
ABSTRACT: The paper focuses on full-scale experimental and numerical study of underground concrete ductbanks. The 
concrete ductbanks are commonly used in many seismic regions throughout the world with the U.S.A. and New Zealand being 
representative examples. The main purpose of the concrete ductbanks is to provide protection for buried high-voltage 
transmission cables from environmental and mechanical effects. Therefore, structural integrity of concrete ductbanks is crucial
for uninterrupted power supply to large cities that is especially important in providing emergency services after an earthquake
and avoiding massive blackouts. Design of concrete ductbanks varies from simple unreinforced concrete covering plastic 
conduits to well-engineered reinforced concrete with special hold downs supporting the conduits. The structural integrity can be
compromised by the many major events, including seismic impact, liquefaction and soil settlement. To assess structural capacity
of the ductbanks and develop new design recommendations a number of full-scale ductbanks was tested in static loading at the 
Pacific Earthquake Engineering Research Center, the University of California at Berkeley. Performance of ductbanks in pure 
shear and bending tests was studied. The full-scale tests were accompanied by extensive component test program that included 
compression/tension of polymer conduits with and without joints and tension/compression slippage tests of conduits embedded 
into concrete. Information obtained from the tests provided a suitable opportunity for the calibration of a detailed FE model 
which was in turn used in dynamic and static analytical simulations. Based on this sophisticated model capturing replicating 
performance of tested full-scale specimens a simplified model for design work of utility engineers was developed.  

KEY WORDS: Full-scale testing, finite element modeling, seismic impact, ductbanks, high-voltage power transmission, 
component testing. 

1 INTRODUCTION 
Underground high-voltage transmission lines are much more 
costly than overhead transmission, but are frequently favored 
by the public in highly developed urban areas due to the 
elimination of visual impacts and electro-magnetic radiation 
(EMF) concerns.  However a disadvantage to underground 
installations is that their construction requires, unlike an 
overhead line, access to every foot of the route, increasing 
construction impacts on roadways, traffic, and nearby buried 
utilities such as gas pipes and water/ wastewater pipes.  
Different types of underground transmission cables have been 
installed by utilities and operators.  Most new systems use 
cross-linked polyethylene (XLPE) type cables.  Such cables 
are sometimes directly buried by placing them in trenches 
back-filled with a cement slurry.  In the installation simulated 
by the experiments that are described in this paper, the cables 
are housed in conduits which are then encased in concrete 
duct banks, and buried beneath city streets.  In addition to 
cable burial, underground concrete vaults are generally 
installed at intervals to provide for pulling access and 
installation of cable splices, requiring rather significant 
excavation and shoring.   

Although the historic performance of buried transmission 
cables has been good when operated well within their 
electrical capacities, dealing with failures requires 
considerably more time and expense compared to overhead 
construction.  Most utilities and operators do not maintain the 
specialized work force required to perform such repairs in-
house, so they must be scheduled and brought in from external 
sources.  Overhead transmission has consistently performed 
very well in earthquakes; underground transmission cables 

buried in firm ground have also performed well.  However, 
like other buried systems such as water pipelines, 
underground cables are susceptible to damage resulting from 
large ground displacement resulting from liquefaction or 
landslide.  Reinforced concrete duct banks are used to protect 
cables in cases where large ground deformation is expected.  

In a duct bank installation subjected to large ground 
displacement, cables may fail by excessive tension or 
compression, excessive curvature (minimum bend radius 
violated), or crushing or pinching of the cable/conduit.  In 
addition, it is desirable to prevent excessive deformation or 
damage to the embedded conduits, since a damaged cable may 
be replaced by pulling a new cable through it in order to 
return the circuit to service.  A conduit that has deformed such 
that a replacement cable cannot be pulled in, would be 
considered to have failed.  There is very limited information 
on experimental studies of duct banks, which was one of the 
major motivations to undertake this extensive research. The 
paper presents a summary of this research with more details to 
be found in [1-3]. 

2 FULL-SCALE EXPERIMENTAL STUDY 
The main purpose of the concrete ductbanks is to provide 
protection for buried high-voltage transmission cables from 
environmental and mechanical effects. The structural integrity 
of ductbanks can be compromised by many major events, 
including seismic impact, liquefaction, and soil settlement. 
The main subject of the paper is to investigate structural 
capacity of typical full-scale ductbanks subjected to bending 
and shear loads. A complete list of full-scale test specimens 
conducted for this purpose is presented in Table 1.  
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Table 1. List of full-scale test specimens. 

Name Dimensions (m) Reinforcement Test method 
PGEDB1 8.08x0.78x0.86 No Bending 
PGEDB2 8.08x0.78x0.86 Yes Bending 
PGEDB3 8.13x0.78x0.86 Yes Bending 

PGEDB4 1.83x0.61x0.61 No Shear with 0 
mm crack 

PGEDB5 1.83x0.61x0.61 No Shear with 3 
mm crack 

Three of the specimens were tested in a three-point-bending 
test configuration. To account for difference in conduit 
performance, both 152 mm PVC and HDPE schedule 40 
conduits were used in the study and each specimen had a pair 
of each. The pipe type was consistent with direction of 
loading and the same type was used on the left and right sides 
of the ductbank specimens (relative to load direction). First 
specimen, PGEDB1, was constructed of unreinforced concrete 
with embedded conduits. The load at midspan of the ductbank 
was applied in strong direction along the depth, in the so-
called ‘top loading’ configuration. Second and third 
specimens, PGEDB2 and PGEDB3, were constructed of 
reinforced concrete with embedded conduits and had the same 
reinforcement design as shown in Figure 1. The only 
difference between PGEDB2 and PGEDB3 was direction of 
loading:  PGEDB2 was loaded in its strong direction along its 
depth (‘top loading’ configuration) whereas PGEDB3 was 
loaded in the specimen’s weak direction along its width, in the 
so-called ‘side loading’ configuration. Two full scale 
specimens, PGEDB4 and PGEDB5, were tested in pure shear 
loading. These specimens had a single conduit per specimen 
that spanned across a fully penetrated crack through concrete 
surrounding the conduit. A case of a crack with no gap and a 
case with a crack of 3 mm opening were introduced in these 
specimens. 

152.4 mm 
PVC

Conduits Concrete 
encasement

Conduit 
spacers

Reinforcing 
steel

Figure 1. Typical cross section of a ductbank. 

2.1 Structural Performance in Bending 
The main objective of the full scale ductbank tests was to 
estimate their moment and displacement capacity. A special 
experimental setup was designed and fabricated for this 
purpose as presented in Figure 2.  

Conduit joint Conduit spacers, 1.52 m 
c.c.

Conduit, typ.

Strain and 
displacement 
measurement

Intermediate 
(temporary) support 
points to prevent 
premature cracking

Applied load

7.47 m

Conduit joint

Figure 2. Schematic drawing of a test setup. 

Since the experimental program utilized a three-point-
loading test approach, the test setup consisted of two supports 
at the two ends of the specimen and a hydraulic actuator 
imposing load at mid-span of the supports, where the actuator 
reacted against a special U- shaped reaction frame designed 
for the test The supports were designed as two pillow blocks 
with cylindrical pins under the test specimen. One of the 
pillow blocks was installed on a 76 mm plate rigidly fixed to 
the strong floor and another one was installed on an 
unrestrained 76 mm plate to accommodate sliding motion of 
this support location along longitudinal direction of the 
specimen. To minimize friction effects, the sliding surface at 
this location was greased. The 76 mm plates had precisely 
machined round-shaped shallow grooves with the same 
diameter as that of the pins. To simulate perfect pin condition, 
both pins were greased to minimize friction effects due to 
potential pivoting expected during the test. To prevent 
slippage of the conduits into test specimens observed during 
testing of PGEDB1, special fixtures were introduced in 
specimen PGEDB2 and PGEDB3. Plastic conduits were 
restrained at the outer ends to minimize their slippage inside 
of the concrete ductbank. 

The force versus displacement plot shown in Figure 3 
clearly demonstrates that performance of the unreinforced 
duckbank was linear up to failure, where the ultimate load 
before brittle failure was 112.6 kN. The effective stiffness of 
the ductbank was estimated as 44,310 kN/m. As presented in 
Figure 3, the ductbank failed in a brittle manner and, 
consequently, the duckbank split into blocks of unreinforced 
concrete held together by means of the polymer conduits. 
Since this brittle performance was expected, the actuator 
attachment was designed to hold these two halves. As a result, 
about third of the total weight of the ductbank, namely about 
33.4 kN, became suspended from the actuator upon failure of 
the ductbank. This force was negative since it corresponded to 
tension in the built-in load cell of the actuator. Further 
increase in actuator displacement after this point engaged 
some load carrying capacity of the polymer conduits, which 
reduced the force to about -3.6 kN. After about 215 mm of 
travel, one or several conduit pipes slipped that caused a 
significant drop in force carrying capacity, which was 
partially recovered when the actuator was pushed further 
down as shown in Figure 3. 
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Figure 3. Force vs displacement diagram for PGEDB1. 

As opposed to PGEDB1, the reinforced ductbanks 
demonstrated ductile performance as expected. The force 
versus displacement plot of the PGEDB2 test is shown in 
Figure 4. The effective stiffness of the ductbank, based on a 
best fit procedure for the beginning portion of the test when 
the load was below 89.0 kN, was estimated as 70,008 kN/m. 
The loading was paused several times during the test to 
measure ovality of the conduits by sending a rover inside of 
the pipe and pulling through a mandrel which simulated the 
size of a cable. In addition to that, laser scans of the test 
specimen were performed during these pauses. It is to be 
noted that the pauses were long enough to introduce some 
force relaxation in the specimen (Figure 4), since the actuator 
was operated in displacement control. 

The ductbank’s load carrying capacity was steadily 
increasing up to about 188 mm displacement when the 
ultimate load of 532.2 kN was observed as presented in Figure 
4. The load carrying capacity of the ductbank slightly 
decreased after that but remained somewhat stable up to about 
285 mm displacement when one of the rebars fractured as 
shown in Figure 4. At this point, the force dropped from 525.1 
kN to 494.0 kN. The specimen picked up some force when the 
actuator continued pushing it down until second rebar failed at 
307 mm displacement, causing the force to drop to 405.0 kN. 
The force stabilized at about 427.2 kN when the actuator 
continued pushing it down until third rebar failed at about 333 
mm, with a corresponding force drop to 333.8 kN, after which 
the force increase to about 356.0 kN with continued loading. 
At 343 mm displacement the test was paused for the last time 
and geometry of the inner surfaces of the conduits was 
documented by a rover and a laser scanner. A wooden 
mandrel was pushed through the conduit to check for ovality 
of the conduits. The followed loading of the specimen 
exceeded the travel limit of the test setup at 361 mm, which 
caused a steady increase of force. At this instant, the test was 
stopped and the actuator was retracted to its starting point. 

The performance of PGEDB3 specimen was somewhat 
similar to that of PGEDB2, although its load capacity was 
much lower than that of the latter (Figure 5). The effective 
stiffness of the ductbank, based on a best fit procedure for the 
beginning portion of the test when the load was below 89.0 
kN, was estimated as 50,391 kN/m. 

1st rebar failed

2nd rebar failed

3rd rebar failed

Displacement
limit of setup
reached

Figure 4. Force vs displacement diagram for PGEDB2. 

Similar to the case of PGEDB2, the loading was paused 
several times during the test to measure ovality of the conduits 
by sending a rover inside of the pipe and pulling through a 
mandrel. Similar to the other specimens, laser scans of the test 
specimen were performed during these pauses. The 
ductbank’s load carrying capacity was steadily increasing up 
to about 135 mm displacement when the ultimate load of 
453.9 kN was observed as presented in Figure 5. The load 
carrying capacity of the ductbank slightly decreased after that 
but remained somewhat stable up to about 295 mm 
displacement when one of the rebars fractured as shown in 
Figure 5. At this point the force dropped from 429.9 kN to 
344.4 kN. The specimen picked up some force when the 
actuator continued pushing it down until a second rebar failed 
at 328 mm displacement, causing the force to drop to 284.8 
kN. The force steadily increased after this point to 324.9 kN. 
At 404 mm displacement, the test was paused and last 
geometry check was performed.  

1st rebar failed

2nd rebar failed

Displacement
limit of setup
reached

Figure 5. Force vs displacement diagram for PGEDB3. 

The ovality of the inner surfaces of the conduits was 
documented by a rover and a laser scanner. A wooden 
mandrel was pushed through the conduit to check for ovality 
of the conduits and make sure that the cable would still pass 
through the conduit. The followed loading of the specimen 
exceeded the travel limit of the test setup at 420 mm, which 
caused a steady increase of force. At this instant, the test was 
stopped and the actuator was retracted to its starting point. A 
summary of results for both shear tests is presented in Table 3. 
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Table 2. Summary of 3 point bending tests. 

Name Peak 
load, kN 

Displacement at 
peak load, mm 

Ultimate 
displacement, m 

PGEDB1 112.6 2 NA 
PGEDB2 532.2 188 0.361*

PGEDB3 453.9 135 0.404*

*mainly limited by the setup’s displacement limit 

2.2 Structural Performance in Shear 
The main purpose of the shear tests was to investigate the 
performance of the polymer conduits in shear, when 
surrounding concrete had cracked across the duckbank. As the 
most conservative case, a straight crack was introduced 
through a body of unreinforced concrete across a plane. To 
study the performance of an individual conduit, a single 
conduit was embedded in an unreinforced concrete block. 
Only the case of a single 152 mm PVC conduit pipe was 
considered. The specimens had identical overall dimensions 
with the only difference being the width of the crack’s gap. 
The first specimen had no gap between the cracked parts of 
the concrete blocks. The second specimen had about 3 mm 
gap in the crack opening. A special experimental setup was 
designed to perform the shear test as shown in Figure 6 with 
schematic drawing presented in Figure 7. The rotational 
motion of the blocks was restrained by means of a linear 
bearing system, allowing only lateral displacement along the 
direction of loading. 

This shear specimen without a gap failed at about 109.7 kN 
load as shown in Figure 8. The displacement capacity in shear 
was  about 48.0 mm before rupture of the conduit. The 
rotation of the blocks relative to each other was minimal and 
was limited by 3.1 milliradians. The rotation was extremely 
small up to about 75.7 kN when it remained below 0.2 
milliradians. 

This shear specimen with 3 mm gap failed at about 100.4 
kN load as shown in Figure 8. The displacement capacity in 
shear was about 44.7 mm before rupture of the conduit. The 
rotation of the blocks relative to each other was minimal and 
was limited by 4.5-milliradians. The rotation was extremely 
small up to 44.5 kN when it remained below 0.2-milliradians.  

Figure 6. Photo of shear test setup. 

Applied 
load

Notch pre-cast 
into concrete, 

0” and 1/8”

Conduit 
anchorage, 
typ.

Conduit

Concrete 
encasement

Figure 7. Schematic drawing of shear test setup. 

Figure 8. Force vs displacement diagram for PGEDB4 (1 kip 
= 4.45 kN and 1 in = 25.4 mm). 

A summary of results for both shear tests is presented in 
Table 3. 

Table 3. Summary of shear test results. 

Shear test 
specimens 

Gap, 
mm 

Ultimate load, 
kN 

Ultimate 
displacement, mm 

PGEDB4 0 109.7 48.0 
PGEDB5 3 100.4 44.7 

Figure 9. Force vs displacement diagram for PGEDB5 (1 kip 
= 4.45 kN and 1 in = 25.4 mm). 

Proceedings of the 9th International Conference on Structural Dynamics, EURODYN 2014

Proceedings of the 9th International Conference on Structural Dynamics, EURODYN 2014

292



2.3 Component tests: tension and compression tests of 
conduits and conduits’ joint assemblies 

Tension and compression capacity of conduits and conduits’ 
joint assemblies were studied extensively. Each type of test 
was conducted on three sample specimens. Special test rigs 
were designed for this phase of testing as presented in Figure 
10. Due to size limitations of the paper, only a summary of the 
test results is presented here as shown in Table 4. 

(a) Tension test (b) Compression test 

Figure 10. Test rigs for conduits and conduits’ joint 
assemblies 

Table 4. Summary of tests on conduits and conduits’ joint 
assemblies (negative sign denotes compression test). 

Material Joint Mean compression 
capacity, kN 

Mean tension 
capacity, kN 

PVC None -223.8 125.9 
PVC Bell -150.0 120.6 
PVC Sleeve -227.8 43.6 

HDPE None -110.8 101.9 

2.4 Component tests: tension and compression slippage 
tests 

Slippage tests of conduits and conduits’ assemblies were 
conducted in compression and tension as shown in schematic 
drawings presented in Figure 11. One sample per each test 
configuration was tested in the course of this experimental 
phase. The conduits were cast into concrete to reproduce the 
properties of the polymer-to-concrete interface in ductbanks. 
Due to size limitations of the paper, only a summary of the 
test results is presented here as shown in in Table 5. 

Conduit

Conduit 
Splice Joint 
(if applicable)

Concrete 
encasement, 
610x 610 x 610 mm

Applied load

Conduit

Conduit 
Splice Joint 
(if applicable)

Concrete 
encasement, 610x 
610 x 610 mm

Applied load

(a) Tension test (b) Compression test 

Figure 11. Test rigs for conduits and conduits’ joint 
assemblies cast in concrete 

Table 5. Summary of slippage tests (negative sign indicates a 
compression test). 

Material Joint Compression slip 
force, kN 

Tension slip 
force, kN 

PVC None -93.0 6.7 
PVC Bell -293.7 135.3 
PVC Sleeve -268.8 87.7 

HDPE None -38.3 3.1 

3 FINITE ELEMENT MODEL OF DUCTBANK AND 
ANALYSIS 

Due to the complex nature of the problem, a detailed finite 
element model was developed, taking advantage of the many 
experimental results obtained in full-scale test of the 
ductbanks and their components. Experimental results were 
used to develop a model that can reliably describe the 
behavior of the ductbanks under different loading scenarios. 
This model is intended to be used in the study of the local 
behavior of the pipes, their interaction with concrete, and 
analyze the effects of adding reinforcement to the specimen in 
its performance and determine displacement capacity of the 
system. 

3.1 Constitutive Properties of Pipes 
Pipes were modeled as linear elastic perfectly plastic, making 
use of the well-known material parameters for PVC and 
HDPE [4-9]. There properties of PVC and HDPE pipe 
materials were updated based on the results of the bare pipe 
component tests.  

3.2 Constitutive Properties of Concrete 
Concrete is treated as linear up to some level of strain; a crack 
is then simulated by modifying the constitutive properties 
(Smeared cracking). 

When the combination of stresses satisfies a specified 
criterion, e.g. strain energy reaches some threshold value that 
corresponds to that of the one dimensional case for the 
concrete capacity, a crack is initiated. This implies that at the 
integration points where the stress, strain, and history 
variables are monitored, the isotropic stress–strain relation is 
replaced by an orthotropic elasticity-type relation.  

3.3 Constitutive Properties of Steel Reinforcement 
For the reinforcement steel, a linear elastic perfectly plastic 
material model with the well-known parameters for a Grade 
60 reinforcement steel has been used to start the modeling, 
then a calibration was performed to match the behavior of the 
specimens for large deformations. 

3.4 Constitutive Properties of Polymer-to-Concrete 
Interface 

Failure criteria had to be defined for the interface element, to 
be able to model the slippage. This was done based on the 
maximum shear, taking into account the effects of the normal 
force (friction contribution).  

A Mohr-Coulomb model is suitable for that, and the 
parameters used to characterize the behavior of the interface, 
are those that produce same behavior observed in 
experiments. The purpose of including this is to be able to 
obtain reliable values for the strain and stresses in the pipes.  
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Full bonding is not a good assumption, as was seen in the 
experiments. 

3.5 Finite Element Modeling of Ductbanks 
The constitutive properties outlined above were utilized in 
detailed finite element (FE) modeling of the ductbanks. The 
most sophisticated models were developed in DIANA [10]. 
The models were calibrated to match performance of the 
specimens tested. The sophisticated FE model was simplified 
for design and construction of the ductbanks by the utility 
company. The simplified model was generated in SAP2000 
[11].  

Results obtained from a simple SAP200 model of PGEDB1 
showed that strain variation over the cross section is linear 
which means that section’s kinematic constrain can be 
imposed. From the results of the detailed finite element 
model, moment-curvature relationships were developed that 
fully describe experimental observations. A total load capacity 
of 25 kips plus self-weight was observed during the test as is 
shown in Figure 12. A force versus displacement graph for 
FEM of PGEDB1 was developed that is in full agreement 
with the observed behavior of the test specimen. The black 
dashed line shows results of the finite element analysis that 
demonstrates adequate correlation between the experimental 
and modeling data. 

Figure 12. Force versus displacement of specimen PGEDB1 
and its FE model (1 kip = 4.45 kN and 1 in = 25.4 mm). 

The moment-curvature plot for the same model is presented 
in Figure 13. 

Figure 13. Moment-curvature relationship for FEM of 
PGEDB1. 

The same finite element studies were conducted for 
PGEDB2. Strain variation over the depth demonstrated that 
large curvatures lead to a nonlinear performance. 

Force versus displacement behavior for FE model of 
PGEDB2 was well correlated to that of the finite element 
model as shown in Figure 14. 

Figure 14. Force versus displacement graphs of specimen 
PGEDB2 and its FE model. 

The moment-curvature plot for the same model is presented 
in Figure 15. 

Figure 15. Moment-curvature relationship for FEM of 
PGEDB2. 

The structural overall performance of the FEM of PGEDB2 
was closely correlated to that of the actual specimen as 
discussed earlier in relation to Figure 14. In addition to that 
the accuracy of the finite element modeling was checked for 
rebar strains. The strains recorded during the tests were 
closely correlated to those of the test specimen as shown in 
Figure 16.  
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Figure 16. Strain comparison of the FEM to that of the 
specimen (case of PGEDB2 is presented). 

To reproduce the structural performance of PGEDB3 
specimen, the FEM of PGEDB2 was loaded on the side while 
changing the boundary condition to the 3-point side loading. 
and applying the loads accordingly. The results of this 
analysis are presented in Figure 17. 

0 2 4 6 8 10 12 14 16 18
0

20

40

60

80

100

120

Displacement (Inches)

F
or

ce
 (

K
ip

s)

Force−vs−Displacement graph

Exp
FEM

Figure 17. Force versus displacement graphs of FE model and 
test specimen (FEM of PGEDB3). 

A maximum carrying load of 107-kips is predicted by the 
model versus a value of 102-kips observed during the 
experiments. The difference is less than five percent, which is 
acceptable for the purpose of this project. This difference can 
be related to the sensitivity of the pipe stresses to the 
uncertainty on the overall behavior of the specimen that 
should be studied in the future. 

Moment-curvature relation for this model is presented in 
Figure 18. 

Figure 18. Moment-curvature relation for FEM of PGEDB3. 

CONCLUSIONS 
The study demonstrated that unreinforced ductbanks do not 
provide a reliable means of cable protection where large 
deformations of the surrounding soil are expected. A 
moderately reinforced ductbank is effective in protecting  the 
cables and embedded conduits as demonstrated by acceptable 
conduit deformation even at high curvature of the duct bank. 
Since the ductbank’s structural integrity can be compromised 
by many major events, including seismic impact, liquefaction, 
and soil settlement, the reinforcement design should take into 
account the displacement demand at the site. Sufficient shear 
reinforcement of the duct bank should be provided to prevent 
shear offsets for which the PVC conduits have limited 
capability to accommodate.  To avoid curving effect due 
buoyant force during concrete pouring process and keep the 
conduits at designated elevation along its length, adding 
additional weights at the bottom of the conduit supports is 
recommended. 
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