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Insufficient compactness of rockfill materials may potentially cause excessive deformation of a concrete face rockfill dam (CFRD),
thus resulting in cracking of the face slab and leakage of the dam body, thereby requiring reinforcement treatment. To date, there
are no effective measures in strengthening rockfill materials. In this study, self-compacting mortar (SCM) was applied to the
Shibaozhai CFRD in Gansu Province, China, to test the effectiveness of grouting reinforcement. Simultaneously, an indoor triaxial
shear test was conducted to investigate the changes in the mechanical properties of rockfill materials before and after the grouting
reinforcement. ,e on-site test results showed that the rockfill reached the desired porosity after grouting and grouting rein-
forcement enhanced the cementation degree of rockfill materials while maintaining uninterrupted drainage capacity, which met
the requirements of rockfill grouting for the face rockfill dam.,e results of the triaxial shear test indicated that the cohesive force
of the rockfill materials rose by 3.95 times and the modulus increased by 7.24 times after grouting reinforcement，significantly
enhancing the mechanical and deformation properties of the rockfill. An increase in the content of coarse particles was shown to
enhance the stability of cementitious structures, which leads to a better skeleton effect and thereby raises the effectiveness of the
grouting reinforcement.,e rockfill materials also exhibited strain-softening characteristics following the grouting reinforcement.
,e research showed that grouting reinforcement technology is suitable for managing the deformation of high CFRDs or
reinforcing ill rockfill dams.

1. Introduction

,e mechanics and deformation characteristics of rockfill
materials for concrete face rockfill dams (CFRDs) are de-
pendent on the rockfill strength, the particles’ gradation
composition, and their compactness [1, 2]. ,erefore, the
required particle size and compactness of the rockfill ma-
terials have been standardized, and the relevant research
results have traditionally been used to form the theoretical
basis for the deformation control of CFRDs. For high
CFRDs, deformation control measures such as reducing the
porosity of the rockfill and setting high modulus zone are
widely used [3, 4]. Despite this, some high CFRDs may still
develop varying degrees of problems (e.g., cushion cracks,

slab cracks, slab crushing and damage, slab separation, and
serious leakage) due to inconsistent and large deformation of
the dam body. ,is has been observed in several cases, such
as China’s Shuibuya dam (233m high), Brazil’s Barra
Grande dam (185m high), and the Campos Novos dam
(202m high) [5–8].

To manage the deformation of rockfill dams, researchers
have investigated mixing rockfill materials with cementi-
tious materials to upgrade the mechanical properties. ,e
deformation capacity of the rockfill materials could be
significantly enhanced through mixing, paving, rolling, and
other processes [9]. However, incorporation of cementitious
materials would vastly decrease the water permeability of
cemented rockfill materials, and the mixing process of
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cementitious materials is not as convenient as the grouting
process. Additionally, excessive deformation caused by in-
sufficiently compacted rockfill materials after project com-
pletions is problematic to address [10, 11].

Experimental research on grouting reinforcement of the
rock-soil body and postreinforcement has primarily been
concentrated on the treatment of a fractured rock mass or
clay [12–14]. ,us, researchers have used pressurized
grouting to fill the pores or fissures of the rock-soil body with
slurry, which needs to be diluted to achieve acceptable
fluidity. In contrast, the rockfill materials of CFRDs have
large porosity, so conventional grouting inevitably results in
slurry leakage. ,erefore, it is nearly impossible to manage
the diffusion range, filling effect, and engineering quantity of
the slurry. Overall, minimal attention has been given to the
investigation of grouting reinforcement technology for
improving the CFRD rockfill materials modulus, and there is
no effective reinforcement treatment specific to such an
application.

Self-compacting concrete (SCC) can fill narrow parts of
pores under the action of its own weight to form a complete
cement body. Related technology has been applied to
rockfill concrete dams [15, 16]. However, the design
concepts of a rockfill concrete dam and CFRD are greatly
different because the latter does not require all pores of the
rockfill materials to be filled with the slurry. Grouting
reinforcement of a CFRD is utilized not only to improve the
ability of the rockfill to resist deformation, but also to
maintain a certain degree of unhindered drainage capacity
and to reduce the amount of grouting required.,us, a self-
compacting mortar (SCM) with Bingham rheological
properties is a suitable injection material [17], which can be
applied to the high modulus zone of high CFRDs or the
reinforcement of dams at risk.

In this study, the performance of SCM was investigated
via employing it as a grouting material in an on-site grouting
reinforcement test of the Shibaozhai CFRD in Gansu
Province, China. A triaxial shear test was simultaneously
performed on grout-reinforced rockfill materials to compare
their mechanical properties before and after grouting. ,ese
findings should provide theoretical support for engineering
applications of grouting reinforcement technology for
CFRDs.

2. Protocol for Grouting Reinforcement Test of
the Shibaozhai CFRD

,e grouting test was performed on the Shibaozhai CFRD,
which is on the Cedi River in Gansu Province, China
(Figure 1). ,e dam is 44m in height, and the main rockfill
material is arkoses, which has a saturated compressive
strength of 40.2MPa. ,e distribution of the settlement
and deformation of the dam top measured in the field is
shown in Figure 2. ,e settlement and deformation of the
dam top at the riverbed section with pile number 0 + 140
was the greatest, which is approximately 1.12m and ac-
counts for 2.5% of the dam height. Because of the dis-
organized use of filling material, poor construction
quality, and low degree of roller compaction, the

deformation of the dam was so great that the slab de-
veloped structural cracks, and the slab joint seal was
damaged with severe dam leakage.

A particle gradation test was conducted at the Shibaozhai
CFRD; Figure 3 shows the experimental grading curve of the
main rockfill materials. ,e distribution of the main rockfill
materials in the particle size range of 30–300mm was ob-
served to be deviated from the design gradation envelope,
which indicated that the main rockfill materials failed to
meet the design requirements. ,e measured porosity in the
main rockfill area was 30%, which was much greater than the
20–25% required by the design specification. ,ese results
proved that the particle gradation and the low compactness
of the roller-compacted rockfill materials were the main
reasons for the low strength and large deformation of the
rockfill materials, which ultimately caused excessive defor-
mation of the dam body.

To study the grouting reinforcement effect of SCM on
the rockfill materials of the CFRD, an on-site grouting
reinforcement test was conducted, and the results were
analyzed with a pit inspection, core drilling, density log-
ging, in-hole TV camera, and water injection permeability
test. A triaxial shear test was also performed with the test
scheme shown in Figure 4 to analyze the mechanical
properties of the rockfill materials before and after grouting
reinforcement.

3. On-site Grouting Reinforcement Test

3.1. Field Test Process. ,e setup for the on-site grouting test
is shown in Figure 5. ,e grouting holes were spaced at 2m,
and the grouting effectiveness of SCM for rockfill materials
was verified through a pit and drilling inspection. ,e
European specification EFNARC uses the flow spread and
V-funnel time to evaluate the fluidity and cohesiveness of
SCM [18]; it recommends a flow spread of 240± 20mm and
V-funnel time of 7–11 s. Because this rockfill dam had a high
content of fine particles, the fluidity of the mortar needed to
be enhanced. ,us, the on-site grouting test was conducted
under the conditions of a water-to-binder ratio of 1.0, ad-
mixture content of 1%, slump spread of 390mm, and
V-funnel time of 4.42 s for the SCM.

For the reinforcement of the rockfill materials, overburden
drilling was conducted all the way to the bottom, and a per-
forated pipe was then inserted. ,is was then followed by
removal of the casing and grouting with the SCM in a section-
by-section approach from bottom to up; each section was
2–5m in length. ,e grouting amount of each section was
calculated according to the diffusion range of SCM in order to
achieve the porosity of 20%. ,e prepared SCM was directly
injected into the perforated pipe through a chute, a measuring
tank, or a funnel without pressurization. ,e grout automat-
ically flowed from pipe holes to the surrounding rockfill and
filled some pores between the rockfill.

3.2. Inspection Results after Grouting. As shown in Figure 6,
the pit inspection and core drilling inspection revealed
obvious mortar cementation between large stones at a depth
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of about 1.26m below the ground and a horizontal distance
of 1.9m to the grouting hole.,e SCMwas bound well to the
stones. ,us, the maximum horizontal diffusion radius of
the mortar was up to 1.9m. ,e SCM flowed through the
large pores and adhered to the surface of the rockfill. Mortar
encapsulation and cementation took place at contact points
between block stones, but the parts enriched with fine
rockfill particles (gravelly soil) had small pore sizes, so the
SCM could not enter to fill the pores.

Coring at the inspection hole indicated that the mortar
cementation was evenly distributed in the core sample and
accounted for about 31% of the total core length. At the same
time, an in-hole TV camera was used to check the grouting
effect. ,e depth of TV imaging in the hole was 5.0m, as
shown in Figure 7. It can be seen that there were only a few
large pores in the rockfill and most of the pores have been
filled with SCM. In the inspection hole, 3019 type c-ray
density logging instrument was used, Co-60 was used as
c-ray source, the measurement range was 1.2m in diameter,
and the density and porosity of rockfill were measured. After

grouting, the porosity of the rockfill was increased to 20.2%,
which achieved the expected effect of controllable grouting.

,e permeability of the rockfill materials before and after
grouting was obtained through an on-site water injection
test. ,e results showed that the average permeability co-
efficients of the rockfill materials before and after grouting
were calculated as 0.81 and 0.12 cm/s, respectively. Although
the permeability of the rockfill materials after grouting was
reduced to some extent, the rockfill materials were still
capable of free drainage.

,e on-site grouting reinforcement test of the CFRD
showed that SCM was a feasible grouting material because it
diffused in a controlled area around the grouting hole, filled
the large pores, reduced the porosity, and developed a
certain degree of cementation while still maintaining good
water permeability in the rockfill materials.

4. Mechanical Test of Grout-Reinforced
Rockfill Materials

4.1. Mechanical Testing Process. A mechanical testing
scheme for grout-reinforced rockfill materials was used on
rockfill materials of average gradation before and after
grouting reinforcement to study the effect on the mechanical
properties. A postgrouting mechanical test was also per-
formed on rockfill materials with gradation levels at the
lower and upper bounds of the gradation envelope. In total,
four groups were tested. Each group was subjected to a static
large triaxial shear test under confining pressures of 200, 300,
400, and 600 kPa. ,e details of each sample group are
presented in Table 1. ,e scaled gradation of the test ma-
terials was achieved by employment of the similar gradation
method (n� 2) and then the equalization method; the mass
percentage of each particle size was given in Table 1. Test
samples were prepared according to the average porosity of
30%measured in the field and the corresponding dry density
of 1.94 t/m3.

Ningxia Cedi River

Cedi River

Face rockfill dam

Na RiverGansu

Shanxi

(a) (b)

Figure 1: Shibaozhai CFRD on the Cedi River in Gansu Province, China.
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,e sample size was Φ300mm× 700mm, and each
sample was divided into five layers. Each layer was handled
in three steps, as shown in Figure 8, sample loading, vi-
bration compaction, and grouting consolidation:

(1) First, a single layer was weighed and stirred evenly in
an iron pan; this was then placed in a sample
preparation tank to ensure that the prepared sample
was uniform.
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Figure 5: Setup of the on-site grouting reinforcement test.
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(2) For the mechanical vibratory compaction, the vi-
bration time was controlled according to the re-
quired dry bulk density of the sample, while the
porosity and dry density were controlled by the
height of the single layer of rockfill materials.

(3) ,e mechanically vibrated rockfill body was grouted
by even pouring of the mortar with good fluidity to
the center of the rockfill body; the SCM accounted for
10% of the volume of each layer, which reduced the
porosity of samples from 30% to 20%. ,is process
was repeated for each layer until the five layers were
completely grouted. ,e grouted body was then
allowed to stand still for 7 days of curing to ensure
cementation. ,e indoor grouting test was set at a
water-to-binder ratio of 1.15, admixture percentage of
1%, slump spread of 310mm, and V-funnel time of
2.83 s for the SCM.,e mortar test block showed a 7-
day compressive strength of 38.3MPa.

,e sample was saturated with the head saturation
method. ,e axial load, deformation, and water displace-
ment were recorded during the test. ,e test was carried out

according to the Code for Coarse-grained Soil Tests for
Hydropower and Water Conservancy Engineering (DL/
T5356-2006).

4.2. Mechanical Properties of the Rockfill Materials before and
after Grouting Reinforcement. Figure 9 shows the stress-
strain relationship curves of the rockfill materials with the
average gradation in the triaxial shear test before and after
grouting reinforcement. Before the grouting reinforcement,
the rockfill materials showed obvious nonlinear characteris-
tics of the strain-hardening type, which were consistent with
the hyperbolic Duncan-Changmodel.,e stress-strain curves
of the rockfill materials after grouting showed obvious peak
strength and were of the strain-softening type. Because the
stress level of the Shibaozhai CFRDwas not high, theDuncan-
Chang model can still be used to describe the curve char-
acteristics before the peak value. Table 2 shows the strength
parameters of the rockfill materials before and after grouting
reinforcement and the Duncan-Chang model parameters.

,e peak strength of the rockfill materials with average
gradation was significantly improved with grouting rein-
forcement, which increased by 746, 804, 824, and 793 kPa
after grouting reinforcement under confining pressures of
200, 300, 400, and 600 kPa, respectively. It showed that the
structural strength increased because of a certain degree of
cementation between rockfill particles.

As the peak strength of the rockfill materials increased
significantly after grouting, the linear cohesive force pa-
rameter c increased by 184.1 kPa, which is an increase of 3.95
times. ,e friction angle increased by 0.8°. ,is indicated that
a cementitious structure formed between rockfill particles
after grouting, which significantly improved the cohesive
force of the rockfill materials. After grouting, the modulus (K)
of the rockfill materials with average gradation was as high as
1506, which was 7.24 times higher than the modulus before
grouting. ,is indicated that grouting significantly improved
the deformation resistance of the rockfill materials.

4.3. Mechanical Properties of the Rockfill Materials at Various
Gradation Levels after Grouting Reinforcement. Figure 10
shows the stress-strain relationship curves of rockfill ma-
terials with upper and lower bounds of gradation in the
triaxial shear test after grouting. As indicated by the peak
strength comparison between rockfill materials at different
gradation levels after grouting, a higher content of coarse
particles increased the effect of the coarse-grained frame-
work structure and the peak strength of the rockfill mate-
rials. ,us, as the coarse grain content increased, the peak
stress showed a significant increase.

As the coarse particle content increased, the mechanism
of the shear dilation varied. ,e stress-strain curves of
rockfill materials at the upper bound of gradation after
grouting reinforcement were of the strain-hardening type.
However, the postgrouting stress-strain curves of the rockfill
materials with average and lower bound gradations
exhibited obvious peak strength. ,is indicated a typical
strain-softening type of relationship with a linear pattern
after yielding.
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Figure 6: On-site pit inspection and core drilling inspection.
(a) On-site pit inspection. (b) On-site core drilling inspection.
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,e upper bound gradation had a high content of fine
particles, so the sample had a small equivalent pore size and
contained a small number of channels that allowed the
mortar to flow. ,e grouting process was dominated by the
filling of pores and channels, while the cementitious
structure did not have an obvious effect. ,e sample mainly
experienced interparticle sliding, which resulted in shear
dilation deformation. ,erefore, the stress-strain curve still
showed compressive hardening characteristics.

For average and lower bound gradations, the rockfill
materials contained a high content of coarse particles, and
the skeleton mainly comprised coarse aggregate. ,e

samples had a large equivalent pore size between coarse
aggregates and numerous channels which allowed the
mortar to flow. ,ere was a certain degree of cohesive
strength between particles after grouting, thereby permitting
the formation of a rather stable cementitious structure. ,is
made interparticle sliding and displacement relatively dif-
ficult to take place, and the strain was dominated by plastic
shear deformation. ,us, the stress-strain curves showed
typical strain-softening characteristics.

Table 3 presents the strength parameters and main
Duncan-Chang model parameters of the rockfill materials at
different gradation levels after grouting. ,e linear cohesive

Table 1: Sequential numbers of mechanical test groups after grouting reinforcement and the mass percentages of particle size fractions at
different gradation levels.

Test no. Gradation characteristics Grouted or not
Mass percentage of particle size fractions (%)

60–40mm 40–20mm 20–10mm 10–5mm 5–0mm
1 Average Not grouted 17.2 39.2 18.6 11.3 13.7
2 Upper bound Grouted 16.6 35.6 16.4 13.1 18.3
3 Average Grouted 17.2 39.2 18.6 11.3 13.7
4 Lower bound Grouted 23.5 48.3 12.8 6.9 8.4

Mechanical vibratory
compaction

Sample weighing
300mm

1 1 1

2

3

4

5

Grouting
70

0m
m

Figure 8: Preparation process of grout-reinforced samples of rockfill materials.
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Figure 9: Relationship curves of the deviatoric stress and body strain with the axial strain of rockfill materials with average gradation in the
triaxial shear test before and after grouting reinforcement. (a) Deviatoric stress. (b) Body strain.
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force parameter c significantly increased, while the friction
angle decreased somewhat with increasing coarse particle
content. ,is indicated that coarser particles improved the
cementation effect on rockfill materials. After grouting, the

modulus K was 625, 1506, and 3320 for the upper bound,
average, and lower bound gradations, respectively. ,is
indicated that coarser particle content increased the skeleton
effect and deformation resistance after grouting.

Table 2: Strength parameters and Duncan-Chang model parameters of rockfill materials with average gradation before and after grouting
reinforcement.

Test
no

Gradation
characteristics

Grouted or
not

(σ1–σ3) max (kPa) Linear
indicator

Duncan-
Chang
model

parameter
Confining

pressure 200 kPa
Confining

pressure 300 kPa
Confining

pressure 400 kPa
Confining

pressure 600 kPa
c

(kPa)
ϕ(°) K n

1 Average Not
grouted 781 1082 1362 1902 62.4 35.6 208 0.39

3 Average Grouted 1527 1886 2186 2695 246.5 36.4 1506 0.27
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Figure 10: Relationship curves of the deviatoric stress and body strain with the axial strain of rockfill materials with gradation at the
upper and lower bound of the gradation envelope after grouting reinforcement. (a) Deviatoric stress for the upper bound and lower
bound. (b) Body strain for upper bound and lower bound.

Table 3: Strength parameters and Duncan-Chang model parameters of rockfill materials at different gradation levels after grouting.

Test
no

Gradation
characteristics

Grouted or
not

(σ1–σ3) max (kPa) Linear
indicator

Duncan-
Chang
model

parameter
Confining

pressure 200 kPa
Confining

pressure 300 kPa
Confining

pressure 400 kPa
Confining

pressure 600 kPa
c

(kPa)
ϕ(°) K n

2 Upper bound Grouted 1271 1651 2021 2633 149.2 38.9 625 0.25
3 Average Grouted 1527 1886 2186 2695 246.5 36.4 1506 0.27
4 Lower bound Grouted 1973 2205 2546 2982 385.8 34.2 3320 0.3
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5. Conclusion

In this study, the feasibility of grouting with the SCM was
verified by an on-site grouting reinforcement test, and in-
door triaxial shear test was performed to evaluate the me-
chanical properties of rockfill materials before and after
grouting. ,e following conclusions were drawn:

(1) ,e on-site grouting reinforcement test showed that
SCM-based grouting reinforcement technology in-
creased the compactness of the rockfill materials and
degree of interparticle cementation while allowing a
certain porosity and free drainage.

(2) ,e mechanical test showed that grouting rein-
forcement significantly improved the cohesive force
of the rockfill materials, while the friction angle did
not change significantly. ,is indicates that a ce-
mentitious structure was formed between rockfill
particles. After grouting reinforcement, the modulus
of the rockfill materials also increased significantly,
which indicated that the deformation resistance
greatly improved.

(3) ,e mechanical test showed that increasing the
coarse particle content of the rockfill materials in-
creased the skeleton effect, which made a stable
cementitious structure more likely to form after
grouting reinforcement. ,us, a better cementation
effect would be achieved with a greater cohesive force
and modulus.

(4) After grouting reinforcement, rockfill materials were
less likely to undergo interparticle sliding and dis-
placement but were dominated by plastic sliding; the
stress-strain curve showed typical strain-softening
characteristics.

,erefore, this technology met the reinforcement re-
quirements of CFRD rockfill materials and could be applied
for setting the high modulus zone of high CFRDs or rein-
forcement of dams at risk due to excessive deformation.
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