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Fig. 1. Particles Analytic Curve. 
 

 
Fig. 2. Th e Finished S urface of J W S tructural P ervious 
Air-Circulated Aqueduct Concrete Pavement. 
 

 
Fig. 3. Th e S tructure of J W Structural P ervious Air -Circulated 
Aqueduct Concrete Pavement. 
 
to pedestrians or traffic. 
 
Experiment Design  

 
Two strategies were taken to ev aluate the b enefit of  
water-permeable paving  on-site. Monito ring instruments (water 
meter, rain  gauge, geo thermometer, and  r ecorder) w ere first 
deployed at the exper imental s ite to record long-term data on 
infiltration qua ntity, r ainfall, and tem perature chang es. The 
pavement water  retentivity  and Guelph Permeameter r ates w ere 
determined to evaluate the relationships among infiltration, surface 

runoff, temperature, and water content. 
In addition, soil  samples were collected at depths of 0.5-1.0m to 

analyze p article-size dis tribution [5] . A t ypical size dis tribution is  
shown in Fig. 1.  The soil was c lassified as SP in accordance wi th 
the USCS (Unified S oil Classification System), and also as  A-3 in 
accordance wit h the  AAS HTO (Am erican Association of  State 
Highway and T ransportation Of ficials) system. Th e soil 
permeability coefficient measured on-site was approximately 6.83 × 
10-4cm/s. 
 
Table 1. Material Specifications of Experiment Pavements. 
Type Material Specifications 

Precast Permeable 
Brick Type A 

Size：30×30×4cm. 
Inorganic Metallic Oxid e or Mineral 
Substance. Ex: Feldspar, Cl ay. W ith High  
Pressure Forming, High Pressure Liquefaction 
Sintering. Anti-acid and Anti-alkaline. 

Precast Permeable 
Brick Type B 

Size：30×30×4cm. 
Recycled Cera mics, Re cycled Glas s, Sewer 
Sludge, Reserv oir Silt , and  Agglutin ant, 
Adhesive and Pigment. 

Precast Permeable 
Brick Type C 

Size：20×20×2.3cm and 10×10×2.3cm. 
Waste Recy cled Condensed  Cer amics Pellets  
Under High Temperature P orcelain and 
Ceramics Kiln Burns. 

Precast Permeable 
Pavement Type D

Reinforced Co ncrete, Cr ack-proof Textile, 
and Integrated Surface. 

 
Pavement Styles          
 
To evaluate the benefits of various water-permeable pavements, four 
types of water-permeable pavements were tested and compared, and 
three of th ese f our ty pes consisted of d ifferent water -permeable 
bricks. Th ese br icks (precast, p ermeable brick ty pe A, B, and C) 
were made of recycled materials such as ceramics, glass, waste ore, 
sewer sludge, r eservoir silt, and pigment bo und together  with 
agglutinant and adhesive as sho wn in Table 1 [ 6-10]. Another type 
of tes ted m aterial was  th e special J W S tructural P ervious 
Air-Circulated Aqueduct Conc rete P avement (precast p ermeable 
pavement type D), as shown in Fig. 2. It is a pavement constructed 
on-site that allo ws the surface r unoff to infiltrate or  ev aporate s o 
that the  pav ed s urface re tains its natura l ch aracteristics ( Table 1). 
The water conduit is made of a durable plastic material to resist UV 
(ultraviolet) l ight. The pavement was constru cted to b e l inked in a 
modular fashion, and it was rein forced with crack-proof steel fib ers 
in the c ement. This r esults i n a  r einforced con crete th at has 
significantly improved compression and b ending strength . The 
plastic w ater conduit was  embedded in th e rein forced con crete so 
that the conduit was as durable as the concrete floor slab in Fig. 3. 

The JW  S tructural Pervious  Air-Circulated Aqueduct Con crete 
Pavement is composed of the air-cycle aqueduct frame, an aqueduct 
concrete struc ture layer and  a  water storage and  perv ious layer, as 
shown in  Fig. 4. The p avement consists  of th e following 
components: 
1. The main structure is the “Aqueduct concrete structure layer”, 

which is  cas t as one pie ce us ing a s pecial co ncrete. I t is  not 
made of porous pavement material because its primary purpose 
is to provide strength under pressure.  
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Fig. 4. Section of JW Structural Pervious Air-Circulated Aqueduct 
Concrete Pavement. 

 
Fig. 5. Diagram of Initiative Air Circulation. 
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Fig. 6. Section of Permeable Pavement Type A, B, and C. 
 
2. The “air-cycle aqueduct frame” is made of recycled plastic and 

is perm eable b y water  and  ai r. The aqueduct also s erves as  a 
reinforcing structure to  in crease the strength  of  the p avement 
when it is subject to tension and a bending moment.  

3. The “ water s torage and p ervious la yer” consists of s and and  
aggregate layers with large porosity to allow the underlying soil 
to retain more water. 

The J W S tructural P ervious Ai r-Circulated Aq ueduct Concr ete 
Pavement h as v ery good  water -retention capability that allows the 
soil to r etain m ore wat er. Th e “water-pervious and s torage layer” 
has larger poros ity to provide a larger space in  which cool air can 
flow.  

Moreover, the “air-cycle aqueduct frame” has a cone shape--the 
initial upward movement of cool air from underground forms air 
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Fig. 7. Section of Permeable Pavement Type D. 
 
Table 2. Compressive Strength and Water Permeability. 

Type Compressive 
Strength (kg/cm2) 

Water Permeability 
Coefficient (cm/s)

Precast Permeable 
Brick Type A ≧240 1.0×10-1 

Precast Permeable 
Brick Type B ≧360 7.0×10-2 

Precast Permeable 
Brick Type C ≧430 2.2×10-4 

Precast Permeable 
Pavement Type D ≧360 Permeable 

 
circulation patterns that assist  i n dra matically l owering the 
temperature of the ground surface (Fig. 5). 

All three ty pes of precast water  permeab le bricks are 20 .5cm in  
thickness, in cluding th e surfa ce and bo ttom la yers. The  J W 
Structural Pervious Air-Circulated Aqueduct Concrete Pavement is 
27cm in thickness including the surface and bottom layer, as shown 
in Figs. 6 and 7.  

The cross section of th e precast permeable bricks type A, B, and 
C are shown in Fig. 6. The surf ace layer is 4cm thick on top of the 
15-cm permeab le concrete bo ttom lay er th at will support  a 
175kg/cm2 l oad. The total th ickness is 20.5 cm, with a 15- cm 
permeable resin mortar between the surface and the bottom layers. 
Fig. 7 shows the cross sectio n of the JW  S tructural Pervio us 
Air-Circulated Aqueduct Concrete Pavement. Its surface layer is the 
15-cm “pervious air -cycle aque duct,” cas t with impermeable 
concrete for holding the upper end of the “air-cycle aqueduct frame” 
in place. It also serves as the paved road surface that has sufficient 
strength to resist compression. The bottom layer is 12cm of pebbles, 
and the total thickness is 27cm. The lower end of air-cycle aqueduct 
frame is em bedded in  the  botto m la yer (Fig . 7) , th ereby allowing 
rainwater to  be  drained from the ai r-cycle aqueduct frame directly 
into th e subgrade. The d ata o n compression resistance, p ervious 
factor, and the material compositions are listed in Tables 1 and 2. 
 
Experiment Results 
 
Hydrology Benefit 
 
Long-term rainfall and infiltration seepage have been monitored for 
six months. Hourly  precipitatio ns of six observed rainfalls are 
shown in Figs. 8 to 13. The results of the water-retention experiment 
are list ed in Table 3,  and the calculated infi ltration ef ficiency and 
surface runoff efficiency (based on the data shown in Figs. 8 to 13 
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Fig. 8. Data of Rainfall No.1 on the Experiment Area. 
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Fig. 9. Data of Rainfall No.2 on the Experiment Area. 
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Fig. 10. Data of Rainfall No.3 on the Experiment Area. 

 
and Table 3) are presented in Table 4. The water-permeable surface 
was ef fective in suppressing surface runof f and re charging 
groundwater after a r ainstorm. For precipitatio n under  35 mm, the  
infiltration efficiency exceeded 80%. 
 
Thermal Benefit 
 
Thermal benefit, like hydrological benefit, is evaluated based on the 
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Fig. 11. Data of Rainfall No.4 on the Experiment Area. 
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Fig. 12. Data of Rainfall No.5 on the Experiment Area. 
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Fig. 13. Data of Rainfall No.6 on the Experiment Area. 
 
long-term monitoring r esults. The d ata wer e co llected in  the fo ur 
designated experimental areas with three geothermometers installed 
in the upper layer, under the upper layer, and in the bottom layer for 
each are a. One additional g eothermometer was placed outsid e t he 
experimental area, wi th an  add itional th ermometer on the asphalt 
concrete surface. The temperature for the surface of the upper layer 
and the surface of asphalt concrete are shown in Fig. 14, along with 
the outdoor ambient temperature. Changes of temperature are shown  
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Table 3. Precipitation Data. 
No. Recently Rain Field Amount of Rain-fall(mm) Exfiltration Amount(mm) Exfiltration Efficiency (%) 

Location A：0.81 L ocation A：0.20 
Location B：10.47 Location B：2.61 
Location C：0.00 L ocation C：0.00 

No.1 65 Hours Ago 
(4.0mm Rainfall) 401.5 

Location D：- Location D：- 
Location A：0.27 L ocation A：0.79 
Location B：3.11 L ocation B：9.15 
Location C：0.00 L ocation C：0.00 

No.2 629  Hours Ago 
(1.5mm Rainfall) 34 

Location D：3.07 L ocation D：9.03 
Location A：0.04 L ocation A：0.06 
Location B：3.11 L ocation B：4.89 
Location C：0.00 L ocation C：0.00 No.3 177  Hours Ago 

(1.5mm Rainfall) 63.5 

Location D：- Location D：- 
Location A：0.00 L ocation A：0.00 
Location B：0.00 L ocation B：0.00 
Location C：0.00 L ocation C：0.00 

No.4 1807  Hours Ago 
(63.5mm Rainfall) 24.5 

Location D：- Location D：- 
Location A：0.00 L ocation A：0.00 
Location B：3.91 L ocation B：11.3 
Location C：0.00 L ocation C：0.00 No.5 35  Hours Ago 

(24.5mm Rainfall) 34.5 

Location D：- Location D：- 
Location A：0.00 L ocation A：0.00 
Location B：0.00 L ocation B：0.00 
Location C：0.00 L ocation C：0.00 No.6 241  Hours Ago 

(2.5mm Rainfall) 16.5 

Location D：0.51 L ocation D：3.09 
Illustration: 
Recent Rain Field = Cumulative Rainfall for the Last Precipitation; Exfiltration Efficiency = Exfiltration Amount / Amount of Rain-Fall. 
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Fig. 14. Surface Temperature Changes in the Experiment Area. 
 
in Figs. 15 to 18. The observations and analyses are discussed in the 
following section. 
1. Fig. 14 indicates that 36 hours before the rainfall, the pavement 

temperatures fo r all ty pes of pavement were far above the 
outdoor ambient temperature. When the ambient temperature at 
noon was 21oC (Fig. 14, bottom curve), the sid ewalk pavement 
temperature for either Type A or Type C was  about 25oC (Fig. 
17), which is 4oC higher than the ambient temperature. Asphalt 
concrete h ad th e highest temper ature, followed  b y p avement 
type A and C. 

2. For all pavements except asphalt concrete and pavement type D, 
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Fig. 15. Temperature Changes of Permeable Pavement Type A. 
 

the temperature continually dropped for 2 days after the rainfall 
if the ambient temperature was from 19 to 23oC.  

3. Pavement ty pe A  has  the highest h eat absorption and  
exothermic cap acity. Pavement type B has a  sim ilar lin ear 
diagram as p avement ty pe A, but not as prono unced thermal 
properties. Pavement type C has rapid heat absorption but poor 
exothermic capacity. The geothermometer of p avement type D 
was embedded in the hole, therefore the measured temperature 
was easily  affected b y the su rrounding air circulation  as  
evidenced by its linear trend. 

4. The plots in Figs. 15 to 18 show that a lower geothermometer 
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Fig. 16. Temperature Changes of Permeable Pavement Type B. 
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Fig. 17. Temperature Changes of Permeable Pavement Type C. 
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Fig. 18. Temperature Changes of Permeable Pavement Type D. 

 
yielded more ob vious oscillation of  the  measured temperature 
and el evated heat  abs orption and exoth ermic capacities. 
Besides the installation position, this phenomenon may also be 
affected b y the heat abs orption rate and  h eat s torage of the 
material surrounding the geothermometer. 

 
On-Site Experiment 

The s urface run off and the relationship be tween tem perature and 
soil wat er con tent can b e evaluated based  on  the  results of  the 
Guelph infi ltration m eter t est and the on-site, measured water 
retention. These results allow the assessment of the amount of water 
retained in the well and the infiltration rate.  
 
Water-Retention Test  
 
The objective of the wat er-retention test is to d etermine the d egree 
of water retention in the permeable pavement. The results from the  
long-term monitoring  of  infilt ration, exfiltr ation, and  groun d 
temperature de monstrate tha t permeable s urface p aving as sists in 
recharging groundwater and lowering surface ru noff. The influ ence 
of temperature on the efficiency of  these functions can  also be 
evaluated.  

The experimental method is to spray a known quantity  of water  
on the permeab le surface p avement until the water meter buried in 
the pav ement st arts to r egister readings. As the quantity  of w ater 
consumed in this experiment is enormous, the experiment cannot be 
carried out if a local water source is not available – in other words, 
the experiment cannot be done at all sites.   

The first on-site experiment was carried out 144hrs (6 days) after 
the first precip itation (Rainfall No. 1) by adding 26.67mm/30min of 
water at Stations B and D. There was a total of 402mm precipitation 
in 162hrs for Rainfall No. 1, whereas no water was registered on the 
water me ter 241 hrs later. Th is i ndicates tha t 144hrs (6 day s) af ter 
Rainfall No. 1, the surface pavement still retains some water. Hence, 
the water retention obtained for this period is quite conservative. 

The second , o n-site exper iment was  perfor med b y adding 
35.56mm/40min of water at Station B and 80.00mm/90min of water 
at Station D. Twenty-seven days before the experiment started there 
had been  no pr ecipitation. This  e xperiment was added mainly to 
demonstrate th at the infiltration/exfiltration amount approach ing 
zero was caused by the clogging of the aqueduct in the pavement at 
Station D.  A s imilar experiment was  a lso carried out  at  Station B, 
and the results are presented in the background information.  
1. The results shown in T able 5 indicate that Types A, B, and D 

permeable pavements have good permeability of 8.9mm/10min. 
2. The r esults on water r etention obtained at S tations B and D  

during the first experiment show that th e permeable pavement 
maintained its  water  retaining capab ility aft er Rainfa ll No. 1, 
which totaled 402mm in 162hrs.  

3. Results of  th e second  exp eriment don e at S tations B and D 
reveal th at, wit h the sam e construction time, clim ate, and 
pavement structure at the two stations, water f lowed out of th e 
pavement at S tation D  when  35mm of water  was  added , 
whereas fo r S tation D,  when  80 mm of water  was app lied, no 
water was observed to flow out of the pavement.  

4. The pr evious pr ecipitation wi ll influence the cu rrent ph ysical 
condition of th e soil,  thus af fecting the  wate r conten t and  
infiltration r ate of  th e pavem ent. The resul ts of  two tests 
conducted at Station B reveal that the pavement water-retention 
measures after consecutive c lear da ys and a fter cons ecutive 
rainy days are somewhat different. This  observation conforms 
to the results calculated using the Philip infiltration formulae. 
The water content in soil, which  is enhan ced by percolation of 
rainwater, decreases with increasing soil depth. The soil is saturated 
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Table 4. Infiltration Efficiency and Surface Runoff Efficiency.  
No. Amount of Rain-fall(mm) Exfiltration Amount(mm) Infiltration Efficiency(%) Surface Runoff Efficiency(%)

No.1 401.50 

Location A：0.81 
Location B：10.47 
Location C：0.00 
Location D：- 

Location A：6.5 
Location B：8.9 
Location C：- 
Location D：- 

Location A：93.5 
Location B：91.1 
Location C：- 
Location D：- 

No.2 34. 00 

Location A：0.27 
Location B：3.11 
Location C：0.00 
Location D：3.07 

Location A：74.6 
Location B：82.9 
Location C：- 
Location D：80.2 

Location A：25.4 
Location B：17.1 
Location C：- 
Location D：19.8 

No.3 63. 50 

Location A：0.04 
Location B：3.11 
Location C：0.00 
Location D：- 

Location A：39.6 
Location B：44.4 
Location C：- 
Location D：- 

Location A：60.4 
Location B：55.6 
Location C：- 
Location D：- 

No.4 24. 50 

Location A：0.00 
Location B：0.00 
Location C：0.00 
Location D：- 

Location A：100 
Location B：100 
Location C：- 
Location D：- 

Location A：0.0 
Location B：0.0 
Location C：- 
Location D：- 

No.5 34. 50 

Location A：0.00 
Location B：3.91 
Location C：0.00 
Location D：- 

Location A：72.8 
Location B：84.1 
Location C：- 
Location D：- 

Location A：27.2 
Location B：15.9 
Location C：- 
Location D：- 

No.6 16.5 

Location A：0.00 
Location B：0.00 
Location C：0.00 
Location D：0.51 

Location A：100 
Location B：100 
Location C：- 
Location D：100 

Location A：0.0 
Location B：0.0 
Location C：- 
Location D：0.0 

Infiltration Efficiency = (Exfiltration + Water Retention) / Precipitation 
Surface Runoff Efficiency = (Amount of Rain-Fall - Exfiltration Amount - Water Retention) / Precipitation 
 
Table 5. Water Retention Experiment. 

NO. Experiment Location Added Water Infiltration Efficiency (%) Exfiltration Amount (mm) Water Retention (mm)
1 A 26.67mm/30min 100 2.48 24.19 
1 B 26.67mm/30min 100 1.57 25.10 
2 B 35.56mm/40min 100 0.42 35.14 
2 D 80.00mm/90min 100 0.00 25.10 
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Fig. 19. The Recorded Filtration Rate for Stations A and B. 
 
after the rain, but the moisture is transfe rred and ult imately leaves 
entirely. 
 
The Guelph Infiltration Meter Test 
 
The objective of this test is to estimate the steady infiltration rate for 
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Fig. 20. The Recorded Filtration Rate for Stations. 
 
each m onitoring s tation, and  th e res ults are compared with t he 
long-term monitored precipitation for calculating the surface runoff.  
1. Figs. 19 and  20  show that the infiltration ra te was m aximal 

during the initial seeping  per iod and  gr adually decreased to  a 
steady level after some  time. This re sult i s t he sa me as those  
calculated using the Horton infiltration formulae. 

2. Table 6 reveals that all monitoring stations except Station C had 
satisfactory infiltration rates of more than 1.0 × 10-2cm/s. 
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Table 6. The S teady-State Infi ltration R ate at Various M onitoring 
Stations. 
Experiment Location Overall Steady-State Infiltration Rate (cm/s)

A 2.96×10-2 
B 1.82×10-2 
C 9.72×10-5 
D 3.80×10-2 

Note: The Calculated Steady-state Infiltration Rate Using the 
Double-ring Infiltrometer for Station D. 
 
Results and Discussion  
 
1. The p avement water infiltratio n rate should b e th e sum of 

pavement exf iltration am ount and water re tention, whi ch ar e 
related to the previous pre cipitation. As no  i nstrument for  
long-term monitoring of pavement water retention is available, 
on-site measurement of the pa vement water r etention was  
carried out.  

2. The results shown in Table 5 indicate that the calculated water 
retention after several consecutive clear days and after several 
consecutive r ainy d ays h ave m uch discrep ancy. Hence, the 
conservative water r etentions are assumed to  be 25.10 mm for 
Station B a nd 24.19mm for Station A. Station D experienced a 
clogged aqueduct and its water -retention measure could not be 
obtained. However , it has th e same pavemen t structur e as 
Station B, so the water retention of 25.10mm for Station B was 
assumed for S tation D. As f or S tation C, its pavement 
percolation coefficient was v ery small, and i ts water r etention 
in the experimental region could not be evaluated.      

3. Table 4 lists the manipulated infiltration efficiency and surface 
unoff rate, which ar e obtain ed based on  the comparison of 
rainfall records listed in Table 3 and the above estimated water 
retention: 

（1） Comparisons of the r ainfall intensities shown in Figs. 8 to  13 
and the st eady-state infiltration rates indicate that, except for 
Station C, all o ther stations  had 100% infiltration efficiency. 
However, th e p ercent s eepage benefit dat a lis ted in Table 4 
reveal that, un less the  pre cipitation is light, most seepage 
efficiencies are less th an 80% . This conclusion is  dif ferent 
from the aforementioned d iscussion becaus e, i n addi tion to 
climate, wind speed, impact of precipitation and other factors, 
such as the extremely intense instantaneous precipitation, low 
soil perm eability, and  lim ited water-storing c apacity for  the 
permeable concrete lay er wi ll also cause the observ ed 
discrepancy. S tation C , whi ch h ad low  perm eability for the  
surface lay ers and hen ce no  ra pid p ercolation, will no t be 
discussed. At Station D, the rainwater could not be discharged 
because of  clogged op enings and s trong r ainfall (th e J W 
Structural Perv ious Air -Circulated Aquedu ct Concr ete 
Pavement was used at this station). The plastic pipe structure 
above th e surface lay er and th e openings ar e easily  clogg ed 
by soil or leav es, thus contributing to  its poor 
water-discharging capability. 

（2） The seepage benefit and surface runoff rates for Stations A, B, 
and D  listed  in  Table 4  show that th e proposed permeable 
pavement is ef fective in  rechar ging groun dwater and 
suppressing surface runoff.  

4.  Because no instrument wa s installed f or measuring the 

time-dependent surface runoff for the test region with permeable 
pavement, the peak surface runoff, actual total surface runoff, 
and the peak lag time cannot be evaluated and compared with 
the modeling results.  

4. The estim ated water re tention for  th e perm eable p avement 
installed at Station B (Table 5) from dry to saturated conditions 
is 35.14 mm of precip itation. C omparing this value and th e 
thermal energy efficiency reveals that the permeable pavement 
will continually redu ce the sur face temperature for  2  d ays 
under conditions of 35.14 mm of precipitation  and  19-23 oC 
ambient temperature.  

 
Conclusions 
 
This is th e pioneer study of  water permeab le pavement in Taiwan, 
and the following can be concluded: 
1. The t hickness of  p ermeable pa vement must be determined b y 

considering mechanical conditions such as soil strength  and 
traffic, and by hydrological concerns such as p ermeability and 
rainfall intensity . On-site bor ing tests  must be conducted to 
determine whether the permeable pavement can be constructed. 
The selection of permeable material must include consideration 
of th e foundation condition, allowable lo adings, r ainfall 
intensity, and maintenance concerns. 

2. As for the h ydrology research  results, th e w ater-permeable 
pavement has  significant benefits in  suppress ing r ainstorm 
runoff and increasing th e under ground water  inf lux. 
Specifically, wh en th e amount of rainf all is less than 35 mm, 
infiltration efficiency exceeds 80%. 

3. The permeable pavement begins to show the ef fect of reducing 
the temperature of the ground surface after the rain. Its cooling 
capability and duration mainly  dep end on  the ambien t 
temperature and the water retention of the permeable pavement. 
Under wet  conditions, the temperature of permeable p avement 
can keep dropping for two day s when the ambient temperature 
is from 19 to 23oC. 

4. On-site m easurement of  wa ter re tention and  th e Gue lph 
infiltration m eter test show that  the perm eation tim e and ra te 
are affected by the previous rainfall. This observation conforms 
to the calculated results using the Philip and Horton infiltration 
formulae.  

5. During clear days, the permeable pavement surface temperature 
will change d epending on  th e cap ability of the m aterial to 
absorb and r elease h eat. P ermeable p avement has  s urface 
temperature s imilar to  the t emperature of  as phalt s urface -  
hence, it is no t ef fective at r educing the gr ound surface 
temperature. 

6. After pr ecipitation, the perm eable pavement is ef fective in 
reducing th e gr ound surface temperature. The capability and 
duration of reducing the ground surface temperature depend on 
solar irr adiation tem perature a nd the  wat er content in  the  
permeable m aterial. Under  saturation conditions, the 
temperature dro p can r each 8 oC if the ambient tem perature 
exceeds 30oC (but only for 1 day).    
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