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Abstract

In rockfill dams and high-fill engineering projects, rockfill materials are compacted under
different moisture conditions and remain unsaturated during construction and service, yet
the influence of the moulding moisture content on their subsequent mechanical behaviour
has not been systematically clarified. In particular, it remains unclear whether the observed
moisture-dependent response results only from the moisture condition. To address this
issue, large-scale consolidated-drained triaxial tests were conducted on unsaturated rockfill
specimens with different moulding moisture contents ranging from 0% to 3%, initial
porosities of 19% and 21%, and fines contents (the content of particles smaller than 5 mm)
of 19% and 35%. The results show that increasing the moulding moisture content reduced
peak deviatoric stress, while the final strength weakening coefficient stabilised within
0.87–0.91. In contrast, the initial modulus first decreased and then recovered, and may
even have exceeded that of the dry specimen. Higher moisture contents suppressed
dilation under low confining pressures and promoted particle breakage and volumetric
compression under high confining pressures, with both the content of particles smaller than
5 mm and the peak volumetric compression increasing markedly. The moisture content
effect also depended on the initial density and fines content. Specimens with lower fines
contents were more sensitive to moisture variation, whereas higher porosity weakened
this effect. Distinct mechanical responses persisted after saturation, indicating that the
moulding moisture content acts not only through suction during shearing but also through
particle rearrangement and contact states formed during compaction. Therefore, moulding
moisture content should be regarded as an important parameter in field construction and
laboratory testing.

Keywords: moulding moisture content; shear strength; large-scale triaxial test; unsaturated
rockfill; initial stiffness

1. Introduction
Coarse-grained soils, such as rockfill materials and gravelly soils, are widely used

as major fill materials in large geotechnical projects, including earth-rock dams, airports,
and high-fill subgrades [1–6]. During construction, these materials are commonly spread
in layers and compacted at a specified moisture content to reach the target dry density.
They then remain unsaturated during construction, before reservoir impoundment, and
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during long-term operation [7,8]. Early deformation of the fill body is closely related
to project stability and long-term safety and is largely governed by the stiffness and
shear strength of the compacted rockfill [1,2,9,10]. However, even when the dry density
satisfies the design requirement, the moisture content of the fill may still vary consid-
erably. Such variations may alter interparticle contacts and affect the deformation and
long-term performance of the fill body. Previous studies have shown that moisture content
and fines content jointly affect the strength and permanent deformation of coarse–fine
mixtures [11–14]. Therefore, a systematic investigation of the macroscopic mechanical
properties of compacted unsaturated rockfill materials and their dependence on moisture
content is essential for optimising construction compaction control, thereby supporting the
safe and sustainable development of hydropower projects.

It is well established that the stress–strain relationship, dilatancy, and peak strength of
rockfill materials are jointly controlled by confining pressure, porosity, gradation, particle
shape, and particle breakage [1,2,15–18]. Moisture also significantly affects the mechan-
ical behaviour of coarse-grained soils. Oldecop and Alonso [7] showed through one-
dimensional compression tests that relative humidity affects crack propagation and particle
breakage, with collapse deformation at 100% relative humidity approaching that of satu-
rated specimens. Mao et al. [19] found that increasing humidity reduces peak shear strength,
increases contraction, and enhances particle breakage in soft-rock coarse-grained materials.
These findings are consistent with studies showing that wetting-induced deformation is
closely related to the degradation of particle strength [20,21]. From the perspective of
unsaturated soil mechanics, increasing water content generally reduces matric suction and
consequently decreases stiffness and shear strength [22–25]. Most existing studies, there-
fore, treat moisture as a factor that promotes material softening and structural degradation
and explain the hydro-mechanical response of coarse-grained soils from the perspectives
of suction reduction, moisture-induced softening, and particle breakage.

However, the effect of moulding moisture content is not limited to the suction state
during testing or moisture-induced weakening associated with wetting. Previous stud-
ies have shown that different moulding water contents produce distinct initial fabrics,
which subsequently affect compression, shearing, small-strain stiffness, and volumetric
behaviour [26–28]. Using scanning electron microscopy and mercury intrusion porosimetry,
Delage et al. [29] showed that specimens compacted dry of optimum, at optimum, and
wet of optimum developed different particle skeletons and pore-size distributions. Mag-
istris [30] found that even after the effect of dry density was accounted for, moulding water
content still exerted a marked influence on small-strain stiffness. Specimens compacted
at the optimum water content exhibited the lowest isotropic compressibility and the high-
est initial stiffness. Zhang et al. [31] similarly reported a non-monotonic variation in the
maximum shear modulus among specimens compacted to the same dry density but at
different water contents. More recently, Ng and Peprah-Manu [32] and Dai et al. [33] have
further shown that moulding water content and dry density influence the hydromechanical
response of compacted soils by altering their pore structure, structural characteristics, and
stiffness anisotropy. Compared with fine-grained soils, coarse-grained soils such as rockfill
and gravelly soils have more pronounced skeleton contacts, multi-scale pores, and higher
breakage sensitivity. Existing studies have mostly focused on the softening behaviour of
rockfill after saturation or wetting deformation during loading. The influence of mould-
ing moisture content on initial fabric, early shear stiffness, and macroscopic mechanical
response remains insufficiently understood.

To address these issues, this study used rockfill material from an actual dam project and
conducted a series of large-scale triaxial shear tests on unsaturated rockfill specimens. The
effects of moulding moisture content on the stress–strain relationship, peak strength, and
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initial modulus of the unsaturated rockfill were systematically investigated. By comparing
the mechanical responses under different test conditions, the variation in the moulding
moisture content effect with different fines contents and porosities was further analysed.
The results provide an experimental basis for controlling compaction moisture content and
predicting early-stage deformation in large coarse-grained soil filling projects.

2. Materials and Testing Procedures
2.1. Test Material and Apparatus

The tested material was obtained from the main rockfill zone of a gravelly soil core-
wall dam project in Sichuan Province, Southwestern China. The parent rock was slate.
Typical particles are shown in Figure 1a. The particles were generally platy and angular,
representing the typical morphology of blasted rockfill materials. The specific gravity
of the rock particles was 2.71. The average uniaxial compressive strengths of the parent
rock under dry and wet conditions were 88.6 MPa and 68.5 MPa [34], respectively, and
the softening coefficient was 0.77. To further characterise the mineral composition of the
material, X-ray diffraction analysis was performed on parent rock samples, as shown in
Figure 1b. The results indicate that the rockfill mainly consisted of hard silicate minerals,
including quartz (48.1%), albite (13.0%), calcite (1.8%), muscovite (28.7%), and a small
proportion of the clay mineral clinochlore (8.4%). The detailed properties of the material
are summarised in Table 1.

Figure 1. Tested rockfill material: (a) typical particles; (b) mineralogical composition obtained by
X-ray diffraction.

Table 1. Properties of the tested material.

Properties of Rockfill Material Value

Physical and mechanical properties
Specific gravity Gs 2.71

Uniaxial compressive strength of parent rock under dry conditions (MPa) 88.6
Uniaxial compressive strength of parent rock under saturated conditions (MPa) 68.5

Softening coefficient 0.77

Mineral content of the sample
Quartz (%) 48.1
Albite (%) 13.0
Calcite (%) 1.8

Muscovite (%) 28.7
Clinochlore (%) 8.4
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Large-scale consolidated-drained triaxial shear tests on unsaturated rockfill specimens
were conducted using a large-scale high-pressure triaxial apparatus, as shown in Figure 2.
The apparatus could accommodate specimens up to 300 mm in diameter and 700 mm
in height. It consisted mainly of an axial servo loading system, a pressure chamber, a
confining-pressure servo system, a data acquisition and control system, and a volumetric
deformation measurement system. Because the specimens remained unsaturated during
shearing, the conventional drainage-based volume change measurement method could not
be used to directly obtain the specimen volume change. To measure the volume change
of unsaturated specimens during testing, an additional lateral displacement sensor was
installed in the confining-pressure system. The actual specimen volume change was back-
calculated from the monitored water volume change in the entire system. This method can
continuously record the volumetric deformation of unsaturated rockfill specimens during
consolidation and shearing and is suitable for large-scale triaxial tests on unsaturated
coarse-grained soils. Its reliability has been verified in previous studies [20,21].

Figure 2. Triaxial apparatus.

2.2. Testing Programme and Procedures

The maximum particle size of the field prototype rockfill was much larger than that
permitted in large-scale laboratory triaxial specimens. Therefore, the prototype gradation
could not be used directly in the laboratory triaxial tests. To ensure the representativeness
of the test results and satisfy the required ratio between specimen diameter and maximum
particle size, the field prototype gradation was scaled down. According to the requirement
that the ratio of specimen diameter to maximum particle size should not be less than 5 in
large-scale triaxial tests on coarse-grained soils, the maximum particle size in this study was
set at 60 mm [35]. Two scaled gradations were then obtained using the parallel technique
and the replacement technique, denoted as Gradation A and Gradation B, respectively,
as shown in Figure 3. Gradation A was used as the reference gradation to systematically
examine the effect of the moulding moisture content on the mechanical behaviour of
unsaturated rockfill. Gradation B was used mainly to compare the influence of the fines
content on the moulding moisture content effect. The contents of particles finer than 5 mm
(P<5mm) in the two corresponding gradations were 35% and 19%, respectively. The porosity
n was set at 19%, which corresponds to the average porosity of the field-compacted fill.
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Figure 3. Particle size distribution of the tested rockfill material.

Laboratory compaction tests for determining the maximum dry density ρdmax were
first conducted according to the relevant standard using the vibratory compaction
method [35]. The results are shown in Figure 4. Figure 5 shows typical photographs
of the rockfill material after uniform mixing at different moisture contents. The dry density
first decreased and then increased with increasing moisture content. This trend is consistent
with the laboratory dry-density results for high-speed railway graded aggregate materi-
als [36]. Considering that the measured moisture content of the field fill fell mainly within
the range of 0–3%, this range was adopted for unsaturated static shear tests on rockfill
specimens with two different gradations. In addition, a low-density group was prepared to
examine the influence of porosity on the moulding moisture content effect. The specific test
conditions are listed in Table 2.

Figure 4. Effect of moisture content on the maximum dry density [36].

Figure 5. Typical photographs of rockfill material after uniform mixing at different moulding moisture
contents: (a) w = 0%, (b) w = 1%, (c) w = 2% and (d) w = 3%.
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Table 2. Test conditions.

PSD σ3 (MPa) w (%) n (%)

Gradation A
0.2, 0.6, 1.2, 2.5 0, 1, 2, 3 19

0.6 0, 1, 2, 3 21

Gradation B 0.6 0, 0.5, 1, 2 19

Before testing, the raw material was air-dried and sieved. The required mass of each
particle-size group was calculated according to the target gradation, particle specific gravity,
and porosity, and the groups were then fully mixed. For specimens prepared with added
water, the amount of water was calculated from the dry mass and target moisture content.
Water was added by uniform spraying and continuous mixing. The mixed material was
sealed and stored for at least 24 h to allow water to migrate among particles of different
sizes and become uniform. The tests were conducted in accordance with the relevant
ASTM [37]. During specimen preparation, the layered undercompaction method and
vibratory compaction were used to ensure uniform density along the specimen height.
The specimens had a diameter of 300 mm and a height of 700 mm. A photograph of a
typical specimen is shown in Figure 6. After preparation, the top cap was installed, the
rubber membrane was sealed, and the specimen was placed in the triaxial pressure chamber
for water injection and airtightness checking. The confining pressure was then increased
stepwise to the target value for isotropic consolidation. Shearing started after the axial
deformation and volumetric deformation became stable. During shearing, axial loading
was applied under displacement control at a constant strain rate of 0.1%/min. Axial load,
axial displacement, confining pressure, and water volume change in the pressure chamber
were recorded simultaneously. After testing, the specimen was oven-dried and sieved to
obtain the post-shearing particle size distribution.

Figure 6. Photograph of typical sample.

2.3. Experimental Repeatability and Moisture Content Determination

To verify the reliability of the triaxial test results for unsaturated rockfill, repeatability
tests were performed at the same initial moulding moisture content, as shown in Figure 7.
Under the same moisture condition, the deviatoric stress–axial strain curves and volumetric
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strain–axial strain curves of duplicate specimens show consistent magnitudes and evolution
trends, indicating good repeatability. In addition, to further confirm the moisture content
control during testing, the final moisture content, wend, was measured after each test. For
specimens with a target moisture content of 1%, the measured final moisture contents were
0.92% and 1.01%. For specimens with a target moisture content of 2%, the measured values
were 1.89% and 1.94%. These small differences confirm that no obvious water evaporation
or external water intrusion occurred during specimen preparation or throughout the test.
The high repeatability and accurate moisture control provide a reliable experimental basis
for the subsequent analysis.

Figure 7. Verification of test repeatability for unsaturated rockfill specimens at σ3 = 0.6 MPa:
(a) deviatoric stress versus axial strain; (b) volumetric strain versus axial strain.

3. Test Results and Discussion
3.1. Stress–Strain Behaviour

Figure 8 shows the deviatoric stress–axial strain and volumetric strain–axial strain
curves of unsaturated rockfill specimens (n = 19%; P<5mm = 35%) prepared at different
moulding moisture contents under different confining pressures. In this study, positive
volumetric strain denotes compression, whereas negative volumetric strain denotes di-
lation. The mechanical properties of rockfill material with different moisture contents
are summarised in Table 3. Overall, specimens prepared at different moulding moisture
contents exhibit the typical nonlinear stress–strain responses of granular materials. At
lower confining pressures, the deviatoric stress increases rapidly with axial strain and
reaches a peak, then shows varying degrees of softening over a large strain range, and
finally tends to stabilise. As the confining pressure increases, both the peak deviatoric
stress and maximum volumetric strain increase markedly, while stress softening and di-
lation become progressively less pronounced. Taking the specimen with w = 0% as an
example, under σ3 = 0.2 MPa, the deviatoric stress reaches its peak at ε1 approximately
5% and then decreases noticeably. Under σ3 = 2.5 MPa, the peak stress occurs later, at
approximately ε1 = 10%, and the post-peak reduction becomes much smaller. This be-
haviour is consistent with the typical response of rockfill materials under conventional
triaxial compression [1].
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Figure 8. Results of triaxial shear tests under different moisture contents (n = 19%; P<5mm = 35%):
(a–d) deviatoric stress versus axial strain and (e–h) volumetric strain versus axial strain.
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Table 3. Test results on mechanical properties of rockfill material with different moisture contents.

Moisture Content (%) σ3 (MPA) ε1max (%) εvmax (%) qmax
(MPA) ϕp (◦)

0

0.2 5.69 0.44 1.69 54.01
0.6 8.00 1.62 3.57 48.47
1.2 9.30 2.68 5.75 44.88
2.5 10.87 3.75 10.1 41.99

1

0.2 6.65 0.39 1.23 49.02
0.6 10.24 2.78 2.80 44.44
1.2 12.71 4.31 4.80 41.80
2.5 13.20 4.60 8.79 39.60

2

0.2 1.43 0.32 1.30 49.93
0.6 10.88 1.92 2.57 42.98
1.2 14.29 4.22 4.35 40.13
2.5 16.22 5.74 8.05 38.10

3

0.2 1.96 0.36 1.14 47.82
0.6 12.08 2.11 2.498 42.49
1.2 15.35 4.36 4.28 39.85
2.5 16.58 5.62 7.94 37.84

At a given confining pressure, the dry specimen (w = 0%) generally shows the highest
peak deviatoric stress and the most pronounced post-peak softening. In contrast, specimens
prepared with added water exhibit different degrees of peak-strength reduction, and the
stress–strain curves become more gradual than those of the dry specimen. Previous studies
have generally reported a gradual decrease in peak strength with increasing moisture
content or decreasing suction. In the present tests, however, the peak strength at low con-
fining pressure (σ3 = 0.2 MPa) does not decrease monotonically with increasing moulding
moisture content. When the moulding moisture content increases to w = 1%, the peak
deviatoric stress decreases by 27% compared with that of the dry specimen. The peak
deviatoric stress of the specimen with w = 2% is slightly higher than that of the specimen
with w = 1%, although its post-peak softening is more pronounced. When the confining
pressure increases to 0.6 MPa or above, the peak strength decreases monotonically with
increasing moisture content.

Further comparison of the stress–strain curves at different moulding moisture contents
shows that the curve for the specimen with w = 1% remains below that of the dry specimen
throughout the loading process, indicating that even a small amount of water is sufficient
to weaken both stiffness and strength. This is generally attributed to the reduction in
interparticle friction with increasing moisture content and the decrease in apparent cohesion
associated with lower matric suction. Because coarse-grained soils have large interparticle
pores and relatively low suction, the behaviour observed in this study is mainly attributed
to lubrication. As the moisture content further increases to 2% and 3%, the slope of the
stress–strain curve in the initial axial strain range (<2%) increases markedly, and the initial
modulus increases. The initial rising part of the curve may even lie above that of the dry
specimen. This indicates that the moulding moisture content within this range improves
the deformation resistance of the specimen during the early loading stage. Qiu et al. [38]
also observed a similar increase in the elastic modulus with increasing moisture content
in a study on the dynamic response of coarse-grained soils in different moisture states.
However, this moisture-induced enhancement is limited to the initial axial strain range.
With continued axial strain development, the stress–strain curves of the unsaturated rockfill
gradually shift downward in the medium- and large-strain stages as moisture content
increases. In other words, increasing the moulding moisture content mainly changes the
early stiffness characteristics of the specimen, while it more readily causes a reduction in
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load-carrying capacity during subsequent shearing. Confining pressure also has a clear
influence on the moulding moisture content effect. With increasing confining pressure, the
modulus enhancement effect gradually weakens and nearly disappears when the confining
pressure reaches 2.5 MPa.

Figure 8 also shows the volumetric strain–axial strain relationships of unsaturated
rockfill specimens prepared at different moulding moisture contents. Overall, the dry
specimens show more pronounced dilation. As the moulding moisture content increases,
dilation is gradually suppressed, and volumetric compression increases. This behaviour is
similar to the results of suction-controlled unsaturated tests [11,22,23]. It is worth noting
that under low confining pressures (0.2–1.2 MPa), the difference in volumetric deformation
among unsaturated specimens with different moisture contents is relatively small. The peak
volumetric strain of the specimen with w = 1% is slightly larger than that of the specimens
with w = 2% and w = 3%. A small amount of water mainly reduces interparticle friction,
whereas a further increase in moisture content increases capillary forces between particles
and may reduce compressibility to some extent. When the confining pressure increases to
2.5 MPa, the volumetric compression of the specimens with w = 2% and w = 3% increases
sharply and becomes much higher than that of the dry specimen and the specimen with w
= 1%. This difference may be related to different degrees of particle breakage.

3.2. Peak Friction Angle of Unsaturated Rockfill

Figure 9 presents the stress–strain curves under different confining pressures at w = 0%.
It can be seen that the peak deviatoric stress increases continuously with increasing confin-
ing pressure. For a more direct comparison, the peak friction angle is calculated using the
following formula:

sin ϕp =
qmax

qmax + 2σ3
(1)

Figure 9. Results of triaxial shear tests under different confining pressures (n = 19%; P<5mm = 35%):
(a) deviatoric stress versus axial strain and (b) volumetric strain versus axial strain.

Figure 10 shows the variation in the peak friction angle for specimens prepared at
different moulding moisture contents.

Overall, under different confining pressures, the peak friction angle decreases with
increasing moulding moisture content. Compared with the dry specimen, when the mould-
ing moisture content increases from 0% to 1%, the ϕp of all specimen groups decreases
markedly, indicating that adding a small amount of water can markedly reduce the shear
strength of unsaturated rockfill. When the moisture content further increases to 2% and
3%, the variation in the peak friction angle becomes more gradual. At the same moulding
moisture content, the peak friction angle decreases continuously as confining pressure in-
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creases; this may be due to increased particle breakage and a weakening of the interparticle
bonds [39,40].

Figure 10. Effect of moulding moisture content on peak friction angle under different confining
pressures.

Although a slight fluctuation in peak strength is observed at low confining pressure
for the specimen with w = 2%, it remains lower than that of the dry specimen. Figure 11
shows the normalised attenuation of ϕp with moisture content, using the ϕp of the dry
specimen as the reference (Rw = ϕp,w=i%/ϕp,w=0%). The peak strength is most sensitive to
initial addition of moisture. The most pronounced strength reduction occurs when the
moisture content increases from 0% to 1%. As the moulding moisture content continues to
increase, the strength reduction becomes more moderate, and the weakening coefficient
stabilises at approximately 0.87–0.91. The degree of peak strength reduction also varies
with the confining pressure. As the confining pressure increases, the magnitude of strength
attenuation gradually decreases.

Figure 11. Evolution of the weakening coefficient with moisture content under different confining
pressures.

3.3. Particle Breakage After Tests

For quantitative analysis, the post-test material was divided into four size groups
after sieving: 20–60 mm, 10–20 mm, 5–10 mm, and <5 mm. Figure 12 shows the con-
tents of these particle groups for unsaturated specimens prepared at different moulding
moisture contents after drained shearing. The initial content represents the gradation
before shearing. The results show that increasing confining pressure strongly promotes
the breakage of coarse particles and the progressive generation of fine particles. As the
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confining pressure increases from 0.2 MPa to 2.5 MPa, the content of the 20–60 mm coarse-
particle group continuously decreases, whereas the content of particles smaller than 5 mm
increases continuously. In contrast, changes in the intermediate groups of 10–20 mm and
5–10 mm are less pronounced. This is because these groups may both be generated by
the breakage of larger particles and further break into smaller particles during continued
shearing [41]. Regarding the effect of moulding moisture content on particle breakage,
under low confining pressures (0.2 and 0.6 MPa), the post-shearing gradations of specimens
with different moulding moisture contents are generally similar. Under medium and high
confining pressures, the differences among specimens become more pronounced. Overall,
with increasing moulding moisture content, the 20–60 mm group further decreases, and the
<5 mm group further increases, indicating that specimens with higher moulding moisture
contents are more prone to particle breakage under higher confining pressures.

Figure 12. The variation in contents of particle groups for specimens with different moisture contents:
(a) 0.2 MPa, (b) 0.6 MPa, (c) 1.2 MPa, and (d) 2.5 MPa.

3.4. Effect of Fines Content on the Moulding Moisture Content Effect

Figure 13 shows the deviatoric stress–axial strain and volumetric strain–axial strain re-
lationships for specimens with an initial porosity of n = 19%, a fines content of P<5mm = 19%,
and a confining pressure of σ3 = 0.6 MPa. This test series is compared with the reference
condition (n = 19%; P<5mm = 35%) to investigate the influence of fines content on the mould-
ing moisture content effect. The deviatoric stress–axial strain curves show that the dry
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specimen (w = 0%) still has the highest peak deviatoric stress and pronounced post-peak
softening. In contrast, the peak deviatoric stresses of the unsaturated specimens prepared
with moisture are all lower than that of the dry specimen. Notably, after reducing the fines
content, the differences among specimens with different moulding moisture contents be-
come more pronounced in the early stage of shearing. With only 1% moisture added during
preparation, the specimen shows a faster increase in deviatoric stress at small strains, and
its initial loading segment nearly overlaps with that of the dry specimen. However, as axial
strain increases, its strength growth gradually slows and becomes lower than that of the
dry specimen in the medium- and large-strain stages. In contrast, for the specimens with
P<5mm = 35%, the curve for the specimen with w = 1% remains below that of the dry
specimen. The volumetric strain curves follow the same trend as the reference condition
P<5mm = 35%. The dry specimen shows the most pronounced dilation, whereas mois-
ture addition suppresses dilation to different degrees and makes the overall volumetric
deformation more compressive. These results indicate that lowering the fines content
makes the rockfill more sensitive to moulding moisture content, especially in terms of the
non-monotonic variation in initial stiffness. The coupled influence of fines and moisture
content has also been reported for coarse–fine soil mixtures. Duong et al. [13] showed
that the effects of water content and fines content on the resilient modulus are closely
linked, while Su et al. [14] demonstrated that water content and coarse-particle proportion
jointly influence permanent deformation. These findings support the present observation
that changes in fines content can modify the sensitivity of coarse-grained materials to
moisture variation.

Figure 13. Effect of fines content on the moisture content response at n = 19% and P<5mm = 19%:
(a) deviatoric stress versus axial strain and (b) volumetric strain versus axial strain.

3.5. Effect of Initial Porosity on the Moulding Moisture Content Effect

Figure 14 shows the deviatoric stress–axial strain and volumetric strain–axial strain
relationships for the condition with n = 21%, P<5mm = 35%, and σ3 = 0.6 MPa. This
test series is compared with the reference condition (n = 19%; P<5mm = 35%) to anal-
yse the influence of initial density on the moulding moisture content effect. The devi-
atoric stress–axial strain curves show that when the initial porosity increases from 19%
to 21%, the overall deviatoric stress level decreases markedly. This indicates that the
reduced compactness of the initial skeleton weakens interparticle interlocking, thereby
reducing the strength differences among specimens with different moisture contents. In
addition, the differences in the initial loading segment among specimens with different
moulding moisture contents become smaller. Although the initial modulus enhancement
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can still be observed under certain moulding moisture contents, its magnitude is much
smaller than that observed for n = 19%. The volumetric strain curves further show that
specimens with higher porosity exhibit greater overall compression and weaker dila-
tion during shearing, and the volumetric strain curves of the specimens with 1% and
2% moulding moisture contents are nearly identical. These results indicate that increas-
ing initial porosity weakens the overall influence of moulding moisture content on peak
strength and initial stiffness, although the non-monotonic modulus enhancement feature is
still retained.

Figure 14. Effect of initial porosity on the moisture content response at n = 21% and P<5mm = 35%:
(a) deviatoric stress versus axial strain; (b) volumetric strain versus axial strain.

3.6. Mechanistic Interpretation and Discussion

Previous studies on unsaturated soils have commonly been based on the suction
framework, in which soil strength and stiffness generally decrease monotonically with
increasing moisture content or decreasing suction [22,23]. However, the present test results
show that the effect of moulding moisture content on the mechanical response of rock-
fill material does not follow this simple trend, especially for the initial modulus, which
shows a clear non-monotonic feature. Figure 15 shows the deviatoric stress–axial strain
and volumetric strain–axial strain curves of specimens prepared at different moulding
moisture contents after saturation. Even after all specimens experience saturation, the
deviatoric stress–axial strain and volumetric strain–axial strain curves still differ markedly
among specimens prepared at different moulding moisture contents. Because saturation
largely eliminates matric suction within the specimens, the mechanical responses of all
groups would be expected to become similar after saturation if the moulding moisture
content effect were mainly caused by suction differences during shearing. The observed
differences indicate that moulding moisture content may change particle rearrangement,
fines distribution, contact state, and initial damage during compaction, and that these
initial fabric differences are not fully removed by subsequent saturation. Therefore, ma-
tric suction is not the only controlling factor for the effect of moulding moisture content
on the mechanical properties of unsaturated rockfill material. Initial fabric differences
formed during specimen preparation may be a more fundamental reason for the different
mechanical responses.
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Figure 15. Mechanical responses after saturation of specimens prepared at different moisture contents:
(a) deviatoric stress versus axial strain; (b) volumetric strain versus axial strain.

To further characterise the difference caused by the initial structure, the secant mod-
ulus within the small-strain range, E0.5%, was used as the initial modulus parameter.
Figure 16 shows the variation in the normalised initial modulus, E0.5%/E0.5%,w=0%, with
moisture content. The results show that, at different fines contents and porosities, the
initial modulus consistently exhibited a non-monotonic variation with moulding moisture
content. It first decreased and then increased. Under the reference condition with n = 19%
and P<5mm = 35%, the initial modulus decreased markedly when the moulding moisture
content increased from 0% to 1%. When the moisture content further increased to 2%,
the initial modulus recovered significantly and exceeded that of the dry specimen. This
result indicates that the influence of moulding moisture content on the initial stiffness of
rockfill materials is not a monotonic weakening process but involves a transition from “lu-
brication weakening” to “fabric stabilisation”. Chen and Yang [27] showed that the initial
stiffness of granular mixtures is sensitive to the contact fabric formed during specimen
preparation. When a small amount of moisture is added, moisture produces a lubrication
effect at particle contacts, reducing interparticle friction and local interlocking strength.
The specimen, therefore, more readily undergoes contact sliding and structural adjustment
during the early stage of shearing, which reduces the initial stiffness. As the moulding
moisture content further increases, capillary effects between particles become stronger, and
greater compaction effort is required during specimen preparation. This may promote a
more coordinated and stable particle skeleton, leading to the recovery of the initial modulus
and even values higher than that of the dry specimen. Porosity and fines content clearly
regulate this process. After porosity increases, the variation in the initial modulus with
moisture content becomes much weaker, indicating that the smaller number of particle
contacts in a looser skeleton makes it difficult for local moisture effects to significantly
change the overall force chain structure. In contrast, after the fines content decreases, the
initial modulus becomes more sensitive to moisture content, indicating that when the
coarse-particle skeleton dominates, moisture affects the contact state more directly. The
lubrication, adsorption, and local capillary effects at key contacts are more easily reflected
in the macroscopic mechanical response.
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Figure 16. Influence of moisture content on the initial secant modulus under different initial conditions.

The effect of moulding moisture content on the mechanical properties of unsaturated
rockfill identified in this study indicates that, for earth-rock dams and high-fill projects,
moisture content should not be regarded only as a factor affecting compaction efficiency.
It should also be treated as an important control parameter for the initial mechanical
properties and deformation response of rockfill materials. This is particularly important
for rockfill materials with a coarse-particle skeleton and relatively low fines content, for
which moisture variation may cause pronounced differences in stiffness and deformation.
Therefore, moisture content control during construction should be strengthened. This study
also has some limitations. First, the observed trends were obtained within limited ranges of
porosity and fines content and should be further verified under more gradation conditions
and a wider moisture content range. Second, suction was not measured due to limitations
of the test conditions. Future studies should combine microscopic observations, suction
measurements, and the discrete element method to further reveal the mechanism by which
moulding moisture content affects rockfill behaviour.

4. Conclusions
In this study, a series of large-scale triaxial compression tests was conducted on

unsaturated rockfill materials to investigate the effect of moulding moisture content on
their mechanical properties. The main conclusions are summarised as follows.
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An increase in the moulding moisture content significantly reduced the peak deviatoric
stress and peak friction angle of unsaturated rockfill. The most pronounced strength
degradation occurred when the moisture content increased from 0% to 1%, after which the
strength weakening coefficient stabilised between 0.87 and 0.91.

Increasing the moulding moisture content weakened the dilation of unsaturated
rockfill specimens. With increasing confining pressure, specimens prepared at higher
moulding moisture contents showed more particle breakage, a further decrease in the
coarse-particle group (20–60 mm), a further increase in the fine-particle group (<5 mm),
and more pronounced volumetric compression.

The initial modulus of unsaturated rockfill did not decrease monotonically with
increasing moulding moisture content. At lower moisture contents, such as 1%, the lu-
brication effect of moisture dominated and reduced interparticle contact friction, leading
to a decrease in initial stiffness. When the moisture content further increased, such as to
2% or higher, a stronger capillary effect may have required greater compaction effort and
promoted a more coordinated and stable particle skeleton, causing the initial modulus to
recover and even exceed that of the dry specimen.

The moulding moisture content effect strongly depended on the initial physical state
of the material. Reducing the fines content made the macroscopic mechanical response
more sensitive to moisture variation. In contrast, increasing initial porosity weakened
interparticle interlocking, reduced the overall deviatoric stress level, and thereby weakened
the influence of moulding moisture content.

After complete saturation, the stress–strain and volumetric strain curves of specimens
prepared at different moulding moisture contents still show clear differences. This indicates
that moisture action during specimen preparation may form irreversible differences in
initial fabric. Therefore, in earth-rock dam and high-fill engineering practice, moulding
moisture content should not be treated only as a construction index related to compaction
efficiency but should be properly controlled as a key parameter governing the initial
mechanical properties of coarse-grained soils.
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