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Abstract:

The paper presents the experimental study of mobilizing friction between
soil and concrete. The series of laboratory tests have been carried out on
coarse and fine-grained soils. Using statistical approach, the best fitting
relationships describing the mobilized friction dependence on displacement have
been determined for different soil types. It was found that the behaviour of sand soil
unlikes that of clayey soil, so for each type of the soil behaved differently regarding the
mobilized friction and displacement. In addition to that, the critical horizontal
displacement, at which the whole friction is mobilized, is larger for fine sand than
coarse one. The critical horizontal displacement for the normally
consolidated clay exceeds more than twice the value for sand. The
overconsolidation ratio for clay soil increases the mobilized shear
resistance and reduces the displacement.
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Introduction:

With increasing the pile length, the part of side friction increases in the
overall resistance, for long piles — over the 20 meters — the side friction forms the
most part from the whole bearing capacity, commonly over 50% [1]. Most of
the side friction mobilizes before the point resistance takes place. The actual
characteristic load on the single pile is (taking into account the mean factor of
safety about two) less than a half from ultimate resistance [2]. In this case, it can be
supposed that the skin friction takes most of load and lower part of pile moves very
little or not at all and thus, the pile displacement is induced mostly by strain of
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the pile material. To calculate the pile head displacement, the Iload
distribution in the pile shaft must be known. The load distribution is dependent
on mobilized side friction and is connected accordingly with the displacement of the
pile segment [1].
Several authors have investigated the dependence between displacement and side
friction. Kezdi (1964),[3], proposed the relationship:
(1)
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where, Z. is the movement of pile at which the friction reaching its maximum value

Tnax a0d K, 1s a constant and 7 is the mobilized shear resistance at the
displacement Z between soil and concrete and 7 4 1s the ultimate shear
resistance

Vijayvergiya (1979),[4], proposed the following empirical equation:

=2 |- @)

Georgadis et.al (1989),[5], gave a relationship:

%3 max :f(Z) in tabular form. 3)

where Z is the displacement between soil and concrete.
A theoretical relationship in the following form was generated, [6]:

T/Imax -, 4)

where the constant K = 1,,,,./G; (G, is the initial shear modulus).

Unfortunately, there is not enough information for the practical application of
these relationships. It is unknown which formula gives the best fit. There is not enough
knowledge about the dependence of constants on soil type and on stress conditions.
The values of the constants K and Zc are defined very roughly in the literature.

In order to verify the above ralations an experimental work has been implemented
by author. Different types of soil have been tested utilizing Direct Shear Apparatus.

Materials:

Specimens of coarse and fine-grain soils were prepared for testing. The grain size
distribution of these types of soil is shown in figure | and the other index properties
are shown in tables land 2. The samples were classified according to Unified Soil
Classification System (USCS),[ 7 ].



Figure 1: Grain size distribution of tested soils
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Table 1: Index properties of sandy soil.
Test Soil Tvbe Void Natural Water Degree of
N, yp Ratio(e) Content(Wn) % Saturation(S;)
1 ) ) 0.75 ~0 0
Fine silty sand (H1)
2 0.80 20.8 0.68
3 Medi 4 (2 0.58 -0 0
4 edium sand (H2) ") 16.3 0.71
5 Coarse and Medium 0.68 ~0 0
6 sand (H3) 0.57 15.7 0.49
7 0.57 ~0 0
Coarse sand (H4)
8 0.61 15.4 0.67




Table 2: Index properties of clayey soil.

Test N Soil Void Ratio Natural Water Liquid Plastic Plasticity
| Type (e) Content(Wn)% Limit(W)% | Limit(Wp)% Index(1,)%

9 0.46 18.6 23.5 13.6 9.9
Low plasticity

10 clay (H5) 0.42 15.2 23.5 13.6 9.9

11 0.46 19.1 23.5 13.6 9.9

12 Medium 1.06 37.6 444 224 22.0
plasticity clay

13 (H6) 0.88 30.4 44 .4 22.4 22.0

Equipment and Procedure:

A direct shear apparatus with square shear box of 71 mm in dimension,
manufactured by Alfa-California, USA, was used for executing the experimental
work. The procedure that was followed for implementation of all tests was described
by ASTM, [8]. In the lower moving part of the box was poured concrete up to the
shear plane and the upper part of the box was filled by the soil specimen. The
surface of concrete was moderately rough. The height of the soil specimen was
23 mm. The vertical load was applied using the load frame and the horizontal load
by the hand-operated reduction gear. The proving ring was used for the load
measurement. The horizontal displacements were measured with digital dial
gauge. All soils are tested using three different vertical stresses - for sands 100, 200
and 300 kPa, while for clays 50, 100 and 150 kPa respectively. Some clay
specimens were consolidated under vertical pressure 150 kPa one day to permit for
testing the overconsolidated specimens. The shear load was increased to the
maximum resistance in 10 to 15 steps. Each shear load step was hold until the
horizontal displacement stabilized (rate of the displacement less than 0.01 mm/min).

Test results and Discussion:

All the individual test results (more than 39) are plotted as ¢ = f{z) curves in which ¢ is
the ratio 7/Tma, Where 7 is the mobilized shear resistance at the displacement Z
between soil and concrete and 7 4 is the ultimate shear resistance. Using the least
squares method the #-z curves were fitted by several relationships. The chosen
relationships for fitting are:

1. The generalized formula [4]:
=[] -1 ;
=1z z. (5)

2. Kezdi's equation [3]:
t =1— e K/ (2c72)

3. The hyperbolic relationship with two parameters [6]:

(6)
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4. The hyperbolic relationship with one parameter [6]:

Z
S — 8
Z+K ®
5. The exponential relationship (simplified Kezdi's formula), [3]:
t=1—e K2 9)

For all relationships were determined the values of the parameters (K, Zc) and
the standard deviations. An example of the test results and fitting curves is shown in
figure 2. As the test results indicate the unlike behavior of sand and clay, both soil
types would be discussed separately.

Figure 2: Test results and fitting curves of test 1 (100 kPa). Numbers at curves represent the fitting formula.
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Analyze of the test results allow to conclude, that the moisture and the vertical stress do
not affect the character of #z curves remarkably. There are some tendency of increasing Z
values with increasing the vertical stress, however the scatter of results do not allow to draw
any final conclusion about that. Therefore, the test results of the specimens with the same
grain size but with the different moisture content and the vertical stress were
analyzed together. The best fit for most test results gives the relationship (5). Reasonably
good results give the Kezdi's formula (6) too, especially for medium and coarse sand. The
experimental #-z relationship for coarse sand is something unusual. At small displacements the
increment of the mobilized friction is low and begins increase after 0.2-0.25 mm, (Figure



3). That phenomenon can be described only by formula (7). A formula (8) and (9)
gives the less satisfactory approximation in all cases.
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Figure 3 Test results and the best fitting curves for sands

The critical horizontal displacement Z, at which the whole friction is mobilized, is
larger for fine sand as presented in table 3.




Table 3: The values of Z. mm

Soil type Limits Mean
Fine silty sand 1.46-2.08 1.77
Medium sand 1.22-1.83 1.53

Coarse-Medium sand 1.15-1.70 1.43
Coarse sand 1.22-1.87 1.55

In formula (5) the parameter K is approximately 2 for fine and medium sand. The
parameter for coarse sand is something more (2.15). In formula (6) the parameter K is for
coarse-medium sand and coarse one 1.25 and 1.4 respectively. The parameters in formula
(7) for coarse sand are K; = 2.5 and K, = 0.125. All test results and the best fitting curves
are shown in figure 3.

2-Clay:

For clay, the relationships (5) and (9) give the best fit. The parameter
values of these relationships depend considerably on the overconsolidation
degree. The critical horizontal displacement Z. for the normally consolidated
clay exceeds more than twice the value for sands and is on an average 3.8
mm. For the overconsolidated clay with OCR=3 the mean value of Z. is 1.4
mm (minimum 0.9 mm). The parameters in the formulae (5) and (9) are shown
in figure 4.

Test results and the fitting curves are shown in figure 5 and figure 6. The formula
(9) contains only one parameter and is simpler to use. Therefore, it is used only for the
final approximation of the test results.
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Figure 4: Parameters for clays
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Figure 5: Test results and fitting curves for overconsolidated clay. CL — clay with low plasticity. MP —
clayey silt with medium plasticity
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Figure 6 : Test results and fitting curves for normally clay, a) low plasticity, b) medium plasticity
Conclusions:
1. The nature of mobilizing friction between concrete and soil is somewhat different for clay
and sand. Maximum shear resistance between concrete and sand develops at the
displacement less than 2 mm. The displacement between concrete and normally
consolidated clay which produce the full friction resistance is about 4 mm.
Overconsolidation of clay reduces the critical displacement.
2. The formulae give the best fit of the laboratory tests results and are practical to

calculate the mobilized friction between concrete and sand can be summarized in table

(4).

3. For clay the formula is presented in the following form:

T/Tmax =1

— e\ 08XO0CRXZ) pa_ (87.0.98)

which describes sufficiently the laboratory test results.

(10)



Table(4): Summary for equations of mobilized friction for Sand

Sand Type Equation R?
Fine Silty Sand t= 23_;’_1_3 - ['-ZJ;'IIB].‘ 0.976
Medium Sand t= 2Zr’fl.S B (Z-""-I.E_} _ 0.983

. . 115 . 215
¢ = (22 +(Z/1) 0.984

Medium-Coarse Sand
[—123Z; ) 0.967

t=1-e /(142

b= (sz1.35)

115 215

Bl (z'/ 1-35) 0.964

Coarse Sand 147, )
t=1-— e( /(135-2), 0.977

_ 725
t=%"/(z25 + 0.125) 0.943
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