ring to obtain the final wet specimen mass, MTf. The most accurate determination of the specimen dry mass and water content is found by drying the entire specimen at the end of the test. If the soil sample is homogeneous and sufficient trimmings are available for the specified index testing, then determine the final water content, wf, in accordance with ASTM Method D 2216 (Chapter 3) and dry mass of solids, Md, using the entire specimen. If the soil is heterogeneous or more material is required for the specified index testing, then determine the final water content, wfp, in accordance with Method D 2216 using a small wedge-shaped section of the specimen. The remaining undried material should be used for the specified index testing.

Data collected in the consolidation test should include the following:

[A] Specimen Data

At beginning of test:

Diameter of specimen, D (in.)

Initial height of specimen, H0 (in.)

Mass of specimen ring plus specimen (g)

Mass of specimen ring (g)

At end of test:

Mass of entire wet specimen plus can (g)

Mass of entire dry specimen plus can (g)

Mass of can (g)

[B] Time-versus-Deformation Data

Successive readings of deformation dial, in inches, as a function of time, in minutes. (As explained in the section “Procedure,” separate series of time-versus-deformation data are obtained for a number of different loadings at different applied pressures.)

[A] Specimen Parameters


     At beginning of test:

1. Initial wet unit weight: With the specimen’s diameter (D) and initial height (H0) known, its initial volume (V0) can be computed. The initial wet mass of the specimen (MT0) can be determined by subtracting the mass of the specimen ring from the mass of the specimen ring plus specimen; and with the initial wet mass and volume known, the initial wet density, r0, can be calculated by dividing mass by volume. The initial wet unit weight, g0, in kN/m3 can be found by multiplying the initial wet density in g/cm3 by 9.81; the initial wet unit weight in lb/ft3 can be determined by multiplying the initial wet density in g/cm3 by 62.4. In equation form,



(19–1)


g0 (in kN/m3) 5 r0 3 9.81
(19–2)


g0 (in lb/ft3) 5 r0 3 62.4
(19–3)

2. Initial moisture content: The initial moisture content, w0, can be obtained by dividing mass of water (Mt0 2 Md) by dry mass of total specimen, Md dry soil. That is



(19–4)

3. Initial degree of saturation: The initial degree of saturation, S0, can be computed by dividing volume of water in the soil by volume of void in the specimen, both values obtained at the beginning of the test. That is,



(19–5)

where:


A 5 specimen’s area (cm2)


rw 5 density of water (1 g/cm3)


 

where: 

where:


Gs 5 specific gravity of solids


At end of test: 

The final moisture content, wf, can be found by dividing the final mass of water in the specimen (MTf 2 Md) by the final dry mass of the specimen (Md). That is,



(19–6)


Initial void ratio: 

The initial void ratio, e0, can be computed by dividing initial volume of void in the specimen, Vv, by volume of solid in the specimen (Vs). That is,

or



(19–7)

[B] Time versus Deformation

1. From those increments of load where time-versus-deformation readings are obtained, plot deformation readings versus logarithm of time (in minutes) for each increment of load or pressure as the test progresses and for any increments of rebound where time-versus-deformation data have been obtained. See Figure 19–3.

2. Find the deformation representing 100% primary consolidation (d100) for each load increment. First, draw a straight line through the points representing final readings that exhibit a straight-line trend and flat slope. Then, draw a second straight line tangent to the steepest part of the curve of deformation versus the logarithm of time. The intersection of these two lines represents the deformation corresponding to 100% primary consolidation. Compression that occurs subsequent to 100% primary consolidation is defined as secondary compression. (See Figure 19–3.)

3. Find the deformation representing 0% primary consolidation (d0) by selecting deformations at any two times that have a ratio of 1:4. The deformation corresponding to the larger of the two times should be greater than one-fourth but less than one-half of the total change in deformation for the load increment. The deformation corresponding to 0% primary consolidation is equal to the deformation corresponding to the smaller time interval less the difference in the deformations for the two selected times. (See Figure 19–3.)

4. The deformation corresponding to 50% primary consolidation (d50) for each load increment is equal to the average of the deformations corresponding to the 0 and 100% deformations. The time required for 50% consolidation under any load increment may be found graphically from the curve of deformation versus the logarithm of time for that load increment by observing the time that corresponds to 50% of the primary consolidation of the curve [1]. (See Figure 19–3.)

[C] Void Ratio

The change in thickness of the specimen for each loading, DH, can be computed by subtracting the initial deformation dial reading at the beginning of the very first loading from the deformation dial readings corresponding to 100% primary consolidation for each respective loading. The change in void ratio for each loading, De, can then be calculated by dividing each change in thickness of the specimen (DH) by the height of solid in the specimen (Hs); hence, De = DH/Hs. The void ratio for each loading, e, can be determined by subtracting the change in void ratio (De) from the initial void ratio, e0; hence, e = e0 2 De.

Values of void ratio for each loading, along with respective applied pressures, can be used to plot the required graph of void ratios versus the logarithm of pressure (e 2 log p curve).

[D] Coefficient of Consolidation

For each load increment for which time-versus-deformation readings were obtained, the coefficient of consolidation can be calculated using the equation


(19–8)

where:


cv 5 coefficient of consolidation, in.2/min


H 5 half the thickness of the test specimen at 50% consolidation (because the specimen is drained on both top and bottom in this test), in.


t50 5 time to reach 50% consolidation, min

It should be emphasized that a determination of the coefficient of consolidation must be made for each test loading. The values of coefficient of consolidation for each loading, together with corresponding applied pressures, can be used to plot the required graph of coefficient of consolidation versus the logarithm of pressure (cv 2 log p curve).

A consolidation test was performed in the laboratory, and the following data were obtained:

[A] Specimen Data

At beginning of test:

Diameter of specimen, D 5 2.50 in.

Initial height of specimen, H0 5 0.780 in. (i.e., 1.981 cm)

Mass of specimen ring plus specimen 5 208.48 g

Mass of specimen ring 5 100.50 g

Specific gravity of soil 5 2.72

At end of test:

Mass of entire wet specimen plus can 5 234.54 g

Mass of entire dry specimen plus can 5 203.11 g

Mass of can 5 127.17 g

[B] Time-versus-Deformation Data

Load increment from 0 to 500 lb/ft2
Date
Time
Deformation Dial Reading (in.)

6/8/02
9:15 a.m.
0


9:15.1
0.0067


9:15.25
0.0069


9:15.5
0.0071


9:16
0.0077


9:17
0.0084


9:19
0.0095


9:23
0.0107


9:30
0.0120


9:45
0.0132


10:15
0.0144


11:15
0.0152


1:15 p.m.
0.0158


5:15
0.0160

6/9/02
8:15 a.m.
0.0162


11:15
0.0162

The time-versus-deformation data given in the preceding table are for a loading increment from 0 to 500 lb/ft2. It would, of course, be necessary to have additional sets of time-versus-deformation data for a number of larger loading increments in order to complete a consolidation test. However, in the interest of saving time and space, these additional sets of data are not shown in this example.

All of these (given) data are shown on forms prepared for recording both collected laboratory data and computed results (see pages298 to 301). The reader is referred to these forms and the explanation of computations that follows, in order to help in understanding the relatively extensive calculations required for a consolidation test. (At the end of the chapter, blank copies of these forms are included for the reader’s use.)

[A] Specimen Parameters

At beginning of test:

1. Initial wet unit weight:

     Volume (V0) 5 A 3 H0 5 (4.91) (0.780) 5 3.83 in.3 (i.e., 62.76 cm3)


Initial wet mass of specimen (MT 0) 5 

(mass of specimen ring plus specimen)

2 (mass of specimen ring)

Mt0 5 208.48 2 100.50 5 107.98 g

Initial wet density:



(19–1)

Initial wet unit weight:


g0 (in lb/ft3) 5 r0 3 62.4
(19–3)


g0 5 (1.721)(62.4) 5 107.4 lb/ft3
2. Initial moisture content:


Dry mass of total specimen (Md)

5 (mass of entire dry specimen plus can)


2 (mass of can)

                Md 5 203.11 2 127.17 5 75.94 g



(19–4)

3. Initial degree of saturation:



(19–5)

At end of test:



(19–6)

Mtf 5 234.54 2 127.17 5 107.37 g


Md 5 203.11 2 127.17 5 75.94 g

Initial void ratio:



(19–7)

[B] Time versus Deformation

As indicated previously, a graph of time along the abscissa on a logarithmic scale versus deformation dial readings along the ordinate on an arithmetic scale is essential in order to evaluate the results of a consolidation test. The required graph for the given time-versus-deformation data is presented in Figure 19–4. It must be emphasized again that the curve of the dial readings versus the logarithm of time shown in the figure is for a loading increment from 0 to 500 lb/ft2. It would be necessary to have additional such curves for a number of larger loading increments; however, these are not shown.

Following the procedure described in the section “Calculations,” and referring to Figure 19–4 for a pressure of 500 lb/ft2, one can observe that the deformations representing 100% and 0% primary consolidations are 0.0158 in. and 0.0058 in., respectively. The deformation corresponding to 50% consolidation is the average of 0.0158 and 0.0058, or 0.0108 in.; and the time required for 50% consolidation (t50) can be determined from the figure to be 8.2 min.

[C] Void Ratio e
The change in thickness of the specimen, DH, during the 500 lb/ft2 loading can be computed by subtracting the initial dial reading (0) from the reading representing 100% primary consolidation of the loading (0.0158). Hence, the change in thickness (DH) is 0.0158 in., or 0.0401 cm.  The change in void ratio, De, can be computed by dividing change in thickness (DH) by height of solid in the specimen (Hs). The height of solid in the specimen was determined previously (by dividing volume of solid in the specimen by area of the specimen) to be 0.881 cm. Hence,

Finally, the void ratio e for the 500 lb/ft2 loading can be determined by subtracting the change in void ratio De from the initial void ratio e0. Hence,


e 5 e0 2 De 5 1.249 2 0.046 5 1.203

The values just computed are listed in the second row (corresponding to 500 lb/ft2) of the data form on page300. Each additional loading on the test specimen will furnish a set of time-versus-deformation dial readings, which through subsequent evaluation will provide a void ratio e corresponding to a specific loading, or pressure, p. Such additional loadings (and subsequent analyses) would be listed in the remaining rows of the data form. Although no laboratory data are given herein for additional loadings on the test specimen, rows for loadings of 1,000, 2,000, 4,000, 8,000, and 16,000 lb/ft2 have been included on the form on page300 in order to demonstrate the complete evaluation of a consolidation test.

Next a graph of pressure (the first column on page300) along the abscissa on a logarithmic scale versus void ratio (the last column on page300) along the ordinate on an arithmetic scale can be prepared. This graph, which is known as the e 2 log p curve (i.e., void ratio versus the logarithm of pressure), is one of the primary results of a consolidation test. The e 2 log p curve for this example is shown in Figure 19–5.

[D] Coefficient of Consolidation, cv
Recall that the equation for computing the coefficient of consolidation, cv, is


(19–8)

As indicated previously, in the example under consideration, t50, the time required for 50% consolidation, is 8.2 min. The value of H, which is half the thickness of the test specimen at 50% consolidation, can be determined as follows:



2 (deformation dial reading at 50% consolidation)]

The coefficient of consolidation can now be computed by substituting into Eq. (19–8):

The values computed are listed in the second row (corresponding to 500 lb/ft2) of the data form on page301. Each additional loading on the test specimen will furnish a set of time-versus-deformation dial readings, which through subsequent evaluation will provide a coefficient of consolidation, cv, corresponding to a specific loading, or pressure, p. Such additional loadings (and subsequent analyses) would be listed in the remaining rows of the data form. Although no laboratory data are given herein for additional loadings on the test specimen, succeeding rows for loadings of 1,000, 2,000, 4,000, 8,000, and 16,000 lb/ft2 have been included on the form on page301 in order to demonstrate the complete evaluation of a consolidation test.

A graph of pressure (the first column on page301) along the abscissa on a logarithmic scale versus coefficient of consolidation (the last column on page 301) along the ordinate on an arithmetic scale can be prepared. This graph, which is known as the cv 2 log p curve (i.e., coefficient of consolidation versus the logarithm of pressure), is one of the primary results of a consolidation test. The cv 2 log p curve for this example is shown in Figure 19–6.

The compressibility of soils is one of the most useful properties that can be obtained from laboratory testing. The primary results of a laboratory consolidation test are (1) e 2 log p curve, (2) cv 2 log p curve, and (3) initial void ratio of the soil in situ. Using these data, soils engineers can estimate both the rate and magnitude of the consolidation settlement of structures. Estimates of this type are often critical in selecting a type of foundation and then evaluating its adequacy. (For detailed information on such computations, see Liu and Evett, 2001 [3].)

In addition to containing the preceding three primary results of a laboratory consolidation test, the written report would normally include the various time curves (i.e., plots of the logarithm of time versus deformation), values of other parameters determined in the course of the test (e.g., initial and final moisture content, dry mass and initial and final wet unit weight, initial degree of saturation, specific gravity of solids, and Atterberg limits if obtained), and any other pertinent information, such as specimen dimensions and an identification and description of the test sample, including whether the soil is undisturbed, remolded, compacted, or otherwise prepared.

As should be rather obvious, the consolidation test is among the most comprehensive and time-consuming soil tests. It is also among the most expensive tests when performed by a commercial laboratory.

[1]  ASTM, 2001 Annual Book of ASTM Standards, West Conshohocken, PA, 2001. Copyright, American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken, PA 19428-2959. Reprinted with permission.

[2]  Joseph E. Bowles, Engineering Properties of Soils and Their Measurement, 2d ed., McGraw-Hill Book Company, New York, 1978.

[3]  Cheng Liu and Jack B. Evett, Soils and Foundations, 5th ed., Prentice-Hall, Inc., Englewood Cliffs, N.J., 2001.

Soils Testing Laboratory
Consolidation Test

Sample No.
10
Project No.
I-77-5 (1)
Location
Charlotte, N.C.
Boring Tube No.
Shelby tube no. 1
Depth
24 ft
Tested by
John Doe
Description of Soil
Light brown clay
Date of Test
6/8/02
[A] Specimen Data

At Beginning of Test

 (1)  Type of specimen (check one)
H Undisturbed
h Remolded

 (2)  Diameter of specimen, D   2.50   in.  6.35   cm

 (3)  Area of specimen, A   31.68   cm.2
 (4)  Initial height of specimen, H0   0.780   in.   1.981  cm

 (5)  Initial volume of specimen, V0 [i.e., (3) 2 (4)]   62.76  cm3
 (6)  Mass of specimen ring 1 specimen   208.48   g

 (7)  Mass of specimen ring   100.50   g

 (8)  Initial wet mass of specimen, MT 0 [i.e., (6) 2 (7)]   107.98    g

 (9)  Initial wet unit weight, g0  107.4 lb/ft3
(10)  Initial moisture content, w0   42.2   %


(a)  Initial wet mass of specimen, MT 0 [i.e., (8)]  107.98  g


(b)  Dry mass of total specimen, Md [i.e., (21)]  75.94   g


(c)  Initial moisture content, w0     42.2%   
(11)  Dry mass of total specimen, Md, [i.e., (21)]   75.94  g

(12)  Specific gravity of soil   2.72   
(13)  Volume of solid in soil specimen, Vs    27.92  cm3
(14)  Height of solid, Hs    0.881  cm

(15)  Initial degree of saturation, S0    91.9   %

(Note: Density of water 5 1g/cm3)

At End of Test

(16)
Can no.   2-B   

(17)
Mass of can 1 wet specimen removed from consolidometer   234.54    g

(18)
Mass of can 1 oven-dried specimen   203.11   g

(19)
Mass of can   127.17   g

(20)
Final mass of water in the specimen [i.e., (17) 2 (18)]   31.43   g

(21)
Dry mass of total specimen [i.e., (18) 2 (19)]   75.94   g

(22)
Final moisture content, wf    41.4   %

(23)
Final degree of saturation   100   %

Initial Void Ratio

(24)
Initial void ratio, e0    1.249   
[B] Time-versus-Deformation Data

(1)
Pressure increment from   0   lb/ft2 to   500   lb/ft2
[C] Void Ratio

(1)
Initial void ratio, e0 [i.e., from part [A], (24)]   1.249   
(2)
Volume of solid in specimen, Vs [i.e., from part [A], (13)]   27.92   cm3
(3)
Area of specimen, A [i.e., from part [A], (3)]   31.68   cm2
(4)
Height of solid in specimen, Hs    0.881   cm

Soils Testing Laboratory
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Project No.
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Boring Tube No.


Depth

Tested by
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(a)  Initial wet mass of specimen, MT 0 [i.e., (8)]           g


(b)  Dry mass of total specimen, Md [i.e., (21)]           g


(c)  Initial moisture content, w0              %

(11)  Dry mass of total specimen, Md, [i.e., (21)]           g

(12)  Specific gravity of soil         
(13)  Volume of solid in soil specimen, Vs             cm3
(14)  Height of solid, Hs            cm

(15)  Initial degree of saturation, S0           %

(Note: Density of water 5 1g/cm3)

At End of Test

(16)
Can no.        

(17)
Mass of can 1 wet specimen removed from consolidometer             g

(18)
Mass of can 1 oven-dried specimen             g

(19)
Mass of can             g

(20)
Final mass of water in the specimen [i.e., (17) 2 (18)]            g

(21)
Dry mass of total specimen [i.e., (18) 2 (19)]            g

(22)
Final moisture content, wf          %

(23)
Final degree of saturation         %

Initial Void Ratio

(24)
Initial void ratio, e0       
[B] Time-versus-Deformation Data

(1)
Pressure increment from       lb/ft2 to         lb/ft2
[C] Void Ratio

(1)
Initial void ratio, e0 [i.e., from part [A], (24)]        
(2)
Volume of solid in specimen, Vs [i.e., from part [A], (13)]            cm3
(3)
Area of specimen, A [i.e., from part [A], (3)]            cm2
(4)
Height of solid in specimen, Hs            cm
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Depth
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Date of Test


[A] Specimen Data

At Beginning of Test

 (1)  Type of specimen (check one)
h Undisturbed
h Remolded

 (2)  Diameter of specimen, D          in.          cm

 (3)  Area of specimen, A          cm2
 (4)  Initial height of specimen, H0           in.          cm

 (5)  Initial volume of specimen, V0 [i.e., (3) 2 (4)] 5           cm3
 (6)  Mass of specimen ring 1 specimen            g

 (7)  Mass of specimen ring            g

 (8)  Initial wet mass of specimen, MT 0 [i.e., (6) 2 (7)]            g

 (9)  Initial wet unit weight, g0         lb/ft3
(10)  Initial moisture content, w0          %


(a)  Initial wet mass of specimen, MT 0 [i.e., (8)]           g


(b)  Dry mass of total specimen, Md [i.e., (21)]          g


(c)  Initial moisture contact, w0              %

(11)  Dry mass of total specimen, Md, [i.e., (21)]           g

(12)  Specific gravity of soil         
(13)  Volume of solid in soil specimen, Vs             cm3
(14)  Height of solid, Hs            cm

(15)  Initial degree of saturation, S0           %

(Note: Density of water 5 1g/cm3)

At End of Test

(16)
Can no.        

(17)
Mass of can 1 wet specimen removed from consolidometer             g

(18)
Mass of can 1 oven-dried specimen             g

(19)
Mass of can             g

(20)
Final mass of water in the specimen [i.e., (17) 2 (18)]            g

(21)
Dry mass of total specimen [i.e., (18) 2 (19)]            g

(22)
Final moisture content, wf          %

(23)
Final degree of saturation         %

Initial Void Ratio

(24)
Initial void ratio, e0       
[B] Time-versus-Deformation Data

(1)
Pressure increment from       lb/ft2 to         lb/ft2
[C] Void Ratio

(1)
Initial void ratio, e0 [i.e., from part [A], (24)]           
(2)
Volume of solid in specimen, Vs [i.e., from part [A], (13)]           cm3
(3)
Area of specimen, A [i.e., from part [A], (3)]           cm2
(4)
Height of solid in specimen, Hs            cm##
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Consolidation Test#Sampling [1]

Figure 19–1  Consolidometers [2]#
Chapter 19Figure 19–2  Consolidation Device (Courtesy of Soiltest, Inc.)
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Chapter 19Figure 19–3  Time-Deformation Curve From Log of Time Method [1]
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Chapter 19Figure 19–4  Plot of Dial Readings versus Logarithm of Time##
Chapter 19
Consolidation Test#Figure 19–5  Void Ratio versus Logarithm of Pressure#
Chapter 19CONCLUSIONSFigure 19–6  Coefficient of Consolidation versus Logarithm of Pressure
Consolidation Test#References#Date
Time
Elapsed Time (min)
Deformation Dial Reading (in.)

6/8/99
9:15 a.m.
0
0


9:15.1
0.1
0.0067


9:15.25
0.25
0.0069


9:15.5
0.5
0.0071


9:16
1
0.0077


9:17
2
0.0084


9:19
4
0.0095


9:23
8
0.0107


9:30
15
0.0120


9:45
30
0.0132


10:15
60
0.0144


11:15
120
0.0152


1:15 p.m.
240
0.0158


5:15
480
0.0160

6/9/99
8:15 a.m.
1380
0.0162


11:15
1560
0.0162

#
Pressure, p
Initial
Deformation
Change in Thickness
Change in Void
Void Ratio, e

(lb/ft2)
Deformation
Dial Reading
of Specimen, DH (cm)
Ratio De
[e 5 e0 2 De]


Dial Reading
Representing





at Beginning
100% Primary




of First
Consolidation, d100





Loading (in.)
(in.)





(5)
(6)
(7)
(8) 5 [(7) 2 (6)] 2 2.54

(10) 5 (1) 2 (9)


0
0
0
0
0
1.249


500
0
0.0158
0.0401
0.046
1.203


1,000
0
0.0284
0.0721
0.082
1.167


2,000
0
0.0490
0.1245
0.141
1.108


4,000
0
0.0761
0.1933
0.219
1.030


8,000
0
0.1145
0.2908
0.330
0.919


16,000
0
0.1580
0.4013
0.456
0.793#[D] Coefficient of Consolidation
Pressure, p
Initial Height
Deformation
Thickness of
Half-Thickness of
Time for 50%
Coefficient of

(lb/ft2)
of Specimen
Dial Reading
Specimen at 50%
Specimen at 50%
Consolidation
Consolidation


at Beginning
at 50%
Consolidationa
Consolidation
(min)
(in.2/min)


of Test, H0
Consolidation
(in.)
(in.)




(in.)
(in.)








(3) [from dial


(6) [from dial


(2) [from part
readings versus


readings versus


(1)
[A], (4)]
log of time
(4) 5 (2) 2 (3)

log of time




curves]


curves]


0
0.780
—
—
—
—
—


500
0.780
0.0108
0.769
0.385
8.2
3.54 3 10_3

1,000
0.780
0.0233
0.757
0.378
6.4
4.38 3 10_3

2,000
0.780
0.0398
0.740
0.370
4.0
6.71 3 10_3

4,000
0.780
0.0644
0.716
0.358
3.4
7.39 3 10_3

8,000
0.780
0.0982
0.682
0.341
3.5
6.51 3 10_3

16,000
0.780
0.1387
0.641
0.320
4.0
5.02 3 10_3aIt is common practice to set the dial to a zero reading at the beginning of the first loading. If this is not done, the actual dial reading at the beginning of the first loading must be subtracted from each entry in this column [(4)] to obtain the correct thickness of the specimen ##Date
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#
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Deformation
Change in Thickness
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Void Ratio, e
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Deformation
Dial Reading
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Dial Reading
Representing
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Loading (in.)
(in.)
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readings versus
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[A], (4)]
log of time
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log of time




curves]


curves]

aIt is common practice to set the dial to a zero reading at the beginning of the first loading. If this is not done, the actual dial reading at the beginning of the first loading must be subtracted from each entry in this column [(4)] to obtain the correct thickness of the specimen at 50% consolidation.##Date
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#[D] Coefficient of Consolidation
Pressure, p
Initial Height
Deformation
Thickness of
Half-Thickness of
Time for 50%
Coefficient of

(lb/ft2)
of Specimen
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aIt is common practice to set the dial to a zero reading at the beginning of the first loading. If this is not done, the actual dial reading at the beginning of the first loading must be subtracted from each entry in this column [(4)] to obtain the correct thickness of the specimen at 50% consolidation.#
