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Spatial response is a feature of rock deformation in regions surrounding large-scale underground caverns and includes significant
vertical components due to the construction method of layered excavation. This vertical response is different to the longitudinal
response of excavation deformation surrounding shallow tunnels. The study of longitudinal deformation profiles (LDPs), which
describe the spatial response of longitudinal tunnel excavation and surrounding rock deformation, is a mature field. However,
there has been no independent discussion of the relationship between vertical excavation and the spatial response of
deformation in large-scale underground caverns nor the incremental characteristics of layered excavation. In this paper, we
define the attenuation function λðxÞ of unloading strength based on theoretical analyses and numerical simulations. We also
propose the concept and form of the vertical deformation profile (VDP) curve for the first time and apply it to the Baihetan and
Lianghekou Hydropower Stations. After fitting the complete VDP curve with a Levenberg-Marquardt algorithm, we verify its
validity by comparing predicted data with in situ monitoring data. The curve can be used to quantitatively analyze the
relationship between layered excavation and incremental deformation of surrounding rock, providing a basis for the rapid
evaluation of staged deformation during the excavation of large underground caverns. This study has practical significance for
the control of deformation in rock surrounding excavations and decision-making during the construction progress.

1. Introduction

Nearly 80% of China’s hydropower resources are concen-
trated in the southwest [1]. Landforms in this region have
heavy rainfall, numerous mountains, and large drops, pro-
viding abundant hydropower resources along the Jinsha,
Yalong, Dadu, and Lancang Rivers. At present, China is
developing hydropower resources in the form of cascade res-
ervoirs in this region. Indeed, a number of giant hydropower
stations are already under construction, including Baihetan,
Wudongde, Yangfanggou, Lianghekou, and Shuangjiangkou
Hydropower Stations. Most of these projects have under-
ground caverns that spanned more than 30m and whose
height exceeded 70m, which is considered a large-scale

underground cavern, and the difficulty of construction and
safety control is unprecedented; there has been wide concern
about the stability of large-scale underground caverns.

Due to the complex geological conditions, large cavern
size, blasting excavation, and other reasons, during the con-
struction process of the underground caverns, large deforma-
tion occurred in some engineering, and even a variety of
failure phenomena are encountered in some parts of the
underground caverns, resulting in the delay of construction
period, such as Baihetan [2], Houziyan [3], and Jinping I
Hydropower Station [4].

The deformation response mechanism in these caverns is
very complex. Influencing factors include the unloading
effect caused by release of rock energy, the redistribution of
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surrounding rock stress caused by layered excavation, and
the change of surrounding rock properties and boundary
constraints. Many researchers have made in-depth analysis
on specific engineering. For example, Wu et al. [5] have dis-
cussed the stability of underground powerhouse caverns of
the Three Gorges project, Huang et al. [6] have generally ana-
lyzed the displacement magnitude and deformation rate of
surrounding rock during the construction of Pubugou
Hydropower Station’s underground powerhouse, Yang
et al. [7] analyze the surrounding rock deformation charac-
teristic during the excavation of the upper part of the under-
ground powerhouse of Houziyan hydropower station and
predict the two-stage excavation in the future. Taking
Xiluodu Hydropower Station as the research object, Li et al.
[8] describe the safety control technology of underground
caverns, and Li et al. [9] analyze the failure mechanism of
the excavation damaged zones in Jinping I Hydropower Sta-
tion and evolution assessment. The study of internal deforma-
tion mechanism reveals that the deformation of underground
cavern includes two characteristics: time-dependent effects
and spatial responses [10]. Time-dependent effects are a
long-term process caused by stress redistribution of surround-
ing rock, and spatial responses aremainly a short-term process
caused by cumulative blasting of layered excavation in large
scale cavern.

In the study of rock deformation control, long-term
monitoring deformation data are often used to construct pre-
diction models. The common models include the regression
analysis model [11], grey system model [12], neural network
model [13], support vector machine model [14], and time
series model [15]. This kind of analysis and prediction model
is based on long-term safety monitoring data, and the model
is mainly based on time-dependent effects. But in fact, in the
process of super large cavern excavation, especially for rock
mass with lithology integrity or hard block structures, the
rock is affected by multiple vertical excavation accumulation,
the excavation period is short, the weight of time-dependent
effects is small, and the deformation characteristics are
mainly spatial responses. The in situ monitoring data from
Jinping I [16], Xiangjiaba [17], Xiluodu [8], Guandi [18],
Houziyan [19], and Pubugou [6]. Hydropower Stations in
China indicate that there is a significantly positive correlation
between the deformation growth of surrounding rock and
the vertical excavation depth of the working face. Generally
speaking, the above models have the following disadvantages
for deformation control: (1) they do not separate and identify
the time-dependent and space effect superposition compo-
nents in the deformation of surrounding rock; (2) it is diffi-
cult to predict the deformation of surrounding rock in
different stages because of the poor applicability to layered
excavation; and (3) technicians at the construction site need
a simpler and easier-to-use evaluation method for the
different stages of surrounding rock deformation.

In addition, according to engineering characteristics and
excavation sequences, this spatial response can be roughly
divided into longitudinal and vertical components. Research
on the longitudinal spatial response has mainly focused on
tunnel engineering, including the LDP curves that describe
the longitudinal spatial response of tunnel wall deformation

during excavation [20–23]. The study of LDP curves is still
undergoing continuous optimization, but it is clear that they
can describe the longitudinal spatial response of surrounding
rock deformation during excavation of shallow tunnels. In
contrast, there are few studies of the vertical spatial response
to underground caverns.

In this paper, we qualitatively discuss the evolution char-
acteristics of surrounding rock deformation in large-scale
underground engineering projects by in situ monitoring
data. Following the principles underlying the LDP curve,
we firstly proposed the concept of the vertical deformation
profile curve; the vertical spatial response mechanism of rock
deformation control and face vertical excavation in large
underground caverns is studied; we define the attenuation
function λðxÞ of unloading strength and deduce the form of
the VDP curve by FLAC3D numerical simulation. The valid-
ity of this VDP curve is tested by using in situ monitoring
data of two engineering projects and the physical meaning
of key parameters in the VDP curve explained. Because these
physical explanations are clear, the VDP curve is suitable for
the evaluation of phased deformation of large-scale under-
ground caverns.

2. On-Site Monitoring of Surrounding Rock
Deformation Pattern

2.1. Excavation Sequences of Large-Scale Underground
Caverns. Compared with shallow tunnels, the underground
caverns of hydropower stations have large-scale, high in situ
stress and complex geological characteristics. These con-
straints mean that large-scale underground caverns cannot
be excavated in full cross section. Therefore, large-scale
underground caverns are excavated in layers during hydro-
power construction. Table 1 summarizes the data from repre-
sentative underground powerhouses in Southwest China,
ranging from 65.38 to 89.80m high and excavated in 8-12
layers. Figure 1 shows the layered model of the underground
powerhouse of Baihetan Hydropower Station. Serial num-
bers I-X represent the excavation layers of the cavern; the
height of each excavation layer is between 2.7 and 13.6m. A
typical construction method is to excavate the two sides of
the top arch in blocks following removal of the pilot tunnel.
After this top arch is formed, the side walls on both sides
are excavated and supported layer by layer.

2.2. Monitoring Method of Surrounding Rock Deformation.
The purpose of deformation monitoring is to evaluate the
stability of underground caverns and provide valuable data
for dynamic adjustment of the construction process, support
design, analysis, and predictions. In situ monitoring data
contains all the intrinsic information underlying deforma-
tion evolution of surrounding rock and is the most intuitive
external reflection of surrounding rock deformation.

The main observation and monitoring methods for sur-
rounding rock deformation include internal space conver-
gence, multipoint extensometers, and sliding micrometers.
Of these, multipoint extensometers are the most effective
and widely used and contain either vibrating string or differ-
ential resistance sensors. As shown in Figure 2, the operating
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principle of multipoint extensometers is to install a set of
instruments in the borehole of surrounding rock and arrange
measuring heads at different depths to monitor displace-

ment. There are two types of installation: direct-installed
and preinstalled. Direct-installed is the most common
method, in which the instrument is directly installed in the
powerhouse as the working face passes through the desired
monitoring point. The deepest anchor head is assumed to
be the fixed point (N# in Figure 2).

2.3. Deformation Characteristics of Surrounding Rock. After
excavation of the cavern, deformation of surrounding rock
tends to develop towards the free face, but the deformation
process and trend can differ due to control of the main stress
and occurrence of the geological structural plane. The devel-
opment trend of surrounding rock deformation is therefore
monitored consistently, including specific phenomena. In
this section, we focus on the characteristics of consistency
and explain two kinds of specific phenomena.

Table 1: Statistics of representative hydropower station underground powerhouses in Southwest China.

Hydropower station Height of major powerhouse (m) Vertical buried depth (m) Number of layered excavations

Jinping I Hydropower Station 68.80 160~420 11

Jinping II Hydropower Station 72.20 231~327 8

Xiluodu Hydropower Station 75.10 340~480 10

Houziyan Hydropower Station 68.70 400~660 9

Dagangshan Hydropower Station 74.60 390~520 10

Guandi Hydropower Station 78.00 154~427 11

Xiaowan Hydropower Station 79.38 380~480 10

Baihetan Hydropower Station 88.70 260~330 10

Wudongde Hydropower Station 89.80 220~380 11

Ertan Hydropower Station 65.38 250~350 12

Xiangjiaba Hydropower Station 85.50 105~225 9

Nuozhadu Hydropower Station 77.77 180~220 10

Shuangjiangkou Hydropower Station 67.32 321~498 10

Yangfanggou Hydropower Station 75.57 200~330 9

Changheba Hydropower Station 73.35 285~480 10

Lianghekou Hydropower Station 66.80 400~450 9
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Figure 1: Schematic diagram of the layered excavation of large-scale underground caverns (Baihetan Hydropower Station).
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Figure 2: Multipoint displacement meter structural diagram (left)
and on-site installation (right).
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Figure 3 shows the in situ monitoring data from two typ-
ical engineering projects that were observed by our research
group. These data show a strong correlation between dis-
placement and the excavation sequence. The monitored dis-
placement at different depths grows synchronously and
gradually accumulates from the inside to the outside of the
rock mass. The development of displacement can be divided
into two stages: sudden growth in response to excavation and
gradual convergence after the working face moves far away.
The in situ monitoring data from Jinping I, Xiangjiaba,
Xiluodu, and Guandi Hydropower Stations [6, 8, 16–19]
illustrate this point of view. The main deformation character-
istic of rock mass is that of high integrity with few fissures or
faults, but when a fault or fracture zone passes through the
deformation monitoring area of rock mass, two other charac-
teristics become apparent. It can be seen from Figures 3(b)
and 3(d) that displacement of the monitoring point caused
by excavation of each layer decreases step by step.

From the perspective of spatial distribution, deforma-
tion of surrounding rock in some parts varies with depth.
Hibino and Motojima [24] suggested that deformation sur-
rounding large underground caverns can be divided into
strain deformation and fracture deformation. As shown in
Figure 3(a), the displacement growth process at a depth of

1.5m and 3.5m from the free face is synchronous, and
therefore, displacement within this range is mainly due to
strain deformation. It can also be seen from photos of in
situ core samples that the rock has crumbled and broken
into pieces at a depth range of 5.4-7.2m from the free face
(Figure 4). On either side of this crushed core area, the rock
is relatively complete and has maintained columnar form.
Therefore, displacement between 3.5 and 6.5m is mainly
due to fracture deformation, which indicates that the
fracture expands during the process of unloading stress
adjustment.
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0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

30.00%

I II III others

Pe
rc

en
ta

ge

Layers of excavating

1.5m
3.5m

6.5m
11.0m

(b) Percentage of deformation caused by excavation of each layer

El
ev

at
io

n 
(m

)

D
ef

or
m

at
io

n 
(m

m
)

2570

2580

2590

2600

2610

2620

–2
0
2
4
6
8

10
12
14
16
18

Surface
3m
8m

16m
The excavation elevation

IV1
IV2

20
16

-7
-1

0
20

16
-8

-1
8

20
16

-1
0-

18
20

16
-1

2-
7

20
17

-1
-2

6
20

17
-3

-1
7

20
17

-5
-6

20
17

-6
-2

5

20
17

-8
-1

4
20

17
-1

0-
3

20
17

-1
1-

22
20

18
-1

-1
1

20
18

-3
-2

20
18

-4
-2

1
20

18
-6

-1
0

20
18

-7
-3

0
20

18
-9

-1
8

20
18

-1
1-

7
20

18
-1

2-
27

20
19

-2
-1

5

V1
V2

VI

VII

(c) Typical in situ monitoring data from Lianghekou

Surface
3m

8m
16m

0.00%

5.00%

10.00%

15.00%

20.00%

25.00%

IV1 IV2 V1 V2 VI VII
Layers of excavating

Pe
rc

en
ta

ge

(d) Percentage of deformation caused by excavation of each layer

Figure 3: Time-displacement curves for typical surrounding rock deformation measuring points.
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Due to soft plasticity at rock fault zones, strain energy is
released gradually and slowly according to rock rheology,
and the resulting time-dependent characteristics of deforma-
tion are obvious (Figure 5).

On the contrary, deformation of the rock mass with high
integrity and less fissures or faults shows no obvious time-
dependent characteristics; therefore, deformation converges
soon after excavation. According to the statistics of in situ
monitoring data from multiple engineering projects, rheol-
ogy deformation of this kind of rock is generally less than
5% of total deformation and can therefore be neglected. For
this reason, rock mass with high integrity and less fissures
or faults is the subject of the spatial response of surrounding
rock deformation studied in this paper.

To summarize the above description of the step-shaped
curve of surrounding rock deformation, the general charac-
teristics of vertical spatial responses can be described when
large-scale underground caverns are excavated in layers.
The induced surrounding rock deformation develops in a
stepped way with the elevation of the working face lowering
in stages. Deformation growth is the largest at the initial stage
and decreases as soon as the face passes the section of inter-
est, resulting in a vertical spatial effect of the excavation face.
The above process is a vertical spatial response of cavern
excavation.

3. Numerical Experiments

3.1. Overview of Model. Research on the quantitative relation-
ship between layered excavation steps and incremental sur-
rounding rock deformation has been debated for a long
time. For the elastic-plastic deformation δe caused by excava-
tion unloading of rock mass, Zhu et al. [25] obtained a pre-
dictive formula for δe at a key point of the high side wall of
surrounding rock using regression analysis of a large number
of practical engineering data and theoretical calculations.

δe = ηh a
1000λγH

E

� �2
+ b

1000λγH
E

� �
+ c

" #
⋅ 10−3: ð1Þ

In formula (1), h is the excavation height of the underground
powerhouse; λ is the lateral pressure coefficient of initial in
situ stress; γ is the bulk density of rock mass; H is the burial

depth of the cavern; E is the deformation modulus of rock
mass; a, b, and c are empirical parameters that are related to
the engineering design layout and rock mass characteristics.

According to formula (1), when being buried deep, in situ
stress, and rock character are determined, there is a notable
positive correlation between δe and the excavation height of
the powerhouse. Furthermore, there is an approximate linear
relationship between δe and the elevation of the working face
hEL, to form the excavation unloading deformation δe′, as
follows:

δe′= A h0 − hELð Þ: ð2Þ

In formula (2), h0 is the elevation of the monitoring point
in the rock and A is an undetermined coefficient. In large-
scale underground caverns, the case of hEL ≤ h0 is the most
relevant.

However, this simple linear formula does not take into
account the vertical spatial response caused by advancement
of the working face and cannot reflect the step-shaped char-
acteristics of displacement. Therefore, this formula does not
apply to the case of large-scale underground excavation in
layers. Using Baihetan Hydropower Station as a prototype,
we created a fully three-dimensional finite difference model
using FLAC3D software with the purpose of simulating lay-
ered excavations of large-scale underground caverns in dif-
ferent rock masses. These simulations were able to explore
the quantitative relationship between drilling height and rock
displacement under different conditions. In order to render
the vertical spatial response unaffected by other factors, the
rheology simulation function of the software was closed in
the numerical calculation so that the influence of long, large
crevices including weak interlayers could be avoided in the
model.

According to the characteristics of in situ stress in
Southwest China, the simulated initial in situ stress field
is dominated by structural horizontal stress, the lithology
is mainly class II and III rock mass, and the influencing
part of the geological structural plane is class IV rock
mass. Σ1 is between 19 and 23MPa, σ2 is between 13
and 16MPa, and σ3 is between 8 and 12MPa. The
excavation scheme used for the simulation was layered
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excavation with shotcreting and bolt follow-up supports.
The structural size of the finite difference model, shown
in Figure 6, was 30:0m ð27:0mbelow the rock anchor
beamÞ × 80:0m × 280:0m. Rock mass parameters are listed
in Table 2.

3.2. Analysis of Numerical Simulation Results. Figures 7(a)–
7(f) show the displacement field formed by excavation under
different conditions and step-displacement graphs for typical
monitoring points. These figures show the displacement pat-
terns of the same monitoring point under different rock and

Table 2: Physical and mechanical parameters of surrounding rock and concrete shotcrete.

Rock quality/constitutive relationship
Bulk modulus

(GPa)
Shear modulus

(GPa)
f

c
(MPa)

Tensile strength
(MPa)

Dip of joint
(°)

Joint f

II/mohr 16.6 12.5 1.48 2.51 3.51 / /

III/ub (with gentle fissure) 12.3 7.4 1.11 1..86 1.22 20 0.7

III/ub (with steep fissure) 12.3 7.4 1.11 1.86 0.86 70 0.7

Concrete spraying layer/elas 25.0 11.5 / / / / /

mohr: Mohr Coulomb model; elas: isotropic elastic model; ub: ubiquitous joint model.
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Figure 7: Numerical simulation results of representative monitoring points.
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support conditions and the displacement patterns of different
points under the same rock and support conditions. The sim-
ulations show that the displacement of surrounding rock
increases in a gradual stepped form when the cavern is exca-
vated layer by layer. This is consistent with in situ monitoring
data from practical engineering. Taking excavation in class II
homogeneous surrounding rock as an example, when the
monitoring point and working face are at the same elevation,
we define the monitoring point as the direct constraint point
(DCP). The displacement increment caused by excavation of
surrounding rock at the DCP is the largest, accounting for
about 12-16% of the total displacement. Following that, a
sudden displacement increase occurs with each layer of exca-
vation, and increments of displacement gradually decrease as
the working face moves away from the monitoring point.
Compared to the arch ring and upper side wall, the vertical
spatial response and the unloading effect of the rock anchor
beam and its lower wall rock are stronger and the displace-
ment is larger, which is consistent with the in situ monitoring
data. Under different rock and support conditions, the dis-

placement growth pattern of surrounding rock deformation
is essentially the same, but the magnitude of deformation is
different.

In Figure 7, different representative monitoring points
are distinguished by color. Monitoring point A is located at
the lower side wall of the upstream side rock anchor beam;
monitoring point B is located at the upper side wall of the
upstream side rock anchor beam; monitoring point C is
located at the upstream side rock anchor beam; monitoring
point D is located at the intersection of the powerhouse and
the main electrical wire hall; monitoring point E is located
at the intersection of the powerhouse and the tailrace tunnel.

3.3. Form of the VDP Curve. Based on the above description,
the excavation unloading response strength Λ (mm/m) is
defined by

Λ = Δδ

Δh
, ð3Þ
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Figure 8: Distance-response intensity curves representing vertical distance of the working face versus unloading response.
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where Δh is the height of each excavation layer and Δδ is dis-
placement increment of surrounding rock caused by Δh of
working face advancing vertically. Therefore, Λ represents
the displacement increment of monitoring points caused by
vertical excavation per meter.

Figure 8 shows attenuation curves of the response
strength of typical monitoring points versus the increase in
vertical distance between the working face and different posi-
tions outputted by the FLAC3D

finite difference model. Tak-
ing the 36m excavation of a typical monitoring point as an
example, the accumulated deformation S10 (the shadow area
in Figure 8(a)) is about 65-85% of the total displacement S36.
In addition, comparative analysis reveals that Λ becomes
larger as surrounding rock properties worsen for the same
excavation conditions, in agreement with common
understanding.

The attenuation function λðxÞ of the vertical spatial
response of unloading deformation is defined as

λ xð Þ = Λx

Λ0
, ð4Þ

where Λ0 is response strength when the monitoring point is
0m away from the working face (i.e., when the monitoring
point is the DCP) andΛx is response strength when the mon-
itoring point is xm away from the working face. According to
this definition, the attenuation function shown in Figure 9
can be drawn and fitted by the least squares method. λðxÞ
can be expressed by

λ xð Þ = 1
1 + B ⋅ x + C ⋅ x2

: ð5Þ

In formula (5), B and C fitting parameters are obtained
from the in situ monitoring data from excavations or initial
excavations of the engineering test cross section.

According to the above analysis, we can multiply the
excavation unloading deformation δe′ in formula (2) with
the attenuation function λðxÞ to obtain the deformation
function δe of the vertical distance effect of the working face,
namely, the VDP curve:

δe = δe′ ⋅ λ xð Þ = A h − h0ð Þ
1 + B ⋅ h − h0ð Þ + C ⋅ h − h0ð Þ2

: ð6Þ

4. Analysis and Verification of the VDP Curve

4.1. The Method of VDP Curve Fitting. Following mathemat-
ical determination of the VDP curve, the unknown parame-
ters (A, B, C) need to be solved for subsequent use in
engineering. A statistical learning method is a significant
way to identify the parameters [26–29], and the essence of
parameter solution in the VDP curve is a nonlinear least
squares problem that can be solved by the common
Levenberg-Marquardt (L-M) algorithm. [30–38] The core
idea of this solution is to linearize the nonlinear function,
then imitate the least squares method for this linear function.
The solution process is as follows.

There is a question raised: for the function x = f ðPÞ, given
f ð·Þ and the monitoring data vector x containing noise,
estimate P.

Step 1. Take the initial point p0 and termination control con-
stant ε to make a function containing ε0 (see formula (7)).
The factors K , λ0, and V in the L-M algorithm are 0, 10-3,
and 10, respectively.

ε0 = x − f p0ð Þk k: ð7Þ

Step 2. Calculate the Jacobi matrix Jk, and construct the
incremental equation

Nk ⋅ δk = Jk
Tεk,

Nk = Jk
T Jk + λkI:

ð8Þ

Step 3. δk is obtained by solving the incremental equation.

(1) If equation (9) holds, Loop (1) is executed

x − f pk + δkð Þk k < εk: ð9Þ

Loop (1):
Let pk+1 = pk + δk, if kδkk < ε; then stop iteration and out-

put result; otherwise, λk+1 = λk/υ go back to Step 2

(2) If equation (10) holds, Loop (2) is executed

x − f pk + δkð Þk k ≥ εk: ð10Þ

Loop (2):
Let λk+1 = λk ⋅ υ, δk is obtained by solving the incremental

again and go back to Step 1
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Figure 9: The attenuation function λðxÞ of the vertical spatial
response of unloading deformation.
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Execute continuous iteration, until the requirement of
the termination control constant is met.

4.2. Verification of the VDP Curve

4.2.1. Accuracy of Deformation Prediction. In order to evalu-
ate the applicability of the VDP formula for the prediction of
surrounding rock deformation in practical engineering, 12
typical monitoring points (10 points from Baihetan Hydro-
power Station and 2 points from Lianghekou Hydropower
Station) were selected for analysis and verification. These
monitoring points were selected according to the following
principles:

(1) There is a presence of a complete in situ monitoring
data for deformation and excavation information of
surrounding rock

(2) In preliminary analyses, deformation of surrounding
rock was dominated by the vertical excavation spatial
response and the rock mass was of good quality

Figure 10 shows the comparison between the in situ
monitoring data for representative monitoring points and

calculated data from the VDP curve. This VDP was obtained
by using the monitoring data training model for the first 3-4
layers of excavation and VDP curve predictions for subse-
quent data. The VDP curve accurately reflects the relation-
ship between excavation depth for each layer and the
deformation increment. The correlation coefficient R2

between the VDP calculation results for 12 measuring points
and the measured data for surrounding rock deformation is
0.89-0.98.

It is clear from Figures 10(c) and 10(d) that the VDP
curve may not be consistent with the displacement growth.
The reasons for this phenomenon are analyzed from the
point of view of engineering practice and the mechanism of
VDP curve construction, and include the following three
aspects:

(1) Because the excavation duration of some layers is
long and the excavation process line takes the end
of excavation as the time point for the stratification
height to drop, there is a time difference between
the excavation height and the deformation increment
even though the surrounding rock deformation
accumulates continuously during this period
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Figure 10: Verification of VDP curve calculation results and in situ monitoring data.
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(2) The starting point of the VDP curve is the DCP
mentioned above, but in practical engineering, the
monitoring instrument is usually installed near the
working face and a small part of the initial deforma-
tion is not monitored

(3) The VDP curve does not consider creep and other
time-dependent characteristics. If the excavation
stagnation time is too long (e.g., during construction
of rock anchor beams), the time-dependent deforma-
tion of weak rock will be superimposed

These three factors cause the step difference between the
VDP fitting line and monitoring curve, but they will not
affect the value of using the VDP curve for the evaluation
of surrounding rock deformation caused by single layer
excavation.

The further study of the VDP curve parameters reveals
that A in formula (6) has a clear physical meaning, i.e., A =
Λ0, which is the excavation unloading response strength
when the vertical distance between the working face and
monitoring point is 0m. In the actual calculation, the defor-
mation increment Δδ0 caused by excavation of the surround-
ing rock at the DCP can be divided by the excavation layer
height Δh0.

4.3. Application Scenario. To summarize, the VDP curve can
be constructed based on the spatial response of surrounding
rocks and in situ monitoring data. In practical engineering,
the VDP curve can be used to forecast and control the exca-
vation deformation of each layer during layered excavation,
providing a simple method for on-site technicians to quickly
assess the deformation of surrounding rock and dynamically
adjust the construction progress and support method.

The application of VDP to engineering proceeds as
follows:

Step 1. When an underground chamber has excavation test
conditions, representative surrounding rocks are selected
for testing to obtain deformation data at direct restraint
points and 2-3 layers of downward excavations. When
excavation test conditions are not available, typical section
monitoring data are collected for initial excavation.

Step 2. Based on the initial deformation data obtained in Step
1, VDP curves for different rock mass properties in the
project are fitted by the L-M algorithm.

Step 3. According to the VDP curves, deformation control
indexes of different areas of the caverns are calculated by
dividing the excavation surface elevation and rock mass
properties.

Step 4. Engineers and technicians use deformation control
indexes to evaluate the deformation of surrounding rock for
each excavation layer. The newly obtained deformation data
is returned to Step 2 and the VDP curve iterated to dynami-
cally and precisely adjust the control index.

The VDP curve is effective for predicting excavation
deformation of rock mass with high integrity and few fissures
or faults. In rock mass with poor quality, the orientation of
discontinuities plays an important role and the time-
dependent effect of deformation is considerable. For exam-
ple, if the excavation stoppage time for a certain layer is long
or in the time period after completion of excavation, the
growth of surrounding rock deformation is mainly related
to the time effect. It is clear from Figure 10 that there is a large
difference between the observation value and the VDP calcu-
lation value due to this time-dependent effect. The spatial
response component of deformation can be separated using
calculation results from the VDP curve and the time-
dependent effect studied in isolation.

5. Conclusion

In this paper, in order to predict and control the deformation
of surrounding rock during the construction period, we have
analyzed the relationship between layered excavation of
large-scale underground caverns and the deformation
growth of surrounding rock. We have also explored the
deformation evolution characteristics and spatial response
mode of surrounding rock based on geological in situ moni-
toring data from construction sequences. Furthermore, we
firstly proposed the concept and constructed a VDP curve
suitable for rock mass with high integrity and few fissures
or faults on the basis of theoretical analysis and in situ mon-
itoring data. Our main conclusions are as follows:

(1) The in situ monitoring data and numerical simula-
tions show that the deformation of surrounding rock
increases in a “step shape” when layered excavation is
adopted for large underground cavern construction.
In rock mass with high integrity and few fissures or
faults, the vertical spatial response of surrounding
rock deformation is particularly clear

(2) In order to describe the vertical spatial response, we
define its attenuation function λðxÞ of unloading
deformation. According to the numerical simulation
results, using regression fitting of the calculation
results under different geological conditions and sup-
port methods, we obtain a consistent form of λðxÞ. By
combining the initial excavation unloading response
strength Λ0 obtained from in situ monitoring data
with the attenuation function λðxÞ and the height of
each excavation layer, we obtain the unloading
response intensity Λ of each excavation layer and
can then construct the VDP curve

(3) The VDP curve is implemented to the Baihetan and
Lianghekou Hydropower Stations in China. Based
on a small amount of data obtained at the initial stage
of excavation, the VDP curve of the monitoring point
can be obtained by regression fitting with a L–M
algorithm. A deformation warning system for sur-
rounding rock can be established by constructing a
VDP curve for each monitoring point in the cavern.
The method for building such an early warning
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system is simple and can be mastered and applied by
engineering field technicians

(4) In this paper, the vertical excavation are studied, but
the role of follow-up support is not considered. In the
future, based on the current VDP curve, the support
factor is introduced to make the deformation control
more effective
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