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ABSTRACT

The underground off-wall tunnels find wide application in the civil underground projects and the national defense
projects due to its merits of small backfilling workload, quick construction progress, good drainage and being
damp-proof and easy to be repaired and maintained. Based on the dynamic and static combined cycling loading
method and the design strategy of the structure performance, this paper adopts the combination method of similarity
physical model experiment and the numerical analog calculation to conduct dynamic damaging mechanism and
performance standard design research of underground off-wall tunnel. The research results show that the dynamic
and static combined cycling loading method can better reflect the generation and expansion progress of the inner
microcracks of rocks and concrete materials, thus it is an effective method to research into the damaging rules and
stability of the underground off-wall tunnel; the plasticity displacement, strain and pressure stress changes of the
monitoring point can better describe the damaging status of the underground projects; theincrease of load magnitude
can obvioudly result in the displacement of the monitoring point (vault), which may cause the first transcending
damage of the tunnel, and the cycling loading will show accumulated damage with the load magnitude positively
related to the degree of accumulated damage; the strain of the monitoring point will undergo sudden changes when
reaching the ultimate pressure value, while the crack width parallel to the tunnel diameter is the reference to the
damaging status of the underground tunnel; the experimental and numerical simulated results coincide with each
other, and can well represent the performance standard of the underground tunnel, thus providing the reference for
the earthquake and explosion effect, as well as the protection a design of the underground tunnel.

Keywords: underground off-wall tunnel; dynamic and statiantined; cycling loading; damaging mechanism;
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INTRODUCTION

The underground tunnel often adopts off-wall supsitfpn as its basic form. It is an arch superpasiform, which
conducts compact backfilling of the overbreak pativeen the superposition and the surrounding raecikbmakes the
two cling to each other closely and influence eatier to jointly undertake the gravity stress axtgmnal load. Due to
the merits of small backfilling workload, quick iruction progress, good drainage and being dampfand easy to
be repaired and maintained, the model is wideld usethe civil underground projects and the natiatefense
projects. However, the stress strain’s represemtéicomplex. Coupled with the load it subjealtwing the life cycle,
such as the earthquake effect, explosion and niddadl of the underground water, it is also unpctble.

Currently, the foreign and domestic researchersigméicus on two aspects regarding the stabilitthefunderground
projects under the influence of external load, sashexplosion, earthquake effect and the rise atidof the
underground water: one is to gain the general dargagles of the underground projects’ macro streeethrough lots
of practical experiments and model experimentsh suscto gain a quantified index which can reflaet stability and
security coefficient of the tunnel’s surroundingks through strength reduction metHdl and to gain the general

2572



Jichang Zhaoet al J. Chem. Pharm. Res,, 2014, 6(7):2572-2579

reliability of the tunnel’s surrounding rocks thgiuprobability statistical method; the other iglisscribe the internal
factors causing the generation of the structutbéntheoretical perspective, such as the strucha@el in this paper
and recreate the damaging rules of the whole streichrough the research of dynamic propertiessiress train
systeméf(’)g] rock concrete materials under differentohical conditions and combining the numericahiation
software™ ",

In fact, the damage of the underground projectsire is caused by the internal and external resastime dynamic
properties of the rock concrete materials unddewdiht historical conditions are the base to redemto the project
structure damage; while the defects influencingstihength of the rock concrete materials, includhwegycleavage and
microcrack in the whole underground project andhimithe surrounding rocks, are also factors woadthsideration.
In order to to reflect the performance standardtoflamaging status, this paper bases on the dgnand static
combined cycling loading method and the structedgsmance design idea, and combines the similapitysical
model experiment and the numerical calculationrtalyze the corresponding relationship between ttuetsire and
the deforming status, damaging rules and stalmitityditions and performance level of the off-watirel.

EXPERIMENTAL SECTION

2.1. Devices for the model experiment

The experiment instrument model is made up of tireiform side slope experiment part and the rectiand?2.0
m*0.7 m*3.0 m) tunnel experiment part. This exparirhconducts loading, unloading and load holdinthefmodel
box through the microprocessor control electro-hytic servo tester's measurement and control sysieantomatic
control the oil jack. At the same time, it can &sfei real-time data collection, and save and uptiatdata in the text
format, which is usually of the TXT or EXCEL format

Fig. 1 the microprocessor control electro-hydraulicservo tester's measurement Fig. 2 The side slope tunnel coupling experiment
and control system system

2.2. Similarity relation design

While making the similarity relation model for expeent, it should be in line with three theoremssahilarity
simulation, and the monodrome condition. Considgtite properties of underground off-wall tunnelkocedia, the
model experiment should meet various indexes desttiin the following functions:

f(v.c.d.Er Ly, 000, 6 £ F C ()

in which gravityy , frictional angel¢ and Poisson’s ratid! are all property parameters of the materials. &ailcof
them belong to zero dimensions, therefore,

C, =C,=C,=1 )

At the same time, in order to ensure the similasftyarious strength indexes of the materials dedunderground
off-wall tunnel’s surrounding rocks, it should méle¢ following criteria and requirements:

C.=C,/C =1

e —CC O = (@)
C,=C,=C,=C,C, =C.C, =C,

According to the similarity theory, the similaritgodel’s monodrome conditions of the undergroundnafll tunnel
resemble each other, and the similarity criterecigion criteria) made up of the physical quardgftyhe monodrome
conditions equal to each other in terms of valuewelver, due to the influencing factors of matenaking,
experiment devices and techniques in the procediseoéxperiment, it is quite difficult to make thwdel totally
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resemble the prototype. Only one or several indegesbe selected to target at solving the majoblpros so as to
achieve the experiment goals. After analysis, #@ngetric conditions, critical conditions and thii@h conditions of
the similarity physical model are easy to obtdiherefore, all these conditions are regarded adb#isec control

guantity, and set the similarity constacr‘if’ at 20. At the same time, the physical conditiomescafined according to the
parameter values in the process of mapping. kiid to be obtained, whose similarity relation espren and similarity
ratio can be indirectly gained only through theabstated similarity ratio function.

2.3. Design and making of the similarity model dasi

The experiment adopts steel experiment model bbase/two sides and bottom boards are both madéigmosteel
boards, and are connected through angle iron axdrte. The underground off-wall superposition tahis mainly
composed of painted layer of concrete, (outer gpitining (inner arch) and the anchor-late retansurrounding
rocks’ reinforced area. The specific measuremefiiseowhole model are shown in Fig. 3:

Hydraulic loading system

1240

{

NN

{

L 2000 L

Fig. 3 Measurement chart of the off-wall tunnel’s snilarity model
(Unit: mm; similarity ratio: 1:20)

The two sides of the model are distributed withridGgrcular organic glass windows (2mm thickness)iclv are
convenient for the researcher to observe the damagid injury phenomena of the tunnel under theéntce of the
load. At the same time, the four internal side svaflthe model box are all painted with Vaselinas¢o fundamentally
eradicate the frictional limit of the side wall. 8ées, in the loading process, the loading systbéottom boards keep
in full contact with the model’s top to prevent tieneration of bias voltage, which can influeneedkperiment result.
The practical working conditions are: the grossialris 13.9m wide, and 8.4m high (the clear heigfiim); the outer
layer of the surrounding rocks are reinforced thfothe anchoring-plate retaining; after the reioéonent, the strength
parameters of the surrounding rocks have been wegrby 5%. According to the similarity theory ahe tstrength
parameters of various materials, the strength petens of the materials required to be made are sirowable 1:

Tablel Physico-mechanical parameters of model

Composition Type Density (Kgfn Modulus (GPa) Poisson ratio Cohesion ( MPa) tiemg°)
prototype 2300 6 0.3 0.7 39.00
Surrounding rock Model 2300 0.3 0.3 0.035 39.00
Similarity ratio 11 20:1 11 20:1 11
prototype 2300 6.300 0.3 0.7350 40.37
Reinforced area Model 2300 0.315 0.3 0.03675 40.37
Similarity ratio 1:1 20:1 11 20:1 1:1
prototype 2400 23 0.167 1.5 52.00
Lining Model 2400 1.15 0.167 0.075 52.00
Similarity ratio 11 20:1 1:1 20:1 1:1

The materials selected for the similarity modeludtioneet the properties of high unit weight, loweagth and low
elastic modulus. After the model material expenmwith different kinds of matching and variousds of raw
material€ ™" it is found that the aggregate of the similareriats should include blanc fixe, silica sand ane sand:;
and the cementing agent should include ethyl alcafaseline, rosin, engine oil and cement. Thisgpdimally finds
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out that the matching ratio of 6.5:4:0.5:1:1 caactethe requirement of various parameters of theetlypes of
surrounding rocks.

2.4. Experiment plan design

There are two observation windows in the whole rhbdg, which cling to the cross section of the wigdeund tunnel

model respectively. In this way, it is easy todtighe sensor and observe the damaging statusr&#fe experiment,
three corresponding 3D numerical models are estaddi for trial calculation. The sensor’s positisnrationally

arranged according to the simulation result, widécshown in Fig. 4:

|, 350

890

1 Strain gauge (S)
—{> Displacement meter (D)

O Ppressurc box (P)

Fig. 4 The arrangement of the monitoring point of he similarity simulation box of the underground tumel

2.5. The graded pressure loading of the model @xpet

Different load influences have different respongeleis and damaging rules for the underground prj@berefore,
the model experiment loading method is a systermaid complex issue. Through the microprocessorrabnt
electro-hydraulic servo measurement and contraésysthe time history curve of the graded presswithsthe time.
The loading process is processed according toettpgenice of H2—4—7—10—-15-20KN until it is broken. Each
level of loading is cycled for five times. The Idrequency loading method can regard the loadinh jpethe front as
the foreshock, and the response under the cuttresssstrain as the peak stress spectrum effettislway, the tunnel
injury and damaging rules under different peak &gbuessures and different pressure of surroundioksrcan be
simulated. At the same time, the accumulated ingfifiyct under the dynamic and static cycling logdimdel can be
gained.Considering the need of the follow-up logdihe pressure is transformed into the curve irchvthe stress
strain changes with time (shown in Fig. 5, andrntteasurement of the loading board is 2m*0.7m):
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Compressive stress/pa
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-3.5x10° T T T T T T T 0

Loading cycles/time
Fig. 5 The curve chart of the graded loading stresstrain changing with time

RESULTS AND DISCUSSION

3.1. Analysis of the pressure change results o$tineounding rocks
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During the process of graded loading, the presstithe surrounding rocks undergoes no significdrsnges. The
curve of the pressure of the surrounding rock$iefseven monitoring points is almost not involvathwach other,
which is shown in Fig. 6. At the same time, it denseen that the pressure of the surrounding rediexn under the
cycling loading model of the same level, showkelgiccumulated effect, which is almost relatedhéolbading pressure
(amplitude).
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The pressure of surrounding rock /kpa

Loading cycles/time
Fig. 6 The curve chart of the pressure (kPa) of theurrounding rocks changing with time

3.2. Analysis of the strain change results

The strain monitoring points are mainly distribuiacthe sprayed concrete inner wall and the extesitke of the
reinforced area of the surrounding rocks. Accordmmthe loading results, it is shown that the @&itmage change of
the strain occurs in the third level loading, whishLOKN. The change is the most significant esplgciwhen the
external side of the reinforced area of the surdowumrocks is close to the position of the vauB)8nd the sprayed
concreate vault (S16). This is the crack initiagi@miod. In the fourth level loading, which is 15k#f\amage occurs in
the third loading of the level ), the strain gagd§) of the sprayed concreate vault is snappeaeelkeg the range
limit, and the stress strain (S7) in the reinforeeei of the surrounding rocks also undergoes sucllnges. This is
called the crack expansion period. In the fiftheleaf loading, which is 20KN, there appear the pkafe cracks, and
the stress strain (S7) in the reinforced area®fthrrounding rocks continues to increase urisldamaged. This can
be regarded as the damaging period.
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Fig. 7 The strain change curve chart of the sprayedoncreate inner  Fig. 8 The strain change curve chart of the reinfazed area of the
wall surrounding rocks

3.3. Analysis of the displacement change results

The test curve of the displacement monitoring péimther verifies the monitoring result of the straThe crack
initiation period, crack period, expansion period @amaging period appear in the three levelsaxfitay processes,
10kN, 15kN and 20kN respectively.
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Fig. 9 Curve chart of the sprayed concrete inner wihdisplacement changes

3.4. Comparison and analysis of the numerical sition

The numerical simulation calculation model is binilstrict accordance with the underground tunnehsarements of
the model experiment. The mesh generation is slioW®ig. 10. The lining and the reinforced areahaf surrounding
rocks are made up of the square meshes, and déingleiones. At the same time, considering the paisge large
changes occurring under the strain and deformiatustnear the lining, the mesh generation in thes & quite
intensive. During the process of calculation, trearials of the surrounding rocks and the lining i@garded as the
elastic materials, Mohr-Coulomb strength criteridsadopted and the partial damping coefficient15@. In order to
gain a higher degree of compatibility of the residiithe numerical simulation and the model expenitnthe loading
curve of the model and the loading curve of the eh@speriment are in line with each other, anddisplacement,
strain and the strain marking method of the moimtppoints remain consistent with each other.
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Fig. 10 Numerical simulation mesh Fig. 11 The relate displacement of various monitoring points gaine after the
numerical calculation

The fish language embedded in FLAC3D is employdthfmse the graded loading curve on the top ofrtbdel, and
the strain and deforming status of various momnitppoints are observed on a real-time basis. Frigml#, it can be
seen that the relative displacement of the vaudlithe result gained by the similarity model experitrare in line with
each other, and both shows significant changeth&first time when under the loading model of 15Kithe same
time, the accumulated damage would gradually irserewth the rise of the load.

The numerical simulation result shows that thereofahe displacement curve and the similarity micdgeriment
after 15KN is comparatively large, which suggebts deformation occurs in the tunnel’s vault ancthegart even
shows damage in the loading process of above 16kNiously, the simulation of FALC3D software basmdthe
continuum theory cannot comparatively genuinelietfthe damaging status of the tunnel in the m®ce

3.5. Performance quantitative analysis

The earthquake resistant design is not only torertbe life security within the tunnel, but alsactmtrol the damaging
degree of the tunnel, making the economic lossesated within the acceptable scope. Accordinghresult of the
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experiment, the tunnel’s performance stand undefuhction of the dynamic and static combined eyglbading can
be gained, which is shown in Fig. 12 and Table 2:
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Fig. 12 The performance standard classification ahe crack width
and the damaging status of the tunnel’s vault

Table 2 The comparison of the tunnel’s performancetandard and the model’s experiment results

General Repair . Vault
Categ-ory description measures Pressure(KN) Stress(Kpa/m2 Strain displacement
I Good Normal use 124 -0.06--0.10--0.3 10-5 magnitude Within
performance 2 1.8mm
I Slight Temporary 457510 -0.32--0.50--0.7 10° magnitude Within
damage use 2 3.3mm
m Heavier After the 1015 0.725-1.11 Arch wall strain fracture, more Within
damage repair service ' ' than 10° magnitude. 8.1mm
v Serious Life safety 15520 1115145 Vault _and arch stralr_1 than £0 Up to
damage magnitude,over strain range 15.5mm
v Close CoIIapge 20—Destructio 1.455-3.16 Out of gauge More than
to collapse prevention n 25.5mm
CONCLUSION

(1) The experiment phenomena show that the dynantdcstatic combined cycling loading method can vedlect the
generation and expansion process of the microdreitie rocks and the concrete materials on a maasts. This is an
effective method to research into the off-wall umgeund tunnel. Under the condition when there magor
deformation and accumulated injury statuses oawgiiri the tunnel, the method can comparatively gety reflect
the damaging status of the underground tunnel.

(2) The plasticity displacement, strain and sttegrschanges of the underground tunnel in differeonitoring points
under different load conditions can well descritie damaging rules of the underground projects.ifidcrease of load
magnitude can obviously result in the displacem@#nthe monitoring points (vault), which may triggtre first
transcending damage of the tunnel and the accuadutitmage of the cycling loading. The magnitudénefload is
positively related to the accumulated damage dedree strain of the vault undergoes sudden chaimgiee third
cycling when the load is 15KN. This suggests timat tinderground tunnel has undergone serious dariihge.
following loading process and results show thatdisplacement and the crack width of the vault keepeasing, but
are within the controllable range.

(3) In order to better control and describe the alging rules, this paper conducts quantitative @mlgf the
performance index of the underground tunnel andaeglhmatch with the result of the model experiment
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(4) The model experiment and the numerical simutetesults show that the two coincide with eackeotjuite well,
and can well represent the performance standatfieofinderground tunnel, thus providing the refegefor the
prevention and design against and of the earthqgefiet and the explosion.
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