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Abstract
This study aimed to investigate the different performance of pile–soil interfaces when the con-
crete was subjected to sulfuric acid corrosion. A series of large-scale direct shear tests were
carried out to study the influence of sulfuric acid corrosion on the interface between soil and
concrete pile. Concrete specimens immersed in sulfuric acid solution for different durations (0,
31, 93 and 154 days) were used to simulate the concrete pile surface roughness under sulfuric
acid environment, which would be more realistic than the artificially roughened surfaces. Sand
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was used to simulate the soil. Geometric models of concrete specimens attacked by sulfuric
acid were captured using a 3D laser scanning technology, and fractal dimension was adopted to
evaluate the surface characterization of concrete subjected to sulfuric acid. The shear stress–
displacement curves of the interface between sand and corroded concrete were measured. The
shear strength parameters and the Clough–Duncan hyperbolic model parameters were obtained.
The relationship between friction angle and fractal dimension was established. The results of
the tests showed that with the increase of the corrosion duration, the concrete surface became
rougher, the fractal dimensions of concrete surface, the sand-corroded concrete interface fric-
tion angle, and the shear displacement at peak stress became larger. A nonlinear relationship
was found between the fractal dimension and interface friction angle. The results could pro-
vide a reference to diagnose, evaluate, and analyze the interface behavior between sulfuric acid
corroded concrete materials and soil.

Keywords : Sulfuric Acid; Fractal Dimension; Sand–Concrete Interface; Direct Shear Test; 3D
Laser Scanning Technique.

1. INTRODUCTION

Many geotechnical engineering problems commonly
involve the estimation of stresses transferred along
the interface between soil and structure interfaces,
such as pile foundations, retaining structures, slope
protection, earth reinforcement, etc. It is essen-
tial to study the behavior of the interface between
soil and structure materials for the comprehension
of interaction mechanisms between them.1–3 Many
researchers have adopted direct shear apparatus,
simple shear apparatus, and torsional shear appara-
tus to study the mechanical properties of the inter-
face between soil and structure materials.4 Direct
shear apparatus has been the common choice for
interface testing in research and application due to
its wide availability, relatively simple test setup and
sample preparation procedures.5–9 As early as 1961,
Potyondy10 found that the interface shear resistance
depended on various aspects such as construction
materials type, soil type, surface roughness, normal
stress, and moisture content. As one of the most
significant influencing factors of the soil–structure
interface,11–13 the interface roughness has attracted
the attention of many researchers. In order to study
the interface property between soil and structure at
different roughnesses, three issues need to be con-
sidered: how to produce rough surfaces, how to mea-
sure rough surfaces, and how to calculate roughness
evaluation parameters.

First, most of the researchers adopted regu-
lar, man-made rough surfaces to simulate the
interfacial roughness of actual piles. Hu et al.2

and Wang et al.14 grooved steel plates to man-
ufacture different rough surfaces. Chu et al.15

used cement grout plates with different waviness

angles and the same width of the waviness “teeth”
to produce different roughness. Chen et al.16

employed a number of grooved trench with a semi-
circular cross-section and a diameter of 5 cm was
laid out in parallel and regular on the concrete to
obtain five different target roughness values. Taha
et al.17 used sand blasting and disc grinding to pro-
duce two different rough surfaces for concrete sam-
ples. Qian et al.18 used ribbed concrete slabs with
rib spacing of 125 mm (4 ribs), 170 mm (3 ribs)
and 250 mm (2 ribs) to simulate the rib effect on
the soil and helical pile interface resistance. Zhao
et al.,19 Zhang et al.20 and Su et al.21 respectively
utilized concrete plates and steel plates formed by
regular saw tooth to produce different rough sur-
faces. Han et al.22 employed steel interfaces with
four different levels of rusting to simulate the sur-
face roughness of production steel piles more closely
than artificially roughened surfaces. Sharma et al.23

prepared two types of rough surfaces by gluing fine
sand and medium sand particles on the smooth
surface of mild steel. These previous studies have
shown that the soil–structure interface mechani-
cal properties are greatly influenced by the rough-
ness. Although many useful conclusions have been
obtained through regularly and artificially rough-
ened surfaces in most previous studies, the irregular
surface caused by specific engineering corrosion can
more realistically simulate the surface roughness of
the pile in a corrosive environment.

Second, roughness measurement methods can
be classified as contact methods or non-contact
methods, and roughness evaluation methods can
be classified as qualitative methods or quantitative
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methods. It is ideal to use a non-destructive testing
method for roughness measurement and a quanti-
tative method for roughness evaluation.24 The first
method was proposed by the International Insti-
tute for Concrete Repair (ICRI) to evaluate the
surface roughness by comparing the visual inspec-
tion of the prepared surface with nine standard
concrete surface profiles (CSP). This method was
obviously fast and easy to perform, but it was a
purely qualitative evaluation.25 The simplest quan-
titative method named Sand Patch Test was inex-
pensive and convenient to perform. However, it was
limited to horizontal surfaces, and the parameter
was insensitive to micro-texture characteristics.26

Then, the Mechanical Stylus was widely used to
assess the surface roughness under laboratory con-
ditions. However, this method has some disadvan-
tages that the precision was affected by such fac-
tors as the dimensions, and movement speed of the
probe and the surface may sustain damage dur-
ing the measurement process.27 In recent years,
laser scanning technology had been developed in the
fields of medicine, automotive, aerospace, historic
building protection, civil engineering,28,29 because it
had the obvious advantages of high measuring accu-
racy, good portability, automatic reconstruction of
3D shapes, non-destruction and non-contaction to
the detected object. In this paper, geometric mod-
els of the rough surface were captured using a 3D
laser scanning technology.

Third, in terms of roughness evaluation methods,
the value of surface roughness (Rmax) and the nor-
malized roughness (Rn) were two frequently used
roughness evaluation parameters in previous stud-
ies. Rmax was evaluated based on the maximum
height vertical span between the highest peak and
the lowest valley along a surface profile over a gauge
length on the surface,17,19,30 while Rn was defined
as the ratio of Rmax to the average grain diam-
eter (D50).2,13,21,31 Compared with the statistical
methods that strongly depended on the resolution
and the sampling range of the measurement instru-
ment applied, the use of fractal dimensions to char-
acterize the surface roughness had obvious advan-
tages. For example, the fractal dimensions could
be determined independently from the resolution
and sampling range of the roughness measurement
instrument.32 So far, many studies have confirmed
that the fractal dimension was capable for the esti-
mation of steel corrosion resistance characteriza-
tion,33,34 pore evolution in cementitious materials,35

and development of fracture in rock surface.36,37 In

this paper, the fractal dimension was adopted to
evaluate the surface roughness.

Due to the alkaline nature of concrete, dete-
rioration occurred when concrete structures were
exposed to acidic environments.38–41 Sulfuric acid
was a most frequently encountered acid environ-
ment in engineering practice, which mainly gen-
erated from the oxidation of sulfur compounds
(e.g. sulfur dioxide,42,43 pyrite44) or bacterial activ-
ities.45,46 In the complex process of sulfuric acid
attacking the concrete piles, confining pressure, and
the rough concrete surface were the two main fac-
tors that may affect the skin friction between con-
crete and soil. It was observed in previous stud-
ies that friction force was directly proportional to
normal forces. So confining pressure due to expan-
sive reactions products produced by the chemical
reaction of concrete and sulfuric acid (mainly gyp-
sum47–49) should had a positive effect on skin fric-
tion. However, it was not clear whether the effect of
sulfuric acid corrosion on the skin friction between
concrete pile and soil negative or positive.50

In this study, the concrete surface was produced
through sulfuric acid corrosion, and laser scan-
ning technology and fractal geometry theory were
respectively employed to measure the rough sur-
face and calculate roughness evaluation parameters.
This study aimed to investigate the different per-
formance of pile–soil interfaces when the concrete
was subjected to sulfuric acid corrosion, which was
rarely reported in previous research. A series of
large scale direct shear tests were carried out to
study the influence of sulfuric acid corrosion on the
interface between sand and concrete. Concrete spec-
imens immersed in sulfuric acid solution for dif-
ferent days were used to simulate the pile under
sulfuric acid environment. Although the pile foun-
dation accident caused by sulfuric acid was rarely
reported due to the large safety factor,51 the influ-
ence of concrete piles degradation caused by sulfuric
acid attack on skin friction at the pile–soil interface
still needs to be investigated. The results in this
study could be a reference to diagnose, evaluate,
and analyze the interface behavior between sulfuric
acid corroded concrete materials and soil.

2. TEST PROGRAM

2.1. Large Direct Shear Test
Apparatus

The large direct shear test apparatus employed
in this paper were designed and manufactured in
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Table 1 Main Technical Parameters of the Large Direct Shear Test Apparatus.

Maximum Load/kN Maximum Displacement/mm

Shear Box Net Normal Tangential Normal Tangential Shear Rate/ Accuracy in
Size/mm Direction Direction Direction Direction (mm/min) Measurement/%

600 × 400 × 200 200 200 50 150 0.1–50 0.5

Tongji University, China, which is the same as the
apparatus in Ref. 18. The apparatus consisted of
three major parts: measurement and control unit,
hydraulic servo unit, loading unit. Its main techni-
cal parameters were listed in Table 1. The dimen-
sions of the upper shear box and lower shear box
were both 600 mm on the shear direction, 400 mm
in width and 100 mm in depth. The front walls in
the middle of the upper and lower shear boxes near
the contact surface were made of Plexiglas plate,
allowing to observe the shear deformation of soil
layers. Horizontal and vertical loads were applied
via hydraulic actuators. Horizontal and vertical dis-
placements were monitored by linear variable differ-
ential transformers (LVDTs). These loads and dis-
placements were logged at the interval of 0.4 s using
an automatic data logger system connected to a
computer. On the large direct shear test appara-
tus, constant force control, constant force rate con-
trol, constant displacement control, and constant
displacement rate control can be realized in verti-
cal and horizontal directions. The lower shear box
was placed with concrete, and the upper shear box
was filled with soil. The upper shear box, where a
normal load was applied on to the specimen, was
fastened, and the lower shear box was able to move
to simulate the movement of piles in the soil.52

2.2. Concrete Specimen

In this investigation, raw materials of concrete came
from Sanhe Pipe Pile Corporation at Suzhou in
China. Local Portland cement (P · II 52.5R) with
a 28d compressive strength of 55.3 MPa was used.
Coarse aggregate with a maximum nominal size
of 25 mm and water absorption of 0.92% and fine
aggregates with a fineness modulus of 2.61 and
water absorption of 1.79% was used for concrete
specimens. The water to cement ratio was 0.45
(by weight), and the mixture proportions per cubic
meter of concrete were 205 kg water, 456 kg cement,
516 kg fine aggregates, and 1149 kg coarse aggre-
gates. Four 600 mm× 400 mm× 50 mm (length ×
width × height) concrete plates were cast as the

structure materials. After 28 days of curing, con-
crete plates were fully soaked in a plastic vessel
containing an aggressive sulfuric acid solution. In
order to accelerate the corrosion process, the pH
value around 0.95 was used in this study according
to the previous studies.41,53 The rough surfaces of
concrete plates were produced by complete immer-
sion in a sulfuric acid solution of pH ≈ 0.95 for
0, 31, 93, 154 days (the actual immersing days). A
portable pH meter (accuracy 0.01) was used to mea-
sure the pH of solutions during the testing period
of nearly five months. It was kept in the range of
0.93 to 0.97 by daily adjusting the pH value using
concentrated sulfuric acid. The solution was gently
stirred after adding the concentrated sulfuric acid
every day in order to reduce differential concentra-
tions of the acid within the solution vessel. The sul-
furic acid solution was refreshed every month.

2.3. Soil Materials

As the goal of this research was to investigate
the influence of the concrete piles surface rough-
ness caused by sulfuric acid attack on the interface
properties between corroded concrete and soil. Soil
samples could have introduced other effects, whose
influence on the interface properties between cor-
roded concrete and soil would have been difficult

Fig. 1 Particle size distribution curves of the sand.
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Table 2 Basic Material Properties of the Sand.

Density/g/cm3 Void Ratio
Specific Water Content/ Coefficient of Coefficient of
Gravity % ρmax ρmin emax emax Uniformity Cu Curvature Cc

2.58 0.04 1.726 1.453 0.776 0.495 2.78 1.00

to be analyzed separately. The sand was selected to
be the soil samples in this experiment because of its
relatively uniform and stable properties. The par-
ticle size distribution curve of the sand was shown
in Fig. 1, and the basic material properties of the
sand were listed in Table 2.

2.4. Test Procedure

2.4.1. Corrosion surface topography
obtained by laser scanning
technology

In this study, the surface topographies of all cor-
roded concrete specimens after cleaning and dry-
ing were measured using a handheld 3D laser scan-
ner T-SCAN CS produced by German Steinbichler
Optoelectronics Technology Co., Ltd. Based on tri-
angulation techniques and light sweeping method,
the 3D coordinates of each point on the specimen
surface could be obtained. Afterwards, the 3D coor-
dinates of each point (i.e. point cloud) on the surface
of the corroded concrete were acquired, which will
be further processed with the software MATLAB
2013.

The cubic covering method proposed by Zhou
and Xie37 was adopted to calculate the corroded
surface fractal dimension. A brief description of the

Fig. 2 Schematic view of cubic covering method.

calculation principle of the surface fractal dimen-
sion was as follows: There was a regular square grid
ABCD on the plane XOY, as shown in Fig. 2. In
each grid with side length δ, four intersection points
corresponded to four heights of a rough surface:
h(i, j), h(i, j + 1), h(i + 1, j) and h(i + 1, j + 1)
(where 1 ≤ i ≤ m − 1, 1 ≤ j ≤ n − 1, m and
n were the total number of sampling points on a
rough surface in the x-axis and y-axis directions,
respectively). If a cube with a side length δ was used
to cover the rough surface, the maximum difference
among h(i, j), h(i, j+1), h(i+1, j) and h(i+1, j+1)
would determine the number Ni,j of cubes required
to cover the irregular surface area within the scale δ:

Ni,j = INT
{

1
δ
[max(h(i, j), h(i, j + 1),

×h(i + 1, j), h(i + 1, j + 1))

−min(h(i, j), h(i, j + 1), h(i + 1, j),

× h(i + 1, j + 1))] + 1
}

, (1)

where INT denoted the integrating function. When
the cube side length was δ, the total number of
cubes covered the entire rough surface that can be
expressed as

N(δ) =
n−1∑
i,j=1

Ni,j . (2)

By changing the side length δ of the cubes, the pro-
cess was repeated to calculate the different number
of cubes N(δ) and was required to completely cover
the rough surface. Obviously, a smaller δ will yield
a larger N(δ).

According to the fractal theory, if the relation
between the total number of cubes N(δ) and the
cube side length δ obeyed the following functional
relationship, the rough surface exhibited fractal
characteristics

N(δ) ∼ δ−D, (3)
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where D was the fractal dimension of the rough
surface.

2.4.2. Interface direct shear test

The concrete plate was installed in the lower shear
box, and the upper shear box was used to place
test sand. The upper shear box filled with sand was
immobile, while the lower box was driven to move
by a tangential force applied via a hydraulic actua-
tor. The soil pressure around the concrete pile was
simulated by the normal force of the direct shear
apparatus, and the vertical load on the concrete
pile was simulated by the tangential force of the
direct shear equipment, as illustrated in Fig. 3. In
order to reduce weight and easy to facilitate manu-
ally, the thickness of concrete specimen was chosen
to be 50 mm instead of 100 mm that was the depth
of the lower shear box, and steel pad was placed
underneath the concrete specimen for adjusting the
position of the interface between concrete and sand.
It was a very critical issue to determine the loca-
tion of the interface between corroded concrete and
sand, which was determined based on the follow-
ing reason in this experiment. The roughness of the
side of the concrete pile was supposed to be in a
regular sawtooth shape after the concrete pile was
corroded, as shown in Fig. 3a. Because the shear
strength of concrete was much larger than soil, the
shear strength of the 2-2 plane in Fig. 3a will be
higher than that of a 1-1 plane. For this reason, the
1-1 plane was selected as the shearing interface, so

the concrete specimen placement in this experiment
was shown in Fig. 3b.

A given mass (30 kg) of the sand was weighed
and manually compacted into three layers toward a
controlled volume in the upper shear box in order
to achieve the target relative density. During shear-
ing, the normal and tangential forces at the inter-
face were measured by load cells, and the verti-
cal and horizontal displacements at the interface
were monitored by a system of four linear variable
displacement transducers (LVDTs). All specimens
were conducted under normal stresses of 50, 100,
150 and 200 kPa, which were commonly found in
geotechnical engineering applications. Shear stress
was applied on the lower shear box until an ini-
tial normal stress 200 kPa for 20 min and the nor-
mal deformation had become stable. A data acqui-
sition system connected to a computer constantly
monitored and recorded the readings from the load
cells and LVDTs. A shear displacement rate of
2.0 mm/min was used in this study, and the shear-
ing process was terminated when the tangential dis-
placement reached 35 mm since the wall thickness of
the shear box was 40 mm. In addition to the shear
test of the interface between the concrete specimens
and the sand, the shear behavior of the sand itself
was tested according to the above shear test pro-
cedure, except for the following differences: a given
mass (30 kg) of the sand was weighed and manu-
ally compacted into three layers toward a controlled
volume in the lower shear box. Then, another given
mass (30 kg) of the sand was weighed and manually

(a) Corroded pile and soil (b) Corroded concrete specimen and soil in shear box

Fig. 3 Illustration of the selection of the location of the interface between corroded concrete and sand.

2140010-6

Fr
ac

ta
ls

 2
02

1.
29

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 H
O

N
G

 K
O

N
G

 P
O

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SI

T
Y

 o
n 

06
/2

8/
21

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



March 23, 2021 16:50 0218-348X
2140010

Fractal Characterization and Mechanical Behavior of Pile–Soil Interface

compacted into three layers toward a controlled vol-
ume in the upper shear box.

3. TEST RESULTS AND
ANALYSIS

3.1. Visual Inspection

Photographs of concrete specimens were taken after
immersion in the sulfuric acid over regular time
periods (0, 31, 93 and 154 days) to record changes
in surface appearance, as illustrated in Fig. 4.
The corrosion process was clearly shown in the
photographs: the uncorroded surface was flat and
smooth after demolding. After 31 days of immer-
sion, the dissolution effect of sulfuric acid caused
the exposure of sand grains and the residual of white
corrosion products (mainly gypsum). From 31 days
immersion to 154 days immersion, the cement paste
started to dissolve layer by layer from the surface
to the inside, with the gradual shedding of smaller
aggregates and the gradual exposure of larger aggre-
gates.

3.2. Calculation Results of Fractal
Dimension

The MATLAB program was written to implement
the cubic covering method mentioned in Sec. 2.4.1
with the coordinate data file of the corroded sur-
face point obtained by laser scanning technology.
In Matlab 2013, data processing and reconstruction
based on the coordinate data files of concrete spec-
imens corroded for 0, 31, 93 and 154 days were per-
formed, as presented in Fig. 5. Nine different grid
numbers were selected for the four concrete speci-
mens to produce nine kinds of different side lengths
cubes: 75 × 50, 150 × 100, 300 × 200, 600 × 400,
900×600, 1200×800, 1500×1000, 2100×1400 and
3000× 2000. Then, in these nine cases, the number
of the square boxes N(δ) required to completely
cover the surface by cubes with side length δ were
respectively obtained. The fractal dimension could
be calculated from the relationship between N(δ)
and δ as the above-mentioned Eq. (3). Usually, the
value of fractal dimension can be estimated from
the slope of dual logarithmic coordinate graphs of
ln(N(δ)) against ln(δ), as shown in Fig. 6. After

(a) Concrete uncorroded (corroded for 0 days) (b) Concrete corroded for 31 days

(c) Concrete corroded for 93 days (d) Concrete corroded for 154 days

Fig. 4 Photograph of concrete specimens corroded for 0, 31, 93 and 154 days.
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(a) Concrete uncorroded (b) Concrete corroded for 31 days

(c) Concrete corroded for 93 days (d) Concrete corroded for 154 days

Fig. 5 Reconstruction of the concrete specimens surfaces corroded for 0, 31, 93 and 154 days in Matlab.

(a) Concrete uncorroded (D = 2.0094) (b) Concrete corroded for 31 days (D = 2.1269)

(c) Concrete corroded for 93 days (D = 2.1827) (d) Concrete corroded for 154 days (D = 2.1920)

Fig. 6 Dual logarithmic coordinate graphs of concrete specimens corroded for 0, 31, 93 and 154 days to calculate fractal
dimensions.

2140010-8

Fr
ac

ta
ls

 2
02

1.
29

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 H
O

N
G

 K
O

N
G

 P
O

L
Y

T
E

C
H

N
IC

 U
N

IV
E

R
SI

T
Y

 o
n 

06
/2

8/
21

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



March 23, 2021 16:50 0218-348X
2140010

Fractal Characterization and Mechanical Behavior of Pile–Soil Interface

(a) Concrete uncorroded (corroded for 0 days) (b) Concrete corroded for 31 days

(c) Concrete corroded for 93 days (d) Concrete corroded for 154 days

Fig. 7 Curves of the interface shear stress–displacement between sand and concrete specimens corroded different days.

calculation, the fractal dimensions of concrete spec-
imens corroded for 0, 31, 93 and 154 days were
2.0094, 2.1269, 2.1827 and 2.1920, respectively. The
initial fractal dimension of the uncorroded concrete
surface was almost equal to 2.00, which meant that
the concrete specimen surface after demolding was
almost a two-dimensional smooth plane. As the cor-
rosion time increased, the dissolution of the cement
paste and the exposure of the aggregate caused the
surface to become rougher, so the fractal dimension
characterized the surface roughness increased with
the increase of the corrosion time.

3.3. Interface Direct Shear Test
Results

The shear stress–displacement curves of the inter-
face between sand and concrete specimens corroded
for 0, 31, 93 and 154 days were shown in Figs. 7a–7d.
From these curves, it can be seen that the shear
stress initially increased linearly with the gradual
increase of the shear displacement, and the shear
modulus of the interface was constant and rela-
tively high at the initial stage. The curves tended
to deviate from linearity with a continuous increase
of the shear displacement, which indicated that the

interface yielded. Thereafter, the shear stress hardly
increased with the further increase of the shear dis-
placement. There was no obvious peak in the curves
of the interface shear stress–displacement between
sand and concrete specimens after corroded for dif-
ferent days. Therefore, it was reasonable to take
the yielding stress of the interface as the shear
strength. Shear stress and shear displacement of
the interface between sand and concrete specimens

Fig. 8 Interface shear stress–displacement curves of sand
itself.
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corroded for different days showed a good elasto-
plastic relationship, which can be described by the
hyperbolic model. For the sand itself, shear stress–
displacement curves of the interface between sand
and sand were obtained by the same test procedure
as that between sand and concrete, as illustrated in
Fig. 8. The test results were listed in Table 3. The
shear strength increases with the increase of normal
stress as shown in Figs. 10 and 11, and the relation-
ship between shear strength and normal stress will
be explored in the next paragraph.

Figure 9 illustrated the shear strengths under
different normal stresses for interfaces of sand-
corroded concrete for different days and the sand
itself. The curves indicated that the shear strength
increased linearly with regularly increasing normal
stress and proved that the shear behavior of the
sand-corroded concrete interface obeyed the Mohr–
Coulomb criterion, as shown in Eq. (4). Based on
this criterion, the shear strength parameters for the
Mohr–Coulomb failure law (i.e. the cohesive and
friction angle) can be obtained by linear regressed
from the test data in Fig. 8 using the least-squares
method, and the parameters were listed in Table 3.

τf = σ tan ϕ + c, (4)

where τf was the shear strength (peak shear stress),
kPa; σ was the normal stress, kPa; ϕ was the friction
angle; c was the cohesive, kPa.

It can be found from Fig. 9 that the interface
friction angle increased with the increase of the cor-
rosion days, and the internal friction angle of inter-
face for the sand itself was higher than the friction
angle of sand-corroded concrete interface. This indi-
cated that the rougher interfaces still exhibit weaker

Fig. 9 The shear strengths under different normal stresses
for interfaces of sand-corroded concrete for different days and
sand itself.

shearing resistance than the sand itself, but stronger
shearing resistance than the smooth interface. The
reason may be that failure planes exist in the sand
instead of on the concrete surface.

It was well known that the bearing capacity of a
pile foundation consists of two parts: the pile-end
bearing and the pile shaft friction. During the load-
ing process of a pile foundation, the shaft friction
was mobilized first, whereas the end-bearing resis-
tance was only mobilized after the pile shaft friction
reaches its limiting value. Therefore, it was worth
paying attention to the displacement when the pile
shaft friction reached its peak value. In this paper,
the shear displacement at peak stress was extracted
from the shear stress–displacement curves of the
concrete–sand interface. The related experimental
data results were listed in Table 3, and the curves
of shear displacement at peak stress with corrosion
days were presented in Fig. 10. It can be found from
Fig. 10, the shear displacement at peak stress gen-
erally increased with the increase of the corrosion
days. This could imply that greater pile displace-
ment may be required to take advantage of the
higher resistance with concrete subjected to more
severe corrosion.

It was very important to establish accurate mod-
els to the behavior of soil–structure interfaces in
order to obtain realistic solutions to many soil–
structure interaction problems. There were many
models to simulate the behavior of soil and struc-
ture interface, such as the rigid plastic model,54

the elastic-plastic model,55 and the Clough–Duncan
hyperbolic model. Among them, the hyperbolic
model of shear stress and shear displacement pro-
posed by Clough and Duncan had been widely

Fig. 10 Curves of shear displacement at peak stress with
corrosion days.
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used due to its simple formula form, easy param-
eters determination, and clear parameters physi-
cal meaning. The Clough–Duncan hyperbolic model
expressed the shear stress and shear displacement
curve of the interface by the following formula:

τ =
ω

a + bω
, (5)

where τ was shear stress on the interface, ω was
the shear displacement between sand and corroded
concrete, a and b were fitted parameters using the
shear stress and shear displacement curve obtained
from shear tests. When the shear displacement ω
of interface approached infinitely, the shear stress
of interface approached a constant τf called ulti-
mate shear stress value. When the shear displace-
ment ω of interface approached zero, the ratio of
shear stress to shear displacement approached the
initial shear stiffness represented by the symbol ks0.
So, as illustrated in Eq. (6), the physical meaning
of the fitted parameters a and b was the recipro-
cal of the initial shear stiffness and the ultimate
shear stress value, respectively. The fitted results
of parameters (a and b) for the hyperbolic contact
model were obtained through shear stress and shear
displacement curves of interface between sand and
corroded concrete with different corrosion days. The
fitted results of parameters (a and b) were listed in
Table 3. For simplicity, a corroded concrete for 93
days was used as an example to illustrate the com-
parison of tested and modeled shear stress and shear
displacement curves, as shown in Fig. 11. The com-
parison showed that the numerical model fits very
well with the experimental data.⎧⎪⎪⎨

⎪⎪⎩
lim

ω→∞ τ = lim
ω→∞

ω

a + bω
=

1
b

= τf

lim
ω→0

τ

ω
= lim

ω→0

1
a + bω

=
1
a

= ks0.

(6)

3.4. Correlation Between Fractal
Dimension and Interface Shear
Strength

For sand and concrete interface, the interface fric-
tion angle played a decisive role in the shear
strength, and the cohesion at the interface can be
ignored in this study. Therefore, we explored the
effect of roughness on the shear properties of the
interface between sand and corroded concrete by
exploring the relationship between friction angle
and fractal dimension. A nonlinear relationship was
found between the fractal dimension and interface

Fig. 11 The comparison of tested and modeled shear stress
and shear displacement curves for concrete corroded for 93
days.

friction angle. The interface friction angle increased
faster in the early stages, but the growth rate grad-
ually decreased in the later stages and tended to be
stable, as shown in Fig. 12 and Eq. (7). The fitted
result of Adj ·R2 is close to 1, which indicated, to a
certain extent, the fitting formula fits the four test
points in this paper well.

ϕ = 40.6 × (D − 2)0.0581, (7)

where ϕ was the interface friction angle, and D
represented the fractal dimension of the corroded
concrete surface. The main reason for the rapid
increase of interface friction angle in the early cor-
rosion stages was that as the dissolution of cement
paste, the gradual exposure of fine and coarse aggre-
gate made the concrete surface rough from an ini-
tially smooth surface. During the later corrosion
stages, a balance was formed that the gradual loss of
the aggregate would decrease the surface roughness,

Fig. 12 Curves of fractal dimension and interface friction
angle.
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(a) During the early corrosion stages

(b) During the later corrosion stages

Fig. 13 Analysis of the causes of surface roughness changes
at different stages.

but the new exposure of aggregate due to cement
paste dissolution would increase the surface rough-
ness, which caused the roughness to become stable,
as shown in Fig. 13.

Patton56 established a bilinear failure criterion
and found that the shear behavior of the joints was
different depending on the magnitude of the normal
stress applied through a series of direct shear tests
on specimens with regular saw-teeth artificial joint.
After the shear test in this paper, it was found that
the aggregates on the concrete surface corroded by
sulfuric acid were not sheared off due to shear, so
the failure mechanism may be governed by the slid-
ing overriding the asperities,57 Patton used Eq. (8)
to estimate the shear strength of irregular surfaces

τf = σ tan(ϕ + i) + c. (8)

If the interface plane was flat, its shear strength was
calculated by Mohr–Coulomb failure law as Eq. (4),
where ϕ was friction angle, c was cohesion, τf was
shear strength and σ was normal stress. If the inter-
face plane was a regular saw-teeth interface with an
undulation angle i, its shear strength was calculated

(a) Diagram of a flat interface

(b) Diagram of a regular saw–teeth interface

Fig. 14 Schematic diagram of regular saw–teeth interface
increase friction angle.

as Eq. (8), as presented in Fig. 14. It could be seen
that the interface friction angle of a regular saw-
teeth interface with an undulation angle i would
increase. In this test, the uncorroded concrete sur-
face was equivalent to a smooth and flat surface, but
due to the dissolution of the cement paste, the loss
of fine aggregates and the exposure of coarse aggre-
gate, the acid-corroded concrete surface exhibited
an irregular jagged shape surface. With the increase
of the corrosion time, the cement paste dissolu-
tion and the loss of fine aggregates would gradually
increase the corrosion depth, and the exposure of
coarse aggregate would gradually become sharper,
which would increase the friction angle. Therefore,
the acid corrosion had a great influence on the inter-
face friction angle between sand and concrete.

4. CONCLUSIONS

(1) The results indicated that the concrete sulfuric
acid corroded surfaces exhibited fractal charac-
teristics. The fractal dimensions of the rough
surfaces of concrete subjected to sulfuric acid
increased with the increase of the corrosion
time.

(2) Shear stress and shear displacement between
sand and corroded concrete showed
a good elastoplastic relationship, which can be
described by the Clough–Duncan hyperbolic
model. The relationship between shear strength
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and normal stress of interface obeyed the Mohr–
Coulomb criterion. The Mohr–Coulomb failure
envelope of the corroded interfaces lies below
the failure envelope of the sand.

(3) The shear displacement at peak stress increases
with the increase of the corrosion days. This
implied that greater pile displacement might be
required to take advantage of the higher resis-
tance with concrete subjected to more severe
corrosion.

(4) With the increase of the corrosion days, the
concrete surface became rougher, the inter-
face friction angle increased and the shear
strength increased. A nonlinear relationship
was found between the fractal dimension and
interface friction angle. The interface friction
angle increased faster in the early stages, but
the growth rate gradually decreased in the later
stages and tended to be stable.
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