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The overall performance of reinforced cement-stabilized soils depends significantly on the interface bond
mechanisms that develop between the reinforcement and the surrounding cement-soil mixture. A labora-
tory experimental investigation based on uniform design theory was carried out to characterize the inter-
face behavior of deformed bars embedded in cement-admixed soils. The study focused on the influence of
cement content, water content and curing duration on the interface response. The interface bond strength
of reinforced cement-soil mixture, as measured in pullout tests, was found to be proportional to the
strength of cement-soil matrix, as obtained from unconfined compression tests. A simplified trilinear
bond-slip model was developed as part of this study, which when properly calibrated was found to be cap-
able of characterizing the bar-mixture interface shear response. Correlations were obtained to relate the
interface bond strength with the three influence factors investigated in this study. The trends obtained
on the influence of each factor on the interface bond resistance provided insights that were suitable to
guide current design and construction practice of reinforced cement-soil mixture. The results and testing
protocols presented in this study facilitated the understanding for interface shear mechanism between
deformed bar and cement-soil mixture, and are expected to provide adequate means to satisfy the current
lack of bar-mixture interface bond parameters in design specification for reinforced soil mixing structures.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Cement has been recognized as one of the most important bin-
ders/admixtures in geotechnical engineering for ground improve-
ment and stabilization, especially in soft or contaminated clays
and sludge [1,2]. Using techniques of soil mixing and jet grouting,
cement or slurry can be introduced into the pores of naturally
weak soils resulting in pozzolanic reactions forming soil-cement
mixtures of improved characteristics [3]. Many research studies
were conducted to investigate the improved mechanical and
hydraulic properties of cement-stabilized soils, such as strength
increase, permeability decrease, and compressibility reduction
[4–18].

Stabilized soil systems in some special applications, such as
cement mixing columns, are used in excavation support and
ground water cut-off solutions, and are unavoidably required to
withstand lateral earth pressure [19–22]. This motivation inspired
the development of reinforced cement-stabilized soils by introduc-
ing reinforcements into cement-soil mixtures. Two different meth-
ods are commonly used to introduce reinforcements into cemented
soils according to their type. One method uses reinforcements, typ-
ically fibers, as additives distributed uniformly over the entire vol-
ume of the cemented soil mass to form a composite material with
customized cement and fiber contents. This composite material is
characterized by a bond interface between fibers and cemented
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soils, and is reported to exhibit highly improved mechanical prop-
erties [23–25]. The second method employs reinforcements as
structural elements that bind with the cemented soil mass to resist
external loads by mobilizing interface bonds on a specific and con-
tinuous interface [26], similar to reinforced concrete. The scope of
this study focuses on the bond behavior of this continuous inter-
face, which was specifically formed between the reinforcement
rebars and cemented soils, referred to as reinforced cement-soil
mixtures. A common application of reinforced cement-soil mixture
is Soil Mixed Wall, which was firstly applied in Japan and exten-
sively accepted as a geotechnical solution in soil retention applica-
tions [2,27]. Another typical application of reinforced cement-soil
mixtures is use with a cement-soil mixing anchor. These anchors
can be installed simultaneous with drilling, homing and grouting,
unlike the installation of conventional anchors, which requires
sequential drilling-homing-grouting procedures. This offsets the
difficulty of drilling holes in soft soils. Using this type of anchor
can effectively extend the applicability of anchorage techniques
to regions characterized by the presence of soft soils [26,28–31].

The pullout resistance of reinforcement embedded in cement-
soil mixture depends on the interface shear behavior of the rein-
forcement and the cement-soil matrix through mechanisms simi-
lar to those of reinforced concrete [32]. Structural responses of
anchor plates in cement-stabilized backfill and reinforced
cement-soil beam were investigated [33,34], whereas studies with
exclusive concerns on interface shear response of reinforcement in
cement-soil matrix are not yet reported. Consequently, current
design specification of reinforced cement-soil structures [26] is
deficient in this respect that bond strength of rebar-matrix inter-
face is not considered in the determination of ultimate pullout
resistance of reinforcement. It is the case particularly for cement-
soil mixing anchor, where the critical role of reinforcement-
matrix interface characteristic is emphasized, but relevant quanti-
tative recommendations are not available in design guidelines.

Cement-soil mixture is constituted by four phases, refer to as
cementitious solid, soil solid, water and air, typically in condition
of being cured for 28 days. As a composite material, it is distin-
guished from natural soil by the presence of cementitious solid
in composition and higher porosity, and from concrete by the
introducing cohesive soils instead of cohesionless aggregates
[35]. Interface bond strength of reinforcement embedded in soil-
cement matrix is gained through cement hardening mechanisms
similar to that in concrete matrix. Accordingly, element pullout
test used in the characterization of bond performance for rein-
forced concrete [32,36], is adopted in this study to investigate
interface behavior of deformed bar in cement-soil mixture.

It is known that the strength of a cement-soil mixture depends
mainly on cement content, water content, and curing period with
respect to a certain amount of to-be-treated soft soils [1,11,16].
These three factors were justified to be extensively accounted for
in experimental characterization of interface behavior of a certain
reinforcement, specifically using deformed bar in this study,
embedded in cement-soil matrix. Varying levels are needed for
each factor investigated in pullout testing program aiming to
obtain their influence patterns on interface bond strength, which
thus defines a multi-factor by multi-level experimental program.
For a problem with m-factor by n-level, testing program based on
full design will lead to a total number of specimens by mn. While
the number of levels is increased in investigation, challenges will
be raised substantially in laboratory labor of specimen preparation
and consistency control of different specimens. Optimization tools
were introduced to implement elaborated design on combination
of levels for all factors imposed on each specimen [37,38]. Uniform
design theory stands out in these competitive tools by the capabil-
ity of reducing required specimen quantity substantially from mn

to m with uniformity implied in test results acceptably retained.
It should be noted that engineer-accessible uniform design tables
are available to identify the level combination of all factors
imposed on each specimen. Direct use of these tables eliminates
the difficulties in understanding complicated mathematical funda-
mentals underlying uniform design theory [37]. Reported cases
exemplified the applicability of uniform design theory to geotech-
nical experimental investigations [39–42], and justified the con-
secutive application to designing this three-factor and multi-level
testing program as described earlier.

This study presents an experimental characterization of the
interface behavior of a deformed bar embedded in cement-
stabilized soils. A number of pullout tests and compression tests
were conducted on reinforced cement-soil mixture specimens
and cubic cement-soil matrix specimens, respectively. The influ-
ence of water content, cement content and curing period on inter-
face shear response was examined through a testing program
based on uniform design theory. Interpretations on test results
were incorporated into a simplified bond-slip model to character-
ize interface behavior between reinforcement and cement-soil
mixtures. Correlations were developed to associate interface bond
strength with testing parameters, of which on basis discussions
were conducted to provide insights to current practice of rein-
forced cement-soil mixture.
2. Testing program

Cement-soil mixture is generally produced in situ by wet/dry
soil mixing or jet grouting. Fig. 1a illustrates the phase composition
for typical cement-soil mixtures. It is noteworthy that the water
content of cement-soil mixture depends on three factors: (a) the
method of cement introduction (dry powder or slurry); (b) the
moisture condition of the natural soil; (c) the undergoing degree
of the hardening process [2]. As shown in Fig. 1b, the influence fac-
tors involved in this testing program were defined based on in-situ
dry mixing method as follows: (a) water content (Cw), which rep-
resents the mass ratio of the added water and the dry soil skeleton;
(b) cement content (Cc), also referred to as moist cement content in
literature [3], which represents the mass ratio of the cement and
the summation of both dry soil skeleton and added water.

Soft clays that are practically suitable for cement stabilization
are usually characterized with moisture contents larger than 35%
or close to liquid limit. The selection of cement content is opti-
mized such that it provides the best stabilization efficiency, which
is soil-specific, with the optimum amount of water based on its
availability. In such cases, the optimal cement content is typically
less than 30% [3,4,11]. Accordingly, the cement content and water
content adopted in this experimental study ranged from 5 to 30%
and 45 to 90%, respectively. Cement-stabilized soils were observed
to complete hydration and hardening to its full strength in a 90-
day curing period. However, strengths with shorter curing periods
(e.g. 15 days to 30 days) were commonly applied in design as alter-
natives due to tight construction schedules in practice [3,43]. Con-
sequently, curing duration (denoted by Tc) adopted in this
experimental study ranged from 7 days to 28 days to allow for
the evaluation of the interface bond strength increase with time.

The experimental program involved tests conducted at six
cement contents, four water contents, and three curing periods,
as shown in Table 1. A testing scheme was developed based on
the application of uniform design table U*12(1210) [37] to the
aforementioned three testing factors, as shown in Table 2. Note
that, in U*12(1210), the integer of 12 denotes the required number
of levels for each testing factor using this uniform design table, and
the integer 10 denotes the maximum number of testing factor
applicable to this design table. The number of levels for the three
testing factors in this study (Table 1) were extended accordingly



Fig. 1. Schematic of phase composition for typical cement-soil mixture: (a) in-situ production; (b) laboratory preparation in present testing program.

Table 1
Influence factors with respective levels used in testing program.

Influence factor Number of level Magnitudes of levels

Cement content Cc (%) 6 5, 10, 15, 20, 25, 30
Water content Cw (%) 4 45, 60, 75, 90
Curing duration Tc (days) 3 7, 14, 28

Table 2
Testing scheme based on uniform design table U*12(1210).

Testing group Cc Cw Tc (days)

TN01 1 (0.05) 6 (0.60) 10 (28)
TN02 2 (0.05) 12 (0.90) 7 (14)
TN03 3 (0.10) 5 (0.60) 4 (7)
TN04 4 (0.10) 11 (0.90) 1 (7)
TN05 5 (0.15) 4 (0.60) 11 (28)
TN06 6 (0.15) 10 (0.90) 8 (14)
TN07 7 (0.20) 3 (0.45) 5 (14)
TN08 8 (0.20) 9 (0.75) 2 (7)
TN09 9 (0.25) 2 (0.45) 12 (28)
TN10 10 (0.25) 8 (0.75) 9 (28)
TN11 11 (0.30) 1 (0.45) 6 (14)
TN12 12 (0.30) 7 (0.75) 3 (7)

Note: a (b): a denotes the level number; b denotes the magnitude of this level.

Table 3
Materials used throughout testing program.

Properties Values/Description

Soil sample
Natural water content (%) 30–70
Liquid limit (%) 58.1
Plasticity limit (%) 28.6
Specific gravity 2.705

Cement
Type P.O 42.5
Compressive strength (MPa) �42.5 (28-day)

Reinforcement
Type HRB 400
Nominal diameter (mm) 16
Rib height (mm) 1.5 ± 0.4
Rib spacing (mm) 10.0 ± 0.5
Yield strength (MPa) 394.7
Young’s modulus (GPa) 201
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by duplication to their least common multiple to facilitate this
direct application of uniform design table.
Fig. 2. Particle size distribution curve of soil sample.
3. Material properties

Soil samples were collected from flood plain in vicinity of the
intersection of Xiangjiang River and Jinjiang River in Changsha,
China, which is characterized by the presence of vast soft clay
deposits. The collected soil samples were tested to evaluate the soil
properties, as shown in Table 3. The results of the particle-size dis-
tribution analysis are illustrated in Fig. 2.



Fig. 4. Cubic cell: (a) view of cells filled with cement-soil mixture; (b) three
specimens prepared in a group.
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It should be noted that natural moisture content of soils in this
region ranges from 30 to 70%, and up to 80% or higher in some loca-
tions. Cement stabilization was identified to be a very practical
ground improvement solution for this soil type [3]. Reinforcement
used in the reinforced cement-soil mixture specimens in this
experimental study was ordinary deformed reinforced bar [44],
as shown in Table 3. The reinforcement sample was 26 cm in
length with its loaded end tapped to allow for a screw connection
with the pullout loading device. The cement type used in the
cement-soil mixture was Ordinary Portland Cement [45], as
described in Table 3.

4. Specimen preparation

Natural soil samples were air-dried in laboratory environment
at low temperature to avoid the change in the organic component
that may occur in oven drying. Soil samples were cleaned from for-
eign material and were mechanically pulverized. Soil particles
passing through 5-mm sieve were preserved in sealed plastic bags
with moisture content maintained at 2.1%. Cement-soil mixtures
were prepared by mixing specific quantities of soil samples,
cement and water in an agitator, according to test configurations
(Table 2). Mixing time varied slightly for samples of different water
and cement contents, but remained less than 750 s for all samples
to reduce specimen inconsistencies involved in the mixing process.

Pullout cells developed by Chen et al. [46–48] were modified to
prepare the reinforced cement-soil mixture specimens (Fig. 3).
These cells were specially designed to accommodate a reinforce-
ment specimen around which the cement-soil mixture was consti-
tuted. Note that the encapsulated length of the reinforcement
rebar in the cement-soil mixture in this pullout cell is 8 cm, which
represents a segment of a full-scale cement-soil mixing anchor in
the field. Pullout tests conducted on anchor elements with compar-
atively short lengths facilitate the development of interface bond-
slip models, as reported in bond behavior characterizations of rein-
forced concrete and rockbolts [32,49–52]. The ratio of the cement-
soil mixture specimen diameter (the interior diameter of the pull-
out cell) to the reinforcement bar diameter is 12.5 (200:16), which
is approximately a full-scale model of a soil-cement mixing anchor
cross section in practice [26]. All surfaces in contact with the
cement-soil mixture in this setup were coated with petroleum jelly
Fig. 3. Pullout cell: (a) schematic of cross-sectional elevation;
to minimize boundary friction. The lubricated surfaces included
the reinforcement sleeves in the cover and base plates, and the
inner surface of the cover plate and the side wall (Fig. 3a). A paper
sealant was placed on the base plate, and the contact edge of the
side wall and the base plate was taped to avoid losses in the spec-
imens in the succeeding vibration phase. It should be noted that
pullout tests were conducted without the application of external
confining stress. This is because the actual confining mechanism
induced by native soils on a cement-soil mixture in the field
depends on the interaction that occurs at the native soil-cement-
soil mixture interface, which is beyond the scope of this study.
The incorporation of a confining mechanism and the interaction
between the native soil and cement-soil mixture complicates
interpretation of the bond behavior of the cement-soil mixture-
reinforcement rebar interface, which is the focus of this study. Con-
sequently, a zero confining stress was adopted at the specimen
(b) 3D view of cell; (c) schematic of cross-sectional plan.



Fig. 5. Specimen preparation: (a) pullout cell with centered bar specimens; (b) densification using a plate vibrator; (c) cement-soil mixtures placed in sealed plastic bags; (d)
detaching cover and base plates of pullout cell.
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boundaries. Meanwhile, cubic cells were used to prepare the
cement-soil mixture specimens for unconfined compression tests,
as shown in Fig. 4. The cubic cells were lubricated using a similar
method to that used for the pullout cells to facilitate the demolding
of specimens (see Fig. 4).

The steel bar specimen was placed vertically into the pullout
cells centered in housing sleeves fixed to the base and cover plates
(Fig. 5a). Freshly mixed cement-soil mixture was transported into
two pullout cells and three cubic cells, and consecutively densified
on a plate vibrator for 30 s (Fig. 5b). Vibration is competent to
attain a uniform density distribution over the whole volume of
cement-soil mixtures, and guarantee the condition of bar-
mixture interface free of air bubbles, for specimens with varying
fluidities. The cells were placed in sealed plastic bags to prelimi-
nary cure for 48 h (Fig. 5c). The cover and base plates were then
detached from the pullout cell (Fig. 5d). Both pullout and cubic
specimens were sealed again in plastic bags until designated cur-
ing durations were reached.
Fig. 6. Unconfined compression test on cubic cement-soil mixture specimen.
5. Testing procedure

Unconfined compression tests were carried out on cubic speci-
mens by using TYA-2000S Electro-Hydraulic testing machine with
load measurement precision of 0.01 kN. The compressive force and
its corresponding vertical displacement in compression were not
continuously recorded throughout testing. Consequently, only
real-time compressive force data could be recorded via the digital
panel display, as shown in Fig. 6. The specimens were loaded at a
rate ranging from 0.03 to 0.15 kN/second, according to the esti-
mated maximum compression needed in this test. The peak com-
pressive force measured in the loading process was averaged
over the cross-sectional area of specimen, which corresponds to
the compressive strength of cement-soil mixture (Fig. 6). Mean-
while, pullout tests were carried out on reinforced cement-soil
mixture specimens, cured for the same duration as that for cubic
specimens, using Frictional Performance Testing System (FPTS),
developed by Chen et al. [46,48,53]. A special connection was
designed to mount the reinforcement specimen to the loading sys-
tem. This connection consisted of a two-part hallow cylinder fixed
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to the load cell using a thread rod, and fixed to the threaded end of
the deformed bar specimen using a nut locked inside the cylinder
connection, as shown in Fig. 7. The threads in the connection were
carefully evaluated to ensure adequate tensile capacity in compli-
ance suitable to sustain the maximum tension provided in FPTS.

With the deformed bar’s top end connected to the load cell, the
specimen was mounted with the traveling platform of the FPTS
using a top plate and fasteners to pull the specimen downward,
as shown in Fig. 8. Pullout force is applied to the rebar when the
traveling platform moves downward. The load and its correspond-
ing displacement were monitored in real time using a load cell and
an LVDT, respectively. The tests were conducted at a constant dis-
placement rate of 1 mm/min. The tests were terminated when
pullout displacement reached 20 mm, which guaranteed a com-
Fig. 7. Connection of specimen and loading system: (a) compon

Fig. 8. Setup of pullout test on rei
plete interface debond between the reinforcement and cement-
soil mixture.

6. Experimental results

The shear failure surfaces in the cubic specimens tested in
unconfined compression were observed to occur at an angle of
approximately 45 degree for all specimens, as shown in Fig. 9.
The compressive stress was calculated by dividing the measured
compressive force over the area of the cubic specimen to which
the compression was applied. The peak compressive stress corre-
sponding to the peak compressive force was used to represent
the unconfined compressive strength (UCS) of the cement-soil
mixture specimen. For each testing group in Table 2, UCS for
ents of connection; (b) layout with completed connection.

nforced cement-soil mixture.



Fig. 9. Front view of cubic specimen showing typical shear failure under
compression.
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cement-soil mixture prepared at the corresponding testing param-
eters was determined by a mean value for the three cubic speci-
mens, as shown in Table 4. Consistency of specimens and
effectiveness of compression tests were examined by the coeffi-
cients of variance (COV) of each testing group, which were smaller
than 10%.

Interface bond stresses between the deformed bar and cement-
soil matrix were obtained by averaging the pullout force over the
entire bond area, assuming uniform distribution of shear stresses.
This assumption is deemed valid for reinforcements with short
encapsulating lengths [32,49–52]. Interface slips were character-
ized by the relative displacement between the deformed bar and
the cement-soil matrix. This relative displacement was measured
by monitoring the displacement of the traveling platform of the
loading system (Fig. 8). Note that the tensile strain of the deformed
bar is negligible compared to the interface displacement.

Fig. 10 shows the interface shear stress-displacement (bond-
slip) curves obtained from the pullout tests for the 12 testing
groups involved in this study. Curves from the two tests of the
same group were distinguished by suffix -A and -B. The curves
were found in a good agreement with minor differences that can
be attributed to the variations inherited in material composition,
environmental conditions, and laboratory operations despite the
effort given to consistently control specimen preparation and
testing.
Table 4
Unconfined compressive strength of cement-soil mixture specimens.

Testing group UCS (MPa) UCS (MPa) COV (%)

TN01 – – – – –
TN02 – – – – –
TN03 0.59 0.63 0.62 0.61 3.17
TN04 0.30 0.28 0.27 0.28 6.23
TN05 1.62 1.67 1.73 1.67 3.23
TN06 0.51 0.53 0.49 0.51 4.33
TN07 3.06 3.27 3.48 3.27 6.49
TN08 1.77 1.83 1.71 1.77 3.22
TN09 3.99 4.75 4.22 4.32 9.06
TN10 2.72 2.64 3.03 2.80 7.34
TN11 7.41 7.37 6.85 7.21 4.35
TN12 4.15 3.63 3.81 3.86 6.83

Note: ‘‘–” denotes unavailable measurements for specimens with very low strength.
A schematic of representative curve in Fig. 10 was illustrated
typically in Fig. 11. As shown in Fig. 11, the interface bond-slip
relationship can be characterized by three phases: (1) the linear
elastic phase, where peak interface bond stress was reached after
a small interface displacement (slip) ranging from 0.9 to 2.1 mm;
(2) post-peak interface bond stress, which can be defined by
strain-softening phase, where the interface bond stress decreased
linearly with increasing slip but at a lower rate than that in elastic
phase; (3) residual interface bond stress phase, which took place at
full interface debond with occurrence of a mechanical climb-slide
behavior over rebar ribs, as illustrated by stress fluctuation along
with the slip flow. This climb-slide behavior between bar ribs
and cement-soil matrix depended on the stiffness and dilatancy
properties of the cement-soil mixtures, as well as the geometrical
properties of the rebar ribs (not in the scope of this study). Stress
jumps were observed immediately after the peak stresses for some
specimens (TN03, TN05, TN07, TN08, and TN12), which were also
attributed to the climb-slide behavior over the rebar ribs. Note that
slip difference between neighboring troughs in the bond-slip curve
is equivalent to the rib spacing (10 mm in this testing program), as
also depicted in Fig. 11. This validates the occurrence of the climb-
slide behavior over the rebar ribs inducing stress fluctuation.

For each interface bond-slip curve, the peak stress was defined
as the ultimate interface bond strength (UBS). The stress at the end
of the strain-softening phase and before the rib-induced stress
climb was defined as the residual interface bond strength (RBS).
Table 5 presents the UBS and RBS values obtained for each pullout
test, and the average of UBS and RBS values obtained for specimens
A and B of each testing group (UBS and RBS). It was observed that
the interface bond strength increases with increasing cement con-
tent, particularly when water content is low, as exemplified by
measurements of TN07, TN09 and TN11 shown in Fig. 10. In addi-
tion, the interface bond strength tends to decrease with increasing
water content, at least for the range of water content involved in
this study. This reduction in strength is due to the incomplete poz-
zolanic reactions occur with excessive water. The full development
of interface bond strength for reinforced cement-soil mixtures can
be expected at an optimal cement-water ratio, similar to that
needed for the full development of the internal shear strength in
cement-soil mixtures.

It should be noted that the interface bond strength was
obtained in this study by assuming uniformly distributed shear
stresses over the entire bond area (i.e., the interface area between
the rebar and the cement-soil mixture). In fact, the exact position
of essential shear interface is difficult to define in pullout tests
because of the existence of a shear band with specific thickness
from the interface. This could be illustrated by Fig. 12, which shows
the interfacial condition observed on a retrieved rebar.

The magnitude of slip needed to fully mobilize the interface
bond strength, i.e. elastic slip limit, can be used in conjunction with
interface bond strength to characterize interface elastic modulus.
The value of this modulus is a crucial parameter in deformation-
involved design of reinforced cement-soil mixtures. A trilinear
interface shear constitutive model can be idealized from measured
interface bond-slip curves by defining two interface strengths UBS
and RBS, as well as their corresponding slip values. Fig. 13 presents
the values of elastic slip limit corresponding to the UBS for all pull-
out specimens. Minor difference between elastic slip limits for par-
allel specimens in the same testing group further validated the
consistency in specimen preparation. It is noteworthy that magni-
tudes of all elastic slip limits corresponding to the various tests
(i.e., various interface bond strengths) fall into a small range
between 0.9 and 2.1 mm. The secant stiffness defined by the ratio
of the ultimate interface shear strength to the elastic slip limit
exhibited no obvious trend. Since the pullout tests conducted in



Fig. 10. Interface bond-slip curves from pullout tests: (a) TN01; (b) TN02; (c) TN03; (d) TN04; (e) TN05; (f) TN06; (g) TN07; (h) TN08; (i) TN09; (j) TN10; (k) TN11; (l) TN12.
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this study did not provide adequate information about the inter-
face elastic modulus, only the elastic slip limit was used in the
development of the interface shear constitutive model between
the rebar and cement-soil matrix, as will be discussed later.
7. Regression analyses on test results

The uniformity retained in design of the testing program facili-
tated the performance of regression analyses, which provided rela-
tionships between the controlling parameters involved in this
study. Specifically, relationships could be developed between the
ultimate interface bond strength and the unconfined compression
strength of the cement-soil mixture, between the ultimate and
residual interface bond strength, and between the ultimate inter-
face bond strength and the tested influence factors (cement con-
tent, water content, and curing time).
7.1. Ultimate interface bond strength (UBS) versus unconfined
compressive strength (UCS)

Bond strength at the interface between the rebar and cement-
soil mixture was found to increase linearly with increasing uncon-
fined compressive strengths of the cement-soil mixture, as shown
in Fig. 14, with a determination coefficient R2 = 0.957. The devel-
oped linear regression function can be expressed as follows:

UBS ¼ 0:402UCS ð1Þ
The correlation provided a predictive method (without

additional laboratory or in situ testing) to determine interface
bond strength based on unconfined compressive strength of
cement-soil matrix in which a rebar is embedded. The current
Chinese specifications [26] can be improved by incorporating
recommendations on the relationship between the internal shear



Fig. 12. View of a retrieved rebar and surrounding cement-soil mixture.

Fig. 11. Schematic of typical interface bond-slip curve.

Table 5
Interface strength measurements of reinforced cement-soil mixtures from pullout tests.

Testing group Specimen A Specimen B UBS (kPa) RBS (kPa)

UBS (kPa) RBS (kPa) UBS (kPa) RBS (kPa)

TN01 48.2 22.1 51.7 21.1 50.0 21.6
TN02 42.5 20.1 40.3 17.7 41.4 18.9
TN03 251.2 64.7 278.5 64.7 264.8 64.7
TN04 119.4 37.3 129.3 32.3 124.3 34.8
TN05 731.1 189 798.3 216.4 764.7 202.7
TN06 311.8 39.8 309.1 92.0 310.5 65.9
TN07 1352.8 310.8 1295.6 243.7 1324.2 277.3
TN08 668.9 119.4 619.2 92.0 644.1 105.7
TN09 2133.7 549.6 2213.2 661.5 2173.5 605.5
TN10 1243.4 256.1 1273.2 218.8 1258.3 237.5
TN11 2665.8 278.6 2613.6 136.8 2639.7 207.7
TN12 1347.8 228.8 1484.6 303.4 1416.2 266.1
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strength parameters of cement-soil mixtures and their interface
strength parameters with embedded rebar to facilitate
design practice. Additional experimental data from further
studies is expected to refine this relationship and enrich its
reliability.
7.2. Residual interface bond strength (RBS) versus ultimate interface
bond strength (UBS)

As explained earlier, residual bond strength of the interface
between the rebar and cement-soil mixture characterizes



Fig. 13. Magnitudes of elastic slip limit at ultimate interface bond strength.

Fig. 14. Relationship of bond strength and unconfined compressive strength.
Fig. 15. Residual interface bond strength (RBS) versus ultimate interface bond
strength (UBS).
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post-debond interface response, which is exclusively induced by
frictional resistance, while other bond sources including chemical
cohesions along the interface and the internal shear resistance
inside the surrounding cement-soil mixture were nearly dissipated
in the linear elastic phase and strain-softening phase (Fig. 11). The
frictional source, referred to as residual interface bond strength
(RBS), has appeared to contribute proportionally to the ultimate
bond strength of each individual pullout specimen. This contribu-
tion fraction was found to be independent of mechanical proper-
ties of surrounding cement-soil matrix, as indicated by
proportionally linear function in Fig. 15, which was plotted by fit-
ting on values of RBS versus UBS given in Table 5.

Note that data points from testing group TN11 in Fig. 15 were
outliers and were not involved in the regression nor the develop-
ment of the relationship. It should also be noted that the interface
bond-slip curves of TN11 specimens exhibited the most significant
stress fluctuation in residual phase compared to other testing
groups. This may infer that the combined effect of two mechanical
bond mechanisms as occlusion and friction, which occurs in climb-
slide behavior over rebar ribs, was not negligible in this case, and
that the stress before the fluctuation underestimates the real resid-
ual interface bond strength. The developed linear regression
between residual interface bond strength and ultimate interface
bond strength based on 11 testing groups (22 specimens) can be
expressed as follows:

RBS ¼ 0:2337UBS ð2Þ
The developed linear regression had R2 = 0.980. While decou-
pled interface bond interaction mechanism was acknowledged in
the scope of this study by assuming that the pre-fluctuation stress
trough represents the residual interface bond strength, which was
found acceptable, further investigations are needed on the interac-
tions between the cohesion, friction, and occlusion mechanisms to
assess the contribution of each mechanism in the development of
the interface bond. The residual-to-ultimate interface bond
strength ratio can used in the development of the interface
bond-slip constitutive model for reinforcement embedded in
cement-soil matrix.

7.3. Ultimate interface bond strength as a function of influence factors

It was reported that the strength gain of cement-soil mixtures
depends on water-cement ratio (Rcw) adopted in the mixing oper-
ation [11]. The influence factors tested in this study, cement con-
tent (Cc) and water content (Cw), can be related to the cement-
water ratio as follows:

Rcw ¼ Cw

Cc 1 þ Cwð Þ ð3Þ

Table 6 presents values of Rcw, Cc and Cw for each testing group,
as well as the corresponding ultimate interface bond strengths
(UBS, average of measurements for two specimens in the same



Table 6
Bond strength measurements corresponding to influence factor combinations.

Testing group number Cement-water ratio, Rcw Cement content, Cc (%) Water content, Cw (%) Curing duration, Tc (days) Interface bond strength, UBS (kPa)

TN01 7.5000 5 60 28 50.0
TN02 9.4737 5 90 14 41.4
TN03 3.7500 10 60 7 264.8
TN04 4.7368 10 90 7 124.3
TN05 2.5000 15 60 28 764.7
TN06 3.1579 15 90 14 310.5
TN07 1.5517 20 45 14 1324.2
TN08 2.1429 20 75 7 644.1
TN09 1.2414 25 45 28 2173.5
TN10 1.7143 25 75 28 1258.3
TN11 1.0345 30 45 14 2639.7
TN12 1.4286 30 75 7 1416.2
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testing group). Regression analyses was conducted to develop a
function for UBS in terms of Rcw and the curing duration (Tc) as
follows:

UBS ¼ 467:984Rcw
�1:697ðln Tc þ 3:352Þ ð4Þ

Substitution of Rcw from Eq. (3) into Eq. (4) leads to a relation-
ship between the ultimate interface bond strength UBS resulting
from pullout tests and the tested influence factors, cement content
(Cc), water content (Cw), and curing duration (Tc) of cement-soil
mixtures. This relationship can be expressed as follows:

UBS ¼ 467:984
Cw

Cc 1 þ Cwð Þ
� ��1:697

ðln Tc þ 3:352Þ ð5Þ

The developed relationship in Eq. (5) can be used in the predic-
tion of interface bond strength, which is a critical parameter
needed in design practice of reinforced cement-soil mixtures with
prescribed material compositions and curing periods. This mod-
eled relationship is particularly useful in reinforced cement-
stabilized soil cases in which limited construction periods are
allowed, which are usually shorter than curing durations needed
to reach adequate mixture strength. The model can be used to
facilitate prediction of the interface bond strength based on pri-
mary design parameters (cement content and water content),
which can be altered to optimize the curing duration and arrive
to the desired interface bond strength. Fig. 16 presents the mea-
sured interface bond strength data from the implemented testing
program against the predicted strength using the developed model
to examine the prediction efficiency of the model. By defining the
bias as the ratio of prediction and measurement, the magnitude of
mean and variance for bias of USB and RSB can be used to examine
Fig. 16. Examination of predictability of correlations: (a) ultimate interface bond str
the predictability of the above correlations, as given in Fig. 16. It
was found that the predictions of UBS agree better with measure-
ments in pullout tests than that of RSB. As explained earlier, this
difference in predictability of two correlations can be attributed
to the ineligible effect of climb-slide behavior on the residual bond
strength, which was especially exhibited in the results of TN11. It
should be noted that this interface bond strength prediction model
was developed for the reinforcement, soil, and cement types used
in this study and should be used with caution when applied to
other material types.

7.4. Simplified interface bond-slip model

Using the linear correlations obtained between the interface
bond strengths (UBS and RBS) and compressive strengths (UCS),
various bond stress-slip curves for tested specimens (Fig. 10) could
be plotted in the same scale by normalizing the interface bond
stresses over the UCS, as shown in Fig. 17. It can be observed that
similar trends were exhibited among the bond-slip curves charac-
terizing the interface behavior of reinforced cement-soil mixture
specimens, despite having been prepared under different testing
conditions. It is suitable to develop a general bond-slip model that
captures the common features observed for the specimens
typically adopted in this testing program. Fig. 18 presents a
trilinear bond-slip model that can be calibrated by utilizing
findings to characterize the interface behavior of a tensioned rebar
embedded in a cement-soil mixture. This simplified model can be
governed by four parameters refer to as ultimate interface bond
strength, elastic slip limit, residual interface bond strength and slip
at the onset of the residual phase. All these parameters can be
calibrated by using reinforcement geometry, material composition
ength from Eq. (5); (b) residual interface bond strength from Eq. (5) and Eq. (2).



Fig. 17. Normalized interface bond stress versus slip for tested pullout specimens.

Fig. 18. General bond-slip model characterizing bar-mixture interface.
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and the abovementioned relationships. The only unknown is the
small range of the elastic slip limit, which can be evaluated by
parametric study in specific applications of this model. As stated
earlier, this trilinear model was idealized by neglecting interac-
tions between different bonding mechanisms, especially in
climb-slide behavior over rebar ribs, which is manifested by stress
fluctuation in residual phases of measured interface bond-slip
curves. This model can facilitate the understanding of primary
interface shear mechanisms that controls the performance of rein-
forced cement-stabilized soil structures.
Fig. 19. Influence of water content on interface bond strength.
8. Discussions

Characterization on bond mechanism of a rebar embedded in
cement-soil mixture was facilitated by using correlation associat-
ing interface bond resistance with admixed cement amount, natu-
ral moisture condition and curing period of mixture. It is common
in reinforced cement-stabilization practice that one or two of the
influence factors (cement amount, water content and curing time)
are constrained limiting the design configuration by varying the
remaining factors. For instance, in reinforced cement-soil mixing
anchor systems, moisture conditions of natural soils are deter-
mined during the site investigation (i.e., constrained water con-
tent). If the time for soil mixing is prescribed in a given project
(i.e., constrained curing time), then the design variable becomes
the amount of cement introduced in soil mixing or jet grouting
(i.e., cement content). Accordingly, it is necessary to understand
the influence of each factor on the interface bond resistance of
the reinforcement embedded in cement-soil mixture, which was
investigated using the model developed in this study.

Fig. 19 presents the influence of changing water content on the
interface bond strength for conditions with different combinations
of cement contents and curing durations. The conditions of the
cement-soil mixture are denoted by ‘‘c” followed by the cement
content and ‘‘t” followed by the curing duration in days (e.g.,
c30t07 denotes 30% cement content and 7-day curing duration).
It was observed that the interface bond strength decreases with
increasing water content. This reduction in strength with increas-
ing water content is more pronounced in conditions with higher
cement content. Natural soils are often characterized by heteroge-
neous moisture conditions. That is, substantial variation in the
interface bond strength along the embedded length of reinforce-
ment could occur unless water content is homogenized. A repre-
sentative interface bond strength along the reinforcement
embedment length is commonly adopted in design practice. This
assumed bond strength uniformity should be acceptable in two sit-
uations: (1) cement is introduced into soils in the form of slurry,
which eliminates natural moist heterogeneity in soils using an
external water source, as shown in Fig. 1; and (2) comparatively
low cement content is adopted in design where bond strength vari-
ation due to moisture variation is insignificant, as shown by curves
for cases with c10 in Fig. 19.

Fig. 20 presents the influence of changing cement content on
the interface bond strength for conditions with different combina-
tions of water contents and curing durations. The conditions of the
cement-soil mixture are denoted by ‘‘w” followed by the water
content and ‘‘t” followed by the curing duration in days (e.g.,
w45t07 denotes 45% water content and 7-day curing duration). It
was observed that the interface bond strength increases exponen-
tially with increasing cement amount. This can be attributed to the
increase of cementitious solids inside the cement-soil matrix com-
position. The influence of cement content on the interface bond
strength was found to be more pronounced in cases with compar-
atively low water contents. It can be explained by the excessive
water inducing pore pressure in the hardening process that renders
a weak interface micro-structure characterized by large porosity
[35]. For soils with high moisture content, it is not necessary to
introduce external water source in the soil mixing process to
achieve efficient interface bond strengths with reasonable cement
consumption. In the current practice, the cement-soil mixing
anchor is limited to in-situ jet grouting only [26,31]. However,



Fig. 20. Influence of cement content on interface bond strength.
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reinforcement installation with cement powder instead of slurry
can be potentially cost competitive.

Fig. 21 presents the influence of changing curing duration on
the interface bond strength for conditions with different combina-
tions of cement and water contents. The conditions of the cement-
soil mixture are denoted by ‘‘c” followed by the cement content
and ‘‘w” followed by the water content (e.g., c30w45 denotes
30% cement content and 45% water content). It was observed that
varying cement-water ratio can lead to different interface bond
strength gain patterns, and ultimately different final strengths (a
quasi-constant UBS over time). The interface bond strength gained
at a 14-day curing duration (early strength) is usually used in prac-
tice as an indicator to the final strength to accelerate construction.
This early gained strength can be represented by a fraction of the
developed strength over the final strength. Early interface bond
strength increases with increasing water-cement ratio. In addition,
longer curing durations are needed to fully mobilize the final inter-
face bond strength for mixtures with comparatively high water-
cement ratios. While it is acceptable to identify interface bond
strength gained over a 90-day curing duration as the final interface
bond strength, additional strength may gained after 90 days. This
additional strength gain is minor, and it is conservative not to con-
sider it (used as strength backup in design practice). Early interface
bond strength is recommended to be used in design for cement-
soil mixtures with very low water-cement ratios where strength
gain is negligible as indicated by curve c10w75 in Fig. 21.

Provided that sufficient testing data is compiled from further
experimental investigations covering awide range of reinforcement
andmixturematerial properties, an optimized design for reinforced
Fig. 21. Interface bond strength increase with curing duration.
cement-stabilized soils can be developed with reliable accuracy
using correlations similar to those developed in this study.
9. Conclusions

Laboratory experimental investigation was conducted on the
interface bond behavior of a rebar embedded in cement-soil mix-
tures. A comprehensive testing program was carried out that
involved pullout tests on reinforced cement-soil mixture speci-
mens and unconfined compression tests on unreinforced cement-
soil mixture specimens. Twelve testing groups were performed
with various testing conditions (i.e., various combinations of
cement content, water content, and curing duration). Each testing
group included two identical specimens to assess the test repeata-
bility. A cell was designed to allow for the preparation of cement-
soil mixtures with conditioned cement content, water content, and
curing duration. Pullout tests and unconfined compression tests
were conducted simultaneously on specimens prepared at the
same conditions to obtain bond-slip curves for interfaces between
the rebar and the cement-soil mixture, and the corresponding
cement-soil mixture compressive strength.

Correlations were developed between ultimate and residual
interface bond strength, the mixture compressive strength, and
the three influence factors (cement content, water content, and
curing duration). Furthermore, a trilinear interface bond-slip
model was developed to characterize interface shear behavior of
reinforced cement-soil mixture for the materials and conditions
involved in this study. The effect of each of the influence factors
on the interface bond strength was evaluated and discussed to pro-
vide recommendations to the current design practice of reinforced
cement-stabilized soils. The conclusions drawn from this investi-
gation can be summarized as follows:

� The newly designed pullout setup and testing protocols were
found to be applicable to effectively evaluate the interface bond
behavior of a tensioned rebar embedded in cement-stabilized
soil with conditioned cement content, water contents and cur-
ing duration.

� Ultimate interface bond strength was found to be proportional
to the unconfined compressive strength of cement-soil mixture
in which the reinforcement was embedded.

� Residual interface bond strength was found to be a fraction of
the ultimate interface bond strength. This fraction was found
to be independent of testing conditions (cement content, water
content, and curing duration).

� The developed relationship between the ultimate interface
bond strength and the influence factors (cement content, water
content, and curing duration) for reinforced cement-soil mix-
ture can significantly facilitate the design in practice by imple-
menting predictions on the ultimate interface bond strength for
any combinations of cement contents, water contents, and cur-
ing durations.

� A trilinear interface bond-slip constitutive model can be devel-
oped to characterize interface behavior of rebar in cement-soil
mixture by using the observations and correlations obtained
in this testing program to calibrate the model’s relevant govern-
ing parameters.

� The assumed uniformly distributed shear resistance along the
entire reinforcement embedment length should be carefully
adopted by considering moisture content distribution of
cement-soil mixture.

� Reinforcement installation technique without introducing
external water source into cement-soil mixture is recom-
mended to be considered as a competitive alternative in con-
struction practice.
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� Interface bond strength can be reasonably assumed to have
fully mobilized after a 90-day curing duration. This recommen-
dation leads to a conservative design.

This study provided insight into interface behavior of reinforce-
ment embedded in cement-stabilized soils, which has been
increasingly applied to ground improvement and excavation sup-
port in soft soil regions of China. In particular, the presented find-
ings and testing protocols are expected to provide adequate means
to supplement the lack of strength parameters for the interface
between reinforcement and cement-soil mixture in current design
specification of reinforced soil mixing structures.
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