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Analysis of pile deformations during static load tests 

Analyse des déformations des pieux soumis aux essais de charge statique

A.szavits-N ossan & M.S.Kovacevie -  Faculty of Civil Engineering, University of Zagreb, Croatia 
R.Mavar -  Civil Engineering Institute, Zagreb, Croatia

ABSTRACT: Results of static load tests on two cast in place concrete piles in a soil composed of sand and gravel are compared to 

those obtained in a nonlinear numerical analysis. A finite element analysis was performed using an elasto-plastic kinematic hardening 

constitutive model to describe the soil shear stiffness degradation from very small to large strains. The very small strain shear 

modulus was obtained from shear wave velocities measured on the test site, the degradation curve was deduced from published test 

data on sands, and SPT blow counts were used for strength parameters. Computed values correlate very well with measured pile load- 

displacement data. Computed axial load distribution along the pile shaft matches measured data for both piles only if negative skin 

friction and the associated residual forces are taken into account. This was done by lowering the ground water table prior to the load

RESUME: Les résultats des essais de charge statique sur deux pieux moulés dans le sol, composé des sables et des graviers, sont 

comparés à ceux calculés par l’analyse numérique non-linéaire. Un modèle de comportement élasto-plastique avec renforcement ciné

tique a été utilisé en analyse aux éléments finis pour décrire la réduction du module de cisaillement de très petites à grandes déforma

tions. Le module de cisaillement aux très petites déformations a été obtenu par la mesure de la vitesse des ondes de cisaillement dans 

le sol, la courbe de réduction du module a été déterminée des résultats publiés des essais aux sables, et la résistance au cisaillement est 

obtenue des essais de pénétration statique. Les courbes des déplacement des pieux calculés contre le chargement sont en très bon ac

cord avec les résultats des essais. La distribution de chargement axial le long du fût est en accord avec les résultats des essais pour les 

deux pieux, seulement si le frottement latéral négatif et les forces résiduelles associées sont pris en compte. Ceci est accompli par 

l’abaissement du niveau de la nappe phréatique avant les essais de charge.

1 INTRODUCTION

Static load tests on two cast-in-place reinforced concrete piles 

were performed for the design of a two kilometers long bridge 

on the Karlovac-Rijeka motorway in Croatia. Pile settlements 

and axial deformations along pile shafts were measured during 

the tests. The paper presents an attempt to interpret these meas

urements by numerical soil-pile interaction analysis based on pa

rameters obtained from geotechnical site investigations. The 

numerical analysis was performed using an original elasto- 

plastic kinematic hardening constitutive model. This model de

scribes the whole range of stress-strain behavior from very small 

to large strains, according to the current state-of-the-art knowl

edge in this area (e.g. Burland 1989, Tatsuoka et al. 1999).

these data. The saturated unit weight of soil was taken as 

20 kN/m3.

Table 1. Estimated shear strength parameters for the foundation soil.

Soil layer c'
(kPa)

<P‘
(°)

(A,

O

Cu

(kPa)

Medium clay - - 0 100

Loose silty gravel 0 30 - -

Medium to dense silty sand 0 37 - -

c' - Effective cohesion, <p' - Effective friction angle, (f>u - Undrained 

strength parameter, c„ - Undrained shear strength

2 SOIL PROFILE

The site was investigated only by very simple testing. Soil classi

fication and SPT were performed in two borings. Spectral analy

sis of surface waves (SASW) was performed from the ground 

surface to obtain the profile of shear wave velocities (Stokoe et 

al. 1994, Szavits-Nossan et al. 1998). The interpretation of sur

face waves was possible to the depth of 14 m. These investiga

tions revealed that the foundation soil consists of a medium clay 

crust underlain by silty gravel and sand layers to the depth of 

35 m, where stiff clay appears. The ground water level was at 

4 m at the time of site investigations. The soil profile obtained 

from two borings is shown in Figure 1. The very small strain 

shear modulus G0 was obtained from shear wave velocities as

suming that the soil density was 2 t/m3. The shear wave veloci

ties below the reach of SASW were estimated from SPT blow 

counts using published correlations (e.g. Imai & Tonouchi 

1982). The soil properties shown in Table 1 were deduced from
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Figure 1. The soil profile.
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3 LOAD TESTS AND MEASUREMENTS

Two bored piles of cast in place reinforced concrete were tested 

under static loads. The piles were 15 m and 20 m long respec

tively. Figure 2 shows the geometry of the test site.

The load was imposed in increments of 600 kN using a hy

draulic jack supported by a steel structure anchored to the sur

rounding soil by four 20 m long bored reinforced concrete ten

sion piles. Each load increment was sustained on the pile until 

the rate of settlement was below 0.25 mm/hour, but not longer 

than two hours. The pile was also unloaded in steps by the same 

load intensity, each unloading kept constant for 15 minutes.

The pile head settlements were continuously measured during 

the loading, whereas axial deformations along the pile shaft were 

measured only for pile loads greater or equal to 2400 kN. The 

sliding micrometer produced by Solexperts of Switzerland 

(Kovari & Amstad 1982) was used to measure axial pile defor

mations. This instrument measures changes in the distance be

tween consecutive benchmarks, which are initially 1 m apart. 

The benchmarks are placed along the steel casing embedded in 

the pile, which deforms together with the pile.

The accuracy of measurements was 3 The casing was

fixed to the reinforcement cage prior to the installation in the
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Figure 2. Test and anchor piles.
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Figure 3. Comparison o f  measured and computed pile settlements (case 

A - for the original ground water level at 4 m, case B - after the ground 

water level was lowered to 8 m).

bored hole. The casing extended approximately from the ground 

surface to 2 m above the toe of the installed pile.

Load-settlement curves for both test piles are shown in Fig

ure 3. Full lines represent measured settlements of the pile head 

at the end of every load increment application. Computed values, 

which are also shown in Figure 3, are discussed in Section 4.3. 

Measured axial deformations along the pile shaft are also shown 

in Section 4.3.

4 NUMERICAL ANALYSIS

4 .1 The constitutive soil model

An original elasto-plastic constitutive model (KovaCevic, 1999) 

was used in the numerical analysis. This model can describe the 

nonlinear shear stress - shear strain behavior of soils from very 

small up to large shear strains in accordance with the observed 

behavior (Szavits-Nossan V. et al. 1999). It consists of n compo

nents. Each component is a classical linear elastic-ideally-plastic 

model with no hardening. The components are connected in par

allel and undergo the same strain history as the composite. Each 

component develops its own stresses along any given strain path. 

The stresses of the composite are then obtained as the sum of 

component stresses. In the present analysis all components have 

the same Mohr-Coulomb yield surface, resulting in the same 

Mohr-Coulomb failure surface for the composite. Plastic volu

metric strains do not develop in any of the components because 

dilatancy is not included in the model. All components have the 

same elastic volumetric stiffness, but different shear stiffnesses. 

The described constitutive model exhibits kinematic hardening. 

It is also worth emphasizing that it obeys the Masing hysteresis 

rules for regular load cycles and extends these rules naturally for 

irregular load cycles.

Considering, for example, this constitutive model in a isot- 

ropically consolidated simple shear test, the composite exhibits 

an «-linear shear stress-strain curve with the initial shear 

modulus C0 and failure at the end. By selecting the shear stiff

ness for each component of the composite sensibly, any shape of 

the «-linear response curve can be obtained. The shear strain in 

every component of this model in a simple shear test at the onset 

of yielding is proportional to the mean stress of the composite. 

Therefore, different shear stress - shear strain curves for various 

simple shear tests are obtained depending on the value of iso

tropic consolidation pressure.

It is useful to normalize the shear stress - shear strain curve of 

a simple shear test by normalizing the shear stress r  with the 

shear strength zy, and the shear strain y with the reference shear 

strain / R, defined as the ratio of the maximum shear stress of the 

composite at failure and the initial shear modulus G0. The maxi

mum shear stress of the composite is governed by the Mohr- 

Coulomb failure criterion in the present analysis, and it is, thus, 

equal to the shear strength zy.

Instead of using the shear stress - shear strain curve, it is more 

useful to present test results in a relationship between the secant 

shear modulus G and the shear strain y. Normalizing the secant 

shear modulus G with the initial shear modulus G0, and the shear 

strain /  with the reference shear strain y R, a unique normalized 

shear modulus reduction curve is obtained. This reduction curve 

has long been used in soil dynamics (e.g. Ishihara 1982). The 

fact that it can also be used in static problems has been substan

tiated at the 10th ECSMFE in Florence 1991 (e.g. Atkinson & 
Sallfors, 1991).

A composite consisting of five components was used in the 

numerical analysis. The shape of the normalized shear modulus 

reduction curve was deduced from published results of tests on 

Toyoura sand (Iwasaki et. al 1977), in absence of relevant 

site-specific tests. This curve is shown in Figure 4 as the design 

curve. The full line curve is the approximation obtained from the

5-linear composite model, by selecting points on the design 

curve. These points are shown as full circles connecting curve 

segments.
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Figure 4. The normalized shear modulus reduction curves.

The same normalized curve was used for all soil layers at the 

load test site. The Mohr-Coulomb strength parameters used in 

the constitutive model are shown in Table 1. The values of the 

initial shear modulus obtained from SASW tests, or estimated 

from SPT blow counts are shown in Figure 1. The elastic Pois- 

son ratio was taken as zero, in lack of measured data. However, 

the elastic Poisson ratio is not the only parameter that influences 

horizontal stresses of the composite constitutive model. There

fore, horizontal effective stresses are produced by the constitu

tive model under conditions of no lateral strains, even if the elas

tic Poisson ratio is zero. In the next Section it is shown that the 

computed lateral effective stress coefficients are close to ex

pected values.

The described composite constitutive model has been suc

cessfully used to simulate the behavior of an anchored dia

phragm wall constructed in the urban area in Croatia (Szavits- 

Nossan A. et al. 1999).

Layer model Ko Ko — 1 ■ sin <p'

Loose silty gravel 0.44 0.50

Medium dense silty sand 0.39 0.40

4.2 Numerical analysis o f pile load tests

The load tests were simulated in a numerical analysis using the 

computer program FLAC Version 4.00 (FLAC 2000). This pro

gram was selected because user defined constitutive models can 

be incorporated in it.

The foundation soil around and beneath the piles was mod

eled by an axially symmetric finite element mesh 10 m in radius 

and 35 m deep. The mesh consists of 33 elements in the vertical 

direction and 25 elements in the radial direction. Most elements 

are 1 m high and 0.4 m wide, except beneath the pile toe where 

six rows of elements 0.5 m high were used. The piles were mod

eled as columns of elements, each 1 m high, with a radius of

0.4 m. The piles are assumed elastic with the Young modulus of

20 000 MPa and the Poisson ratio of 0.2.

The initial stress state in the ground prior to the installation of 

test piles was to established in first step of the analysis. Since the 

SPT data indicate loose to medium dense sands and gravels, it 

was assumed that the soil was normally consolidated. The initial 

stress state for the normally consolidated condition was estab

lished by successively adding rows of elements with their 

weights, starting from the bottom of the finite element mesh, un

til the final ground level was reached.

Pile L = 20 m 

0 2 4

Axial force in the pile at various loading stages, MN

0 2 4 6 0  2 4 6 0  2 4 6 0  2 4 6

Q .

0) 
O

,'/ Q = 4.2 MN 
■ ■ I ■ ■ ■ I ■ ■ ■

Pile L = 15m

0 2 4 2 4 6 0 6 0 6 0

Load test (m e a su re d )--------Computed case A —  -  Computed case B1 Computed case B2

Figure 5. Measured and computed axial forces in the two piles at various loading stages. Computed case A: constant water table; Computed case B1: 

lowered water table; Computed case B2: residual forces are subtracted from computed axial forces in case B l.
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It is shown in Table 2 that the computed lateral effective 

stress coefficients K0 of soil at rest do not differ more than 12% 

from values which are usually calculated as 1 - sin <p'. The value 

of K0 of the top clay layer is not relevant because an undrained 

analysis was carried out for this layer.

The pile installation was simulated in the following step of 

the analysis by allocating the stiffness of concrete to pile ele

ments. Two types of analyses were subsequently carried out. In 

the first type of analysis the piles were loaded as described in the 

test program (case A in Figure 3). The second type of analysis 

was intended to simulate residual forces in piles due to the pos

sible development of negative skin friction in the upper portions 

of piles after the installation, prior to load tests (case B in Fig

ure 3).

The negative skin friction may develop due to various reasons 

(Fellenius 1991). The residual forces associated with the nega

tive skin friction are rarely measured, especially in bored piles, 

due to obvious reasons. In fact, axial forces (or axial deforma

tions) are measured in the state when residual forces have al

ready developed. Whether residual forces do occur in piles prior 

to the application of loads on their heads is open to debate (Fel

lenius & Altaee 1995). In the second type of analysis the devel

opment of negative skin friction was simulated by lowering the 

ground water table by 4 m after the pile installation. The follow

ing analysis simulated the pile loading as described in the test 

program.

4.3 Measurements vs. calculations

Measured and computed load-settlement curves for the two test 

piles are compared in Figure 3 for both analyzed cases (case A 

with a constant ground water table at 4 m, and case B with a 

ground water table lowered to 8 m prior to load tests). Despite a 

rough estimation of soil parameters from meager site investiga

tions, the computed settlements in both analyzed cases match 

remarkably well the measured settlements.

Axial pile forces deduced from deformation measurements 

are compared with computed forces at different stages of the pile 

test program in Figure 5. Axial pile forces were obtained by scal

ing the deformations so that the axial force at the pile head is 

equal to the current pile load. It was assumed that the pile stiff

ness was homogenous along the pile.

Full lines in Figure 5 represent measured forces, whereas 

dashed lines represent various computed forces. Computed axial 

forces in case A, for a constant ground water table, do not match 

measured values well. Computed axial forces in case B, where 

the water table was lowered prior to load tests, do not match 

measured values either (curve denoted as case Bl). If, however, 

computed residual forces, due to the ground water table lower

ing, are subtracted from the corresponding total axial forces in 

case Bl, a very good match with measured values is obtained 

(curve denoted as case B2). The residual force in piles is, thus, 

represented by the difference between the two curves for case B. 

As expected, the residual force has its maximum approximately 

at the lower third of the pile length.

Since ground water table fluctuations were not measured at 

the test site, it can only be speculated that the very good match 

between computed and measured axial forces in the case B2, in

dicates that residual forces did develop in test piles. This would 

be contrary to opinions that these forces are not relevant for 

bored cast in place piles (Kulhawy 1996).

The substantial increase of the measured axial force in the 

upper 2 - 3 m of the pile can possibly be explained by poor con

crete in that region.

5 CONCLUSIONS

1. Measured settlement and axial force distributions of two 

bored test piles are very well matched by the numerical soil-pile

interaction analysis using a kinematic hardening soil model.

2. The measured axial load distribution can be matched by 

this numerical model only by taking into account residual forces 

due to the development of negative skin friction prior to the test.

3. The initial soil stiffness obtained from shear wave velocity 

measurements is a reliable parameter for the determination of the 

initial load-settlement behavior o f piles.
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