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Abstract. Interpretation procedures of load-tests on instrumented piles rely conventionally upon mea-
surements of strains assuming the instant immediately before starting the test as reference configuration
for strains measures. Some experimental evidence shows that concrete in drilled shafts undergoes strains
induced by the curing process comparable in magnitude to the strains measured during the load-tests. It
is therefore expected that mobilization of shaft friction takes place before the load-test. Several authors
have performed experimental and numerical analyses aiming to quantify the influence of those pre-load-
test concrete volumetric strains on the measured bearing capacity using different approaches. The present
work aimed to establish a reference framework for the existing and future works on this topic. In order to
assess the influence of concrete strains induced by curing process on the shaft friction before the start of
the load-tests in drilled shafts, several finite element numerical simulations are performed, considering
the thermal, autogenous and drying strains. The analyses consider concrete as an isotropic linear-elastic
material and the soil as an elastic-plastic material using the Mohr-Coulomb constitutive model natively
implemented in the software ABAQUS. The results are interpreted focusing on the relevancy on the bear-
ing capacity and load distribution along drilled shafts considering or not the strains induced by concrete
curing.
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1 Introduction

The consideration of shaft friction mobilized during the installation of driven piles, prior to load-
test procedures, is a well-known issue in foundation engineering (e.g. Rieke and Crowser [1]). For
drilled shafts, however, many factors are still being evaluated In the context of drilled shafts, variations
of normal stresses as well as associated mobilized shaft friction at the pile-soil interface, prior to external
load application, are still being evaluated and should be also properly evaluated (Fellenius [2]). These
distributions are expected to be influenced by concrete volumetric shrinkage or expansion strains that
takes place in the pre-load-test phase.

Measurements during preload stage of instrumented drilled shafts in load-tests revealed significant
variations in the strain profile, which would alter the reference configuration for the instrumentation
zero readings (Leung et al. [3], Pennington [4], Viggiani and Vinale [5]). Those experimental results
emphasize that the concrete undergoes significant volumetric shrinkage strains in a pre-load-test phase.

It comes from the above experimentally based works that the concrete curing phenomena can be
viewed as an important component of pile-soil interaction, thus affecting the mechanical state in the soil
around the pile.

Concerning the available shaft resistance in drilled shafts, rational procedures for its evaluation in
granular soils are classically based on the assumption that the shaft friction mobilized at the pile-soil
interface follows the Coulomb’s linear friction model. In a simplified framework in which the geostatic
state of stresses is preserved, the shaft friction at any depth z along the pile-soil interface may be ex-
pressed as:

τ (z) = σ′htan δ (z) = Ks (z)σ′v0 (z) tan δ (z) = β (z)σ′v0 (z) , (1)

where τ is the unit shaft friction, σ′h is the acting effective horizontal stress, δ is the interface friction
angle, σ′v0 is the effective initial vertical stress,Ks = τ/(σ′v0tan δ) = σ′h/σ

′
v0 is a measure of the acting

lateral earth pressure, and β = τ/σ′v0 = Kstan δ is a shaft friction design parameter.
Although this assumption might be questionable from the mechanical viewpoint, Burland [6] high-

lighted that this expression represents a simple and logical starting point for this purpose due to the fact
it is related to well-known soil mechanical properties.

Parameters Ks (z) and β (z) seek to encompass in a global manner the essential soil characteris-
tics and consequent uncertainties in the evaluation of available shaft resistance. This formulation takes
implicitly into account the stress history of the soil, mobilized friction angle and pile-soil interface prop-
erties, grain-size distribution, as well as changes in lateral stresses induced by pile installation procedures
and strains at the pile-soil interface cause by concrete curing process.

Some authors seek to relate experimental evidences in the behavior of Ks and K0 with depth at-
tributing it mainly to stress history. Kulhawy [7], to illustrate the importance given to stress history
and related K0 profile in determining Ks, considers that if overconsolidation is disregarded at shallow
depths, the respective β (and Ks) profiles would be constant with depth, and the main influent factor on
the increase of Ks at shallow depth should precisely be the preexisting K0 profile.

The mobilized interface friction angle δ (z) has been the subject of several studies pointing out its
dependence on the pile-soil interface roughness. Typical δ (z) values range from the critical state friction
angle φ′crit for smoothed interfaces to the peak friction angle φ′peak for rough interfaces. Drilled shafts
always exhibit high roughness at the pile-soil interface and failure yielding is likely to occur in the soil
mass, following a simple shear mode governed by φ′crit angle.

According to Kulhawy [8] and Kulhawy [7], the typical profiles with values of β and Ks decreasing
with depth can be explained as reflecting the reduction in K0 with depth, together with the decrease in
soil friction angle as confining stresses increase.

Focusing the analyses on the effects induced on the shaft friction of floating drilled shafts embedded
in granular soils, in the pre-load-test stage, Mascarucci [9] and Mascarucci et al. [10]) performed ax-
isymmetric numerical simulations in axially load piles considering curing strains coupled with evolving
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stiffness during the curing process. Both approaches used the standard finite-difference FLAC 2D soft-
ware with a strain softening behavior for the interface constitutive model and a Strain Softening Model
for the soil. These studies emphasized that restarting the strain measurements in instrumented piles im-
mediately before the load-test would introduce significant errors in the distribution of shaft friction along
the pile-soil interface.

Based on a simplified but consistent formulation, the present work aims at presenting a reference
framework for existing and future numerical analyses on this topic. Restricting the subsequent analysis
to concrete drilled shaft embedded in granular soils, this work focuses on the effects induced on the shaft
friction by concrete curing strains during pre-load-test stage. In that respect, the analysis is undertaken
in the context of fully drained conditions, not considering pore pressure effects.

2 Numerical Model

As the problem of cylindrical piles axially loaded in homogeneous soil (usual configuration for
drilled shafts) complies with the revolution symmetry with respect to the pile axis, axisymmetric mod-
eling was adopted for the analyses. Dimensions of the model in terms of the pile length L and pile
diameter D, together with model boundary conditions are shown in Fig. 1. The different zones in Fig. 1
were established for mesh control and refinement. The typical finite element model discretization used
is shown in Fig. 2. Four-node axisymmetric quadrilateral elements with bilinear displacement CAX4,
available in the ABAQUS finite element library, were used for both pile and soil. Due to the high rough-
ness observed along drilled pile shaft (Loukidis and Salgado [11]), resulting from drilling and casting
concrete processes, a perfect bonding condition is assumed at the pile-soil interface (rough tangential
contact). Further detailed information about the modeling is available in Borges [12].

The width and height are respectively fixed as B = 25D and H = 2.5L for the geometric model,
according to standard discretization used in foundation analyses (Randolph and Wroth [13]). The con-
crete was modeled as an isotropic linear-elastic material (Young’s modulus Ec = 30 GPa and Poisson’s
ratio νc = 0.2), while the behavior of the homogeneous soil is described by means of an elasto-plastic
Mohr-Coulomb model, with Young’s modulus Es = 50 MPa, Poisson’s ratio νs = 0.2, friction angle φ =
29◦ and dilatancy angle ψ = 1◦. Physical material properties of Ottawa sand defined in Han et al. [14] as
speficic gravity Gs = 2.65, minimum void ratio emin = 0.48 and maximum void ratio emax = 0.78 were
used. The coefficient of earth pressure at rest is fixed to K0 = 0.4.

A convergence analysis was performed to define the finite element mesh configuration, comparing
the results of the model with those presented by Han et al. [14] for a 300 mm diameter and 10 m long
pile. Dry sand conditions were assumed, with relative density ID = 50%, corresponding to a void ratio
e = 0.63 and an effective specific weight γ′ = 15.95 kN/m3 (density d = 1,625.77 kg/m3). The same
density was used for both soil material and pile concrete in all subsequent analyses.

The numerical simulations, including the validation analysis, were performed in three steps (Fig. 3):
geostatic step, in which the dead load is applied by acceleration of gravity g = 9.81 m/s2 using an
automatic time increment scheme under small deformations conditions; curing process step, for pile
thermal volumetric strains, imposed following FIB [15] model recommendations; and load test step, in
which a prescribed displacement of w = 10%D is incrementally applied.

For numerical validation and convergence analysis, the concrete curing process was disconsidered.
Comparison of model predictions obtained herein and results from Han et al. [14] are shown in Fig. 4.
The numerical values for ultimate total (Qult), lateral (Ql,ult) and base (Qb,ult) resistances are presented
in Table 1. The agreement observed between the present simulations and results provided in Han et al.
[14] validates the proposed modeling.
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Figure 1. Global dimensions and boundary conditions in r–z plane

Table 1. Ultimate total, lateral and base resistances (w/D = 10%)

Resistance component Present work Han et al. [14]

Qult (kN) 463.85 454.93

Ql,ult (kN) 352.57 359.49

Qb,ult (kN) 114.80 96.19

3 Numerical assessment of residual shaft friction

A series of finite element simulations to investigate the effects of concrete curing on the mobilized
shaft friction of drilled shafts were performed. Keeping the pile length fixed to L = 20 m, the effects of
the pile slenderness L/D were investigated taking pile diameters in the range of 0.5 m to 1.5 m (L/D
ranging from 40 to 13.33) for both dry (S = 0) and saturated (S = 1) sand conditions. Appropriate
effective specific unit weight of γ′ = 15.95 kN/m3 (d = 1,625.77 kg/m3) and γ′ = 9.93 kN/m3 (d =
1,012.27 kg/m3) were respectively adopted for the dry ad saturated conditions. General characteristics
of the numerical finite element discretization used in each configuration are summarized in Table 2.
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Figure 2. Finite element mesh used for model geometry (a), detailed mesh at pile base (b) and detailed
mesh at pile shaft (c)

Table 2. Numerical finite element discretization used in the analyses

Analysis S Pile Diameter L/D Number of elements - soil Number of elements - pile

SIM-01 0%
0.50 m 40 9,676 2,560

SIM-02 100%

SIM-03 0%
1.0 m 20 4,880 1,280

SIM-04 100%

SIM-05 0%
1.50 m 13.33 3,359 856

SIM-06 100%
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Figure 3. General scheme of the analyses
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Figure 4. Results for the mobilized resistance as a function of the relative settlement of the pile head -
comparison between Han et al. [14] and the present work

3.1 Simulation of concrete curing process

Due to microstructural mechanisms, concrete shrinkage is classically separated into autogenous
and drying shrinkage (e.g. FIB [15], Holt [16]). Hydration of the cement compounds involves mainly
exothermic reactions that raise the temperature of the concrete mass, inducing thermal volumetric strains.
The total volumetric strains resulting from the concrete curing process εcs is a sum of those three strain
components (Eq. (2)): autogenous shrinkage εcas, drying shrinkage εcds, and thermal shrinkage εth.
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εcs = εcas + εcds + εth (2)

The development of the autogenous and drying shrinkage during the curing period of 28 days was calcu-
lated following FIB [15] model recommendations. In the model, these components are computed using
the concrete compressive strength as a design parameter accounting at macroscopic scale for concrete
strength class, aggregate type, cross-section geometry, relative humidity and duration of drying. The
thermal shrinkage resulting from a temperature change ∆θ induced by the curing process is calculated
from concrete thermal expansion, with a thermal expansion coefficient αc = 10× 10−6 K−1, as (Mehta
and Monteiro [17]):

εth = αc∆θ, (3)

where ∆θ ∈ [0 K, 28 K] is considered in the analysis.
The distribution of temperature variation raising in concrete during curing varies with depth and is

heteronomous within the cross-section of the pile. For simplicity, a spatially uniform temperature profile
was assumed, and the temperature profile measured in a drilled shaft by Pennington [4] was used here
for the entire pile (Fig. 5). The temperature is assumed to remain constant after 20 days.
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Figure 5. Experimental profile of temperature change with time (Pennington [4])

In the thermal analysis it is assumed that concrete sets at maximum temperature, so that the de-
velopment of differential strains between the contracting pile and the soil can be estimated from this
reference time. Strains due to the thermal expansion of the pile before the maximum temperature are not
accounted, as well as associated loading that would be transferred to the adjacent soil.

In the numerical simulation of the curing process, the evolution of the strains in the concrete is
imposed in the curing process step and the temperature change ∆θ was used as a kinematic time for
assessing the mechanical state of the system, since material properties can be expressed as a function of
temperature through a thermo-mechanical coupling. To meet the model of thermal strains, together with
the autogenous and drying shrinkage proposed in FIB [15] recommendations, the curing strains that are
actually imposed to the pile are evaluated considering an appropriate fictitious and discrete non-linear
coefficient of expansion for each ∆θ ∈ [0 K, 28 K], superimposing the strain components (Eq. (2)). By
a selection of the results, given that variations in the pile slenderness L/D showed small influence in the
overall results, only the results of analyses SIM-01 and SIM-02 will be presented. Figure 6 displays the
curing strains imposed following the above indicated procedure.
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4 Results and discussion

In the load test step a total displacement of 10%D (often assumed a representative of ultimate
state in foundation design) was prescribed at the pile head, linearly applied during the time step, after
completion of the curing process, when it is applicable. Numerical simulations were performed with
and without accounting for the curing process for each selected slenderness and saturation condition.

The mobilized shaft friction τ along the depth obtained for SIM-01 and SIM-02 are presented in
Fig. 7, corresponding to the ultimate pile load obtained for 10%D total displacement. Solid lines repre-
sent simulations accounting for concrete curing and dashed lines stands for simulation disregarding this
process by suppressing the curing process step. τreal refers to shaft friction computed from the initial
reference configuration when concrete curing starts, while τvirtual is computed considering as the refer-
ence configuration the configuration reached after completion of the curing process (immediately before
the start of the load-test). A measure of the deviation between τreal and τvirtual can be introducted as:

τr = τreal − τvirtual, (4)

which represents the error τr introduced when volumetric concrete curing strains are not considered.
It is relevant to note the fact that the actual distribution in shaft friction τreal at ultimate state coin-

cides with the values calculated when the curing process is disregarded. That is consistent with general
theorems of plasticity stating that stress field at ultimate state is insensitive to initial stress distribution
state (Halphen and Salençon [18], Salençon [19]). Figure 7 emphasize that significant error can be in-
duced when the unit shaft friction is evaluated based on the so-called virtual reference configuration.

The volumetric strains in the pile due to the curing induce contraction in the intire pile, resulting in
downward relative movements in the upper part of the pile and upward relative movements in its lower
part. These relative movements between the contracting pile and the adherent soil elements mobilize
shaft friction in the soil elements (positive upwards and negative downwards). The results from Fig. 7
demonstrate that “zeroing” the instruments at the start of a load test may reveal mechanically inconsistent
for shaft friction analysis.

In order to observe the impact of the concrete curing strains on the total load distribution along the
pile at ultimate state, normalized load distribution curves are shown in Fig. 8 for analyses SIM-01 and
SIM-02. In Fig. 8 it can be observed that, although the normalized load distribution computed from both
real and virtual conditions differ along the shaft, the corresponding values of base resistance are close to
each other. It implies that the predicted ultimate shaft and base load components are not affected by the
procedure conventionally adopted by taking the reference configuration as the time immediately before
starting a load test.

Going back to unit shaft friction analysis, the pile equilibrium expressed under real and virtual
conditions respectively can be written as:
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∫ L

0
τrealdz +Qreal

b = γcL, (5)

∫ L

0
τvirtualdz +Qvirtual

b = γcL, (6)

where Qreal
b and Qvirtual

b are the resistance base computed for real and virtual conditions, respectively.
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Combining the above Eq. (5) and Eq. (6), and observing that ∆Qb = Qreal
b −Qvirtual

b ≈ 0, yield

∫ L

0
τrdz = −∆Qb ≈ 0. (7)

Equation 7 indicate that the distribution of τr shall always exhibit a neutral point with change in
signal. The location of this neutral point depends on soil and pile parameters. In homogenous soils, as
considered in the present analysis, the neutral point approximately lies at a depth of z = 2/3L, which is
in accordance with previous numerical works by Mascarucci [9] and Mascarucci et al. [10].

Numerical predictions for distributions of τr and τvirtual are in agreement with experimental data
measured from instrumented piles (e.g. Altaee et al. [20], Pereira [21], Vesić [22]), showing that τvirtual
distribution along depth can significantly differ from the actual τ distribution, although both yield the
same bearing capacity of the pile.

The calculated load-displacement curves for each case are presented in Fig. 9 with and without
considerations of the curing process and associated pre-load-step strains.
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Figure 9. Load-settlement curves for 20 m long drilled shafts for analyses with L/D = 40 (SIM-01 and
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It can be noted from Fig. 9 that the consideration of curing strains has little effect on the ultimate
load Qult distribution. The results summarized in Table 3 - where w/c stands for ’with curing’ - are in
accordance with limit analysis theory (Salençon [19]), as already mentioned when discussing unit shaft
friction distribution.

Table 3. Results for the analyses at w/D = 10%

Analysis Ql,w/c (kN) Ql,w/c/Ql Qb,w/c (kN) Qb/Qb,w/c Qult,w/c (kN) Qult,w/c/Qult

SIM-01 1,794.37 95.24% 481.47 93.74% 2,275.85 97.45%

SIM-02 1,299.62 95.88% 389.57 94.14% 1,689.18 98.08%

This set of results demonstrates that curing strains slightly affect the ultimate state design of drilled
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shafts. However, this phenomenon is expected to influence the shaft friction distribution and bearing
load–strain behavior at earlier stages, such as loads controlling serviceability limit state.

5 Influence of concrete curing on design parameters

The influence of concrete curing on the Ks and β, which control the distribution of shaft friction
in conventional pile design (see Eq. (1)), has been evaluated by mean of numerical simulations with
consideration for the virtual and real cases. The obtained Ks profiles are shown in Fig. 10 and computed
for an interface friction angle δ = φ = 29◦. It should be recalled that perfect bonding condition at the pile-
soil interfaced has been assumed throughout the paper. The distribution of coefficient β can be directly
deduced from Ks since the soil profile is considered homogeneous with constant interface friction angle
(β = Kstan δ).
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Referring to Fig. 10, the following comments may be made to guide engineering design of drilled
shafts:
- The singularity associated with the high values of Ks computed in the upper soil layers is reflecting
vanishing vertical stresses in this region and, therefore, not necessarily indicates a overconsolidation at
shallow depths.
- Disregarding this upper crust, the values of Ks exhibit a slight reduction with depth and rapidly tends
to a constant value.
- Coefficients Ks,real and Ks,virtual show close profiles and are marginally higher that K0 value.
- For the two limiting saturation conditions (S = 0% and S = 100%) evaluated in this paper, it is found
from the numerical simulations that saturation has qualitatively similar effects on Ks than L/D.

6 Conclusions

Although it is widely accepted that load-tests performed at relatively large prescribed displacements
to reach the ultimate limit state is the most reliable procedure to analyze the behavior of piles, techno-
logical factors such the method of construction and reference configuration are expected to affect the
measured response.

Based on these premises, numerical analyses were performed to assess the effect of curing process
on the shaft friction regarded as a major parameter in pile design. The numerical analyses indicate that
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ultimate resistance is in fact not significantly affected by the curing process-imposed strains. The same
trend is observed for base and lateral mobilized resistances.

The volumetric strains in the pile due to the curing are likely to induce contraction in the whole pile,
generating downward relative movements in the upper part of the pile and upward relative movements in
its lower part. This phenomenon explains the errors that can be introduced by “zeroing” the instruments
immediately before starting a pile load-test.

Regarding pile analysis and design, the distribution of the stress parameter Ks along the pile shaft,
classically used to evaluate ultimate shaft friction profile, is not significantly affected by concrete curing,
saturation conditions in homogeneous soils.
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