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Abstract: In order to safely and efficiently use soft rock aggregate cemented dams in red bed regions
and promote the development of widely sourced cemented sand and gravel dam materials, the
Jinjigou project in China applied soft rock for the first time in the construction of cemented material
dams. This article further explores the concept of cemented material dams from conducting on-site
direct shear tests and research on soft rock material ratios and explores and invents a new structure
and construction method by combining soft rock cemented sand and gravel with cemented rockfill.
This article also proposes a digital mixing and intelligent dynamic control method for cemented
material dams with soft rock. The research results show that soft rock aggregate content not exceeding
60% can produce soft rock cemented gravel with a compressive strength of no less than 6 MPa. The
stress on the dam body is small and does not produce tensile stress. The dam body with added soft
rock has certain shear-bearing capacity, with a shear friction coefficient of 0.99~1.10 MPa, cohesion of
0.26~0.53 MPa, and high residual strength, accounting for 60~80% of the peak strength. At the same
time, the problems of large fluctuations in moisture content and the uneven grading of the soft rock
and riverbed gravel mix during the mixing and production process, and the significant influence
on safety caused by the large strength dispersion of the cemented sand and gravel, are resolved,
ensuring the quality of soft rock cemented sand and gravel preparation. The successful application of
soft rock cemented material dams in Jinjigou has achieved a breakthrough in key technologies for
soft rock cemented dam construction in red bed regions, proving the feasibility of soft rock cemented
material dam construction and having broad prospects for application and promotion.

Keywords: cemented material dam (CMD); soft rock dam construction; digital mixing; intelligent
controlling; in situ direct shear test; cemented rockfill

1. Introduction

The Jinjigou Reservoir is approximately 35 km from Yingshan County, Sichuan
Province, China, and is a key water conservancy project of the Qujiang River system.
This reservoir has a maximum design dam height of 33.0 m, with a total storage capacity of
11.2 million m? [1], and is responsible for supplying water to a 37.87 km? irrigation area in
Yingshan County and to 22,200 people and 112,200 heads of livestock in this irrigation area.
There is no large fault zone or seismic structure in the reservoir area. The mountains on
both sides of the dam site are composed of interbedded thin-to-thick laminated sandstone
and sandy mudstone with different thicknesses, essentially forming a narrow valley with
symmetric V-shaped walls, with weak intercalated layers and poor continuity at the base
of the dam. Since the project is located in the red bed area of Southwest China, sandstone is
the main material available for dam construction because of a mine near the dam site. The
sandstone has an average saturated uniaxial compressive strength of 32.8 MPa, with the
lowest value being less than 29 MPa, and a softening coefficient of 0.71, which suggests
that it is a soft rock [2]. Among the natural building materials near the project, the pebble
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aggregates are of a high strength but involve a long transportation distance, with an av-
erage of approximately 60 km, and are restricted in both mining activity and supply [3].
Therefore, a construction method that would allow for the full use of the existing soft
rock aggregates for dam construction was the primary challenge in the construction of the
Jinjigou Reservoir.

Among the existing dam types, earth—rockfill dams can be constructed by making
full use of local soft rock materials, which can deliver a safe structure under proper design
conditions [4]. However, since the materials constituting the dam body are loose and
granular, earth—rockfill dams have a poor resistance to flood overtopping [5] and hence can
collapse quickly when subjected to overtopping flood flow under overdesign conditions
such as major earthquakes, landslides, and floods. For example, in August 1975, the Banqgiao
earth—rock core dam in Henan, China, collapsed during an overtopping flood, resulting
in 26,000 deaths [6]. In May 2020, the Edenville Dam and the downstream Sanford Dam
over the Tittabawassee River in the United States collapsed successively due to widespread
and sustained rainfall [7]. The Jinjigou Reservoir has good dam foundation conditions, and
important towns lie downstream. To reduce public risk and make full use of local resources,
an earth—rockfill dam did not seem to be the appropriate choice in this instance.

As large-volume concrete structures, concrete dams have a strong ability to resist
collapse under overtopping flooding [8]. Regarding the material parameters of concrete
artificial aggregates, the Code for Investigation of Natural Building Material for Water
Resources and Hydropower Project (SL251-2015) [9] clearly stipulates that the original rock
has a saturated compressive strength > 40 MPa and a softening coefficient > 0.75. The
sandstone material at the Jinjigou project site has a low compressive strength and softening
coefficient, such that the material indexes are unable to meet the specification requirements
for concrete aggregates, and the mining and supply of pebble aggregates near the project
are restricted. Therefore, the concrete dam solution is constrained by local materials and
thus not an ideal choice of dam type.

To ensure the safe, economical, and environmentally friendly construction of the
Jinjigou Reservoir, this study proposes for the first time the construction of cemented soft
rock dams and a cemented rockfill dam to make full use of the excavatable rock materials
near the dam, further deepening the concept of the construction of cemented dams while
developing relevant dam construction technology.

2. Construction of Cemented Soft Rock Dams

Proposed by the authors in 2009, cemented material dams [10] are constructed using a
new type of cementitious material formed by a small amount of cement, fly ash, admixture,
and local materials such as sand, gravel, and stone. Unlike earth-rock materials, cemen-
titious materials are erosion-resistant and do not rapidly collapse under an overtopping
flood. Cementitious materials are also different from concrete material in that they can
be made of riverbed sand, gravel, and stone, which do not require sieving, washing, or
particularly strict grading, thus making the cost of cemented material dams approximately
20% lower than that of concrete dams. Since their introduction, cemented material dams
have been widely used and, to date, more than 40 cemented material dams have been built
in China and other countries [11].

The Jinjigou project is different from previous cemented dams, in that the riverbed
sand and gravel aggregates have a high strength but are restricted in mining and use,
meaning the dam construction could not fully rely on riverbed sand and gravel and needed
to use the rock excavated near the dam site. However, the sandstone material near the dam
site has a low strength and softening coefficient and cannot be used for the preparation of
concrete according to concrete dam specifications. There was no precedent for whether soft
rock materials could be used for the preparation of cementitious materials. Hence, to build
cemented soft rock dams, it is first necessary to deepen our knowledge of dam construction
using cementitious materials.



Appl. Sci. 2023,13, 4626

30f18

In the design process of the cemented material dam, the dam cross-section was in-
creased to reduce the requirements of the dam construction materials and foundation and
to simplify the preparation of the dam construction materials. Three technical problems
needed to be addressed in the construction of the Jinjigou dam with soft rock. First, the low
strength of the aggregates led to a decrease in the strength of the cementitious material. Sec-
ond, the soft rock had a low softening coefficient and its strength could be further reduced
after long-term immersion in water. Third, the vibratory rolling process during construction
had an impact on the integrity of the soft rock, which could inadvertently pulverize some
of the soft rock. For this reason, new construction measures were taken in the design and
construction of the Jinjigou dam with soft rock. First, the design and construction of the
dam was reasonably partitioned for seepage control, drainage, and load-bearing capacity to
fully utilize the properties of local materials. A cross-section of the Jinjigou dam is shown
in Figure 1. The side of the dam adjacent to the water and the exposed side of the dam
were constructed using concrete with a minimum thickness of 0.6 m, which met the safety
requirements of anti-leakage, anti-erosion, anti-freeze—thaw, and anti-carbonization under
a water head of 33 m. Next, reliable drainage facilities were set up, so that in case concrete
leaked due to the quality of construction or cracks during long-term operation, water could
be drained to the downstream surface through the gallery. The cementitious material of
the dam bears water pressure but very little seepage pressure, which greatly reduces the
anti-seepage, anti-erosion, and anti-freeze-thaw requirements of the cementitious material.
As in the case of concrete-faced rockfill dams, the anti-seepage requirement was not con-
sidered and only load-bearing safety was considered for the material in the rockfill area.
Second, the strength of the soft rock cementitious material and its strength after softening
by soaking should meet the requirements for the compressive strength of the dam structure
with a certain margin of safety. For this reason, multi-scheme mix ratio tests on the riverbed
sand, gravel, stone, and soft rock materials were conducted in the field to ensure that the
safety requirements were met. Third, the soft rock damage and pulverization caused by
vibratory rolling could not affect the sliding stability and safety of the dam structure. Hence,
in situ shear tests were performed in the field to obtain actual and reliable parameters to
ensure the stability of the dam. In general, unwashed, non-sieved riverbed sand, gravel,
and stone are directly used in the construction of cemented material dams. This is mainly
because the constructed dams according to the traditional design of gravity dams have
excessive material overstrength. For example, for the Three Gorges concrete gravity dam,
the compressive strength of the core sample of concrete after construction reached more
than 50 MPa, which is more than 10 times the compressive strength required for the dam
structure. Therefore, after the material preparation requirements have been appropriately
lowered, the safety of the dam does not pose a problem, since the compressive strength of
the dam structure can still meet its safety requirements. The results of calculational analysis
revealed that after adopting the above measures, there was no issue with dam safety by
preparing the cemented material using the mixed ingredients of riverbed sand, gravel,
stone, and soft rock. The relevant test and calculation analysis is described as follows:

(1) Mixing scheme and properties of soft rock with riverbed sand, gravel, and stone.
To safely construct the dam while making full use of the soft rock material at the dam site,
mix ratio tests on the cemented sand and gravel dam with different types of aggregates
were carried out in the field. The specific schemes were as follows: Scheme 1, sieved
sandstone aggregates; Scheme 2, sieved sandstone aggregates + pebble aggregates (extra-
large stones and some crushed pebble sands); Scheme 3, riverbed sand and gravel used
directly (excluding that with a grain size greater than 150 mm); Scheme 4, primary crushed
sandstone aggregates + pebble aggregates (medium stones, small stones, and sand); and
Scheme 5, sieved sandstone (extra-large stones and large stones) + pebble aggregates
(medium stones, small stones, and sand). The test results are shown in Table 1. The
results showed that the 180-day wet sieved small specimens of cemented sand and gravel
prepared entirely with soft sandstone aggregates had a compressive strength of 5.8 MPa,
which did not meet the design strength of C;598, and had a low compacted bulk density
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(approximately 2277 kg/m?); furthermore, the strength was still not satisfied when the
proportion of soft rock material was 71%. In short, the compressive strength did not meet
the dam construction requirements when soft sandstone was used entirely or when soft
rock aggregates accounted for 71%. All other schemes met the design requirements. Based
on the test results, the Jinjigou cemented soft rock dam was designed with a strength of
C8 below the elevation of 402 m, using cemented sand and gravel mixed with 50% soft
sandstone and a cementitious material amount of 120 kg/m® and was designed with a
strength of C6 above the elevation of 402 m, using cemented sand and gravel mixed with
60% soft sandstone and a cementitious material amount of 130 kg/m3. Both types of
cemented sand and gravel met the strength design requirements.
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Figure 1. Typical design cross-section of a cemented soft rock dam.

Table 1. Main strength test results of cemented sand and gravel with different types of aggregates.

Compressive Strength of
Vebe Water-Cement i Bulk
Sch Sandstone Cement Fly Ash Consistency ater—-eme Sand Ratio 150 mm Cube Specimen Densi
cheme 3 3 Ratio (MPa) ensity
(%) (kg/m?) (kg/m?) Value %) (%) (kg/m®)
(s) 28d 180 d
1 100 50 50 1.6 1.0 25 3 4.7 2277
60 60 19 0.83 25 3.6 5.8 2260
2 71.25 60 60 3.3 3.9 25 3.9 7 -
45 45 5.3 1 21 54 6.9 -
50 50 4.2 0.9 21 6.8 10.6 -
3 - 60 60 8.6 0.8 21 8.7 10.5 -
60 60 6.1 1 30 5.7 8.6 -
70 70 4 0.9 30 6.1 79 -
50 60 60 5.6 0.71 27.8 74 11.4 2357
4 40 50 50 6 0.7 27.2 8.3 11.8 2403
30 60 60 6.6 0.82 31.7 10.9 14.2 2436
5 40 55 55 2 0.77 25 8.3 13.1 2425

35 55 55 6 0.77 25 9.6 14.8 2414
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The test results of the material properties of other cemented sand and gravel mixes
carried out in the field showed that the anti-seepage grade reached the level of W4 and that
the frost resistance grade of the 180-day cemented sand and gravel reached F50 due to a lack
of air entrainment in the tests, while the frost resistance performance could be improved
after air entrainment. The seepage and erosion test results showed that the relatively well
compacted cemented sand and gravel had significantly better anti-seepage and erosion
performance than poorly compacted or cracked cemented sand and gravel. Therefore,
special attention should be paid to the design and construction quality of the anti-seepage
system of the cemented sand and gravel dam to address the long-term dam durability
problem caused by continuous seepage and erosion of the cemented sand and gravel.
The performance test of the cemented gravel material which was soaked in water under
changing temperature shows that as long as the specimen was cured in water, it had a good
strength even in low-temperature water (0-5 °C), and there was no loosening phenomenon.
However, regardless of whether the materials soaked in water or not, the strength of
the specimen decreased under low-temperature and changing temperature conditions.
Compared with the standard curing conditions, the average strength of the specimens
cured by low-temperature water was reduced by 35% and the strength of specimens with a
long curing period was slightly reduced after soaking in water. Therefore, it is necessary to
take certain protective measures for wintering during the construction period.

(2) Interlayer shear strength of soft rock cementitious material. The shear strength of
cemented sand and gravel dams was investigated for the Shoukoubao cemented dam [12]
in Shanxi Province and the Xijiang cemented dam [13] in Guizhou Province, among the
existing cemented sand and gravel projects, thereby obtaining a number of findings. Never-
theless, the sliding stability-related parameters of soft rock cemented sand and gravel dams
after vibratory rolling require experimental analysis. To this end, in situ direct shear tests
were carried out on cemented sand and gravel with different contents of soft sandstone.
After vibratory rolling, the test section was cured for 90 days and then the cemented sand
and gravel with soft sandstone contents of 50%, 60%, and 70%, respectively, were subjected
to in situ direct shear tests between the bulk alone, the bulk and slurry-rich cemented sand
and gravel, and the bulk and the concrete interface. The typical shear stress—displacement
relationship curves and shear cross-sections are shown in Figures 2 and 3, and the test
results are provided in Table 2.
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Figure 2. Shear stress—displacement curves of typical measurement points.
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Figure 3. The typical failure of the shear piers: (a) soft sandstone contents of 50% between the
bulk alone; (b) soft sandstone contents of 60% between the bulk alone; (c) soft sandstone contents

of 70% between the bulk alone; and (d) soft sandstone contents of 60% between the bulk and the
concrete interface.

Table 2. Summary of the in situ direct shear test results of the test sections.

Sandstone  Shear Failure Strength Residual Strength Shear Strength
C Shear Mode
ontent f ¢’ (MPa) fr cr (MPa) f c (MPa)
50% 1.10 0.38 0.81 0.24 0.81 0.18 Dominated by mixed failure
1.08 0.34 0.81 0.30 0.85 0.11 Dominated by mixed failure and
supplemented by surface shear failure
60% Dominated by shear failure along
1.04 0.53 0.95 0.30 0.88 0.06
the surface
1.05 0.40 0.99 0.25 091 0.05 Shear failure along the cemented body
on the surface
Shear failure along the cemented body
70% 1.02 0.26 0.91 0.24 0.87 0.09 on the surface or along the surface
0.99 0.28 0.94 0.20 0.89 0.10 Mixed failure or shear failure of the

cemented body on the surface
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The test results showed that the relationship curves of shear stress to displacement for
the cemented sand and gravel mixed with sandstone had an obvious linear increasing stage
and a peak strength, the shear failure friction coefficient, f’, was between 0.99 and 1.10 MPa,
and the cohesion, ¢/, ranged from 0.26 to 0.53 MPa, indicating that the shear parameters
met the stress demands for low-to-medium dams and the sliding stability demand for the
Jinjigou cemented material dam with soft rock. In terms of the trend, as the sandstone
aggregate content increased, f’ decreased from 1.10 MPa to 0.99 MPa, and ¢’ decreased
from 0.53 MPa to 0.26 MPa, i.e., the shear failure strength of the layer and contact surface
gradually decreased. Since the mixed failure mode corresponding to several sandstone
contents basically dominated at the layer and contact surfaces, the shear strength and
single-point friction shear strength at the shear surface did not change significantly, with
the shear friction coefficient being f = 0.72~0.91 MPa and cohesion being c = 0.05~0.18 MPa,
which were low. The cemented sand and gravel exhibited a high residual strength after
shear failure, accounting for 60-80% of the peak strength, indicating that the cemented
sand and gravel still had a high shear resistance after the shear failure at the layer or
contact surface, hence indicating that the cemented sand and gravel had a strong ability to
withstand the risk of catastrophe.

(3) Dam stress and sliding stability analysis considering each weak sliding surface.
The results of the stress analysis of the dam (Figure 4) showed that the stress of the dam
below the elevation of 402.00 m decreased from 1.32 MPa at the bottom to 0.75 MPa at
the top, both of which are less than the allowable compressive stress of C8 cemented sand
and gravel (2 MPa). The maximum principal tensile stress of the dam was 0.3 MPa, which
satisfied the requirement that the tensile strength of C8 cemented sand and gravel be less
than 0.6 MPa. The stress of the dam above 402.0 m decreased gradually from 0.75 MPa at
the bottom to 0.17 MPa at the top, both of which are smaller than the allowable compressive
stress of C6 cemented sand and gravel (1.5 MPa); no tensile stress was generated in the dam,
meeting the material strength requirements of the dam. The maximum vertical normal
stress of the foundation was approximately 0.5 MPa, which can meet the bearing capacity
requirements when the foundation surface is placed under the highly weathered sandstone
and sandy mudstone. Under normal working conditions, the dam foundation system
had the lowest factor of safety for the sliding stability along the weak intercalated layer
of the type of mudstone with interbedded rock debris; the factors of safety for shear of
the overflow dam section and non-overflow dam section were 1.12 and 1.14, respectively,
both of which are greater than the code requirement of 1.05, and the factors of safety for
shear failure were 4.55 and 4.51, respectively, both of which are also greater than the code
requirement of 3.0. The dam stability factor was greater than 1.3 under various working
conditions during operation, thus meeting the code requirements.

The main project of the Jinjigou cemented soft rock dam reached the dam crest eleva-
tion of 422.00 m in June 2019, as shown in Figure 5. The main on-site safety monitoring
equipment in Jinjigou includes 28 osmometers, 6 crack gauges, 6 rock displacement meters,
3 thermometers, and 7 observation piers. The safety monitoring results show that the
28 osmometers with the dam longitudinal 0 + 036.00, 0 + 045.00, and 0 + 016.00 sections
of the dam body have not been abnormal since January 2018, and the seepage pressure of
the dam body is stable. Since the installation time, the crack gauge and rock displacement
meters have been working normally, and there is no abnormal situation. The dam suffered
heavy rainfall on 9 August 2021, with a daily rainfall of 500 mm. The dam retained water
to an elevation of 417.50 m (overflow dam crest elevation), and the diversion tunnel was
opened to discharge water. No leakage point was found and the overall operation was in
good condition.
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Figure 4. Diagram of the vertical normal stress of the dam: (a) overflow dam section (Pa); (b) non-
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axis cross-section.

Figure 5. Jinjigou cemented soft rock dam.
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The Jinjigou Reservoir dam project adopted the scheme of a cemented soft rock gravel
dam, which saved a total of CNY 3.96 million in static investment compared to the roller
compacted concrete gravity dam scheme. Adopting the new dam construction method
shortened the construction period by 20% and it was completed 5 months ahead of schedule,
resulting in early irrigation and water supply benefits of about CNY 27 million. Cemented
material dams can save about 20% of the investment compared to concrete dams, can save
about half of the material usage compared to earth and stone dams and can be constructed
more safely and quickly. One of the main economic benefits of cemented sand and gravel
dams is their low cost compared to other types of dams. They require fewer materials, and
the construction process is relatively simple and can be completed quickly. This means that
the overall cost of the project is lower, making it more accessible to smaller communities or
organizations with limited budgets. Additionally, cemented sand and gravel dams require
less maintenance than other types of dams, which can also save money in the long run.
Since they are made from natural materials, they are more resistant to erosion and can last
for several decades without requiring major repairs or replacements.

3. New Method for Dam Construction Combining Cemented Sand, Gravel, and
Cemented Rockfill

The maximum allowable grain size of the cemented sand and gravel aggregates is
150 mm, with any oversized aggregates needing to be removed or crushed. A certain
number of aggregates with a grain size greater than 150 mm occurs in cemented material
dams. For example, the proportion of oversized natural sand and gravel materials in the
Dashixia Water Conservancy Project in Xinjiang exceeded 20%, and there was a certain
amount of natural alluvial pebbles with a size of more than 150 mm and a maximum
size of 500 mm in the Qianwei Hydropower Project. Since it is difficult to evenly mix
aggregates larger than 150 mm in the mixture and production of cemented sand and gravel,
the separation of aggregates larger than 150 mm is a serious problem during the laying
process, which poses a challenge for the current construction methods to solve.

In this study, a structural design model and construction method combining cemented
sand and gravel and cemented rockfill in a three-layer sandwich form is proposed to solve
the problem of a large proportion of large-sized (150-300 mm) aggregates, which leads
to a considerable amount of waste materials and an increase in project costs due to the
crushing of oversized aggregates in some projects. The model and method have since
been granted invention patents in China [14], the United States [15], and Japan [16]. The
new cemented rockfill dam structure proposed in this invention is shown in Figure 6a.
The construction layers laid and stacked from bottom to top comprise a lower layer of
cemented sand and gravel, a cemented rockfill layer, and an upper layer of cemented
sand and gravel. The aggregates of the cemented rockfill layer have a size in the range
of 150-300 mm, and the aggregates of the cemented sand and gravel layer have a size of
150 mm or less. The large-sized block stones are laid before the lower layer of cemented
sand and gravel is crushed, initially set and, after slurry spraying, covered by the upper
layer of cemented sand and gravel, which is compacted as the bearing structure of the dam
core. The anti-seepage surface layer is constructed simultaneously upwards. Additionally,
this study proposes a construction method for whole-process quality control. First, the
water/cement ratio for the mixing of sand and gravel materials is determined through
simulation tests; when the lower layer of cemented sand and gravel is laid, it is controlled,
such that the rockfill is laid prior to the initial setting of the lower layer. During this process,
an image scanner is used to collect visual data of the rockfill to statistically calculate the
maximum, minimum, and mean grain sizes as well as the spacing of the rockfill material.
Second, the rockfill with a maximum grain size of less than one-quarter of the minimum
side length of the dam section is selected and the spacing is controlled to meet the design
requirements. Then, cement slurry is sprayed on the rockfill such that the cement slurry fills
the gaps between the rockfill and covers all the rockfill, and the laying of the upper layer
of cemented sand and gravel is completed when the cement slurry is initially set. Finally,
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the construction layer is laid and rolled, and the rolling is stopped when the thickness
of the construction layer decreases by 10% or when any value of the apparent density
satisfies the conditions. In the present study, the rockfill material was directly laid without
mixing, which prevented the problem of the existing mixing equipment not being able to
mix excessively large aggregates; the rockfill aggregates increased the strength of the dam
and reduced the cement consumption per unit, resulting in a lower increase in hydration
heat temperature and fewer cracks, thus improving the construction quality of the dam.

(a) (b)

Figure 6. Cemented sand and gravel and cemented rockfill: (a) schematic diagram of the structure
of the cemented rockfill dam and (b) laying test of the cemented rockfill material. Note: 1 is the
first layer of cemented sand and gravel; 2 is the cemented rockfill layer; and 3 is the second layer of
cemented sand and gravel.

The application test of cemented rockfill was carried out in the Jinjigou project to
explore the feasibility of using cemented rockfill in cemented dams by adopting the design
model of a cemented structure with a three-layer sandwich form and through the use
of quality control measures throughout the whole process, as shown in Figure 6b. The
results of radar scanning along the G-G’ line (Figure 7) showed that the interlayer bonding
interface had a depth of approximately 40 cm, and there was no obvious under-compaction
or cavity in the areas of the three test points, indicating dense compaction and good
interlayer bonding.
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Figure 7. Radar detection results of the cemented rockfill (G-G’ line).

4. Digital Mixing and Intelligent Dynamic Control Technology for Cemented Soft
Rock Dams

The mixing of soft sandstone and riverbed sand and gravel in the Jinjigou project
encountered problems such as large fluctuations in the clay content and moisture content,
uneven aggregate gradation, and large dispersion of the cementitious material strength,
which required the timely testing of cementitious material, timely feedback of testing
results, and timely adjustment of the mix ratio to ensure quality and prevent potential
safety hazards.
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To this end, this study proposes technologies such as the rapid measurement of aggre-
gate properties, digital mixing, intelligent control, and strength prediction and developed
a digital mixing and intelligent dynamic control platform for cemented dams, as shown

in Figure 8.
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Figure 8. Digital mixing and intelligent dynamic control platform for cemented dams.

The authors proposed a dual-strength and band-controlled mix ratio design method [17].
Despite the variation in the strength of the cementitious material, the overall safety of the
dam is not of concern, because the minimum compressive strength is used to determine
the dam’s cross-section. A digital mixing and intelligent control technology is proposed to
optimize real construction and reduce the associated costs while ensuring safety. Instru-
ments for the rapid measurement of moisture content and clay content were developed.
According to the rapid determination of aggregate gradation, moisture content, and clay
content, as well as the strength prediction model, the amount of cemented material, and
the amount of water for mixing can be dynamically and intelligently adjusted to achieve
the dynamic optimization and intelligent control of the mix ratio. The specific dynamic
control methods are as follows:

(1) Based on the spatiotemporal Kriging interpolation method [18], a representative
sand and gravel quarry was selected for sampling tests to be carried out at the site of
the cemented dam project. Through the new non-destructive testing means, non-contact
rapid detection and rapid feedback regarding aggregate gradation, water content, and
clay content, as well as rapid adjustment of the mix ratio, were achieved, providing a
scientific basis for the real-time monitoring and dynamic control of the mix ratio parameters
for construction.

Rapid determination of moisture content. Through a comparative study, a microwave
moisture monitor [19] was selected as the research object of the rapid monitoring scheme
of aggregate moisture, as shown in Figure 9. When the electromagnetic microwave with a
specific frequency of 2.4 GHz penetrates the material, the O-H bonds of water molecules in
the material absorb the microwave energy at that specific frequency. The moisture content
percentage is calculated based on the microwave energy attenuation generated when the
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microwave penetrates the medium. As the microwave completely penetrates the material
during processing, the surface moisture and internal moisture of the aggregates are quickly
determined to realize the rapid measurement of the moisture content.

Figure 9. Testing of aggregate moisture using rapid monitoring technology.

Rapid determination of clay content. The principle for the rapid detection of clay
content is to examine the difference in resistivity between sand grains and fine grains such
as clay, silt, and fines attached to them and then, using purified water or tap water as the
medium (preferably purified water), to indirectly measure the clay content in the sand by
comparing the electrical resistances of the test samples and standard samples under the
same conditions. Electrode plates, ohmmeters, and other instruments were installed in a
fixed container and a data processing program was developed to automatically analyze the
readings. Thus, a rapid clay content detector was built to quickly determine the clay content
of the aggregates. This clay content detection method is both simple and time-saving.

Rapid identification of aggregate gradation. A dynamic online monitoring system
for the non-contact aggregate gradation of sand and gravel was established based on
digital imaging, image processing [20], recognition, and segmentation techniques [21]
(Figure 10) to monitor the geometry of the outer contour of each raw material, statistically
calculate the percentage of each shape, and perform quality control of the cemented sand
and gravel materials to simplify the construction process. Taking the discharge end of
the aggregate conveyor belt of the mixing equipment as the research object, when the
material falls freely between the light source and the lens, the lens can take high-speed,
high-frequency images of the material, and a multitude of indicators, such as the needle-
like content, spherical content, aspect ratio, spherical diameter, and grain count of the
aggregates, can be monitored by image recognition. Through digital image processing
technology and improved convolutional neural network deep learning, rapid non-contact
grain size identification and gradation analysis of sand and stone materials are realized.
The sand grain identification system can reach an identification speed of 20,000 grains per
second with the error in identified grain sizes not exceeding 1%.
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Figure 10. Flowchart of the online detection and identification of the aggregate gradation in the
cemented sand and gravel.

(2) The samples selected for testing were analyzed to determine the control range
of the cementitious material mix ratio of the cemented dam using the dual-strength and
band-controlled mix ratio design method (Figure 11) and to give the design mix ratio. This
method includes the following steps: (i) Grain size sieving tests are performed on the
cemented sand and gravel-based materials to divide the aggregate grain size into four
grades of coarse aggregates (150-80 mm, 8040 mm, 40-20 mm, 20-5 mm) and sand (smaller
than 5 mm). (ii) The gradation of the sand and gravel is quantified numerically, and the
gradation boundary of the sand and gravel is calculated using the Fuller [22] similarity
coefficient to obtain the coarsest gradation, the finest gradation, and the average gradation.
(iii) The relationship curves between the water use and the compressive strength of the
cemented sand and gravel with three different gradations are obtained with the constraint
that the minimum value of the average gradation strength meets the requirements for the
preparation strength and that the minimum value of the finest gradation strength is not
less than the design strength. (iv) The relationship between the compressive strength and
the water use at 7 d, 28 d, 90 d, and 180 d as well as the relationship between design age
and different gradations is established according to the relationship curves to determine
the control range of the mix ratio of cemented sand and gravel.

(3) Aggregates, cementitious material, water, and admixtures are mixed using special
mixing equipment to form cemented sand and gravel material. The module used to monitor
the mixing process monitors the whole process of cemented sand and gravel production
in real time, mainly performs a statistical analysis of the total amount of cemented sand
and gravel mixing, production, and the weight of various materials in different time
dimensions (e.g., real-time, minute, shift, day, and month) and automatically generates a
mixing monitoring report according to the set report template. The goal of digital mixing
is to monitor the whole production process of cemented sand and gravel from the raw
materials to mixing and casting and then to the finished products, such that the quality of
each unit of cemented sand and gravel can be tracked and traced, thereby realizing the
digital mixing of cemented sand gravel and an intelligent defect early warning and quality
forecasting system.
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Figure 11. Relationship between the water use and compressive strength of cemented sand and
gravel materials.

(4) The actual mix ratio of the cemented sand and gravel mixture is compared with
the control range, and the cementitious materials with large errors are identified. A
statistical model of the multifactor grey correlation method [23] is established based on the
index parameters affecting the performance of cementitious materials. The compressive
strength of the cemented dam is predicted by using either empirical equations or the
backpropagation (BP) neural network (the ANN-GWO model can be employed, which
has a high predictive veracity, robustness, and reliability [24]) and then, the mix ratio
parameters (e.g., the amount of cementitious material and the amount of mixing water) are
dynamically adjusted by evaluating the mix quality, such that the compressive strength
of the cementitious material not only meets the design indexes but also that the material
performance does not go beyond the standard to an excessive degree, realizing the dynamic
optimization and intelligent control of the mix ratio of the cementitious material. In the
mixing process, the mix ratio error is monitored and forecasted in real time to ensure that
the mixing error throughout the whole mixing process meets the requirements, and the
defects of the cemented sand and gravel that have been produced beyond the allowable
error range are analyzed and highlighted to facilitate further treatment measures.

In particular, when it is necessary to consider the effect of age, the mixing quality
evaluation module uses an empirical equation to predict the compressive strength of the
cemented dam:

C(n) =a=xC(28) xIn(n)

where C(n) represents the compressive strength of the cemented granular material at an
age of n days of the specimen, C(28) denotes the compressive strength of the cemented
granular material at the age of 28 days, and a is an empirical coefficient.

When considering the influence of multiple factors on the mixing performance index
of the cementitious material, the mixing quality evaluation module uses the BP neural
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network to predict the compressive strength of the cemented dam. The authors conducted
the mix ratio and performance and field tests on 1420 sets of cemented sand and gravel
from several cemented dam projects. Based on the big data analysis and the grey correlation
method, the effects of factors such as the fractal dimension of the grain size, amount of
cementitious material, water/cement ratio, clay content, admixture content, and sand ratio
of the sand and gravel material on the compressive strength were investigated, and a BP
neural network-based model for predicting the compressive strength of the cemented sand
and gravel was established. Comparison with the actual measurement results of cemented
dams such as Shoukoubao, Shunjiangyan, Xijiang, and Dongyang, as well as the cemented
sand and gravel protection dike of the Qianwei project located in Minjiang, showed that

the prediction errors were less than 10% (Figure 12).
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Figure 12. BP neural network for compressive strength prediction of cemented material dam: (a) pre-
diction results of compressive strength and (b) linear regression equation.
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5. Discussion

Soft rocks are abundant on Earth, and using local soft rock resources can make use of
on-site materials, eliminating the need for large-scale material yards or only requiring small-
scale material yards, which can reduce transportation costs and emissions from importing
construction materials from other regions and help reduce negative environmental impacts.
The use of cemented soft rock as a construction material can make use of low-quality
aggregates that conventional construction materials, such as concrete, are unable to use. In

red layer areas, particularly in areas lacking hard rocks, it is even more practical. Cemented
soft rock gravel has a certain strength and shear resistance, and the dam body stress level
of a cemented soft rock dam is relatively low, with the overall stability and seismic safety
high enough to be suitable for construction in strong earthquake zones. Overall, due to its
relatively low cost and abundant reserves, as well as good engineering properties, cemented
soft rock can become a beneficial construction material. Although further research is needed

to fully understand the engineering characteristics and long-term performance of cemented
soft rock, the successful completion of the Jinjigou cemented soft rock dam demonstrates
that cemented soft rock is a reliable and effective building material, providing a feasible
option for similar construction projects.

However, the application of soft rock in cemented material dams is still in its early
stages and has certain limitations. Soft rocks generally have low strength and represent
a wide variety of rock types with high variability. During mining and construction, rock
fragments are easily broken, causing large fluctuations in gravel size. Due to changes in
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aggregate size, the required water content of the cemented soft rock also changes, resulting
in fluctuations and variations in material performance. Therefore, certain quality control
measures are required to ensure the mixing and construction quality of the cemented soft
rock. Additionally, because the strength of cemented soft rock is not as strong as concrete or
other building materials, it has relatively low impermeability and frost resistance. Concrete
panels are often installed on the surface of the dam to enhance its overall performance.
Currently, cemented soft rock gravel dams are mainly used in small and medium-sized
water conservancy and hydropower projects and can be built on the upper part of poorly
weathered bedrock. For cemented dams built on non-rock foundations, special considera-
tion must be given to the dam material, structural design, anti-sliding stability, anti-seepage
design, deformation, and settlement in the design process.

For the application of cemented soft rock dam:s, it is necessary to first comply with
the applicable standards and regulations for using cemented soft rock as a construction
material. Second, proper feasibility studies should be conducted to evaluate whether
cemented soft rock is appropriate as a construction material for the project. The cemented
soft rock should then be properly maintained, regularly inspected, and repaired to ensure
its optimal strength and durability, as well as maintaining the structural integrity of the
dam with the passage of time. In the future, it is important to further study the methods
for cemented mixtures using low-quality gravel such as mudstone, mudstone sandstone,
slate weathering material, sandy soil, and foundation excavation material and to develop
cost-effective construction processes and quality assurance measures for cemented soft rock
dams. This can play an important role in promoting the development and diversification
of cemented soft rock gravel materials, providing technical support for the construction of
100 m cemented soft rock dams.

6. Conclusions

This study represents the first application of a cemented material dam in a red bed
soft rock area, which requires more experience in damming techniques, construction crafts,
and intelligent mechanization. It can thus provide a reference for the promotion and
application of new types of cemented dams in red bed soft rock areas, offer guidance for the
further development of the digital mixing and intelligent control of cementitious materials
and is conducive to making full use of local materials and building safe, economical, and
environmentally friendly cemented dams with a wide range of materials. Additionally,
the main results and conclusions arising from this study on this damming technique are
summarized as follows:

(1) This study introduced and proved that the two types of cemented sand and gravel
can meet the strength design and safety requirements with a certain shear-bearing capacity
and dam sliding stability. This can not only lead to solving the damming issue in soft rock
districts but also widen the theoretical research perspective of the cemented material dam.
It not only makes full use of local materials to build dams, reduces project costs, and has
a strong ability to reduce accident risks, but also avoids waste disposal and protects the
ecological environment, which has significant economic and social benefits.

(2) To fully utilize mix aggregates larger than 150 mm, it is proposed that a structural
design model of a cemented structure with a three-layer sandwich form be used, combining
cemented sand and gravel and cemented rockfill through the use of quality control measures
throughout the whole process, and the results showed that there was no obvious under-
compaction or cavity in the areas of the three test points, indicating dense compaction and
good interlayer bonding.

(3) Digital mixing and intelligent dynamic control technology for a cemented material
dam with soft rock can realize the non-contact rapid detection and rapid feedback regarding
aggregate gradation water content and clay content, as well as the rapid adjustment of the
mix ratio, providing a scientific basis for the real-time monitoring and dynamic control of
the mix ratio parameters for construction.
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